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Preface

This book is entirely devoted to numerical algorithms for optimization, their
theoretical foundations and convergence properties, as well as their imple-
mentation, their use, and other practical aspects. The aim is to familiarize
the reader with these numerical algorithms: understanding their behaviour
in practice, properly using existing software libraries, adequately designing
and implementing “home-made” methods, correctly diagnosing the causes
of possible difficulties. Expected readers are engineers, Master or Ph.D. stu-
dents, confirmed researchers, in applied mathematics or from various other
disciplines where optimization is a need.

Our aim is therefore not to give most accurate results in optimization, nor
to detail the latest refinements of such and such method. First of all, little is
said concerning optimization theory itself (optimality conditions, constraint
qualification, stability theory). As for algorithms, we limit ourselves most of
the time to stable and well-established material. Throughout we keep as a
leading thread the actual practical value of optimization methods, in terms of
their efficiency to solve real-world problems. Nevertheless, serious attention is
paid to the theoretical properties of optimization methods: this book is mainly
based upon theorems. Besides, some new and promising results or approaches
could not be completely discarded; they are also presented, generally in the
form of special sections, mainly aimed at orienting the reader to the relevant
bibliography.

An introductory chapter gives some generalities on optimization and it-
erative algorithms. It contains in particular motivating examples, ranking
from meteorological forecast to power production management; they illus-
trate the large field of branches where optimization finds its applications.
Then come four parts, rather independent of each other. The first one is
devoted to algorithms for unconstrained optimization which, in addition to
their direct usefulness, are a basis for more complex problems. The second
part concerns rather special methods, applicable when the usual differentia-
bility assumptions are not satisfied. Such methods appear in the decompo-
sition of large-scale problems and the relaxation of combinatorial problems.
Nonlinearly constrained optimization forms the third part, substantially more
technical, as the subject is still in evolution. Finally, the fourth part gives a
deep account of the more recent interior point methods, originally designed
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for the simpler problems of linear and quadratic programming, and whose
application to more general situations is the subject of active research.

This book is a translated and improved version of the monograph [43],
written in French. The French monograph was used as the textbook of an
intensive two week course given several times by the authors, both in France
and abroad. Each topic was presented from a theoretical point of view in
morning lectures. The afternoons were devoted to implementation issues and
related computational work. The conception of such a course is due to J.-B.
Hiriart-Urruty, to whom the authors are deeply indebted.

Finally, three of the authors express their warm gratitude to Claude
Lemaréchal for having given the impetus to this new work by providing a
first English version.

Notes on this revised edition. Besides minor corrections, the present
version contains substantial changes with respect to the first edition. First
of all, (simplified but) nontrivial application problems have been inserted.
They involve the typical operations to be performed when one is faced with a
real-life application: modelling, choice of methodology and some theoretical
work to motivate it, computer implementation. Such computational exercises
help getting a better understanding of optimization methods beyond their
theoretical description, by addressing important features to be taken into
account when passing to implementation of any numerical algorithm.

In addition, the theoretical background in Part I now includes a discus-
sion on global convergence, and a section on the classical pivotal approach
to quadratic programming. Part II has been completely reorganized and ex-
panded. The introductory chapter, on basic subdifferential calculus and du-
ality theory, has two examples of nonsmooth functions that appear often in
practice and serve as motivation (pointwise maximum and dual functions).
A new section on convergence results for bundle methods has been added.
The chapter on applications of nonsmooth optimization, previously focusing
on decomposition of complex problems via Lagrangian duality, describes also
extensions of bundle methods for handling varying dimensions, for solving
constrained problems, and for solving generalized equations. Also, a brief
commented review of existing software for nonlinear optimization has been
added in Part III.

Finally, the reader will find additional information at http://www-rocq.
inria.fr/~gilbert/bgls. The page gathers the data for running the test
problems, various optimization codes, including an SQP solver (in Matlab),
and pieces of software that solve the computational exercises.

Paris, Grenoble, Rio de Janeiro, J. Frédéric Bonnans
May 2006 J. Charles Gilbert
Claude Lemaréchal

Claudia A. Sagastizdbal
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1 General Introduction

We use the following notation: the working space is R™, where the scalar
product will be denoted indifferently by (x,%) or (z,y) or 2y (actually, it
will be the usual dot-product: (z,y) = >, z'y"); || or || - || will denote the
associated norm. The gradient (vector of partial derivatives) of a function
f : R" — R will be denoted by Vf or f’; the Hessian (matrix of second
derivatives) by V2f or f”. We will also use continually the notation g(z) =

f'().

1.1 Generalities on Optimization

1.1.1 The Problem

Given a set X and a function f : X — R (the objective function), we want to
find x* € X such that, for all x € X, there holds f(x) > f(«*). The variable
x is usually called decision or control variable.

We will consider only the case where X is a subset of R™, defined by
constraints, i.e., given a number m; + mpg of functions ¢; : R” — R for
j=1,...,m; +mg, the problem is

min f(z) ze€R"”
) <0 el (P)
ci(x)=0 jekE.

Here, I and E are two disjoint sets of integers, of cardinalities m; and mg
respectively. We thus have mj inequality constraints, indexed in I, and mg
equality constraints, indexed in F.

Remark 1.1. We do not consider problems of combinatorial optimization,
where the set X is discrete, or even finite. They could be covered by our
formalism via constraints of the type z%(1 — %) = 0 (to express z* € {0,1})
but this is very artificial — and not at all efficient in general. Actually, combi-
natorial optimization problems call for methods totally different from those
presented in this book. Their intersection is not totally empty, though: §8.2
will mention the use of continuous optimization to bound the optimal value
in combinatorial problems. Section 1.2.4 will give an illustrative example.
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In another class of problems, the vector-variable x € R™ becomes a func-
tion of time z(t),t € [0,T)]: these are optimal control problems. They are
close to our formalism, possibly after discretizing [0, T; in fact, examples are
given in §1.2.2 and 1.2.3.

Perhaps rather paradoxically, the methods in this book extend easily to
optimal control problems, while they fit very badly to combinatorial opti-
mization. g

1.1.2 Classification

Among the various possible classifications, the following is made according
to the difficulty of the problem to solve.

1. Unconstrained problems (my =mpg =0,1 = E =)
1.1 Quadratic problems: f(z) = 3(z, Mz) — (b,z) (M symmetric n X n)
1.2 Nonlinear problems: f neither linear nor quadratic.
2. Linearly constrained problems (the functions ¢; are affine)
2.1. Problems with equality constraints only (my =0, I = ()
2.1.1 Linear-quadratic problems: f quadratic
2.1.2 Nonlinear problems: f neither linear nor quadratic
2.2 Problems with inequality constraints
2.2.1 Linear programming: f linear (needs m; > n —mg)
2.2.2 Linear-quadratic problems: f quadratic
2.2.3 Linearly constrained nonlinear problems.
3. Nonlinear programming
3.1 With equality constraints only
3.2 General nonlinear programming.

Observe that

— in optimization, the word “linear” is frequently (mis)used, instead of affine
(see 2; recall that an affine function is the sum of a linear function and a
constant term);

— 2.1 is the minimization in a hyperplane, isomorphic to a subspace of di-
mension n — mg, so that 2.1 is equivalent to 1, at least theoretically;

— 1.1 reduces to solving a linear system (Az = b — at least if A is positive
definite); 2.1.1 as well, in view of the preceding remark;

— 2.2 minimizes f in a convex polyhedron, the simplest being a parallelotope,
defined by simple bounds: a’ < &' < b, fori=1,...,n;

— 2.2 is considerably more complicated than 2.1, simply because one does not
know in advance which inequalities will play a role at the optimal point.
Said otherwise, there are 2™ ways of putting a problem 2.2 into the form
2.1; the question is: which is the correct one? An inequality constraint is
said to be active at x (not necessarily optimal) when ¢;(z) = 0. To put 2.2
into the form 2.1, one needs to know which constraints will be active at the
(unknown!) optimum point.
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1.2 Motivation and Examples

In this section, we show with some examples the variety of domains where one
finds optimization problems considered in the present book. Since problems
of the linear type (categories 2.2.1 and 2.2.2 in §1.1.2, described in the fourth
part) have existed for a long time, and are well known, it is not necessary
to motivate this branch. This is why the four examples below are of the
“general” nonlinear type.

1.2.1 Molecular Biology

An important problem in biochemistry, for example in pharmacology, is to

determine the geometry of a molecule. Various techniques are possible (X-ray

crystallography, nuclear magnetic resonance,...) one of these is convenient

when

— the chemical formula of the molecule is known,

— the molecule is not available, making it impossible to conduct any experi-
ment,

— one has some knowledge of its shape and one wants to refine it.

The idea is then to compute the positions of the atoms in the space
that minimize the associated potential energy. Let N be the number of
atoms and call z; € R? the spatial position of the i*" atom. To the vec-
tor X = (z1,...,2n5) € R3V is associated a potential energy f(X) (the
“conformational energy”), which is the sum of several terms. For example:
— Bond length: between two atoms ¢ and j at distance |z; — x|, there is first

an energy of the type

Lij(xs,x5) = Nij (|2 — 2] — dig)? -
— There is also a Van der Waals energy, say
i 6 i 12
Vo (21, 25 :U.(ia) _w(iﬂ) '
i 2) = vy |zi — @ I\ |z — a4

Here, the A;j,vij, wij, dij, 0;;’s are known constants, depending on the pair
of atoms involved (carbon-carbon, carbon-nitrogen, etc.)

— Valence angle: between three atoms ¢, j, k forming an angle 6,5 (writing
down the value of 6,5, as a function of xz;, x;, xy, is left as an exercise!),
there is an energy

Aiji(ziy 25, 086) = i (O — Oijie)?

where, here again, a;;; and 6;;;, are known constants.
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Other types of energies may also be considered: electrostatic, torsion an-
gles, etc. The total energy is then the sum of all these terms, over all pairs/-
triples/quadruples of atoms. The important thing to understand here, is that
this energy can be computed (as well as its derivatives) for any numerical
values taken by the variables z;. And this is true even if these values do not
correspond to any reasonable configuration; simply, the resulting energy will
then be unreasonably large (if the model is reasonable!); the optimization
process, precisely, will aim at eliminating these values.

This is obviously a problem from category 1.2 in §1.1.2. Note that the
objective function is disagreeable:

— With its many terms, it is long to compute.

— With its strong nonlinearities, it does not enjoy the properties useful for
optimization: it is definitely not quadratic, and not even convex. Actually,
in most examples there are many equilibrium points X* (local minima);
this is why the only hope is to refine a specific one: by assumption, some
estimate X is available, close to the sought “optimal” X*. Otherwise the
optimization algorithm could only find some uncontrolled equilibrium, “by
chance”.

Such a problem will call for methods from the first part of this book,
more precisely §4.4. Actually, since nowaday’s “interesting” molecules have
102 atoms and more, this problem is also large-scale; as a result, it will rather
be necessary to use methods from Sections 5.6, 6.3, or also 6.4.

1.2.2 Meteorology

To forecast the weather is to know the state of the atmosphere in the fu-
ture. This is quite possible, at least theoretically (and within limits due to
the chaotic character of phenomena involved). Let p(z,t) be the state of the
atmosphere at point z € R? and time ¢ € [0, 7] (assuming a forecast over one
week, say); p is actually a vector made up of pressure, wind speed, humid-
ity ... The evolution of p along time can be modeled: avoiding technicalities,
fluid mechanics tells us that

9p
ot

where @ is a certain differential operator. For example, (1.1) could be the
Navier-Stokes equation, but approximations are generally introduced.

To forecast the weather once our model @ is chosen, it “suffices” to inte-
grate (1.1). For this, initial conditions are needed (the question of boundary
conditions is neglected here; for example, we shall say that they are peri-
odicity conditions, (1.1) being integrated on the whole earth). Here comes
optimization, in charge of estimating p(-,0) via an identification process,
which we roughly explain.

In fact, the available information also contains all the meteorological ob-
servations collected in the past, say during the preceding day. Let us denote

(th) :@(p(z,t)), (11)
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by 2 = {w;}ier these observations. To fix ideas, we could say that each w;
represents the value of p at a certain point (z;,t;) (but actually, only some
coordinates of the vector p(z;,t;) are observed). To take these — noisy — data
into account, a natural and well-known idea is to consider the problem

min, [p— 2], (1.2)

(1.1) being considered as a constraint (called in this context the state equa-

tion).

— Observe here that our optimization problem is not posed with respect to
some z € R™ but to p, varying in a functional, infinite-dimensional, space.
See Remark 1.1; we are dealing with an optimal control problem. Notwith-
standing, any numerical implementation implies first a discretization, which
reduces the problem to the framework of this book.

— Note also that (1.1) is a priori valid on the whole interval [—1,47], but
(1.2) concerns [—1, 0] only. Actually, optimization just deals with this latter
interval; it is only for the forecast itself, after optimization is finished, that
the interval [0, 7] will come into play.

— Since p and 2 do not live in the same space (the number |I| of observations,
possibly very large, is certainly finite), 2 must first be embedded in the
same function space as p. Besides, the norm || - || in (1.2) must be carefully
chosen. These aspects, which concern modeling only, have a big influence
on the behaviour of solution algorithms.

At this point, it is a good idea not to view (1.1), (1.2) as a nonlinearly
constrained optimization problem (category 3.2 in §1.1.2), but rather as an
unconstrained one (category 1.2). In fact, call u(z) = p(z,—1) the state of
the atmosphere at z, at initial time ¢ = —1. A fundamental remark is then:
assuming u to be known, (1.1) gives unambiguously p(z,t) = p,(z,t) for all
z and all ¢ > —1: the unknown p,, depends on the variable v only. Hence, the
objective value in (1.2) also depends on u only. Our problem can therefore
be formulated as min,, ||p, — £2||, which means:

— to minimize with respect to u (unconstrained variable)
— the function defined by (1.2),

— where p = p,, is obtained from (1.1)

— via the initial condition p(-, —1) = u.

The actual decision variable in this formulation is u indeed: p plays only
the role of a parameter, called state variable, while the terminology control
variable is here reserved to u. The objective function will be denoted by
J(u), rather than f(«). Thus, the number of variables is reduced (drastically:
passing from about 10 for p, to about 107 for u alone) and, more importantly,
any form of constraint is eliminated.

Remark 1.2. The “normal”, direct, problem is to compute p(z,t) from
p(z,0) via (1.1). Here we solve the inverse problem: to compute p(z,0) from
(a partial knowledge of) p(z,1t).
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The above description is of course very sketchy and does not reveal all the
difficulty of the problem. For instance: the number of observations is about
105, which is by far insufficient to identify the 107 unknowns. To orient the
search toward reasonable p,’s, any a priori information on the stationary
solutions to (1.1) is an important element, which is taken into account in
actual implementations. 0O

Here again, the methods from the first part of this book will be U.78€d. The
problem is more than ever large-scale: after discretization, u € R'°"; calling
for §6.3 therefore becomes a must.

1.2.3 Trajectory of a Deepwater Vehicle

Most optimal control problems consist in optimizing a trajectory; an example
is towing a submarine vehicle. Consider a deepwater observation device (the
“fish”), moving close to the sea bottom, and pulled from the surface by a tug.
The problem is to control the tug so that the fish makes a given maneuver,
while avoiding obstacles. For example, one may ask to make a U-turn in
minimal time.

Let L be the length of the pulling cable. One may assume that L is a
known constant, or that the cable is inextensible; anyway L is for this problem
several kilometers long, and one cannot assume that the cable behaves like
a rigid rod. As a result, the fish’s trajectory is a rather complicated function
of the tug’s. A possible model is as follows.

— Let y(s,t) € R3 be the position in the sea of a point at time ¢ and (curvi-
linear) coordinate s € [0, L] along the cable.

— Then y(0,t) is the tug’s position, it is the control variable; y(L,t) is the
fish’s, it is the variable to be controlled.

— These two variables are not independent: from inextensibility, we have

5= (13
and y obeys the state equation
% —%(T(s,t)%) +T(%) —w. (1.4)

Here T is the cable’s tension (unknown), w its linear weight rate and 7
models the drag.

— In addition to this system of equations, there are appropriate initial and
boundary conditions, among which y(0,t) = u(t), which simply expresses
that y(0,-) plays a special role (the control!).

Just as in §1.2.2, we are again faced with an optimal control problem: the
objective function (for example the time needed to make a U-turn) depends
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on the control u implicitly, via a state (y.,7Tw), solution to a state equation.
However, the situation is no longer as “simple”(!) as in §1.2.2: we still have
to express that the fish must evolve above the sea bottom, which yields
constraints on the state: if (2!, 22) is the height of free water at z € R?, one

must impose
v’ (L,t) = ¢y (L, 1), y*(L,t)), forall t. (1.5)

These constraints in turn depend implicitly on u, and they are actually in-
finitely many (i.e. many, after discretization). As a result, it is hardly possible
to “reduce” the problem with respect to u only. We now have to call for the
third part of this book (constrained nonlinear optimization): the distinction
between control and state variables is no longer relevant. In the sense of
§1.1.1, the decision variables are now the couple (y,T'), with respect to which
one must

— minimize a certain function f(y) (for example the time of the U-turn)

— under equality constraints ¢;(y,T) = 0, j € E, which symbolize the state
equations (1.3), (1.4) (here E is big)

— and inequality constraints ¢;(y) < 0, j € I, which symbolize constraints on
the state (1.5) (and I is just as big).

This example illustrates, among other things, the ambiguity which can
exist concerning the decision variables: in the sense of optimal control, the
control variable is u; however, the optimization algorithm “sees” as decision
variable the whole of (y,T'). Of course, the algorithm designer is allowed —
and even strongly advised — to remember the origin of the problem, and to let
y(0,-) play a particular role in the complete set of variables {(y,T)(s,t)}s.-

1.2.4 Optimization of Power Management

We complete this list of examples with a problem having nothing to do with
the preceding : to optimize the production of electrical power plants. The
following constitutes a simplest instance among realistic models. Consider a
set I of power plants (hydro-electrical, thermal, nuclear or not). One wishes
to optimize their production over a horizon {1,...,T}, for example T = 48
half-hours; the demand is supposed to be known, call it dy,...,dr. If pi
denotes the energy produced by the production unit ¢ € I during the period
t, one must first satisfy the demand constraints

Zi61p§>dt, fort=1,...,T. (1.6)

Use the notation p* = {pt, ..., p%} for the production-vector of unit i. To
each unit is associated a production cost ¢’ : RT — R: one wishes to solve

min X, ¢ (p') (1.7)

Besides, each unit has its own technological constraints describing the set D?
of possible production vectors:
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ple D', foriel. (1.8)

Describing the ¢?’s and D%’s may not be a simple task, which goes beyond our
framework. We just note here their disparity: nuclear and hydro plants have
nothing to do with each other, neither in their operation costs, nor in their
constraints. For one thing, a hydro plant has basically linear characteristics
(category 2.2.1 in §1.1.2), although it becomes nonlinear (category 3.2) in
accurate models. By contrast, thermal plants have an important combina-
torial aspect, owing to a 0 — 1 behaviour: it is not possible to change their
production level continuously, neither at any time.

The crude problem is to minimize (1.7) under constraints (1.6), (1.8).
This problem is large-scale: as an example, the French power mix has about
200 plants working every day, which gives birth to 200 x 48 = 10* variables
pi (and even many more, due to combinatorics; actually, each unit i is an
optimal control system, with its own additional state variables). Yet, the
real difficulty of the problem is not its size but its heterogeneity: nonlinear
methods of this book will fail, just as combinatorial methods.

This is why it is suitable to transform this problem. The key is to ob-
serve that, if constraints (1.6) were not present, each plant could be treated
separately: one would have to solve, for each i € T

minc'(q), g¢€ D". (1.9)

Here, the dummy variable ¢ represents the production-vector p’. Each of
the latter problems becomes solvable, by a method tailored to each case,
depending on i. Starting from this remark, a particular heuristic technique
is rather well-suited for (1.6)—(1.8). More precisely, Lagrangian relaxation
(§8.2) approximates a solution by minimizing a convex nonsmooth function,
to be seen in Chap. 10.

1.3 General Principles of Resolution

The problems of interest here — such as those of §1.2 — are solved via an

algorithm which constructs iteratively x1,xs, ..., 2k, ... To obtain the next

iterate, the algorithm needs to know some information concerning the original
problem (P) of §1.1.1: essentially, the numerical value of f and ¢ for each value
of x; often, their derivatives as well.

— If there are only linear or quadratic functions, this information is globally
and explicitly available in the data: a linear [resp. quadratic] function (b, z)
[resp. (z, Ax)] is completely characterized by the vector b [resp. the matrix
A]. As a result, categories 1.1, 2.1.1, 2.2.1, 2.2.2 of §1.1.2 make up a very
particular class, and call for very particular methods, studied in the fourth
part of this volume.
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— By contrast, as soon as really general functions are involved, this infor-
mation is computed in a black box (subprogram) characterizing (P), and
independent of the selected algorithm. This subprogram can be called sim-
ulator, since it simulates the behaviour of the problem under the action of
the decision variables (optimal or not).

Hence (and it is important to convince oneself with this truth), a computer
program solving an optimization problem is made up of two distinct parts:

— One is in charge of managing x and is the algorithm proper; call it (A),
as Algorithm; it is generally written by a mathematician, specialized in
optimization.

— The other, the simulator, depending on (P), performs the required calcu-
lations for each = decided by (A); it is generally written by a practitioner
(engineer, physicist, economist, etc.), the one who wishes to solve the spe-
cific optimization problem.

The distinction between (A) and (P) is not always straightforward, ac-
tually it depends on the modeling. Consider the examples of the preceding
section:

§1.2.1. There is no ambiguity in the biochemistry problem: (A) places the
atoms in the space, (P) computes the resulting energy, and perhaps
its derivatives as well: they are very useful for (A).

§1.2.2. The case of meteorology is also relatively clear: (A) decides the ini-
tial conditions (denoted by w or p(-, —1) rather than z); (P) inte-
grates the state equation over [—1, 0], which allows the computation
of the objective function (1.2); call J(u) this objective. Note that
differentiating J is now far from trivial; yet, it is certainly possible
(at least after discretization, in case of theoretical difficulties for the
continuous version). More is given on this topic in §1.6 below.

§1.2.3. In the cable problem the situation is no longer so clear-cut. In a
control-like formulation as in §1.2.2, (A) would decide the tug’s tra-
jectory, and (P) would integrate (1.3), (1.4) to obtain the fish’s
trajectory; the objective value and the constraint value (1.5) would
ensue.

In the suggested “general-constrained” formulation, (A) fixes the
trajectory and tension of every point on the cable. The job of (P)
is now much more elementary: it knows the values of (y,T)(s,t)
for each (s,t) — they have been fixed by (A) — and it just have to
compute the values (and derivatives) of the objective, of the equality
constraints (1.3), (1.4), and of the inequality constraints (1.5).

§1.2.4. A complication appears in production optimization because the
problem is not really (1.6)—(1.8), but rather an auxiliary abstract
problem, which will be seen in §8.3.2. The objective is actually a
perturbation of (1.7), namely a Lagrange function incorporating the
term ), A (21 pi— dt); the decision variables are no longer the pi’s
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but the A;’s, i.e. the multipliers associated with (1.6). Thus, (A) fixes
the A;’s, while (P) solves for each i a perturbation of (1.9), namely

in ¢ AtGy -
;ggl,iC(q)Jth: o

Remark 1.3. In addition to the (A)—(P) distinction, another fundamental
thing to understand here is the following: for any problem considered, the only
information available for (P) is the result of a numerical calculation, generally
complicated; for example, the resolution of a partial differential equation, or
the optimization of a number of nuclear plants, etc. Hence, (A) has to proceed
by “trial and error”: it assigns trial values to the decision variables z, and it
corrects these values upon observation of the answer from (P); and this will
repeatedly make up the iterations of the optimization process. a

Now the current iteration of an optimization algorithm is made up of two
phases: to compute a direction, and to perform a line-search.
— Computing a direction: (P) is replaced by a model (P}), which is simpler;
then (Py) is solved to yield a new approximation zy + d.
— Line-search: a stepsize t > 0 is computed so that zj + td is “better” than
xy, in terms of (P).
— The new iterate is then xx411 = xx + td.

Remark 1.4. The direction is computed by solving (usually accurately) an
approzimation (Py) of (P). By contrast, the stepsize is computed by observing
the true (P) on the restriction of x € R™ to the half-line {z + td}ier, (T
and d fixed).

Replacing the given problem (P) by a simpler (Py) is a common technique
in numerical analysis. By contrast, the second phase which corrects xy +d, is
a technique specific to optimization. Its motivation is stabilization. All this
will be seen in detail in the next chapters. a

The next two subsections are devoted to some convergence theory tailored
to optimization algorithms.

1.4 Convergence: Global Aspects

Let an optimization algorithm generate some sequence {z}. This algorithm
is said to converge globally when

{z1} converges to “what is wished” for any initial iterate x;.

Caution: this terminology is ambiguous because “what is wished” does not
mean a solution to the initial problem (P), often called global optimum. Here,
one rather stresses the fact that the initial iterate can be arbitrarily far from
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“what is wished”, without impairing convergence; actually, “what is wished”
generally means an z satisfying what is called the necessary optimality con-
ditions (see below and the sections involved: §§2.2 and 13.3).

In connection with Remark 1.4, one generally has a merit function © :
R™ — R, which is minimal at “what is whished”: (P) is thus equivalent to
minimizing @ over the whole of R™. The simplest example is unconstrained
optimization: one must minimize f over R", so one naturally takes © = f.
The word “better” introduced in §1.3 can then be given the meaning

O(rr+1) < O(xyg) . (1.10)

Then let us review the various convergence properties that an optimiza-
tion algorithm may enjoy. First, a direct consequence of (1.10) is that

{O(z)} has a limit, possibly —oo
— of course, O(z)) — —oo reveals an ill-posed problem (P).

Minimal requirement To make things simple, let us assume that © is a
continuously differentiable function and consider its first-order development
around a given x:

Oz + h) ~O(z) + (VO(z),h).

Assuming VO(x) # 0 and taking h = —tVO(x) with a small ¢t > 0, we obtain
O(z + h) — O(x) ~ —t|VO(x)|?> < 0; as a result,  cannot minimize ©. We
say that VO(x) = 0 is an optimality condition for x to minimize ©. The least
property that should be satisfied by a sequence {zj} constructed as in §1.3
is then!

liminf |VO(x)| = 0; (1.11)

this means that the gradient VO(zy,) will certainly have a norm smaller than
¢ for some finite k, no matter how & > 0 is chosen. Thus, in this context, a
globally convergent algorithm has to satisfy (1.11) for any starting point x;.

It should be noted that (1.11), or even the property lim |VO(zx)| = 0,
is fairly weak indeed: it does not tell much unless {z} itself has some limit
point. For example, it does not imply that {x}} is a minimizing sequence, i.e.
that O(zy) — inf 6.

Boundedness If the original minimization problem (P) is reasonably well-
posed, a reasonable merit function satisfies

O(z) — +oco when |z| — 400

(for example, minimizing e® over z € R is an ill-posed optimization problem:
it has no solution). Together with (1.10), this property automatically guar-
antees that {z\} is a bounded sequence. As a result, {2} has a cluster point;
and every subsequence {xy }rex is also bounded.

! The liminf [resp. limsup] of a numerical sequence is its smallest [resp. largest]
cluster point.
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Convergent sequences Assume boundedness of {zy}. Then (1.11) guar-
antees the existence of a subsequence {x }rex satisfying

i =5 2% and VO (zy) =20,

from wich continuity of VO implies VO(z*) = 0.

On the other hand, the monotonicity property (1.10) implies that the
whole sequence {O(xy)} tends to ©(x*): all cluster points of {z;} have the
same ©-value. Whether this value is the minimum value of © is more delicate.

When O is a convex function, the optimality condition VO(z*) = 0 is
(necessary and) sufficient for 2* to minimize © (use for example the well-
known property O(y) > O(z*) + (VO(z*),y — x*) for all y). In this situation,
we conclude that all the cluster points of {z;} minimize ©; and finally, the
whole of {z1} converges to the same limit z* if © has a single minimum point
x* (for example if O is strictly convex).

Let us summarize our considerations: admitting that (P) can be formulated
as minimizing a differentiable function ©, the key property to be satisfied
by an algorithm is (1.11). If © enjoys appropriate additional properties, then
the limit points of {x;} will minimize ©, and hence solve (P).

1.5 Convergence: Local Aspects

Now {1} is assumed to have a limit #* — which may or may not be “what
is wished” — and one wants to know at what speed x; — x* tends to 0; in
particular, one tries to compare this error to an exponential function. This
study is limited to large values of k (hence zj is already close to z*): it
is only a local study. First recall some notation: s = o(t) means that s is
“infinitely smaller” than t; more precisely § — 0. Here ¢ and s are two
variables (depending on a parameter x, on an iteration number k, etc.); t
is scalar-valued and positive; strictly speaking, s as well; when s is vector-
valued, the correct and complete notation should be |s| = o(t). In practice,
it is implicitly understood that ¢ | 0 (say when z — x*, or k — 400) and
s = o(t) means that s tends to 0 infinitely faster than ¢. The notation s = O(¥)
means that s is not infinitely bigger than ¢: there exists a constant C' such
that s < Ct.

Consider now a sequence {x} converging to *; two types of convergence
are relevant:

Q-convergence : this is a study of the quotient g := |xg+1 — z*|/|xp — x*|.

— @-linear convergence is said to hold when limsup ¢; < 1.

— @-superlinear convergence when lim g = 0.

— Particular case: @Q-quadratic convergence when ¢ = O(|z), —2*|); or equiv-
alently: |xpyr1 — 2*| = O(|zx, — 2*|?); roughly, the number of exact digits
doubles at each iteration.
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Often, “Q” is omitted: superlinear convergence implicitly means ()-superlinear
convergence.

R-convergence : even though Theorems 1.7 and 1.8 below give a more natural
definition, R-convergence is originally a study of the rate 7 = |z — 2*|'/*.
— limsupr, < 1: R-linear convergence,

—limr; = 0: R-superlinear convergence.

Remark 1.5. A sequence converging sublinearly to its limit (g or 74 tends
to 1) is in practice considered as not converging at all, because convergence is
so slow; an algorithm with sublinear convergence must simply be forgotten.

O

R-linear convergence means geometric or exponential convergence: setting
r := limsupry, we have rpy < r + ¢ for all € > 0 and k large enough; this is
equivalent to |zx — 2*| < (r + €)* (and note: 7 4 & can be made < 1).

Q-convergence is more powerful, in that the error at iteration k + 1 can
be bounded in terms of the error at iteration k: if ¢ = lim sup ¢y,

|Tp+1 — ¥ < (g +¢€)|xg — x*], for all e > 0 and k large enough.

In a way, @-convergence is a Markovian concept: it only involves what hap-
pens at the present iteration. In the above writing, “iteration k [resp. k + 1]”
can be replaced by “current iterate x [resp. next iterate x4]” and “k large
enough” by “z close enough to z*”. In plain words, Q)-superlinear conver-
gence is expressed by: if the current iterate is close to the limit, then the next
iterate is infinitely closer. This is not true for R-convergence, since k plays
its role in the definition of rj, which has to be a kth root. The next result
confirms that @-linear convergence implies geometric convergence:

Theorem 1.6. If x; tends Q-linearly to x*, then: for all ¢ > limsup g, there
exists ko and C > 0 such that

|z — 2*| < O¢F for all k > ko.
Proof. Fix q as announced, kg such that
|xit1 — ™| < qlz; — ™| for i > ko,
which gives (multiplying out for i = kg,...,k — 1)

k—ko _ [Tk, — $*|qk

|x/€ - (,C*| < |xk0 - 1'*|(] qko

and the result is obtained with C := |z, — z*|/¢". O
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Once again, this theorem does not contain all the power of Q-convergence,
since it does not say that the error decreases at the rate ¢ < 1 at each
iteration.

Quite often, convergence speed is established via a study of an upper
bound of the error. Q-convergence of an upper bound of |z — z*| becomes
R-convergence for {z}. For example:

Theorem 1.7. If |z, — ™| < sx where s, converges Q-superlinearly to 0,
then {xi} converges R-superlinearly to x*.

Proof. Fix € > 0. From Theorem 1.6, there is C' such that s < Ce* for k
large enough. Hence, by assumption,

|2y, — 2| * < Si/k < ke,
Pass to the limit on k: C*/* — 1 and limsup |z — 2*|'/* < e. 0

Actually, the converse is also true. To show it, we give a last result, stated
in terms of linear convergence, to make a change:

Theorem 1.8. Let x, tend to z* R-linearly. Then |xy — x*| is bounded from
above by a sequence sy tending to 0 Q-linearly.

Proof. Callr < 1 the limsup of |z} —z*|'/* and take e € ]0, 1 — 7[. For k large
enough, |z — z*| < (r +¢)*. The sequence sy := max{|zy — z*|, (r + £)*} is
indeed an upper bound of {|z; — z*|} and, for k large enough, s, = (r +¢)*;
hence s; answers the question. O

These two theorems establish the equivalence between R-convergence of
a nonnegative sequence tending to 0, and @Q-convergence of an upper bound.
This gives another definition of R-convergence, perhaps more natural than
the original one; namely: z; — a* R-superlinearly when |z — z*| < sy, for
some {si} tending to 0 Q-superlinearly.

1.6 Computing the Gradient

As seen in §1.3, the main duty of the user of an optimization algorithm is to
write a simulator computing information needed by the algorithm. It has also
been said (and it will be confirmed all along this book) that the simulator
should compute not only function- but also derivatives-values. This is not
always a trivial task, especially in optimal control problems. Take for example
the case of meteorology in §1.2.2: it is easy to understand how the objective
function of (1.2) (call it f) can be computed via (1.1), for given values of the
control variable u(-) = p(-, —1); but how about the total derivative of f with
respect to u? Since f is given implicitly by (1.1), one must somehow invoke
the implicit function theorem, which may be tricky. Indeed, computing the
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Jacobian of the operator “control variable — state variable” is often out of
question, and useless anyway. Here we demonstrate a technique commonly
used, which involves the adjoint equation. For reasons to be explained in
Remark 1.9 below, we do this computation in a finite-dimensional setting,
even though optimal control problems are usually set in some function space.

So we consider the following situation. The control variables are {u;}7_,
where u; € R™ for each ¢. The state variables are likewise {y;}+ with y; € R™,
given by the state equation

{yt:Ft(yt—lvut)v fort:17"'7T7

. (1.12)
Yo given.

Here, for each ¢, F; is a function (possibly nonlinear) from R™ x R™ to R™.
Besides, a function is given, say

T
F=" Filyeu),
t=1

where, for each t, f; sends R™ x R™ to R. It is purposedly that we do not
specify formally which variables f depends on. Incidentally, note that f can
be the objective function of our optimal control problem; but it can equally be
a constraint, involving the state variables; for example a final-time constraint
c(yr) (imposed to be 0, or nonnegative, etc.)

Call v = du € R a differential of u; it induces from (1.12) a differential
2z = dy € R™T' | and finally a differential df. To be specific, we assume the
usual dot product in each of the spaces involved and we use the notation (-, ),
[resp. (v, *)m] for the dot-product in R™ [resp. R™]. In the control space, the
scalar product is therefore

T
(gu ’U) = Z(gt7 Ut)n
j=1
Our problem is then as follows: find {g;}7_; such that the differential of f
is given by df = (g,v). This will yield {g:}; € R"T as the gradient of f,
considered as a function of the control variable u alone.

To solve this problem, we have from (1.12) (assuming appropriate smooth-

ness of the data)
= (F)y (ye—1,ue)ze—1 + (B )y (e, ug)op fort =1,....T, 13)
zZ0 = 0 ( ’
(z0 = 0 because yo is fixed!). In this writing, the Jacobian (F}); (yi—1,us) is
an m x m matrix and (F}),,(yi—1,ut) is m x n. We have also

df = Z Vy fe(yes ut), zt)m +Z (Vufe(ye, ue), ve)n;

t=1 t=1

here Vy fi(ye,us) € R™ and V., fi(ye, us) € R™. We need to eliminate z be-
tween these various relations; this is done by a series of tricks:
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Trick 1. Multiply the ¢*® linearized state equation in (1.13) by a vector p; €
R™ (unspecified for the moment) and sum up. Setting G := (F); (yi—1,us)
and H; := (F})!, (yi—1,us), we obtain

T T T
Z Dty Zt)m Z P, Gezi—1)m + Z Pt, Hivg)m
t=1 t=1 t=1

Single out (pr, z1)m in the lefthand side, transpose G; and H;, and re-index
the sum in z; remembering that zop = 0, this gives

T-1 T-1 T
0:_(pT7ZT)m_Z Pty 2t m‘FZ t+1pt+lazt m‘FZ t pt7’Ut
t=1 t=1 t=1

Trick 2. Add to the expression of df and identify with respect to the z;’s.
Setting v := Vy fi(ye, we) and hy := Vo fi(ye, we):

T-1 T
df = (_pT+7T7ZT)m—FZ(—Pt‘FG:HPtH +%72t)m+Z(HtTpt+ht7vt)n
t=1

t=1

Trick 3. Now it suffices to choose p so as to cancel out the coefficient of each
Z: requiring

pr =71,
{Pt =Gl py1+y fort=T-1,....1, (1.14)

we obtain the gradient in the desired form:
gt:HtTPt—i—ht fort=1,...,T.

The (backward) recurrence relations (1.14) form the so-called adjoint
equation, whose solution p is the adjoint state.

Remark 1.9. In optimal control problems, the state variable is often given
by a differential equation, say

{y(t) = F(y(t),u(t),t), forte]0,T],
y(0) given,

instead of the recurrence relations (1.12). Then the “adjoint trick” can nev-
ertheless be reproduced: multiply the above equation by a function p(t) (the
continuous adjoint state), integrate from 0 to T, and integrate the lefthand
side by parts. The resulting adjoint equation is another differential equation,
instead of (1.14).

However, the actual minimization algorithm, implemented on the com-
puter, certainly does not solve this original problem; it can but solve some
discretized form of it (a computer can hardly work in infinite dimension). Us-
ing a subscript d to connote such a discretization, we are eventually faced with
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minimizing a certain function fs(us), with respect to some finite-dimensional
variable us. For numerical efficiency of the minimization algorithm, it is im-
portant that the simulator computes the exact gradient of fs, and not some
discretized form of the continuous gradient V f. One way of achieving this is
to carefully select the discretization scheme of the adjoint equation. But the
safest approach is to discretize first the problem (and in particular the state
equation), and then only to construct the adjoint equation of the discretized
problem.

This is why we bothered to demonstrate the mechanism for the tedious
discrete case; after this, reproducing the calculations in the continuous case
is an easy exercise (only formal, though: differentiability properties of the
infinite-dimensional problem must still be carefully analyzed; otherwise, dif-
ficulties may occur for 6 — 0). O

Remark 1.10. The adjoint technique opens the way to the so-called au-

tomatic or computational differentiation. Indeed, consider a computer code

which, taking an input u, computes an output f. Such a code can be viewed

as a “control process” of the type (1.12):

— The " line of this code is the ¢! equation in (1.12).

— The intermediate results of this code (the lefthand sides of the assignment
statements) form altogether a “state” y, which is a function of the “control”
u.

— Forming the righthand side of the adjoint equations then amounts to dif-
ferentiating one by one each line of the code.

— Afterwards, solving the adjoint equations — to obtain finally the gradient
V f — amounts to writing these “linearized lines” bottom up.

These operations are all purely mechanical and lend themselves to au-
tomatization. Thus, one can conceive the existence of a software which
— takes as input a computer code able to calculate f(u) (for given w),

— and produces as output another computer code able to calculate V f(u)
(again for given ).

It is worth mentioning that such software do not need to know anything
about the problem. They do not even need mathematical formulae represent-
ing the computation of f. What they need is just the first half of a simulator;
and then they write down its second half. a

Bibliographical Comments

Among other monographs devoted to optimization algorithms, [107, 27, 277,
86] can be suggested. See also [128, 160] for a style very close to users’ con-
cerns, while [239] insists more on theorems.

A function © for which a stationary sequence (VO(xy) — 0) is not nec-
essarily minimizing (©(x) # inf ©) is given in [350]. The various types of
local convergence are defined and studied in [278].
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As for available optimization software, the situation is rapidly evolving.
First, there is the monograph [267], which reviews most individual codes and
organized libraries existing in the beginning of the 90’s. Generally speak-
ing, the Harwell library has well-considered optimization codes. In fact, this
library goes far beyond optimization, as it covers the whole of numerical
analysis, from linear algebra to differential equations:

http://www.cse.clrc.ac.uk/Activity/HSL.

On the other hand, the Galahad software is exclusively devoted to optimiza-
tion and can normally be used for free:

http://galahad.rl.ac.uk/galahad-www.

The Scilab environment and the Modulopt library include implementations
of some of the algorithms presented in this book:

http://www-rocq.inria.fr/scilab/scilab.html
http://www-rocq.inria.fr/estime/modulopt.

The internet address
http://www-neos.mcs.anl.gov/neos

collects and updates, under the name NEOS, the vast majority of software
existing throughout the world, even allowing a “push-button” use of some of
them.

For computational differentiation, see for example [181], [88], [151] (but
the idea is much older, going back to [339, 208] and others). We mention
Adolc, Adifor, Tapenade as available software; the addresses are as follows:

http://www.math.tu-dresden.de/wir/project/adolc
http://www-unix.mcs.anl.gov/autodiff/ADIFOR
http://www-sop.inria.fr/tropics/tapenade/tutorial
http://www-unix.mcs.anl.gov/autodiff/AD Tools
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In this first part, we consider the problem of minimizing a function f, defined
on all of the space R"™. We will always assume f sufficiently smooth, say twice
continuously differentiable; in fact, a rather minimal assumption is that f has
a Lipschitz continuous gradient.

We start with a short introductory chapter, containing in particular the
gradient method, often deemed important. However we pass rapidly over it,
because actually it is (or should be) never used. In contrast, the whole Chap. 3
is devoted to line-searches, a subject often neglected although it is of crucial
importance in practice.

In fact, the gradient method is limited to first-order approximations,
whereas efficient optimization must take second order into account, explicitly
or implicitly; it is even fair to say that this is a necessary and sufficient con-
dition for efficiency. Using second order amounts to applying Newton’s prin-
ciple. Chapter 4 starts from these premises to study the utmostly important
and universally used quasi-Newton method. Conjugate gradient (Chap.5) is
given mainly for historical reasons: this method has been much used but it
is now out of date. Chapter 6 is quite different: it mainly concerns methods
less used these days, but which cannot be overlooked; either due to the im-
portance of problems they treat (Gauss-Newton, Levenberg-Marquardt), or
because they will become classical in the future (trust-region, various uses of
Newton’s principle). Besides, it outlines the traditional resolution of quadratic
programs (item 2.2.2 in the classification of §1.1.2), namely by pivoting.

A short additional chapter presents an application problem: seismic reflex-
ion tomography. It can be used to illustrate the behaviour of unconstrained
optimization algorithms, and also to get familiarized with the actual writing
of a nontrivial simulator.
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We start with some generalities on the unconstrained optimization problem

min f(z) subject to z € R"™. (2.1)

2.1 Existence Questions

A very first condition for (2.1) to be meaningful is that f be bounded from be-
low. Then there exists a lower bound but not necessarily an optimal solution
(e.g. f(x) = e"); an additional assumption is required.

The following property is usually satisfied (at least, it is reasonable): f is
(continuous and) “+oo at infinity”; more precisely: f(z) — 400 if |2| — +o0.
Such a function is called inf-compact (cf. §1.4). Then the problem can be
restricted to a bounded set, say {x : f(z) < f(z1)} (often called slice of f at
level f(x1)) and existence of a global minimum z* is guaranteed: a continuous
function has a minimum on a compact set.

Remark 2.1. There is a delicate point in infinite dimensions. An existence

proof goes as follows:

— f bounded from below = existence of a (finite) lower bound f* and of a
minimizing sequence {zy}, i.e. f(zg) — f*

— Slice bounded = {x}} bounded = existence of a weak cluster point z* (in
a reflexive Banach space).

— To conclude f(zx) — f(x*) (i.e. f(x*) = f*) one needs also the lower semi-
continuity of f for the weak topology, which holds when f is convex; an
assumption which thus appears naturally in infinite dimension. a

The above remark introduces two concepts which, although not funda-
mental, have their importance in optimization.

Definition 2.2. A function f is lower semi-continuous at a given x* when
liminf, .« f(z) > f(z*).
A function f is convex when

flaz+ (1 —a)y) <af(z)+ 1 —a)f(y) foralz,y, and a €]0,1].
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A set C C R™ is convex when
ax+ (1—a)ye C foralz, yinC, and o €]0,1].

Accordingly, we will say that our general problem (P) of §1.1.1 is convex if
f and each c;, j € I are convex, while {c;};ck is affine.

We also recall that a mapping ¢ : R™ — RP is affine if there exists a linear
mapping L : R™ — RP such that

c(z) —cly) =Lz —y) foralz,yeR". O

2.2 Optimality Conditions

The question is now: how to recognize an optimum point? There are necessary
conditions, and sufficient conditions, which are well-known:

— Necessary conditions: if * is optimal, then
- 1st-order necessary condition (NC1): the gradient f'(z*) is zero;
- 2nd-order necessary condition (NC2): the Hessian f”(x*) is positive semi-
definite!.
— Sufficient condition (SC2): if z* is such that f/(z*) = 0 and f”(z*) is
positive definite, then x* is a local minimum (i.e. f(x) > f(a*) for x close
to =*).

Example 2.3. easiest: f quadratic, i.e. f(z) = 3(z, Az) + (b,x) 4+ c. Then
(NC1) is the linear system Az+b = 0. If A is positive definite, this system has
a unique solution, which is the minimum point. If A is positive semi-definite,
and if b € Im A, there is a hyperplane of solutions, which make up the minima.
We conclude that minimizing an unconstrained quadratic function is nothing
other than solving a linear system, whose matrix is symmetric, and normally
positive definite. a

The difference between (NC2) and (SC2) is weak, in practice negligible.
An z satisfying (NC1) is called critical or stationary. If f is convex, (NC1)
= sufficient condition for global minimum. The ambition of an optimization
algorithm is limited to identifying stationary points; this implies f'(xy) — 0.
With relation to §1.4, we will be even more modest and say that an algorithm
converges globally when liminf | f'(xy)| = 0. Recall how this is misleading; x,
need not converge to a global minimum,... or even may not converge at all
(i.e. may diverge: cf. e, once again).

In view of second-order conditions, the following class of functions appears
naturally, for which every stationary point satisfies (SC2):

! Recall that an operator A is positive [resp. semi-]definite when (d, Ad) > 0 [resp.
> 0] for all d # 0.
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Definition 2.4. The function f is said to be locally elliptic if, on every
bounded set B, it is C? and its Hessian is positive definite; hence, there exist
(in finite dimension) two positive constants 0 < £(B) < L(B) such that

(B)d]* < (f"(x)d,d)  and  |f"(2)d| < L(B)|d|. 0

Observe that £ and L bound the eigenvalues of f” on B. A locally elliptic
function is convex (assuming B convex), and even locally strongly convez i.e.

Fl) > )+ (/@) — ) + 5By — P (22)

for all z et y in B (obtained by integration along [z, y] C B). This relation,
written at a minimum point x = x*, expresses that f enjoys a quadratic
growth near z*. From (2.2), we also have

(f'(2) = f'(y)sx —y) = U(B)|z — y|?
(write the symmetric relation and add up), which expresses that f” is strongly
monotone (locally, on B).

After these preliminaries, we turn to numerical algorithms solving our
problem (2.1). Knowing that the ambition of an algorithm is to find a sta-
tionary point, i.e. to solve f’(x) = 0, the first natural idea is to use methods
solving (nonlinear) systems of equations.

2.3 First-Order Methods

To solve a nonlinear system g(x) = 0, we mention two methods: Gauss-Seidel
and successive approximations; but in our context, recall that g : R" —
R™ is not an arbitrary mapping: it is a gradient, of a function which must
be minimized; thus, among the possible stationary points, those having g’
positive (semi)definite are preferred.

2.3.1 Gauss-Seidel

This method can also be called “one coordinate at a time”. Basically, it works

as follows.

— All the coordinates are fixed, say to 0.

— The first coordinate is modified, by solving the first equation with respect
to this first coordinate.

— And so on until n.

— The process is repeated.

In other words, each iteration of this algorithm consists in solving one
equation with one unknown. The iterate xy41 differs from xj by one coordi-
nate only, namely i(k), the rest of the integer division of & by n.

This method is little interesting, its use is not recommended. Incidentally,
observe the crook: how can we solve each of the equations in its second step?
(remember Remark 1.3).
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2.3.2 Method of Successive Approximations, or Gradient Method

In its crudest form, the method of successive approximations is the following.
One wants to solve g(z) = 0 via the iterative scheme: xp11 = x + tg(ay),
where ¢t # 0 is a fixed coefficient; the motivation is that the fixed points of
{1} satisfy x = x + tg(x), and therefore are solutions. In general, choices of
t ensuring convergence are unknown. In case where ¢ is actually a gradient,
of a function to be minimized, something can be said:

Theorem 2.5. Suppose that, locally, g is Lipschitz continuous and strongly
monotone (i.e. f is locally elliptic) and that a solution exists. Then the algo-
rithm converges if t < 0 is close enough to 0.

Proof. Setting F'(z) := x +tg(z), we write the algorithm in the form x4 =
F(z1) and we show that F is a contraction. Let 1 be the first iterate, z* a
solution (g(z*) = 0), B the ball of center z* and radius |z; — 2*|. Then

|29 — "> = [a1 — 2* P + 2(x1 — 2%, g(21) — g(2")) + 2|g(a1) — g(a™) .
Take t < 0; then the assumptions give
|z — 2|2 < (1 + 20t + L2t?)|2y — ™%

It suffices to take ¢ > —2¢/L? to obtain (recursively) z;, € B and z — z*
Q@-linearly. We have shown at the same time the uniqueness of z*. a

Remark 2.6. The existence hypothesis is essential to have compactness of
{z} (without it, g(x) = e is a counter-example). This hypothesis can be
replaced by the global (instead of local) ellipticity of f; the proof still applies,
and shows the existence of a (unique) solution. O

2.4 Link with the General Descent Scheme

Now, knowing that the problem to be solved is not arbitrary, but that there
is a potential function to be minimized, can we modify, improve, interpret
the methods of §2.3, according to what was seen in §1.37 For this, we need to
distinguish in the above two methods the calculation of a direction and the
line-search. This is possible:

— To compute the direction dj, make the change of variable z = zp + d,
replace f(zx +d) by f(zx) + (g9(xx),d) (valid for small |d|) and let dj, solve
the following model-problem:

min (g(zx),d) |[|d|| <6 (Pr)

(at this point, || - || represents an arbitrary norm, not necessarily the Eu-
clidean norm | - |).



2.4 Link with the General Descent Scheme 29

— Then, 41 is sought along dg, in accordance with general line-search prin-
ciples.

By construction, (g(zx),dr) < 0: a descent direction at xj, is obtained,
i.e. a d satisfying f(zx + td) < f(zy) for some ¢t > 0 (actually, for all ¢ > 0
small enough).

Remark 2.7. Here the norm || - || is arbitrary. The coefficient § > 0 is es-
sential to guarantee that (P) has a solution (the linear function (g(xy), )
is unbounded on R™), but the exact value of ¢ does not matter: dy depends
multiplicatively on J, and the length of the direction is irrelevant: it will be
absorbed by the line-search anyway. a

Several possibilities are obtained, depending on the choice of || - || in (Pg).

2.4.1 Choosing the ¢;-Norm

Suppose first [|d|| = Y"1, |d’|. A graphic resolution of (Py) gives dj, parallel
to a certain basis axis (one corresponding to the largest component of the
gradient). One therefore sees that this direction modifies only one coordinate
of the current iterate, just as in the Gauss-Seidel method. However, the coor-
dinates are not modified in a cyclic order, here; at each iteration, it is rather
the most “rewarding” coordinate that is modified.

Let us now focus on the computation of the stepsize ¢ > 0. To compute
tr along the di thus obtained, an immediate idea consists in minimizing
the univariate merit function ¢(¢) := f(z + tdy). For this, one must solve
¢ (t) = 0. We have

n

q’(t) = Zgz(xk + tdk)%(xk + tdk)i = (g(:ck + tdk), dk).

=1

But in the present case, dj, is one of the vectors in the canonical basis (up to
its sign). Hence, to solve ¢’(t) = 0 is to cancel the corresponding component
of the gradient, i.e. to do precisely as in the Gauss-Seidel method.

In summary, consider the following variant of Gauss-Seidel: at each itera-
tion, choose one index i(k), corresponding to a largest component (in absolute
value) of g(zy), and solve for the component z*(*) the equation ¢°* () = 0.
Seen through optimization glasses, this variant can be viewed as

— choose as direction a solution to (Py), where || - || is the ¢1-norm,
— compute the stepsize by minimizing f along this direction.

Remark 2.8. In the Gauss-Seidel method, the univariate equations giving
x;(f)l may have several solutions. A merit of the above interpretation is to
allow a choice among these solutions: at each iteration, one has not only to
solve an equation, but also to decrease f. Here appears a first advantage of

optimization, over general equation solving. a
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2.4.2 Choosing the £3-Norm

When || - || is the norm associated with the scalar product, look again at a
graphical resolution of (Py): as a direction, the optimal d is dy = —g(z);
the gradient method comes up. Here again, to decrease q(t) = f(xx + tdy)
provides a constructive method to compute the stepsize, while Theorem 2.5
does not give any explicit bound on ¢ (this would require the knowledge
of |z1 — z*| and of the corresponding constants ¢, L,...). Here lies another
advantage yielded by optimization, just as in Remark 2.8.

Remark 2.9. In numerical analysis, when g does not enjoy particular prop-
erties, stability is always a problem: the sequence {x;} should at least be
bounded! Here, the requirement ¢(t) < ¢(0), i.e. f(xrt1) < f(zk), results in
a safe stabilization of {zj}: if the problem is well-posed, f should increase at
infinity. One more confirmation that forcing to zero the gradient of a function
to be minimized is easier than solving a general system of equations; remem-
ber Remark1.4. O

2.5 Steepest-Descent Method

In §2.4, a family of minimization methods has been given: the direction solves
a certain linearized problem at xj, and the stepsize is computed according to
the general principle f(xg4+1) < f(zx). The most natural idea to compute this
stepsize is to minimize q(t) = f(xx + tdy) at each iteration; it is the essence
of Gauss-Seidel’s method anyway. This same idea can be applied with the
{o-norm, which gives the following method:

(i) Compute dp = —g(zx) =: —gr;
(ii) Compute t) solving ming~q f(zx + tdg).

Remark 2.10. The constraint ¢ > 0 plays no real role, it could be replaced
by t > 0. Anyway, tx > 0 would be obtained, because ¢'(0) = (gx,dr) =
—|gk]? < 0 (q decreases locally near ¢t = 0, hence 0 cannot be a minimum of
a)-

Note that optimality of ¢ is expressed by ¢'(t;) = 0, which writes
(9k+1,dr) = —(dk+1,dr) = 0 at each iteration: each direction is orthogo-
nal to the preceding one. O

This procedure will be called method of steepest descent. It therefore con-
sists in computing the steepest-descent direction associated with the |-|-norm
(this is the gradient), and then the optimal stepsize along this direction. This
method is very bad because it is very slow; in fact, the gradient direction is
itself very bad to decrease f. It is known that f(x—tg) decreases for ¢ close to
0; but, except when z is far from a minimum point, f(x—tg) starts increasing
for rather small values of ¢ already; as a result, the method is forced to take
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small t’s, i.e. the iterates xj cluster together; the sequence of iterates oscil-
lates and is subject to zigzags. Simple ways of computing better directions
will be seen in Chap. 4. The present method should actually be forbidden.
Its only usefulness is to serve as a basis for all the methods actually used.

gk+1 Gt

Fig. 2.1. Steepest descent is very bad

It is interesting to prove convergence of a variant of the steepest-descent
method, in which the stepsize is computed in a more general way. Consider,
instead of (ii):

(iii) g(tx) < g(t}), where t} is the smallest positive solution to ¢'(t) =

0.
We will assume that such a solution exists (a counter-example could be ¢(t) =
—t
e t).

Theorem 2.11. Suppose g = V[ is Lipschitz-continuous on the so-called
slice Fy :={x: f(x) < f(x1)}. Then the method defined by (i), (iii) satisfies
— either f(xy) — —oo,
—or g(zk) — 0.

Proof. Preliminary remarks: at each iteration, since ¢’(0) < 0, the continuity
of g, hence of ¢/, implies that ¢(¢) decreases between 0 and ¢}, (in fact, ¢}, is the
first local minimum or inflexion point of ¢, met in the direction of increasing
t’s; it is certainly not a local maximum). The segment [ry,zr + tidk] is
therefore included in Fi; and this is true for all k. A Lipschitz constant L for
g on Fy is therefore valid for every segment [z, x + tid].

Argument 1 First we prove that, in a neighborhood of ¢t = 0, f(zy + tdx)
decreases at a non-negligible rate. More precisely:

if 0<t<min{t;, 5} then [f(zp+tdy) < flzr)— 2tlgel*.

For this, take z of the form xy, + ¢dy, with ¢ € ]0,t;[. Mean-value theorem: for
some 2’ between xy and z (hence 2’ € FY),

f(z) = flxr) + (9(2), 2 — 1) = flaw) + (g, 2 — 2x) + (9(2") — gk, 2 — 1) -
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Since the vectors g and z — x are opposite, (gk,z — k) = —|gk||z — zk|-
Besides, the last scalar product above is bounded by L|z — zx|? (apply suc-
cessively Cauchy-Schwarz, and g Lipschitz on [z, 2'], and 2’ € |z, 2[). We
therefore have

f(z) < fze) = lgrllz — ak] + LIz — 2| = f(zx) — tlge|® + Lt*|ge]* .

For t < write Lt? = Lt.t < t/2. It follows

2L7
t
Flan = tgr) < fla) + (=t + L) |g* < flan) — 5lonl*-
Remembering that ¢t must also be lower than ¢}, Argument 1 is proved.

Argument 2 Now we show that the z;’s move in a non-negligible way. More
precisely:

t >t* l
k = I
Set zf = xk, + t1dy. We have (g(z3}), di) = 0, which we write (g5 is g(x}))
0= (g5 7 — x) = (9r, T — Tk) + (9% — gr, T — 7).
Use the same techniques as in Argument 1:
0 = —lgkllzy — x| + (95 — gk, o), — zx) < |wg — orl(—[gr] + Llxy, — zx])

hence |z} — x| = t§lgk| = |gkl/L-
Remembering that ¢(t) decreases on [0, t}], we certainly have ¢, > t; and
Argument 2 is proved.

Synthesis Take z = xp, — % gk; from Argument 2, z lies between z, and 7},
hence

flare) < (%ﬁ) < f(2)

and, from Argument 1, f(z) < f(zx) — 7£|gx|*>. We conclude
l9r]* < 4L[f (2x) = f(@re1)] - (2.3)
The theorem is then proved by summation. a

Remark 2.12. It is important to grasp the mechanism of the above proof,
rather than the inequalities themselves.

Argument 1 bounds from below the rate of decrease of f, using exclusively
the definition of the direction; this argument would still hold if, instead of
being collinear to —gy, the direction dy made with —g; an angle far from 90°.

Argument 2 uses essentially the definition of the stepsize, which must be
large enough to give a sufficiently large decrease of f in Argument 1.

The proof also shows that |gx|? tends to 0 at least as fast as a convergent
series. This does not imply a very exciting speed, though: one could have for
example |gr| = 1/k, which tends to 0 sublinearly. O
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To establish a convergence speed result, additional hypotheses are neces-
sary. The key-property in this domain is that, when leaving the optimal set, f
must increase with a comparable speed in all directions. Lipschitz continuity
of the gradient implies that this speed is at most quadratic: denoting by X*
the optimal set, and by f* the corresponding optimal value, there holds

flz) < f*+ %Ldistz(x,X*)

(obtained by integration). So we need this speed to be at least quadratic, and
this is just local ellipticity of f near X *. In a word, the adequate assumption
is the following growth condition:

f is convex; X* is nonempty and, in a neighborhood of X*,

3¢ > 0 such that f(z) > f*+ %édistz(x,X*) (@)

Lemma 2.13. Under Assumption (G), there holds in a neighborhood of X*:

(f(z) = ] < 20g()]*.

Proof. Let z* the projection of x onto X*. From convexity and Cauchy-
Schwarz,

T2 f@) + (g9(x), 2" —x) = f(z) —[g(x)| dist(z, X™)
i.e., using Assumption (G),
flx) - f*
QT .

Remark 2.14. Assumption (G), added to the Lipschitz continuity of the
gradient, shows that the speeds of convergence of f(z) to f*, of x; to X*, and
of g(xx) to 0 are the same. Indeed, calling z* the projection of an arbitrary
x onto X*, one has for |x — 2*| small enough:

f(@) = 7 < lg(a)| dist(z, X7) < [g(z)| O

4

L? . L? L .
—[f(z)—f"] <4£—2|g(x)|2 <4£—2|x—:c 1. O

14

Under these circumstances, the steepest-descent algorithm converges lin-
early:

lg(2) =0 < L?|z— 2™ < 2

Theorem 2.15. Make the assumptions of Theorem 2.11 and of Lemma 2.13.
Then the sequence € := f(xx) — f* tends to 0 Q-linearly.

Proof. Copy the proof of Theorem 2.11 to obtain (2.3) and, using Lemma 2.13,

14

Flew) = flewn) > rlonl? > Sr1Fe) — 1]

: ¢ ¢
ie. ex —Ert1 = gp€k, OF €1 < (1 — g7 )ere O
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2.6 Implementation

When the simulator is available, to answer upon request f(z) and g(x), the
general form of a minimization algorithm will be as follows.

Algorithm 2.16 (Schematic descent algorithm).

Step 0 (Initialization). The initial iterate x; and a stopping tolerance ¢ > 0
are given; set k = 1.

Step 1 (Stopping test). Compute g(zr); if |g(zx)| < € stop.

Step 2 (Computing the direction). Compute the direction; for example set
dr = —g(z1) (although it is forbidden).

Step 3 (Line-search). Find an appropriate stepsize t; > 0, satisfying in par-
ticular f(l’k + tkdk) < f(xk)

Step 4 (Loop). Set zx11 = xk + txdy; increase k by 1 and go to 1. O

Remark 2.17. Expliciting k is useless; one can set d = di, t = ti, overwrite
Tk+1 On Tk, etc. This spares computer memory.

In this scheme, everything is clear except Step 3, which specifies neither
the conditions to be satisfied by the stepsize, nor how to meet them. Comput-
ing the stepsize is actually a subalgorithm iterating on ¢ > 0, during which
is established a dialogue with the simulator (use of the real (P), once again).
The line-search problem is important enough to motivate the full Chap. 3 by
itself. Here and now, however, we can say that it is advised to test in Step
4 whether the line-search has been successful, otherwise the algorithm must
be authoritatively stopped (see below the end of §3.2). O

EXTREMELY IMPORTANT REMARK FOR ALL THE SEQUEL:
CONDITIONING

Suppose we perform a linear change of variables, say z(y) = Ay, or y(x) =
A~lz. We can then consider the function h defined by

h(y) = flz(y)] = f(Ay).

Minimizing h (with respect to y) is obviously equivalent to minimizing f (with
respect to x): the optima are “the same” — via the application of A. However,
this equivalence is misleading because it is grossly wrong numerically.

This is clear for the Gauss-Seidel method, since changing one coordinate
of y does not correspond to changing one coordinate of x (except if A is
diagonal). As for gradient methods, use the well-known result

Proposition 2.18. The gradient of h is given by the formula

W (y) = AT g(Ay).
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Proof. By definition, we have for all z € R™

(W(y),2) = h(y + z) — h(y) + o(|2]) = f(Ay + Az) — f(Ay) + o(|2])
= (9(Ay), Az) + o(|Az]) + o(|z]) = (AT g(Ay), z) + o|z])

where we have used the property o(]Az|) = o(]z|). The result follows, since z
was arbitrary. ad

Then observe the following fact: starting from a given x, the gradient
method applied to f generates a next iterate of the form

xy =x —tg(x).

To the initial z, there corresponds y = A~ 'x; starting from this same initial-
ization, the same gradient method applied to h generates a next iterate of
the form y, =y — tATg(z), to which there corresponds

#y = Ay = Aly — 1A g(a)] = = —tAAT g(a).

In other words, the effect of the change of variables amounts to multiplying
the directions by AAT, which changes everything! (unless AT is an orthogonal
matrix, in which case one would have AAT =T ). Using this remark, one can
try and find a clever change of variables, such that gradient methods behave
best numerically. This is a so-called preconditioning.

The simplest preconditioner is diagonal, which amounts to adjust scale
factors: one sets

Ty .

yi=— 1=1,...,n

T
and one minimizes with respect to the variable y; it will be advantageous to
take for Z; a “nominal” variation range for x;, which makes y; dimensionless.
To choose the scale factors Z;, the following rule serves as a guide. Let an
increment § be given to the variable i; it yields an increment A; for the
function h. One should strive to obtain all the A;’s of the same order of
magnitude (i.e. roughly independent of ).

Bibliographical Comments

Recall again that the methods of the present chapter have a theoretical value
only; they can be found in [71]; see [79] for a study of Gauss-Seidel. The
steepest-descent method was proposed by Cauchy [70] to solve systems of
equations via least squares.
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In this chapter, considering the problem of computing the direction as solved
(but do not forget that we have seen bad directions only, better ones will be
studied in the next chapters), we focus on the computation of the stepsize.
Here appear the most serious practical difficulties, while directions are gen-
erally easy to compute, once the theory is well-mastered. A firm experience
is required to write a good computer code for line-searches, which are unique
to optimization, and fairly important as they guarantee stability: remember
Remark 1.4.
So, we are given:
— the starting point x of the line-search;
— the direction of search d;
— a merit-function ¢ — ¢(t), defined for ¢t > 0, representing f(z + td).
Besides, d is assumed to be a descent direction:

‘In the following, we will always suppose ¢’(0) < 0. ‘

Remark 3.1 (fundamental). The function ¢ is not known explicitly, via an
analytical formula, but only pointwise: the only available information is the
numerical value of ¢(¢) for each numerical value of t; most often, we will also
assume that the numerical value of ¢'(t) = (f'(z + td), d) is computed at the
same time. This computation is performed in the simulator, a subprogram
characterizing the problem to be solved, which gives for each numerical value
of z € R™ the numerical values f(z) and g(z) = f'(z) € R™. Simply, we
assume that this subprogram exists. In these circumstances, the search for a
convenient t (satisfying ¢(¢t) < ¢(0), among other things) can only be done
by trials and errors: see §1.3 again, in particular Remark 1.3. g

3.1 General Scheme

To construct a line-search algorithm, one first defines a test with three pos-
sible exits; given ¢t > 0, it answers whether

a) t is satisfactory

b) t is too large
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¢) t is too small.

This test is performed upon observation of ¢(t), and possibly of ¢’(t).

Example 3.2. To fix ideas, let us give an extremely simple example; but we
will see below that it is too simple:

a) ¢'(t) = 0 (then it is normal to stop the search: ¢ seems to minimize ¢);

b) ¢’(t) > 0 (then ¢ seems to have a minimum point smaller than ¢);

¢) ¢'(t) < 0 (then ¢ seems to have a minimum point larger than t).

This test is illustrated by Fig.3.1: the three circles represent those ¢ sat-
isfying a); the intervals I; and I5 [resp. I5 and 1] are those where t satisfies

c) [resp. b)].

Aq(t)

I ; I '

Fig. 3.1. A simplistic example

At this point, note something wrong in this example: the property ¢'(t) =
0 does not imply ¢(¢) < ¢(0); hence, the property of being “satisfactory” does
not even imply the descent property, here; and there is something even worse,
which we will see at the end of this §3.1. ad

Now we will call ¢;, a too small ¢ (on the left of a desired t), tr a too large
t (on the right of a desired t). To initialize the search, 0 is obviously a ¢r; if
no upper bound is a priori available for the stepsize, tg can be initialized to
0, with the convention that tg = 0 means “no too large ¢ has been found so
far” (logically, tg should be initialized at 400 but this has little meaning on
a computer). Schematically, the algorithm is then the following:

Algorithm 3.3 (Schematic line-search).
Step 0. Start from an initial ¢ > 0. Initialize t;, = 0 and ¢g (= 0 for example).
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Step 1. Test t;
if a) terminate;
if b) declare tg =t and go to 2;
if ¢) declare t, =t and go to 2.
Step 2. If no real tg has been found yet (tg = 0), compute a new ¢t > tr,.
Else (tg > 0) compute a new t € |, tg|[.
Loop to 1. O

Remark 3.4. In principle, choosing the initial ¢ in Step 0 is not of line-
search’s concern. Logically ¢ should be initialized by the minimization al-
gorithm itself, which has on hand more information, once the direction is
computed. Such is for example the case of Newtonian methods, to be stud-
ied in Chap. 4. If no such information is available, a possibility is to assume
that ¢ is quadratic, and that its decrease from ¢ = 0 to the optimal ¢ is
0 = f(xp—1)— f(zk); in this case, ¢ is minimized at t = —2§/¢’(0), which can
serve as an initialization. This technique is often called Fletcher’s initializa-
tion. O

Thus, the line-search algorithm is a sequence of interpolations, reducing
the bracket [tr,tr], and possibly preceded by a sequence of extrapolations
(as long as tp = 0).

The observations below are straightforward, but fundamental for a good
understanding of the mechanism.

— Extrapolations are performed until a real ¢g is found (which may happen
at the first try).

— Once tr has become nonzero, it remains such; then the interpolation phase
starts.

— In any case, t, increases each time it is modified.

— As soon as tg is nonzero, it decreases each time it is modified,

— but there always holds t;, < tg.

Now, in order for the line-search to make sense and to stop after a finite

number of tries, the test in Step 1 of Algorithm 3.3 must satisfy the following

properties:

PROPERTY 1 The three possible exits in the test a), b), ¢) form a partition
of R4 (so that every t > 0 is classified without ambiguity).

PROPERTY 2 No large ¢t must satisfy c), that is to say: there exists ¢ such
that a) or b) holds for every t > t (to avoid an increase of ¢y, to +00).

PROPERTY 3 Every [t1,tr] contains a nonzero interval satisfying a) (to avoid
a decrease of |tg — tr| all the way to 0).

This shows in particular that the simplistic Example 3.2, which uses only
the sign of ¢/(t), is really too simple. For one thing, a) is in general satisfied
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only by one point, the minimum of g: to terminate the line-search, one must
try ezactly this point (one of the three circles in Fig. 3.1). Besides, g-values are
completely ignored; a local minimum can therefore be produced, possibly with
a value greater than ¢(0). On Fig. 3.1, for example, if a ¢ is tried somewhere
in the interval I3, the search is henceforth trapped on the right of the picture
and it becomes impossible to obtain ¢(t) < ¢(0).

In addition to the stopping test in Step 1 of Algorithm 3.3, the line-search
is characterized by the computation of the new ¢ in Step 2. We start with a few
words on this question, even though it is Step 1 that is the most important,
since it conditions the convergence of the sequence zy.

3.2 Computing the New ¢

Call t the stepsize-value just tested, and ¢, the value to be computed. There
are two cases.

Extrapolation Consider first the case when no upper bound is available,
i.e. tg = 0. Then ¢ is wished to be “significantly” larger than ¢. In fact, one
wishes

PrOPERTY E Infinitely many extrapolations would imply ¢, — +o0.

In this way, a real tg will eventually be found, due to PROPERTY 2 of the
test a), b), ¢) (§3.1).

For this, the simplest is to set t4 = at, with a > 1 fixed, for example
a = 10. Some more sophisticated factor can also be used. Actually, the best
is to fit a cubic function, as in the case of interpolation, given below.

Interpolation If some ¢ty > 0 is already available, ¢, must be “significantly”
between t;, and tg. In fact, one wishes

PROPERTY I Infinitely many interpolations would imply |[tg — t1| — 0.

In this way, case a) will eventually occur, due to PROPERTY 3 of the test
a), b), ¢) (§3.1).

Here again, the simplest technique is to set t1 = (t1 + tg)/2, an inter-
polation by bisection. Then the length of the bracket is halved at each try.
Actually, the best is again to fit a cubic function by the technique below.

Cubic fitting In order to accelerate the line-search (which is important
since it is performed at each minimization iteration), it is advised to guide
the search for t; by the observed behaviour of ¢; this can be done both in
case of extrapolation and interpolation. For this, the general idea is to select
t-values already tested, to fit a simple function (a polynomial) coinciding with



3.2 Computing the New ¢ 41

the corresponding values of ¢ (and possibly of ¢’), and finally to compute ¢
minimizing this function.

When the simulator computes simultaneously function- and derivative-
values (the usual case), the universal technique is the following.

— Select two values of the stepsize: the current value ¢ and the preceding one,
say t_ (with the initialization ¢_ = 0).

— With two values ¢ and ¢’ for each of these two points ¢ and t_, we therefore
have 4 informations q := q(t), g— := q(t-), ¢’ := ¢'(t), ¢_ := ¢’(t—) which
allow the computation of the 4 coefficients of a 3rd-degree polynomial; in
good cases, this polynomial has a local minimum which can be computed.

— We leave it to the reader to check that the following calculations give the
result:

q9—4qg-
t—1_

p=q¢+q_ -3 . D:=p*—¢q_, d::\/ﬁsign(t—t_).

If D < 0, no local minimum exists (then set for example D = 0); otherwise

!
ty=t+r(t_—1) with ri= %.
Precautions: safeguard Once again, the line-search is a subalgorithm, ex-
ecuted at each minimization iteration. Contenting oneself with asymptotic
properties of this subalgorithm is therefore out of question. It is crucial to
show that case a) occurs for sure after finitely many trials. For this, PROP-
ERTY E (t; — +o00) and PROPERTY I (|tg — tz] — 0) are essential, in
combination with respectively Properties 2 and 3 of the test a) b) ¢) (§3.1).

These two properties E and I are automatically implied respectively by
the simple techniques t; = at and t; = (tg + t1)/2; but they must be
artificially forced if the polynomial fitting is used.

Hence, once t; is computed, no matter by which process, it must be
forced “significantly” on the right of ¢7, (in extrapolation) or inside [tr,,tg]
(in interpolation). For this, a safeguard is necessary. In practice, one does as
follows: fix a > 1 and 6 € ]0,1/2], and then

— in extrapolation, replace t1 by max {t,at};
— in interpolation, replace ¢4 successively by
min{t;,tg — 0(tg —tr)}, then by max {t,,ty + 0(tgp —tr)}.

Besides, any mathematical proof needs assumptions on g and it may hap-
pen that these assumptions are not satisfied; or it may happen that the proof
does not apply, due to roundoff errors; it may also happen that mistakes have
been made when programming the computation of ¢’. To avoid an infinite
loop, always to be feared, it is safe to impose emergency tests at two places:
— in extrapolation, stop authoritatively if ¢; becomes very large;
— in interpolation, stop authoritatively if |tz — t1| becomes very small.
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From now on in this chapter, we will consider as solved the question of
finding the new ¢, and we will focus on the construction of the test a) b) ¢)
in Step 1 of the general line-search scheme (Algorithm 3.3).

3.3 Optimal Stepsize (for the record only)

The present Section 3.3 develops a technique which must indeed be avoided.
We somewhat detail it for its historical and pedagogical value only: it is
intuitively natural and easy to grasp. But it is actually just an introduction
to the modern techniques of §3.4 (this is somehow like first-order methods of
Chap. 2, which are just an introduction to modern methods of Chap. 4).

We start with a simple remark, considerably helpful for the construction of
the test a) b) ¢): the descent property requires that a) contains in particular
the property “q(t) < ¢(0)”: a t such that ¢(¢) > ¢(0) has to be classified
either in b) or in ¢). Now — and here appears a key-idea — since ¢’(0) < 0, we
certainly have ¢(t) < ¢(0) for ¢ small enough. A t such that ¢(¢) > ¢(0) can
therefore be safely classified in b) (too large).

Historically, one has first tried to search a t* such that

q(t") < q(0) and ¢'(t")=0.

Starting from this idea the test in §3.1 was then: choose € > 0 and define a)
b) ¢) by:

a) q(t) < ¢(0) and |¢'(t)| < € (then terminate);
b) q(t) = q(0) or ¢'(t) > ¢ (then tp = 1);
¢) q(t) < q(0) and ¢'(t) < —e (then t, =1).

Note that this test is substantially more sophisticated than the simple
Example 3.2 (the latter did not even imply a decrease for ¢!). It is nevertheless
out of date, now, and is replaced by modern tests of §§3.4,3.5 below. For
pedagogy, we show that it is consistent, at least theoretically.

Theorem 3.5. Suppose that ¢ € C' is inf-compact (and that ¢’(0) < 0,
as always). Then this line-search is finite (providing that t4 is consistently
computed, of course; see the remarks at the end of §3.2).

Proof. We have to prove that a) occurs after finitely many tries. We will
proceed by contradiction, assuming that, at each try, either b) or ¢) occurs.

Let us first show that the sequence of extrapolations is finite. In fact,
inf-compactness implies that, for ¢ large enough, ¢) cannot occur: otherwise
t would tend to infinity (PROPERTY E) and continually satisfy ¢(t) < ¢(0).
After finitely many extrapolations, we therefore get some tg > 0, which
provokes a switch to the interpolation phase.
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Let us now show that the sequence of interpolations is finite. Suppose
it is infinite. In view of PROPERTY I, the two sequences {t;,} and {tg} are
adjacent!. They both tend to some ¢*.

Each t, satisfies c); pass to the limit in ¢t;, — t*:

q(t*) < q(0) and ¢'(t*) < —e.
Pass likewise to the limit in b):
q(t") = q(0) or ¢(t")>e.
The only possibility is therefore
q(t") =q(0) and ¢'(t") < —e.

From ¢(t*) = ¢q(0), the definition of ¢) shows that no ¢; can equal ¢*:
indeed t; tends to t* but stays strictly smaller than t*. Then, using the
property q(tr) < q(0) = g(t*), the mean-value theorem gives

q(te) —qt”)
tr, —t* '

0<

Passing to the limit provides the contradiction 0 < ¢/(t*) < —e. O

Remark 3.6. From its motivation, € should be small; but this means nothing
(is 101® small? yes, compared to the number of atoms in the Universe). To give
€ a meaning, it is suitable to compare ¢'(t) with ¢’(0), taking ¢ = —mg’(0);
here m is a dimensionless coefficient, for example m = 1073. Note that m
cannot be 0, otherwise the proof does not work — and here precisely lies the
difficulty with Example 3.2. O

3.4 Modern Line-Search: Wolfe’s Rule

The essence of §3.3 is to identify a local minimum of ¢, which makes it
tempting to choose e very small. Yet, a) will be hard to obtain: the line-search
subalgorithm will be time-consuming (in spite of every possible quality of the
t4 from §3.2). This is why more tolerant stopping tests have been devised,
motivated by a triviality which must never be overlooked: it is f(z), and not
q(t), that we wish to minimize. Striving to minimize accurately f along the
current direction, at each iteration, is therefore completely useless.

We now describe the method seeming the most intelligent in the current
state of the art, commonly called the line-search of Wolfe. Two coefficients
0 < mj < ma < 1 are chosen, and cases a) b) ¢) are the following;:

< q(0) + m1tqg’(0) and ¢'(t) = maq’(0) | (then terminate);
b) q(t) > ¢(0) + m1tq'(0) (then tp = t);
< q(0) +m1tq’(0) and ¢'(t) < m2q’(0) | (then t, =1t).
! Two real sequences {u,} and {v,} are adjacent when u, increases, v, decreases,
ve = ue, and vy — uy — 0; then they have a common limit.
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This has a good interpretation:
— First, f is asked to decrease enough (hence z4+1 will not be too far from
— Second, the derivative is required to increase enough (hence xyy; will not
be too close to zy).

Figure 3.2 represents a function ¢ similar to that of Fig. 3.1, and displays again
the set a) of satisfactory ¢’s, and the set I3 U I3 [resp. Iz U I4] of t’s declared
too small [resp. too large]. Note: to familiarize oneself with this mechanism,
one can mentally suppress the local minimum on the right of the picture,
making a convex function with ¢; then I will extend to +o0, the t’s declared
“too large” will really be too large, i.e. on the right of every satisfactory ¢.

Aq(t)

y =

I Iy 513 1y

Fig. 3.2. Wolfe’s rule

Theorem 3.7. Suppose that ¢ € C' is bounded from below. Then Wolfe’s
line-search terminates.

Proof. The proof is copied from that of Theorem 3.5. Start with extrapola-
tions. If they were infinitely many, a sequence of stepsizes ¢ would be con-
structed, tending to infinity, and such that

q(t) < q(0) + matq'(0)

hence ¢(t) would tend to —oo.

Suppose now that the sequence of interpolations is infinite. Just as in The-
orem 3.5, the two sequences {t} and {tgr} are adjacent and have a common
limit ¢*. Then, passing to the limit in b) and c): ¢(t*) = ¢(0) + m1t*¢’(0).
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From b), this implies in particular that no tg can equal ¢*: indeed ¢g tends
to t* but stays strictly bigger than ¢*.
Then write b) in the form

q(tr) > q(0) +m1q (0)(t" +tr — t*) = ¢(t") + m1q'(0)(tr — t*)
and divide by tr —t* > 0 to obtain

q(tr) = q(t")

> 0).
P— m1q(0)

Passing to the limit: ¢’(t*) > m1¢’(0) > m2q¢’(0). On the other hand, passing
to the limit in c): ¢’(t*) < m2¢’(0), contradiction. O

Incidence on the sequence {xr} A whole family of minimization algo-
rithms is now obtained, by combining the above Wolfe line-search with any
kind of (descent) direction. We turn to the question whether the resulting
sequence {zj} converges to a minimum point. Just as in Theorem2.11, we
will decompose the proof into three arguments. This proof scheme is so im-
portant that we will in turn decompose it into two formal results. We start
with the third argument, called Synthesis in Theorem 2.11; it becomes the
purely technical Lemma 3.8 below.

Of course, convergence cannot hold independently of the choice of dj. (the
line-search will be helpless if dj, is “too orthogonal” to gi). The angle between
the direction and the gradient thus appears as essential, and we set

—(gx dr)

cos by = .
|grc| -1 di|

To say that dj is a “definite” descent direction is to say that cos @y is “suffi-
ciently” positive. This concept appears to be conveniently quantified by (3.2)
below.

Lemma 3.8. Consider an algorithm to minimize f, in which there holds at
each iteration:

rcos” Oklgr|? < f(xn) — f(zh41), (3.1)
where the coefficient v > 0 does not depend on k. If
+oo

the series ZCOS2 0 diverges , (3.2)
k=1

then
— either the objective-function tends to —oo,
— or liminf |gg| = 0.
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Proof. Immediate: if the decreasing sequence { f(xx)} is bounded from below,
say by f*, then
+oo

“+00
> cos? Bulanl? < - D[ (ew) — flonnn)] <
k=1

k=1

[f(z1) = 7] < 4o0.

S| =

As a result, if |gx| were bounded from below, say by ¢ > 0, then we would
have 4% 3" cos? 0 < +o00, contradiction. O

Of course, property (3.2) in this result depends on the way the direction
is computed. As for property (3.1), it can be established independently of the
direction: it comes just as in Arguments 1 and 2 of Theorem 2.11.

Theorem 3.9. Consider a minimization algorithm using Wolfe’s rule. If g
is Lipschitz-continuous on the slice {x : f(x) < f(z1)}, then (3.1) holds.

Proof. Barring trivial cases where, at some iteration, t — 400 and ¢(t) —
—00, Wolfe’s line-search terminates on a) at each iteration (see Theorem 3.7).
Then xj stays in the slice and the gi’s satisfy the corresponding Lipschitz
condition.

Argument 1 Bounding f(zr) — f(xk+1) from below (the stepsize is not too
large). Express ¢'(0) at iteration k:
trq' (0) = ti(dy, gr) = —ty cos Ok |dyl|gk| = — cos Ok |vr1 — w||gn] -
This form directly shows that the descent property in a) implies
my cos Ol grl|zrr1 — zk] < f(2r) = flzrgr) .

Argument 2 Bounding |zp4+1 — x| from below (the stepsize is not too small).
The second half of a) gives (subtracting (g, di) from both sides)

(941 — gk, di) = (ma — 1)(gr, di) = (1 — m2) cos O|gr||dy] -

Apply Cauchy-Schwarz and then Lipschitz properties to the left-hand side;
there exists a constant L (depending on z;) such that

(9r+1 = ghs di) < Llzpyr — wpl|da] -
We therefore deduce, after division by |dy|:
(1 — ma) cosOk|gr| < Ll|zgs1 — k|-

To finish the proof, multiply this last inequality by |gx| and use Argument
1: (3.1) holds with r :=my(1 — ms)/L. O

Remark 3.10. While following the scheme of Theorem 2.11, the arguments
come here much more easily, thanks to the rules satisfied by the stepsize.
Indeed, Theorem2.15 can be reproduced to establish the following result,
whose proof is left to the reader: let an algorithm use Wolfe’s line-search, and
compute the direction dj so that cosfr > ¢ > 0. This algorithm converges
Q-linearly if f has quadratic growth in a neighborhood of a minimum point
(cf. Theorem 2.15). O
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3.5 Other Line-Searches: Goldstein and Price, Armijo

Wolfe’s rule needs the value ¢'(t) — hence V f(zg + tdy) — at each cycle in
the line-search. It therefore may lose some efficiency when computing the
gradient takes much more time than computing the function alone. Although
rare, this situation exists, making it desirable to compute as few gradients as
possible. Then the rules below become suitable: their tests a) b) ¢) do not
require the computation of ¢’.

3.5.1 Goldstein and Price

Wolfe’s rule used the slope ¢'(t) of ¢ at t. The present rule rather uses the
average slope [q(t) — ¢(0)]/t between 0 and ¢: it is required to lie between two
given slopes m; and mg, with 0 < m; < mgy < 1. In other words, the test is

a) maq'(0) < a(t) = 4(0) < m1q’(0) | (then terminate);
t
b) m1¢'(0) < M (then tg = t);
q(t) — q(0)

¢)

The analogy with Wolfe’s rule becomes more visible if the test is rather
written in the equivalent form

; < maoq'(0) | (then t;, =t).

a) q(t) < q(0) +mitqg’ (0) and ; > maq (0);
b) q(t) > q(0) + matq'(0);
c) att) = 4(0) < ma2q'(0) [and hence ¢(t) < q(0) + matq’(0)!].

Proceeding as in Theorem 3.7, one shows rather easily that this rule yields
a finite line-search.

3.5.2 Armijo

This rule is somewhat special, in that ¢ is never declared too small, hence no
extrapolation ever occurs. More precisely, one chooses my € ]0,1[ and

a) q(t) < q(0) +mqtqg’(0) | (then terminate);
b§ q(t) > q(0) +matq'(0) | (then tg = ?);
c) never.

Here again, it is easy to show that the resulting line-search terminates.
Note the importance of property a) above. Often called Armijo’s condi-

tion, it appears in all modern rules — including Wolfe and Goldstein-Price. It

guarantees that ¢ is not too large and proves Argument 1 in Theorem 3.9.



48 3 Line-Searches

Remark 3.11. Armijo’s rule is dangerous: since it never increases ¢, it heav-
ily relies on the initial stepsize to produce a move zy; — ) large enough.

— First, the reader can check that reproducing Theorem 3.9 amounts to as-
suming that the initial ¢ is bounded away from 0. This is why Armijo’s
line-search is usually initialized on a constant, say ¢ = 1 (independently of

— Yet, this constant may be hard to guess. With n = 1, consider the example
(not elliptic, though) f(x) = 2*/4 and take the gradient method. Then
Tht1 = Tk — thi. Knowing that the minimum point is * = 0, the Q-
convergence quotient is xp41/xzr = 1 — th%. Unless ¢ (and hence the
initial stepsize) increases fairly fast, sublinear convergence xpi1/xr — 1
will occur. The reader can check that Fletcher’s initialization of Remark 3.4
does not help.

Therefore, this rule is usually limited to situations where, for some reason,
extrapolations should be avoided (examples will appear in Sections 6.1.2 and
17.1. Tts merit is mainly theoretical: it is easy to understand (and to explain)
and it allows a cheap construction of implementable algorithms. O

3.5.3 Remark on the Choice of Constants

No matter what rule is used (Wolfe, Goldstein-Price, Armijo), it is advised
to take m; < 1/2, and it is advised in Wolfe or Goldstein-Price to take
mg > 1/2. This is because of the following (well-known?) result:

Proposition 3.12. Suppose q is quadratic with a minimum point t*. Then

() = 4(0) + 3¢ O)1"

Proof. The quadratic function ¢ can be written, for some ¢ > 0,
1 2 /
qt) = et* +q'(0)t + q(0)
in which case

. —4(0) o 14(0)?
=——= alt’)=—5——

t*) —q(0 1
Thus, if ¢ happens to be quadratic, Armijo’s condition will reject the
optimal stepsize if my > %; this is clumsy.

Remark 3.13. There is a more serious argument (here we anticipate on
Chap. 4, more precisely §4.7): suppose d is given by a Newtonian method,
in which case t = 1 will be tried first. For = close to a minimum point, f is
almost quadratic; t = 1 is almost optimal and must be accepted by the line-
search; otherwise, superlinear convergence is killed. a
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Along the same lines, the descent test
q(t) < q(0) + matq'(0)

has an interesting interpretation. In fact, the term tq’(0) is the linear estimate
of the variation of ¢ between 0 and ¢. Said otherwise: if ¢ were an affine
function, we would have ¢(t) — ¢(0) = t¢’(0). Armijo’s test therefore consists
in requiring the objective-function to decrease by at least a fraction m; < 1
of the linear decrease — a sort of nominal decrease.

Let us go further; if ¢ were quadratic and if ¢ minimized ¢, then the
decrease of ¢ would be 3t¢’(0) (Proposition3.12). Writing Armijo’s test in
the form

q(t) = q(0) < (2ma)(tq'(0)/2) ,

we see that this test consists also in requiring from the objective-function
to decrease by at least a fraction 2m; (< 1) of the “quadratic predicted”
decrease. This observation is useful when generalizing line-searches; see in
particular §6.1.

3.6 Implementation Considerations

All the necessary ingredients to set up an optimization module are now given,
and numerical experiments can be conducted: the reader can for example
program the gradient method (d = —g) with Wolfe’s line-search, etc. It is
strongly advised to divide the program in three blocks quite distinct, remem-
bering §1.3. These will be respectively blocks 1.1, 2 and 1.2 in Table 3.6 (the
numbering 1.1 and 1.2 suggests that these two blocks are in the responsibility
of the same person: the user; using again notation from §1.3, (A) corresponds
to block 2, and (P) to block 1).

Let us say it again: we use here d = —g, only for didactic reasons, but we
remember that it is actually a numerical absurdity. The aim of Table 3.6 is
to

— make concrete the modular structure of an optimization program,

— let the reader program a line-search; an excellent means to become familiar
with the subject.

A last remark: the resulting program will very likely fail (at least at the
first try). Experience indicates that, in 90% of cases, the mistake is not in
the optimization algorithm proper (Block 2) but in the gradient computation
(Block 1.2). Such a mistake can be detected rather reliably, upon observation
of Wolfe’s line-search. If the gradient is bugged, the following paradox is
eventually observed: a sequence {t = tr} is produced, tending to 0 with q(¢)
staying stubbornly larger than ¢(0), while ¢’(¢) stays stubbornly negative.
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BLOCK 1.1 — Define the problem
(let alone the number of variables).
— Initialize x among other things
(tolerances for the stopping test for example).

CALL BLOCK 2

— Exploit the results.

BLOCK 2.1 At each iteration:
— Perform the stopping test.
— Compute the direction
(for example the gradient, faute de mieuz);
— Initialize the stepsize t > 0

CALL BLOCK 2.2

— Pass to the next iterate.
BLOCK 2.2 — Perform a line-search
(knowing z,d, t coming from Block 2.1).
For this, one needs to repetitively

CALL BLOCK 1.2

BLOCK 1.2 — Compute f = f(x) and g = g(x),
(for  coming from Block 2, and
having various data from Block 1.1).

Bibliographical Comments

Even though “modern” line-searches are now more than 30 years old — [12,
168, 361] — they are rarely pointed out in monographs; there are exceptions,
such as [107], or the first edition of [128]. The viewpoints exposed here are
those of [228], similar to [265].



4 Newtonian Methods

The present chapter details the most important approach (by far) to compute
a descent direction at each iteration of a minimization algorithm. This is the
quasi-Newton method, defined in §4.4. To use another direction cannot be
considered without a serious motivation; this has been true for decades and
will probably remain so for several more years.

4.1 Preliminaries

To solve the optimality condition g(x) = 0, we have seen in Chap. 2 essentially
two possibilities for the direction: the gradient, or a vector of the canonical
basis. Both are bad; to do better, let us recall the Newton principle. Starting
from the current iterate xy, replace g by its linear approximation:

g(wx +d) = g(z1) + g'(xx)d + o(|d])

where ¢'(z) is the Jacobian of g at x. Using the notation from §1.3; our
problem (P) is to find d such that g(z) +d) = 0; to obtain the model-problem
(Py), we then neglect the term o(|d|); this gives the linearized problem g(x)+
g'(x1)d = 0. Its solution is d¥ = —[g¢'(x1)]"Lg(xk) (when ¢’(zy) is invertible),
and the next iterate is 2V = aj, + d.

In the case of an optimization problem, g is the gradient of f, ¢’ = f" is
its Hessian. Just as g was approximated to first order, f can be approximated
to second order:

Flan+d) = Flan) + (G d) + 5(d £/ (0)d) +ol|d).

The quadratic approximation thus obtained is minimized (in the elliptic case)
when its gradient vanishes: f’(x) + f”(zr)d = 0. We realize an evidence:
Newton’s method on min f(x) is Newton’s method on f’(x) = 0.

The big advantage of Newton’s method is well known: it converges very
fast.

Theorem 4.1. If f” is continuous and invertible near a solution x*, then the
convergence of Newton’s method is Q-superlinear. If, in addition, f € C3, this
convergence is Q-quadratic.



52 4 Newtonian Methods

Proof. Call r the remainder term in the second-order Taylor expansion, i.e.
the function from R™ to R™ such that

0=] f'(@") = f'(x) + f" (@) (=" — 2) + r(z” — ).

If  is the current iterate, denote by 2 = 2 + d" the next iterate, given
by Newton’s method: 0 = f'(x) + f”(z)(«"Y — x); we obtain by subtraction

0=f"(z)(z* —2™) +r(* —2).
In view of continuity and invertibility, this implies
lo* — 2| < M|r(z* — )],

M being a bound for |(f”)~!] in a neighborhood of z*.
By definition and continuity, r(z* — ) = o(|z* — z|); and if f is C3, then
r(z* —x) = O(]z* — z|?). The conclusions follow. O

This theorem implies by no means global convergence of Newton’s method.

It simply says that, if = is close to the solution, then z?V is infinitely closer.

In fact, drawbacks of Newton’s method are also well-known:

— in general, it diverges violently;

— in addition, it requires to compute the Hessian, and then to solve a linear
system; this is heavy;

— in our situation where ¢ is the gradient of a function to be minimized,
another drawback is that {zj} will probably rush to the closest stationary
point, possibly a local maximum; the descent property f(xg+1) < f(xy) is
not, guaranteed.

4.2 Forcing Global Convergence

Just as for first-order methods, the system g(z) = 0 is not arbitrary: here
again we have on hand a merit function, which can be forced to decrease at
each iteration. We therefore call for the model technique, introduced in §1.3;
see also §2.4.

— Computing the Newton estimate:
: 1 n
mlnf(xk)+(g(‘rk>7d)+§(du f”(iCk;)d), deR

(admitting that it makes sense), is only considered as a first phase, which
is to solve a model-problem (P}) of the original problem (P).

— The solution d” is then considered as a direction, along which a line-search
is performed to decrease the function q(t) = f(x) + td™).

— The next iterate will then be zy41 = 2 + tpd.
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In the inf-compact case, we will thus have stabilized the sequence {x}.

As was seen in Chap. 3, the line-search will be possible only if ¢’(0) =
(gr,dY) < 0. Using the definition of d", this means that (g, f;/~ " gi) must
be positive. If f is elliptic, so will be the case and everything will go fine;
otherwise, something more must be done. Actually, the present “damped
Newton’s method” works correctly only when f is positive definite at each
iteration. This is why the modern tendency is to prefer the variant by trust
region, mentioned later in §6.1.

Remark 4.2. It may be useful to recall that, in numerical analysis, linear
systems (Ad = —g) are not solved by matrix inversion (d = —A~1g). When
A is positive definite (which is in principle the case in the present situation
where A = f}/), the Cholesky decomposition is used: a lower-triangular matrix
L is computed, such that A = LLT. The resolution of Ad = —g is then simple:
solve two triangular systems Ly = —g, and then L Td = y. Even better: A can
be decomposed as A = LDLT, where D is diagonal and L, still triangular,
has now 1 as diagonal terms (the so-called Bunch and Parlett decomposition).

O

Note also that, in contrast to first-order methods, the present dy =
- i yields not only a direction, but also a stepsize along this direc-
tion. Indeed, the point zV := xj, +dj, which is the Newton estimate, is in the
good cases an excellent approximation of the minimum point of f. In other
words, the stepsize t = 1 is supposedly best; it would be ideal to have ¢t = 1,
at least for large k (when Newton’s estimates start to be really good). This
is useful to initialize the stepsize; remember Remark 3.4.

Finally, it is easy to obtain in the elliptic case a global convergence theo-
rem, since cos (dg, gx) stays away from 0 (see again Theorem 3.9).

4.3 Alleviating the Method

Consider now the second drawback of Newton’s method. Rather than com-
puting explicitly f”, and solving the corresponding linear system, another
idea is to approximate directly (f”)~! by a matrix W, to be computed at
each iteration. Then, alongside with the descent process on f, an identifica-
tion process of the Hessian (or rather its inverse) is performed. The general
form of the algorithm is then the following (the subscript “+” denotes the
next iterate k + 1, absence of index denotes the current iterate k):

Algorithm 4.3 (Schematic quasi-Newton algorithm).

Step 0. An initial iterate x and stopping tolerance ¢ are given; an initial
matrix W, positive definite, is also chosen. Compute the initial gradient
9=y().

Step 1. If |g| < € stop.
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Step 2. Compute d = —Wyg.
Step 3. Make a line-search initialized on ¢ = 1, to obtain the next iterate
x4 =z + td and its gradient g4+ = g(x).
Step 4. Compute the new matrix W, for the next iteration and loop to 1.
O

The ingredients characterizing this method are therefore:

— the line-search, which will be for example that of Wolfe (§3.4),
— the initial matrix W (which can be the identity, for want of a better idea),
— the computation of W, in Step 4.

Let us explain how this last matrix is computed. In the sequel, we will
use the notation

§=58y =Tpy1 —Tr and Y =Yp = grr1 — Gk

(observe that s and y are known when W must be computed).

Knowing that we want to approximate a symmetric matrix (an inverse
Hessian) and to obtain descent directions, W is of course required to be
symmetric positive definite.

Besides, to give W a chance to approximate an inverse Hessian, W, is
required to satisfy W,y = s, called the quasi-Newton, or secant equation. Its
explanation is as follows: the mean-value G of f” between x and z satisfies
y = Gs. The quasi-Newton equation has therefore the effect of forcing W
to have the same action as G~! on y, a subspace of dimension 1.

Of course, the two above requirements leave infinitely many possible quasi-
Newton matrices.

4.4 Quasi-Newton Methods

From now on in the remaining of this chapter, (g,2) = g ' is the standard
dot-product.

A quasi-Newton method is the realization of Algorithm 4.3, where the
matrices Wy are computed recursively: Wi,1 = Wi + By, the corrections By
being chosen so that

(i) Wy, is symmetric positive definite for all k,
(ii) the quasi-Newton equation Wiy = sj is satisfied for all k.

Among all the possible corrections, stability reasons lead us to the additional
requirement

(iii) By is minimal in some sense.

This still leaves a large range of possibilities, depending on the sense
chosen in (iii), and a considerable number of methods have been studied.
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Historically, the first was the so-called method of Davidon-Fletcher-Powell,
which takes

ssT Wyy W
Wi =W+ — .
i (y.s)  (y,Wy)

Watch the matrix writing; for example, y ' W is a row-matrix which, pre-
multiplied by the column Wy, produces an n x n matrix, of rank one because
its kernel is the subspace orthogonal to Wy. Thus, the correction By is a
“small” matrix: its rank is at most 2 (its kernel being the subspace spanned
by s and Wy). Then observe that W is a symmetric matrix, which satisfies
the quasi-Newton equation:

(DFP)

W
Wy =Wy + @y, @ Wy

(Y, s) (v, Wy)
At present, specialists rather unanimously agree on a method found

independently, and using different arguments, by C.Broyden, R.Fletcher,
D. Goldfarb, D. Shanno:

sy'W+Wys'
()

(v, Wy)} ss'

Wi =W- s s

+ [1 + (BFGS)
Remark 4.4. Suppose that, instead of W, one wants to compute M, aimed
at approximating f”. Then M will have to satisfy the so-called “dual” quasi-

Newton equation
(it") Mys =y.

Let now a quasi-Newton formula be written W, = W + B(W,y, s); here
B(W,y, s) denotes the correction of W, for example (DFP) or (BFGS). Ob-
viously, setting M = W~ the matrix My = M + B(M, s,y) (obtained by
an inversion of s and y) satisfies the dual quasi-Newton equation (ii’) and
approximates f”, just as W, approximates (f”)~!. Thus, whenever a quasi-
Newton formula is invented, two such are obtained, mutually “dual”: one
for M and the other for W. For example, it can be shown that (DFP) and
(BFGS) formulae are mutually dual; said otherwise, if M = W =1 then

yy " Mss" M
(y,s)  (Ms,s)

gives the inverse of W, obtained by (BFGS). O

M, =M+ (BFGS")

Since a matrix is symmetric positive definite if and only if its inverse is so,
positive definiteness of (DFP) or (BFGS) are equivalent properties. Another
writing of (DFP) is

M, = [I - (4.1)
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Indeed, developing the product gives
ys' M+ Msy"  (Ms,s) 1  yy'

My =M="70" w2 T

which is the dual of (BFGS).
With these preliminaries, the following result shows that (BFGS) and
(DFP) preserve positive definiteness, providing that (y, s) be positive:

Theorem 4.5. Suppose M is positive definite. Then (y,s) > 0 is a necessary
and sufficient condition for (4.1) to give a positive definite matriz M.

Proof. First, M is obviously symmetric if M is so (compute MI) Also,
observe from the quasi-Newton equation M s = y that the condition is
necessary.

Now take u # 0 and set v = u — (y,u)s/(y, s). Then

(y,u)?

(s)

which is a sum of two nonnegative terms. If the first is nonzero, we are done.
Otherwise v = 0 (M is positive definite); hence u = (y,u)s/(y, s) is collinear
to s; in addition, the coefficient (y,u) is nonzero (otherwise u would be 0).
Altogether, the second term in the expression of (Myu,w) is nonzero; it is
actually positive by assumption. O

(Miu,u) = (Muv,v) +

Note that the property (y, s) > 0 is automatically guaranteed by Wolfe’s
line-search (§3.4); a curious “a posteriori” motivation.

Remark 4.6. The one-dimensional case is interesting: if n = 1, the quasi-
Newton equation defines a unique W or M (either one is a positive number)
by W, = s/y. Starting from two initial iterates x1; and z2, the algorithm
reduces to

T — Tk—1

— Uk

9k — k-1

known as the secant method, or “regula falsi”: the tangent to the graph of
g (which is used in Newton’s method) is replaced by the secant between
z and x_. Locally, this method converges @Q-superlinearly and its order of
convergence (the speed at which g converges to 0) can even be explicitly
given: it can be shown that |z, — z*|/|x — z*|" is bounded, where = (v/5 +
1)/2 is the golden section.

The opposite case (big n) also deserves comment. A drawback of Newto-
nian methods (including the present quasi-Newton variant) is the necessity
of storing an n x n matrix (what if n = 10°!?). Yet, as long as k is small,
computing the direction dj of a quasi-Newton method needs only 2k vectors
s; and y;,7 = 1,...,k. In the case of a really large-scale problem, at least
a few iterations can be performed without computing explicitly the whole
matrix Wy: just develop the product Wigx in terms of these k vector pairs.
This point will be seen in more detail in §5.6 and 6.3. a

Tk+1 = Tk —
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4.5 Global Convergence

Basically, there exists one single theorem of global convergence, which con-
cerns BFGS.

When Wolfe’s line-search is used, Lemma 3.8 and Theorem 3.9 suggest
that the whole issue is to bound the cosine between —dj and g, i.e. the
condition number of Wy, or of My = W~ 1 This is the essence of the proof
of Theorem 4.9 below. Note that it is not simple, since the condition number
has to involve the term (yg,sk) (see Theorem4.5), which in turn depends
on the line-search; the properties of BFGS formula and of Wolfe rule must
therefore interfere in the proof; they cannot be used separately as in §3.4.

First, we admit without proof the following preliminary result, to be read
with (BFGS’) in mind:

Lemma 4.7. For the BFGS formula approximating the Hessian:

yy _ Mss™ M
(y,s)  (Ms,s)

the trace and determinant of My are given by:

M+:M+

ly>  |Ms]? (y,s)
tr My =tr M — d det M = det M .
r vy rM + (0.5)  (Ms,s) an + (Ms.9)
If f is convex and has a gradient locally Lipschitzian with constant L (i.e.
lyl < L|s|), then |y|* < L(y, s). O
For the proofs below, we recall that the arithmetic mean is greater than
the geometric mean: if ay, ..., ar are k positive numbers, then
Lk kg
(3) = TIe
i=1 i=1

The cosine between di and —g is given by the extreme eigenvalues of Mj;
roughly speaking, the largest is the trace and the smallest is the determinant.
We start with bounding these two quantities.

Lemma 4.8. Suppose f is convex and has a locally Lipschitzian gradient.
If My is positive definite and if (yi,sk) > 0 at each iteration, the BFGS
formulae satisfy

tr My, < Ak, (4.2)
k
|9i* (i, 51)
det Myyy > e [ L) (4.3)
i1 Clgirsi)

where A, ¢ and C are positive constants.
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Proof. Lemma 4.7 provides an immediate bound on the trace of My:

tr My <trM + <trM+ L

and (4.2) is easily deduced by summation (knowing that tr M; is a constant).
Calling ¢ the determinant of M;, we first have (Lemma4.7):

k

(yi75i)

det My =c[[ 77— (4.4)
= (Misi,sq)

Besides, take again the trace-relation:

| Ms|?
trM —tr My +L > ——
: it (Ms, s)
and, by summation,
k
|M 51|
tr My + kL >

(we have neglected the positive term tr M ). Knowing that tr M; is a con-
| M;s;|

(Mosp.0) and we have the same bound

stant, we can therefore write C' > % >
on the geometric mean:

Multiply this last inequality by (4.4):

MSZ| Yi 31)

C* det M | LZa

ety = H (Mysi, 51)

the result comes, dividing by C* and using M;s; = —t;g;. O

We are now in a position to give the global convergence result:

Theorem 4.9. Suppose f is convex with a Lipschitzian gradient on the slice
{z: f(z) < f(x1)}. Then the BFGS algorithm with Wolfe’s line-search and
W1 positive definite satisfies:

— either the objective function tends to —oo,

- or liminf |g(xy)| = 0.

Proof. Take again (4.3) and bound the right-hand side. For the numerator,
the second half of Wolfe’s rule gives
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(Yi> 8i) = (Gi+1, 8i) = (i, 5i) = (m2 — 1)(gi, 8i) = (1 — m2)(—gi, si) ,

which eliminates one of the two terms (g;, s;) in the denominator. As for the
second term, the descent-test gives

f@ipn) = f(@:) < mailgi, zig1 — 1)
i.e. 1
(=i 8i) < m—l[f(wi) — f(wir1)] .-
In summary, we therefore obtain
[Ty loil”
Hf:l[f(%) — f(@is1)]

where « is the constant m1(1—ms)/C. Use again the inequality of arithmetic
and geometric means:

det M, > ca®

Hk: |g:|? ak kK
det My > ca® i=1 =c H|gi|2.
(% Zle[f(azz) _ f(zz+1)])k |:f(1'1) - f(1'+):| i—1

If f is bounded from below, a/[f(z1) — f(z4)] = B > 0; compare this
inequality with (4.2) using again the means-inequality:

n

k n
1 1
c(BR)F [ 1gil* < det My < (— trM+) < (—Ak) < Pk";
=1 n n

here, P is the constant (A/n)™. If |g;|> > € > 0 for all i, then ¢(B<k)* < Pk",
which is impossible when & — 400 (an exponential grows faster than a
polynomial). O

4.6 Local Convergence: Generalities

Remember that Newtonian methods are designed to converge fast, hence the
need for this section. Yet, studying the local convergence of quasi-Newton
methods is intricate, and we will pass rapidly over some details particularly
tedious.

A first result gives a general criterion for superlinear convergence, when
solving g(z) = 0: |g| must decrease infinitely faster than the move from one
iterate to the next.

Lemma 4.10. Consider a mapping g from R™ to R™ and let a sequence {xy}
tend to * such that g(x*) = 0. Assume that g’ is continuous in a neighbor-
hood of x*, and that g'(x*) is invertible. Then
T _ *
o = ol
ok — 2| |Tht1 — @k
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Proof. We use again the abridged notation « and x4 (which is possible thanks
to the Markovian character of Q-convergence). Call G the mean-value of g’
between x and x*, so that

g(4) =0+ Glzg —2").

By continuity, G is bounded and “uniformly invertible”: there exist two pos-
itive numbers ¢ and L such that, for k large enough (hence z close enough
to z*),

Ug| < oy — 27 < Lig+|

(L is the norm of G~1, ¢ is the inverse of the norm of G).
Dividing the second inequality by |z — x| and using the triangle inequal-
ity:

Ligy| o |lzs —27| o |z — 2| q
= - — .
log —a| 7 oy —x] T frg —a¥ |z -2 1+¢q

Hence, if |g4|/|z4+ — 2| tends to 0, ¢ tends to 0: the condition is sufficient.
Conversely, write

g+l _lgel oy —a*] o —a?)
[ —al  Jar o] fe—o] laog 2]

The first quotient is smaller than 1/¢. The second is ¢, which tends to 0 by
assumption. It suffices to show that the third is bounded. But its inverse is

jos —a| _ |z —a*| -

|z —a*] = |z — z*|
which is bounded from below, for example by %, when ¢ — 0. a

Let us come back to our quasi-Newton method x4 = 2 —tkMk_lgk and
let us admit for the moment that ¢; = 1 for large k. In view of Theorem4.1,
superlinear convergence can be expected if the matrix My — f”(zy) tends
to 0. However this is far too demanding, since the behaviour of M, ! has an
importance only on gi, a subspace of dimension 1: M, ! can behave arbitrarily
on the rest of R™, the algorithm will not even notice it. In fact, there is a
remarkable criterion, said of Dennis and Moré, which refines Theorem4.1.

Theorem 4.11 (criterion of Dennis and Moré). Let the nonlinear func-
tion g from R™ to R™ and the sequence {xy} satisfy the assumptions of
Lemma 4.10. Suppose in addition that {x} is generated with the help of ma-
trices My by the formula

Tpe1 = — My 'gi, .
Then xy, converges Q-superlinearly (to =*) if and only if

Te+1 — Tk

—— = 0.
|$k+1 —$k|

v := [My — g’ (2")]
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Proof. By definition,
(M —g'(2")|(z4 —2) = =g —g'(@") (24 —2) = g+ —g — ¢'(2") (x4 —2) — g4.

Call G the mean-value of ¢’ between x and z., i.e. g4 — g = G(zvy — ),
which gives

(M —g'(a")(zy —2) =[G —g'(«")(xy —2) — g4 .

We deduce the two inequalities

ol 1o @)l and ] < (G- @) + A2
oy — | o4 — |
which proves the result, because |G — ¢'(z*)| — 0 by continuity. O

4.7 Local Convergence: BFGS

Theorem4.11 gives a @-superlinear convergence criterion for quasi-Newton
matrices in methods without line-search (we have assumed ¢, = 1). Here,
superlinear convergence of a quasi-Newton algorithm will be established in
two steps:

— to show that the matrices M}, satisfy the criterion of Dennis-Moré,

— to show that the stepsize tx = 1 eventually satisfies Wolfe’s rule.

Recall that, when studying local convergence, x is a priori supposed to
tend to a minimum point z* of f, at which additional assumptions can be
accepted.

The proofs below make an extensive use of the angle between the gradient
and the direction:

cosfy = —(gr,dr)  —(gx,5k) _ (Mysg, sk)

lgel Ikl gl lskl [ Miskl|sk]

To start, we establish a lemma concerning the line-search, which completes
Theorem 3.9.

Lemma 4.12. Let an algorithm using Wolfe’s rule generate a sequence {xy}
converging to a point x*. Suppose that, in a neighborhood of x*, f is strongly
convez and g is Lipschitzian, with respective constants € and L. Then, for xy,
close enough to x*,

1—m1

1

1—m2
L

lg(xp)| cos Oy < |si| <2 lg(xr)| cos by, .

Proof. The left inequality is nothing other than Argument 2 in Theorem 3.9.
For the right inequality, strong convexity gives
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F@)+ (g.) + 35 < (o)

which, added to the descent test f(z4) < f(x) +m1(g, s), gives:

1
(gu 8) + §£|S|2 < ml(gu S)a
or

1
Sllsl® < (m1—1)(g,) = (1= m1)lg||s] cos . 0

To continue, we need a key-result, expressing that cos 6j, stays away from
0 for a non-negligible number of iterations.

Lemma 4.13. Under the hypotheses of Lemma 4.12, suppose that the algo-
rithm uses the BFGS direction. Then there exists v > 0 such that, for all k,
cos; = for at least half of the indices i =1,... k.

Proof. Start from Lemma4.8. Using in (4.3) the second half of Wolfe’s rule
(yi, 8i) = (1 — m2)(—gi, 8;), we have for a certain constant D
k gl 1 "
s 9" < praetar, < Db ( )" < D*(~Ak)
7121 917 51, n

Here, we have used successively the means-inequality, and the bound (4.2) of
Lemma 4.8. By definition of §; and from Lemma4.12, this gives

k n
ot < (1) (L) <

for a certain constant £. We see that, on the average, the cos 8’s are far from
0. The rest is purely technical and is left to the reader. a

Lemma 4.14. Under the hypotheses of Lemma .13, the series Y |xp — T*|
converges.

Proof. Starting from the descent-test, use successively Lemmas4.12 and 2.13:

fl@) = f(z")

WV

F(4) = F@) + malg] 5] cost
()~ 1) + " g cos2 g
(r) = F(@") + a1 = ma) o cos? 0[f (@) — 7(a°)]

WV

~

f
f

WV

We deduce

Fls) = 1) < (1= ma(1 = ma)o cos® 0) () — f(a")].
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This inequality holds at each iteration. In view of Lemma4.13, we therefore
can write for at least half of the iterations between 1 and k:

flrig1) — (&) < k[f(z:) — f(z")] for a certain k < 1.

Since, on the other hand, {f(x;)} is decreasing, we see that f(x) converges
R-linearly to f(x*). From strong convexity (Remark 2.14), xj, also converges
R-linearly to *: {|xx — x*|} is a geometric sequence, whose sum is finite. O

Having this last result, we can at last show that the BFGS matrix allows
superlinear convergence. Of course, we need for this a second-order assump-
tion on f; indeed, we need “slightly more” than the mere existence of f”(x*)
(positive definite).

Theorem 4.15. Assume that the BFGS algorithm with Wolfe’s line-search
converges to x*, in a neighborhood of which f is strongly conver and has a
Lipschitzian Hessian. Then the criterion of Dennis-Moré of Theorem 4.11 is
satisfied.

Proof. First, it is easily checked that the hypotheses of Lemma4.12 (and
hence of Lemmas4.13,4.14) are satisfied: the series Y |z — 2*| converges.

On the other hand, using again the notation = for xy, call G the mean-
value of f” between x and x: we have

y=Gs=[f"(z")s+[G— f"(a")]s.
The Lipschitz property gives rather easily
|G — f"(z")| < Cmax{lx — 27|, |4 — 27|},

from which we can write that

lye — [ (") 5]

|5k| ngaX{|z—1:*|,|x+—x*|},

which tends to 0 as fast as a convergent series (Lemmad4.14).

Then comes a general result: this last property, in conjunction with BFGS
formula, guarantees the criterion of Dennis-Moré. The proof is just as tedious
as the previous ones, but much longer; it is not given. Its essence is to make
a change of variables, so that f”(z*) becomes the identity matrix. Using
bounding techniques of the same type as in the preceding results, one then
shows that cos 6 — 0, which is the desired property indeed (after the change
of variables, the negative gradient is Newton’s direction!) a

To conclude, it remains to make sure that the stepsize t; = 1 is accepted
by (Wolfe’s) line-search; otherwise Theorem4.15 is killed. Thinking of the
matter, one realizes that Wolfe’s rule is just a filter which, given an initial
point z, accepts a candidate x4 = x + s if and only if

flzy) < f(@) + ma(g, 2+ —2) and (94,24 — ) 2 ma(g,z4 — ). (4.5)
Whether s is set to td, possibly with d = —W g, is just a matter of notation.



64 4 Newtonian Methods

Theorem 4.16. Suppose [ has a minimum point x* with a Hessian f"(x*)
positive definite. Then there exist § > 0 and € > 0 such that: if |xr — z*| < 0,
then every x4 satisfying |ry — x| < e|lx — x*| is accepted by Wolfe’s rule,
providing that 0 < my < % and mg > 0.

Proof. We use the notation M = f”(z*). Multiplying by s = x4 — = the
development g(z) = M (x — 2*) + o(|z — x*|), we obtain

(9,8) = (M(z —z7),5) + (o(|x — 2*[), 5)

= (M(z — %), 2" —x) + (M(z — 2%), 24 — 2") + (o]z — 2*[), ).
It is easy to see that |s| = O(Jz — z*|) when |z — 2*| = o(Jx — 2*|); as a
result, we therefore have
(9,8) = —(M(x —2*), 2 — 2*) + o(|x — z*[*). (4.6)

Now call £ > 0 and L the extreme eigenvalues of M. Add m; times (4.6)
to the development

Fl@) = S@*) + 5 (M (@ = 2,2~ %) + olfz — o)

to obtain
f@)+mig, ) = f(@*) + (3 = m1)(M (2 — 2%),z — 2) + o(|z — ™)
> f@*) + (53 —m)lle — 2* > + oz — 2*[?).
On the other hand,
J(as) = f@) + 2(M(ay - 2*),s — %) + ofay. — 2*[?)

f
F@) + 5Llwg — 2*? + o(|lzg — 2*?)
f

<
< fl@*) + 3Lz — a* 2 4 o |y — 27 7).

We therefore see by subtraction that the first half of (4.5) is satisfied if | —z*|
is small enough and if €2 < 2(1/2 — my)¢/L.
For the second half of (4.5), take again (4.6):

ma(g,s) < —molle — o™ +o(|z — 2*[?).

On the other hand, write again (4.6) replacing « by x4 (check that there is
no problem with the o(-)):

(94, 8) = =(M(z4 —2*), 24 — %) + oz — 2*[?)
> —Llz; — 2" > +o(jz — 2 )
> —Le?|z — 2% + o(Jlx — 2*|?) .

We again see by subtraction that the second half of (4.6) is satisfied for
e? < mzé/L O
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Piecing together all these results, we now realize that BEFGS + Wolfe line-
search does converge superlinearly. For the reader’s convenience, we state the
summarizing theorem:

Theorem 4.17. Consider the BFGS algorithm with Wolfe’s line-search, used
with 0 < my < % and m; < meo < 1, the line-search being initialized with
t = 1 (at least after finitely many iterations). Assume that the generated
sequence {x1} converges to x* such that f'(x*) = 0, and in a neighborhood
of which f is strongly convex and has a Lif?schitzian |Hessian.

Tpt1 —x*

— 0 (remember also
|z — 2]

Then the convergence s superlinear:

Remark 2.14).

Proof. Call M}, the matrix used at each iteration: { My} is given by (BFGS’),
say. From Theorem 4.15,

Te+1 — Tk

kAL TR
|Tk+1 — o]

(M, — " (2")]
so that, from Theorem4.11,

:z:k—Mk_lgk—x*

T — x*

Thus, we can apply Theorem 4.16: for k large enough, z = xj, — Mk_lgk

is accepted by the line-search and we do have xy1 = x4, which is infinitely
better than xg. O

Bibliographical Comments

The pioneering paper concerning quasi-Newton is [96] which, hard to read,
has remained little known for 30 years, until [97] let it “see the light of the
sun”. Nevertheless, [96] was deemed important enough by the experts of the
time to motivate [132], which served as a “publicity agent” during these 30
years. Papers on the subject are too many to be enumerated, the synthetic
study [105] is a landmark. We mention [106] for a nice and convincing deriva-
tion of BFGS.

Both global and local convergence theorems are due to M.J.D. Powell:
[290]. We mention also the proof of [66], more elegant but requiring strong
convexity, even for global convergence; there the complete proof of Theo-
rem4.15 can be found. The second part of Lemma 4.7 is proved and explained
in [196; §E.4]. It is amusing to mention that Theorem4.9 is called Lemma
by Powell in his original preprint; he was reluctant to publish [290], wanting
to get rid of the convexity assumption, which he found artificial. Powell has
also shown in [289] the global convergence of DFP; there, the line-search is
assumed exact, an assumption which seems necessary: [294].
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The criterion of Dennis-Moré (Theorem4.11) is given in [104]. To prove
first R-linear convergence (Lemma4.14), and then Q-superlinear convergence
(Theorem 4.15) may seem artificial — not mentioning other proofs in §4.7. Yet,
this is the only known way, since 1976. All this demonstrates enough how hard
is the convergence study of quasi-Newton (global as well as local).



5 Conjugate Gradient

The conjugate gradient method is also aimed at accelerating the methods
of Chap.2. Its first motivation is to solve in n iterations a linear system
with symmetric positive definite matrix (or, equivalently, to minimize in n
iterations a quadratic strongly convex function on R™), without storing an
additional matrix, without even storing the matrix of the system. In fact,
to solve Az + b = 0 (A symmetric positive definite), the conjugate gradient
method just needs a “black box” (a subroutine) which, given the vector wu,
computes the vector v = Au. Naturally, this becomes particularly interesting
when, while n is large, A is sparse and/or enjoys some structure allowing
automatic calculations. Typical examples come from the discretization of
partial differential equations.

5.1 Outline of Conjugate Gradient

Take again our general problem: we want to minimize a function f, having on
hand the “black box” (simulator) computing f(x) and g(z) = f’(x). Starting
from the initial point x1, each iteration computes a direction, and then makes
a line-search. At the current iteration k, a number of gradients gi,..., gk
and of directions dy, . .., dr—1 have been computed from the beginning. Then
consider the subspace Uy spanned by all of these vectors:

Upi={v =30 aigi + 3,2 Bid; : a € RY, e R},

this definition is valid for & > 1 only, U; being the subspace spanned by ¢;.

In any iterative method, it is normal to seek the next iterate with the help
of the information collected about the problem to solve. Here, we seek the
next iterate in the affine manifold Vj containing z; and parallel to U. Said
otherwise: zp41 will have the form xj 4+ v with u € Uy, or equivalently the
direction dj, is taken in Uy. The conjugate gradient method is then defined
as follows.

Axiom We assume that f is quadratic elliptic and we take x;41 minimizing
fin Vi =z + Uyg. O
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Thus, k41 is the best possible iterate, given the information collected at
the kth iteration.

Remark 5.1. A generic point in Vj is z(a) = zx + Y a;u;, where the u;’s
form a basis of Uy. Then consider the function h(a) = f(z(a)); we have

80@ Z axy ZZZ( )= (f(z(a)),u;) .

To say that z(«) minimizes f in Vj, is to say that o minimizes h, or that the
gradient of f at z(«) is orthogonal to each wu;. O

In the following, we will assume that xs, ...,z satisfy the above axiom;
we will also assume that no g; is 0 (otherwise we are done: the corresponding
x; is already optimal). The subspace spanned by a set B will be denoted by
[B]; for example Uy, = [d1,...,dk—1,91-- -, Gk)-

Theorem 5.2. With this system of notation, the three subspaces

U]i: = [d17"'7dk_17gk:]7 Uli:/ = [917"'7gk]7 ///: [d17"'7dk]
coincide with Uy (knowing that we set U{ = Uy = [¢1]).

Proof. By definition and by construction, Uy = U; = Uy = Uj"; suppose
recursively that Uy—1 = U;,_, = U,'_; = U]"" ;. The key is to show that both
gr. and dj, lie outside this subspace.

Knowing that gx # 0, we have f(xg) > f(zr — tgr) = f(axgyr) for t >0
small enough (the second inequality comes from the axiom, using g € Ug).
This implies xx+1 & Vi—1 (otherwise z; would not minimize f in Vj_1); hence
dy, € Uk—1 and certainly has a nonzero component along gx:

dip = apgr +u  with u € Up_1 and ag # 0

hence
gkzﬁ—i with _—UEUk_l.
(632 (632 (632
We conclude that the following operations produce the same subspace:
— to construct U} by appending dj to Uz—1 = U}" 1;
— to construct U by appending gi to Ux—1 = U]_;
— to construct Uk by appending di and gx to Ug_1;

— to construct U}, by appending g to U;/_, = U} ;. O

According to Remark 5.1, we already know that the gradients are mutu-
ally orthogonal: g is orthogonal to every preceding gradient (and to every
preceding direction too). At each iteration k, it suffices to append to Uy, either
di+1 or gr+1; appending both is useless, the dimension of the subspace Uy
will increase by one anyway. An immediate consequence is that the algorithm
has to terminate after n iterations at most; this demonstrates well enough
the interest of this strategy.
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5.2 Developing the Method

Let us write our quadratic function in the form f(z) = 1(Az,z) + (b,z) +a,
so that its gradient is g(y) = Ay+b = g(x)+ A(y— ). Our problem is now to
find dy issued from z; and pointing to the minimum of f in Vj; afterwards,
there will be no difficulty to find z;41 by an exact minimization along dy.

Theorem 5.3. Let f be quadratic elliptic and suppose that xy minimizes f
in Vix—1. Then the following two statements are equivalent:

— the direction dj, issued from xy points to the minimum of f in Vi,

—(dg, Ad;) =0 fori=1,...,k—1.

Proof. Use again Remark5.1: the first statement means that there is t € R
such that g(zy + tdi) = gr + tAdy is orthogonal to every generator of Uy.
Using Uy, = UJ,, this is to say that the following system in ¢ is compatible:

(g;.“di) + t(Adk,di)

—0 i=1,... k-1
(9%, 9x) + t(Adk, gx) = 0.

By the last equation, ¢ cannot be 0 (because g # 0). On the other hand,
every (gg,d;) is 0 by assumption (note that dx—1 € Ug—_1 by construction of
di—1, the other d;’s are in Uy_1 by construction of Ui_1). For the system to
be compatible, it is therefore necessary to have

(Ady,,di) =0 i=1,...,k—1.

Conversely, suppose this last property is true, we have to show that the
same system as before is compatible, i.e. (gx, Adi) # 0 (all other equations

are trivially satisfied). But dj is a combination of dy, ..., dx—1, gk. If we had
simultaneously

(Adkvdl) == (Adkvdk—l) == (Adkvgk) - O
we would obtain by linear combination (Ady,dy) = 0, impossible. O

Remark 5.4. By symmetry, we therefore have (d;, Ad;) = 0 for i # j. The
d;’s are then said to be conjugate with respect to the matrix A, hence the
name of the method. Remember that the gradients are mutually orthogonal,
i.e. they are conjugate with respect to the identity matrix.

Besides, since t; # 0 (see the proof of Theoremb5.3), we also have
(dk,git1 — gi) = 0 for i = 1,...,k — 1. Geometrically, d;, has the same
scalar product with every gradient till the k*: dj, is orthogonal to the affine
hull of these gradients. a
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5.3 Computing the Direction

There remains to compute explicitly di € Uj. For this, it is convenient to
generate Uy, by the gradients (U = U}/), expressing the direction in the form
> a;g;. The a;’s are computed by expressing that (dg,g;) is a constant,
which gives the linear system

dk?.gl Za] gmg] _bk 221,,]€,

here, the scalar unknown bk is a multiplicative factor which plays no role,
since we just want a direction. This system is diagonal and its solution is
straightforward: a; = by, /|g;|*. Actually, the following recursive computation
is more handy:

Theorem 5.5. The sequence {dy} of directions is given by:
di = —g1 fork=1, then

|gk+l|

|gn|?

Proof We case of d; is clear. For £ > 1, we have just seen that di =
b 27 195/19j1?. Then choose by, = —|gx|?, hence:

di+1 = —gk+1 + cxdi,  with ¢ =

gk+|gk|2| |2 :

de—1 _
= —gk — lgkl? Z P |2 = —gk — lgxl?
J

Now for the stepsize: we must minimize f along dg, i.e. make an exact
line-search. With a quadratic f, this is straightforward: solve for ¢

0 = (g(xr + tdp),dr) = (gr + tAdk, di) = (gk, di) + t(Ady, dy)

(9K, di)

andobtaintk:—(Ad 0’
ks Ok

5.4 The Algorithm Seen
as an Orthogonalization Process

Forget now the minimization aspect, and consider a problem from linear
algebra. Let A be a given symmetric positive definite matrix, g; a given
vector. We want to construct two sequences {gx} and {d;} by the formula

k1 = gk +teAdy . diy1 = —gry1 + crdy
and we want to have, for i # j,
(gi,gj) =0 and (dZ,Adj) =0

(the connection with the previous sections is obvious).
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Theorem 5.6. Just take di = —g1, then

t, = |gk|2 _ (Adk7gk7+l)
E= o, Ck =
(g, Ady) (Ady, dy,)
and stop as soon as gri1 = 0.

Proof. Suppose recursively that the desired properties hold until order k:
g #0, dp #0
and (if £ > 1),
(9r,9)) =0, (dp,Ad;)=0 i=1,...,k—1.

We need to establish these properties at the order k + 1.
First observe that (dy, Adx) > 0, hence ¢y, exists; ti as well, because: first,
(91, Ad1) = —(g1,Ag1) <0, and then

(g;.“Adk) = (—dk + Ck_ldk_l,Adk) = —(d;.“Adk) <0.

Now gg+1 is orthogonal to the previous gradients. Indeed (gg+1,9%) = 0
by the choice of t. Then, for i < k (if £ > 1),

(9k+1,9:) = (9, 9i) + ti(Ady, ;) = tr.(Adg, g:) -

If i = 1 OK. Otherwise we obtain (gx+t1,9:) = tx(Adk, —d; + ¢;—1d;i—1) =0
from the recursion assumption.

Then dj1 is conjugate to the previous directions. Indeed (dg41, Adk) =0
by the choice of ¢; and for ¢ < k (if k > 1),

(g1, Ad;) = —(grt1, Adi) + c(dy, Ad,)
Jirl — 91y
t;

—(gk+1, Adi) = —(gk+1,

(note that t; # 0) which is 0 from the first part of the proof.
Finally dp € U}’ = U] by definition (Theorem5.2). From the first
part of the proof, gry1 L Uj/. Therefore (gxt1,dr) = 0 and we conclude

(gkt1>dis1) = —|grsa|® # 0. O

Remark 5.7. This proof reveals the key-elements of the algorithm:

— the choice of ¢t and of ¢; simply guarantees conjugacy of the last two pairs
of vectors: (gg+1, gk) = (dk+1, Adg) = 0;

— for the preceding pairs, the recursion is transmitted by itself from & to k+1
without any other assumption;

— nevertheless, taking d; = —g; is necessary to start the recursion (gx41,91) =
tk(Adk, g1) = 0. O
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Corollary 5.8. With the notation of §5.1, suppose that g1 has the form g, =
Axy + b. In the algorithm above, construct xpy1 = xp + tpdy. The conjugate
gradient method is obtained; in particular, gx+1 L Uy.

Proof. Everything is rather clear: the strictly convex function f has a unique
minimum point zp41 in Vi. The sequence {xx} constructed by conjugate
gradient is unambiguously defined. In view of Theorem 5.3, this sequence can
also be constructed as in Theorem 5.6. a

Remark 5.9. Uniqueness of the sequence {x;} implies in particular that
cr and tx are in turn defined unambiguously; yet, Theorem 5.6 gives seem-
ingly different values for ¢; and ¢ (see Theoremb5.5 and the expression
—(gk, dr)/(dg, Ady,) of the optimal stepsize). We leave it as an exercise to
check that the various orthogonality relations reconcile all of these different
values. O

5.5 Application to Non-Quadratic Functions

In addition to the initial motivation of conjugate gradient, Theorems 5.5, 5.6
give an interesting way of computing the direction, in a general descent algo-
rithm. In view of the preceding developments, the following descent scheme
can be applied to a general (non-quadratic) function:

Algorithm 5.10 (Nonlinear conjugate gradient).
Step 0 (Initialization). x; € R™ and € > 0 are given; set k = 1.
Step 1 (Stopping test). Compute g = g(zi); if |gx| < € stop.
Step 2 (Computing the direction). If k = 1 set dx, = —gy;

otherwise compute cx—1 and dy = —gx + cx—1di—1.

If (dk, gx) < 0 go to Step 3. Otherwise set d = —g.

Step 3. Line-search along djy to obtain tg > 0.
Step 4 (Loop). Set xx11 = xk + txdy; increase k by 1 and go to Step 1. O

At Step 2, f is pretended to be quadratic and the direction is computed
accordingly. This direction is then less “Markovian” than the pure gradient:
it depends on the preceding information, mimicking what is done in quasi-
Newton methods. The direction thus obtained is “restarted” on the gradient
if it appears to be uphill; note, however, that this would never happen if the
line-searches were exact, since in this case

(diy g) = (= k> gi) + cr—1(dk—1,9) = —|gr|*.

Remark 5.11. Of course, exact line-searches are impossible in the non-
quadratic case. In a (nonlinear) conjugate-gradient context, some comments
can be made about the line-search.
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— First, it can be considered as being a particular instance of the general
problem studied in Chap. 3;

— but one can consider that the one-dimensional minimization of f is an
important thing in the development of conjugate gradients (we used con-
tinually the property (d, g+) = 0);

— however, this argument is not completely clear, since conjugacy has so little
meaning in the non-quadratic case.

Indeed the question is still controversial... and probably pointless, as will

be seen later in §85.6,6.3. a

Consider now the question of computing ¢ in Algorithm 5.10. Two possible
values were given in Theorems 5.5 and 5.6. For example, we can simply choose
ck—1 = |gk|*/|gr—1]?, which results in the so-called Fletcher-Reeves method
(F-R). However, this technique is too heavily based on the quadratic character
of the objective function and on the starting axiom: not even speaking of exact
line-searches, minimizing f (non-quadratic) in the manifold V}, is now out of
question. Nevertheless, the mean-value formula says that

9(wry1) = g(wg) + tr Apdy

where Ay is the average Hessian between xy and zpy1:

1
A = / ' (xp + strdy)ds .
0

Extrapolating the proof of Theorem 5.6, it can be thought (a dary thought,
indeed) that the most important thing is to conjugate at least dx and djy1
with respect to Ay, which will occur if we take ¢, = (Axdk, gr+1)/(Ardg, d)-
But Ay is unknown! The following result is therefore used:

Theorem 5.12. With Ay as above, (di, Axdi+1) = 0 providing that
(i) cn = (1 = grygrr1)

|gx|?
(ii) the (k — 1)%* and k'™ line-searches are eract.

Proof. Tt suffices to show that the value of ¢ given in Theorem 5.6 gives the
present expression. By definition of Ay,

(Ardr, grv1)  (9ra1 — ks Grt1)

(Axdi, d;) (gr+1 — Gk, dr)

If ¢, is optimal, then (gr+1,dr) = 0 and the denominator is —(gg, di); but if
tr—1 is optimal, then (g, dr) = (gr, —gk + ck—1dk—1) = —|gx|?. |

The value ¢ = (gk+1 — gk, gk+1)/|gx|? is called the Polak-Ribiére formula
(P-R). The comparative merits of both formulae (F-R and P-R) give birth
to a paradox, which is not uncommon in applied mathematics, and which
illustrates some of the difficulties encountered in this science.
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(i) It can be proved that Fletcher-Reeves converges globally (the argument
is that of Theorem 3.9: the cosine of the angle between d and g does not
tend to 0 too fast).

(ii) A counter-example exists, where Polak-Ribiere does not converge, in the
sense that no cluster point of the sequence {x} is stationary (however
we mention that the global convergence of P-R can be proved if f is lo-
cally elliptic: the cosine is bounded from below by the condition number
of f).

(iil) Yet, it is well-known that P-R behaves much better (i.e. converges per-
ceivably faster) than F-R, which is no longer used by anybody. Alto-
gether, P-R is much better in practice than F-R, while the contrary
prevails theoretically.

Luckily, the next section suggests (and §6.3 confirms) that this difficulty
has little importance anyway: indeed there exists a much better motivated
formula, which in addition lends itself to fruitful generalizations.

5.6 Relation with Quasi-Newton

Consider again quasi-Newton methods of Chap. 4, where the directions were
given by dy = —Wjygi. It can be shown that most conceivable quasi-Newton
formulae produce directions mutually conjugate in the “perfect” case, i.e.
when f is quadratic and the line-searches are exact. These methods therefore
also consist in minimizing a quadratic function in the manifold Vj cumulating
all past information; a connection is thus established between Chaps. 4 and 5.
Notwithstanding, the real motivation of quasi-Newton (to approximate the
Hessian matrix) is much richer than minimizing a quadratic function. Ac-
tually, a much more interesting connection exists between the two chapters,
which has important numerical consequences.

The next result uses notation from Chap.4: s = xx41 — Tk, Y = gr+1 — gk
and the subscript “+” denotes the (k + 1) iterate.

Theorem 5.13. At iteration k, suppose the line-search is exact: (g4,d) =0,
and define the matriz

T T 2 T
syt +ys ly] 58
w1 1Y [1 n } .
" (y,s) (y,8)1 (y,s)
Then the direction dy == —Wigy isdy = —g4+ + (y’g+)d

(y,d)
Proof. Trivial: (g4,s) = t(g9+,d) = 0, hence

S
dy = =g+ + (y,9+) ] +0—0=—9++(y,g+)(

(y, s y,d)
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This establishes a close link with Chap. 4:

— The matrix W, defined in this theorem is nothing other than BFGS after
a reinitialization of W to the identity. Said otherwise: W is the result of
the BFGS formula (§4.4) applied one time to the identity, with the most
recent pair {y, s}; while a standard quasi-Newton matrix is the result of the
formula applied k times to the identity, with the sequence of pairs {s;,y;},
i=1,...,k. Remember the end of Remark4.6.

— The “poor man” quasi-Newton direction of Theorem 5.13 is just a conjugate-
gradient direction, namely that of Theorem 5.6.

Note that these relations are valid even when f is not quadratic: it suffices
that the line-search be exact at the present k" iteration. Now, an exact line-
search cannot be tolerated in the non-quadratic case, but after all, it can
perfectly be avoided: considering that the formulae from Theorems 5.5 and 5.6
are hardly justified in the non-quadratic case, they can simply be forgotten,
to the advantage of the little more complicated formula of Theorem 5.13. It
is an appropriate time to remember an important property of quasi-Newton
formulae:

Theorem 5.14. If (g+,d) > (g,d), the direction dy of Theorem 5.13 is a
descent direction.

Proof. Immediate consequence of Theorem4.5: here M = I is positive defi-
nite, and the assumption guarantees (y,s) > 0. It follows that M and W,
are positive definite. O

Then a straightforward idea is to define a variant of Algorithm 5.10: to
compute the direction of Step 2 as in Theorem5.13 (no reinitialization is
necessary), and to use in Step 3 Wolfe’s line-search (§3.4) which, we recall,
guarantees (g94,d) > (g,d).

Thus, conjugate gradient is helped by quasi-Newton theory; but the con-
verse is also true. This will be seen in §6.3, where the results above will
even be enhanced, to define methods combining the two advantages: mod-
erate memory requirement of conjugate gradient, and fast convergence of
quasi-Newton. We will also see in §6.4 another aspect of the help brought by
conjugate gradient to Newtonian methods: to allow a cheap resolution of the
linear system f”d = —g.

Bibliographical Comments

Conjugate gradient is due to Hestenes et Stiefel in the paper [193] which,
despite its age, still contains a lot of material worth meditating. The more
recent book of Hestenes [192] deserves the same comment. Remembering that
it is really a method belonging to the realm of linear algebra, [170] is a must.
In particular, this last reference contains some material on preconditioned
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conjugate gradient, an important technique to solve large linear systems of
equations.

For the non-quadratic case, the implementation considered best is [329].
The convergence proof of Fletcher-Reeves can be found in [376], and [294]
contains a counter-example for which Polak-Ribiere does not converge. For
these questions, we mention [153], where a convergent variant of Polak-Ribiere
is proposed; its basic idea is to restart on the gradient when ¢ < 0; besides,
[2] proposes a variant of Wolfe’s line-search, well suited to Fletcher-Reeves:
global convergence is conserved and restarts are not necessary.

The formula given in Theorem 5.13 is commonly attributed to Perry, see
[328].
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This chapter is mostly devoted to methods which, although less “universal”
than the preceding, are useful in a good number of cases. The first one (trust-
region) is actually extremely important, and might supersede line-searches,
sooner or later. The other methods deal with the direction; they are either
classical (Gauss-Newton) or recent (limited-memory quasi-Newton, truncated
Newton) and apply only in some well-defined subclasses of problems. The
chapter also outlines the standard approach to solve quadratic optimization
problems (item 2.2.2 in the classification of §1.1.2).

Up to now, we have extensively used the notation d, a minimization itera-
tion being done according to the formula z; = x+td. In the present chapter,
the concept of direction tends to disappear; most of the time, we will denote
by h a step between two points such as z and x: vy = x + h.

6.1 Trust-Regions

Our first method is a variant of line-searches, particularly well-suited in a
Newtonian context; it appeared in the context of nonlinearly constrained
optimization. Take again the situation of Chap.3 in a Newtonian context
(Chap. 4). Starting from the current iterate x = x, one wishes to go to a
supposedly excellent estimate 2, obtained by the minimization of a model
representing f in a neighborhood of . Call f this model; we have seen so far
quadratic models, say

Fx+h) = @)+ (g, h) + %(Mh, h): (6.1)

here M = M, can be the Hessian f”(zy), or a quasi-Newton approximation,
or the Gauss-Newton approximation as in §6.2; in the next chapters, we will
see situations where f is not quadratic. Anyhow, we set 2 = x + A", where
AN minimizes f(z 4 -).

The fact of interest here is that the desired iterate 2V may not be conve-
nient, and must perhaps be corrected; in all preceding chapters, this was the
task of the line-search. Most often, z?¥ is not convenient because ¥ —z = AN
is too large; in a Newtonian method, for example, this could occur when
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— the model is valid only for small h, and we have f(zV) > f(x),
— and/or the Hessian M = f”(x) is not positive definite, which destroys any
meaning of ™.

It may also happen that A% is too small: for example, in a quasi-Newton
method, the initial matrix M; may be too large; since My and M are close
together (see §4.4), M}, will remain too large for a number of iterations.

In such cases, the idea of a line-search was to seek = along the half-line
z+ R, h"V; what is magic in this half-line? Answer; nothing. This idea was in
fact inherited from first-order methods, where the direction was defined up to
a positive constant (compare Remark 2.7 and the end of §4.2). Indeed, rather
than shortening the stepsize, it is much more natural to modify the model;
after all, the reason xV is not convenient is that f itself is not convenient.
Based on this idea, one can proceed as follows:

— Perturb the model f in a certain way (see below), the perturbation depend-
ing on a certain parameter A.

— Solve (6.1) and obtain a perturbed solution hA.

— Adjust A so that this solution ha is “convenient”.

— This adjustment is made according to the principles developed in Chap. 3.

For a demonstration, let us show that line-searches of Chap.3 can be re-
covered from these premises. The model being given by (6.1) with M positive
definite, suppose that we perturb f to

fa(@+h) = f(z) +(9,h) Mh, h),

+1(

2A
which gives 1o = x — AM~!g. To adjust A (the stepsize! setting A = ¢ and
h = d makes the allusion more blatant) so as to obtain an x4 = x4 satisfying
Wolfe’s rule gives back the standard line-search of §3.4.

6.1.1 The Elementary Problem

There are several ways of perturbing the model, all more or less equivalent
anyway. We limit ourselves to the one that is now universally adopted: the
next iterate is forced into the ball centered at x and of radius A (the trust-
region). In other words, ha solves

QPﬂx+M,|M<A. (6.2)

Here f is the unperturbed model, for example the quadratic function (6.1);
instead of perturbing the model, we rather restrict it.

It so happens that (6.2) can be efficiently solved, even when M is not
positive definite; let us give an idea of how this is done. For ;1 > 0 such that
M + pl is positive semi-definite (i.e. g > max{0, —A}, if A is the smallest
eigenvalue of M), consider the Lagrangian
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(b, ) = F(e + 1)+ G(IP — 42).
For fixed u large enough, ¢ has a minimum point h, given by
h=h(u):=—(M+ul)'g. (6.3)

Then the computation of ha calls for duality theory (see §8.2 and §16.2).
This theory predicts the value p* giving, via (6.3), the h(p) solving (6.2).
The following result is slightly informal, in that it neglects the (exceptional)
case u* = —A\.

Theorem 6.1. The solutions to (6.2) are those h(u*) of (6.3) satisfying
[h(p*)| < A, where p* > max{0,—A} is such that p*(|h(n*)| — A) = 0.
Besides, the function p — £(h(p), p) s concave, infinitely differentiable, and
mazximal at p*.

Proof. Omitted: it uses results from Chap.8.2. Essentially, equation (6.3)
(supposed to have a solution) expresses the stationarity of the Lagrangian ¢,
and the condition on p is transversality. ad

It must be mentioned that the normalization cannot be arbitrary in this
result. Luckily, the Euclidean normalization plays a privileged role, indepen-
dently of the particular form of the model:

Proposition 6.2. Suppose that [ and f coincide to first order in a neigh-

borhood of x: f(x + h) = f(x + h) + o(|h|). When A — 0, the direction ha
tends to —g (up to the normalization).

Proof. Remember §2.4: when A — 0, (6.2) defines the steepest-descent di-
rection of f (hence of f) associated with | - |; and by assumption, | - | is the
Euclidean norm defining the gradient. ]

Taking Theorem 6.1 into account, the actual computation of ha reduces
to a search on g > 0. This search can be viewed either as the resolution
of the equation |h(u)| = A, or as the maximization of the concave func-
tion £(h(u), v). In both cases, Newton does the trick, via a differentiation of
(6.3). Normally, one solves rather 1/|h(u)| — 1/A = 0, which seems a better
conditioned problem.

6.1.2 The Elementary Mechanism: Curvilinear Search

Considering now the computation of ha as solved, let us see how A can
be adjusted, following the general principles of Chap. 3. The merit function
called there t — ¢(t) = f(x+td), with d fixed, is now A — f(x+ ha), which
implies a few differences with respect to the “line”-search:
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(i) The trajectory {z + td};~o becomes {x + ha}aso, which is no longer a
half-line but rather a curve in the space R™; we will rather speak of a
curvilinear search.

(ii) If f has a minimum point at finite distance, this trajectory has in turn
a finite length. In case of extrapolations, there is then a difficulty: ha
eventually stops at a point minimizing f (z+-), even if A — +c0.

(iii) The initial derivative ¢’(0) becomes impossible to compute; the test
q(t) < q(0) + m1tq’(0), central in §§3.4, 3.5, is now impossible to im-
plement (incidentally: it may even happen that g = 0 hence ¢’(0) = 0,
while h = 0 does not solve (6.2); one of the strong points of trust-region,
precisely, is the ability of escaping from stationary points which are not
local minima). Here comes the time to remember the remarks at the
end of §3.5.3: t¢/(0) and itq'(0) were interpreted as nominal decreases
of f; here, a nominal decrease can be simply taken as the decrease of
the model:

3(A) = f(x) = f(x + ha) [= f() = flz+ha)]. (6.4)

(iv) In addition to ¢'(0) being unknown, ¢'(t) becomes i f(z+ha), a num-
ber which can be computed but which has little meaning. As a result,
Wolfe’s rule (§3.4) is no longer so natural.

In view of all this, Armijo’s rule (§3.5.2) makes life simpler and is com-
monly adopted. In particular, this rule excludes any extrapolation and accom-
modates easily a trajectory {x 4+ ha} of finite length. However, Remark 3.11
is still valid: a mechanism is needed to force an increase of A in case of neces-
sity; the algorithm loses some purity. Using another rule (Wolfe, Goldstein
and Price) would be possible, but to the price of an elaborate study of the
mapping A — ha; we skip this here, for lack of space.

In summary, the following algorithm is a very simple implementation of
the trust-region technique. Armijo’s test uses (6.4) and becomes

fx+ha) < f(z) —mdi(AQ).
When it is not satisfied, ha is too large, A must be decreased.

Algorithm 6.3. Are given: a starting point z, a model f , an Armijo coeffi-
cient m > 0, an initial size A of the trust-region, and a simulator computing
f-values.

— Compute ha solving (6.2).

~If f(x+ ha) < f(x) —md(A) terminate.

— Else decrease A and loop. a

We leave it to the reader to show that this algorithm terminates if the
following properties hold: the decrease of A is significant (PROPERTY E of

§3.2), f(x) = f(x), f'(x) = f'(z), and m < 1.
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Note that Algorithm 6.3 considers the static aspect only: its calls must be
chained within an algorithm updating x = zj, to finally minimize f. Recall
here Remark 3.11 again: a systematic initialization A = 1 is dangerous. It is
therefore recommended to allow an increase of A when the search is finished,
to initialize the next search. We omit these details here.

6.1.3 Incidence on the Sequence xy

It remains to check that this method does have the qualities ensuring conver-
gence (global and possibly superlinear) of the sequence {z\ } that it generates.
The rudimentary Algorithm 6.3 gives only a vague idea of an actual imple-
mentation; in particular, it does not specify the management of A = Ay, from
one iteration k to the next. We will therefore content ourselves with some
indications.

Apart from the strategy to manage A, a trust-region method is essentially
characterized by the model f (just as any optimization method, actually).
Limiting our convergence study to one particular f, the quadratic model
(6.1), everything relies upon the behaviour of M = Mj,. To study the method,
one must of course express that x4 = = 4+ ha is not arbitrary, but really a
minimum point of f in the trust region. This is the substance of the following
result, comparing f(x + ha) to what would be obtained with the steepest-
descent direction.

Lemma 6.4. Set L := max{1, A}, where A is the largest eigenvalue of M in
(6.1). Then we have in (6.4)

1
5(4) > lglmin(4, 12,
Proof. Let ta be the optimal solution to the problem
- 1
mtinf(x —tg) = f(z) — t|g|* + §t2(g,Mg) subject to 0 <t|g| < A.

Of course, f(x 4+ ha) < f(x —tag), and we proceed to bound f(z —tag)
from above. In the computations below, we use f(z) = f(z).

If the trust region does constrain the solution ta, the function ¢ +—
f(z — tg) has a nonpositive derivative at tn = A/|g|; in other words
—|g|*+ ﬁ(Mg, g) < 0. This results in a bound on (Mg, g) which, inserted in
[, gives f(x —tag) < f(z) — $Algl.

If t is an unconstrained minimum, its value is to = |g|?/(Mg,g); the
denominator is certainly positive. Since (Mg, g) < Alg|*> < L|g|?, we can
write

; 1_lg*

fla—tag) = (@) = 5= < @) = 5=l

The formula follows from piecing together the two cases. O
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With the help of this result, Armijo’s rule gives directly

£) =) ot ha) < 7(@) — 3 lglmin(4, 12

which is the necessary bound of f(z) — f(x4) for Argument 1 in a conver-
gence proof (see Theorems2.11 and 3.9). We therefore see that, to obtain this
bound, an upper bound of the largest eigenvalue of M is needed. The situation
is no longer as in line-searches, where a bound on the ratio of extreme eigen-
values was needed (see for example Lemma3.8). By contrast, trust-regions
would still work with M) = 0 (and it is normal since this would produce
steepest-descent!)

To obtain Argument 2 (bounding |z — x| from below), a lower bound of
A is needed. This means that the model should not be too “optimistic”: more
precisely, the smallest eigenvalue of M should not be too negative; everything
will go right if, for example, M stays positive semi-definite.

We stop technicalities here and we just mention the main convergence re-
sults allowed by trust-regions. With an appropriate (but rudimentary) man-
agement of A = Ay, and assuming that | M| stays bounded, it can be shown
that:

(i) either f(xy) — —oo or liminf [gy| = 0,
(ii) and the criterion of Dennis-Moré (Theorem4.11) implies superlinear
convergence.

Nothing particularly amazing so far; but trust-regions enjoy two “pluses”:

(iii) indeed g — 0; and more importantly:

(iv) take My = f"(xy); if {xr} is bounded, it has a cluster point z* such
that (f'(z*) = 0 and) f”(z*) is positive semi-definite. Thus, trust-region
methods have every reason to avoid critical points which are not local
minima. Needless to say, this “miracle” has its roots in Theorem6.1.

6.2 Least-Squares Problems: Gauss-Newton

It should be clear from Chap.4 that the name of the game in the present
Part I is to approximate the Newton step —(f”')~1g, i.e. after all the Hessian
f"; this was the essence of §84.4 to 4.7. There exists a rather favourable situ-
ation, where an idea of this Hessian is available, without having to compute
second derivatives. This is parameter identification — the vast majority of
optimization problems. In this type of problems, the objective function is the
deviation between predictions and observations, a deviation which is often
expressed in the fo-norm.

In a word, the following least-square problem is continually encountered
in optimization:

min f(z), where f(x)= %fo(x) (6.5)
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The f;’s generally have the form

fi(@) = p(z,e5) — 25,

where ¢ is the answer of a theoretical model to an input e, this answer being

compared to a set of experimental answers z;. The theoretical model depends

(possibly linearly) on unknown parameters € R™ to be identified.
Elementary calculations give the gradient f' =3 f; f; and the Hessian

P p

@) =" [@fi@) "+ fi)f ()

J=1 J=1

which is thus a sum of two terms; the first one depends on the gradients,
only the second one involves second derivatives. Remembering that one of the
drawbacks of Newton’s method is the need to compute such second deriva-
tives, it is tempting to neglect this second term.

In least-square problems, one is therefore led to considering

Gz) =) fi@)fj(@)" = J(@)J(2)T, (6.6)

where J(z) denotes the matrix whose columns are the p gradients f}; G(z) is
called the Gauss-Newton matrix. A question is then: to what extent is G(x)
a good approximation of f”(x)? Actually, this will happen in two cases.

— When the f;’s are mildly non-affine (each ¢(-, ¢;) is mildly nonlinear), the
f’s are quasi-constant, the f/’s are small. Then G(z) ~ f”(x). Indeed,
the whole idea of Gauss-Newton consists in saying: suppose the f;’s are
affine, i.e. suppose the initial problem is a mere linear least-square problem
min 1|J "z — z|?; then it is solved by the Newton iterate z — (JJ ")~ !g()
(note that g(z) = J(J "z — 2)). This amounts to assuming that the matrix
G(x) = JJT does not depend on = — and is invertible, of course.

— When the least-square solution gives a good fit, the optimal value of f is
close to 0. Then all the f;(x)’s are small within convergence and, asymp-
totically, the Gauss-Newton matrix becomes close to the Hessian. This is
all what is needed, since the qualities of Newton’s method come into play
within convergence only.

Anyhow, the Gauss-Newton method consists in computing the direction
—G; ' gk at each iteration k. A (Wolfe) line-search then allows the computa-
tion of the next iterate; the resulting algorithm is well-defined, provided that
each Gy is positive definite.

Actually, the difficulty precisely lies at this point.

— When a matrix Gy is “hardly” positive definite, i.e. ill-conditioned, the
method is in trouble; convergence may even be impaired (see §4.5).
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— For this same reason, the line-search itself can often be in trouble: the
Gauss-Newton direction can be orthogonal to the gradient, at least within
roundoff errors.

Indeed, the designers of the method (neither Gauss nor Newton but Lev-
enberg in 1944 and Marquardt in 1963) were aware of these difficulties due
to ill-conditioning. They imagined, independently of each other, a stabilizing
process: add to G, a “suitably chosen” multiple A > 0 of the identity. In view
of §6.1.1 (and setting A = ), we see that this is nothing other than a trust-
region device. In summary: the Gauss-Newton method is dangerous when
used with a line-search, and calls for trust-region. This gives an algorithm of
the following type:

Algorithm 6.5. To solve (6.5), start from x1; are given: the Armijo coeffi-
cient m €]0,1[ and the stopping tolerance € > 0. Set k = 1.

Step 1. Compute the gradient gy of f at zx. If |gk| < € stop.
Step 2. Compute the Gauss-Newton matrix G, = G(xy) from (6.6) and define
the model

Flan+ 1) = (@) + (o) + 5(Gah ).

Step 3. Use a trust-region algorithm as in §6.1 to obtain xy41 satisfying

frr) < flae) = m(f(ae) = f(@re1)) -
Step 4. Increase k£ by 1 and loop to Step 1. a

Convergence of such an algorithm is not difficult to establish: through
some smoothness of f, the matrices G, which are positive semi-definite, will
be bounded, and results from §6.1.3 will be applicable.

6.3 Large-Scale Problems:
Limited-Memory Quasi-Newton

Except possibly for least-square problems, the idea of quasi-Newton is basi-
cally the only way of computing really efficient directions. For a number of
variables n exceeding 10°, say, storing and managing the corresponding ma-
trix W exceeds the abilities of present computers. In this situation, we have
only seen conjugate gradient as a possible alternative, while §5.5 has somehow
ended up in a deadlock. Yet, Theorem 5.13 suggested a fruitful link: conju-
gate gradient can be viewed as a “poor man” quasi-Newton method, with
systematic re-initializations of Wy, to the identity.

Let us push the idea further: a quasi-Newton matrix Wy is completely
defined by (the initial matrix Wy and) the 2(k — 1) vectors s1, y1, .- ., Sk—1,
Yk—1. To be sure, a means therefore exists to compute the direction dj =
—W} gk via an explicit use of only these 2(k—1) vectors, which makes 2(k—1)n
numbers, instead of n(n + 1)/2. Formulae do exist, it is easy to check that
the following algorithm does the trick.
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Algorithm 6.6. Are given: an initial matrix W9, a vector g and m vector
pairs {s;,y;} fort =1,...,m.

Problem: compute d = —Wg, where W is the result of m BFGS updates of
wo.

Answer: d = —h™, obtained as follows.

— Set g™ =g; fori=m,...,1 do

ol = (¢',5:) and qi—l _ qi _ Oziyi-
(yi75i)
—Set RO =W fori=1,...,m do
_ i, bt , , _ ,
B = L(y_ S_)) and R'=h""+ (o' — )s;. O

Remark 6.7. We use superscripts (g%, o, etc.) to suggest that the above
iterations need not be related to the iterations minimizing f. For example, if
Algorithm 6.6 is used to compute the k" direction dj of such a minimization

algorithm, then we will set ¢ = g and dr = —h"™. Said otherwise, the m
iterations of Algorithm 6.6 will be systematically executed at each iteration
k of the minimization algorithm. O

Equipped with these formulae, take a computer allowing the storage of
2m vectors of dimension n; if n = 10° for example, a standard personal
computer will easily accept m = 10. On this computer, start a quasi-Newton
algorithm without explicit storage of the matrices Wy, but with a direct
computation of Wygy, via Algorithm 6.6. The iterations £k = 1,...,m can be
performed normally. Afterwards, the “standard” matrix Wy can no longer be
used: it needs k > m pairs {s;,y; }; among these k pairs, m must be chosen.
To respect the essence of quasi-Newton, which constructs a local model of f
in a neighborhood of xj, one chooses of course the last m computed pairs:
normally, they were computed at corresponding z’s close to xj. This results
in an algorithm intermediate between 4.3 and 5.10; its first m iterations are
identical to those of Chap.4, let us describe the current iteration after the
mth:

Algorithm 6.8.

Step 1 (initializing iteration k). We have the m pairs of vectors

851 = Thk—m+1 — Tk—my +++3 Sm = Tk — Tk—1,
Y1 = 9k—m+1 — Gk—ms -+ Ym = 9k — Gk-1 -

Choose a “simple” matrix WP, for example the identity.

Step 2 (poor-man gN formulae). Compute the direction dy = —Wjygx by an
application of Algorithm 6.6 to the matrix W9, starting from g = gs.
Step 3. Obtain the next iterate xr41 and its gradient gr4+1 by a Wolfe line-

search along dy, or alternatively by a curvilinear search of the type 6.3.
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Step 4 (refreshing the information). For ¢ = 1,...,m — 1, replace each pair
{s:,yi} by {Si+1,yi+1}. Store s, = Tp41 — x and Y, = gr+1 — gr and
loop to Step 1. a

An important numerical remark is the following. In standard quasi-
Newton methods, the role of the initial matrix W; is not too crucial: in
view of the successive updates, this role fades away along the iterations. Nev-
ertheless, it is experimentally observed that a bad initial W7 entails bad Wj’s
for many iterations. In a limited memory method such as Algorithm 6.8, we
have an initial matrix W° = W} at each iteration k. According to the above
experimental observation, W% must be chosen with great care; to content
oneself with W = I at each iteration results in a bad algorithm. We do not
elaborate here on appropriate initializations of W in Algorithm 6.6.

Algorithm 6.8 is excellent; it is at present the best choice, often the only
possible one, for large-scale problems. However, it raises a rather frustrating
question. One could think that its convergence is faster when the number
m of stored pairs is larger; yet, one empirically observes that its speed of
convergence stalls beyond a modest value of m; for larger m, the total com-
puting time worsens, since the cost of one iteration is proportional to m.
Rather frequently, one sees Algorithm 6.8 with m = 20 terminating faster
than the standard BFGS algorithm. Even worse: the “critical® value of m,
beyond which the above stalling phenomenon occurs, seems relatively sta-
ble, say m =~ 20, independently of n. No satisfactory explanation has been
suggested so far.

From a theoretical point of view, Algorithm 6.8 has no reason to converge
superlinearly. Global convergence has received little attention.

6.4 Truncated Newton

Let us stay in the Newtonian framework. On several occasions, it has been
said that the pure Newton method has two practical drawbacks (among oth-
ers):

— to compute second derivatives,

— to solve a linear system at each iteration.

In some cases, the first drawback may disappear: for example in least-square
problems (§6.2), or also when second derivatives can easily be computed.
In these cases, how can we cope with the second drawback? Here comes a
usefulness of conjugate gradient.

Let M be the matrix of the system to be solved: M can be f”, or the
Gauss-Newton matrix G, or any other symmetric matrix; M can even be a
quasi-Newton matrix, possibly not positive definite because Wolfe’s condition
was not satisfied (see Theorem 4.5). We want to solve Mh = —g economically.

Suppose for the moment that M is positive definite; then we can equally
minimize the quadratic function f of (6.1). Now make an important remark:
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since a Newtonian method reaches full efficiency only asymptotically, only an
approzimate minimization of f is necessary. As a result, conjugate gradient
is fully justified, since it decreases the model f at each of its own iterations:
it will produce a “reasonable” direction even if its convergence is stopped
“manually”. In fact, call h?,i = 0,1,... the iterates produced by a descent
method — conjugate gradient or any other — applied to the minimization
of f(x + h) (with respect to h). If this algorithm is initialized on h° = 0,
there holds f(x + h') < f(x + h°) = f(x) at each iteration. From positive
definiteness of M, there even holds

(9 1) < fla+ 1) = f() < f(z+ 1) - f(a) = 0.

Thus, each h® is a descent direction, along which a (Wolfe) line-search can
be performed. In case of conjugate gradient, h’ is even an excellent direction,
minimizing f in a certain hyperplane: remember the axiom of §5.1. In case
M = f"(xy), one can also anticipate that superlinear convergence will be
preserved, providing that the direction dy = h'* is close enough to the “ideal”
Newton step %V — .

When M is not positive definite, minimizing f becomes meaningless. In
addition, while the hypothesis M positive definite is not crucial theoretically
for conjugate gradient (exercise: redo Chap.5 under the mere hypothesis A
invertible), it is another story in practice: the method becomes unstable, with
a tendency to produce isotropic directions (i.e. ¢’s such that (Ag, ¢) = 0). This
situation places us again in the field of application of trust-region.

Altogether, the situation is as follows: we want to solve (6.1), (6.2) approx-
imately; but we do not want Theorem 6.1, which implies to factor matrices
such as M + ul (by assumption we do not want to solve Mh = —g, i.e. to
factor M). Here comes a piece of luck: it suffices to apply blindly conjugate
gradient, with an appropriate stopping test.

First of all, let us adopt notation adapted to the present situation. To
solve the system Mh + g = 0, we write conjugate gradient in the form

Rt = hi gt ¢t = —MhT! — g+ digt, with

, MAh! i | MRt 2 6.7

hOZO,qoz—g7 tz:_( +g7q)7cz:| i +g2| : ( )

(Mq',q") [Mh* + g

¢" thus denotes the “direction” issued from h* (but has nothing to do with the

forthcoming direction dj issued from zy); remark that the residual Mh* + g
is the gradient f’(z + h?).

Proposition 6.9. As long as (Mq',q%) > 0, the iterations of the above algo-
rithm satisfy |hiT1| > |hi].

Proof. 1t is best to see the argument geometrically, remembering the axiom
of §5.1: each line h*4t¢* is orthogonal at h* to a subspace containing h* (with
notation as in §5.1, U® = V' since h® = 0). Hence h® is the projection of 0
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onto such a line, therefore |h?| < |h® + tq'| for any t # 0, in particular for
t=t" O

Then start solving (6.1), (6.2), via formulae (6.7). At the current iteration
1, the following events can occur:

(i) The curvature (Mg, q') of f in the direction ¢ is negative: the con-
straint |h| < A is certainly active in (6.2). For example, h' can then be
extrapolated up to the edge of the trust region: we take dj = Ah'/|h%|.

(i) The current iterate h’ has popped out of the trust region: here again,
the constraint |h| < A is certainly active in (6.2). For example, dj can
be interpolated between h? and h*~!.

(iii) None of the above cases: conjugate gradient proceeds normally, its iter-
ations can be continued ad libitum, for example until

(iv) the residual Mh® + g is deemed small enough; then stop: dy = h' esti-
mates well enough the Newton step.

Remark 6.10. The initialization R° = 0 is important. Not only does it guar-
antee the downhill character of each h, but it also implies that h! minimizes
t — f(x —tg) in the trust region. This is important for convergence of {z},
see the proof of Lemma6.4. a

We do not describe more the “complete” truncated Newton algorithm;
first, there is no consensus yet on the best version, and the details are rather
technical anyway. We just make two comments:

— The general qualities of trust-region are forwarded to the present method:
global convergence via a rudimentary management of A, and convergence
to a local minimum of f.

— The relevant property for superlinear convergence is that the residual go
to 0 infinitely faster than the gradient: f”(xy)di + gr = o(|gk|)-

6.5 Quadratic Programming

This section is devoted to quadratic programs (item 2.2.2 in the classifica-
tion of §1.1.2): we demonstrate the active set mechanism used by standard
quadratic solvers. To this aim, we consider the “simplest” (convex) quadratic
program
Hllnf(l’), : ,_ 1 T T

{z >0, with f(z) := 57 Mz—b'zx. (6.8)
Here the symmetric n x n matrix M is assumed positive definite; this avoids
a good deal of technicalities. Note at this point that the scalar product in
R™ has to be the ordinary dot-product; otherwise the constraints z > 0
would have nothing special: they should be viewed just as general constraints
Az > a.
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Following the general principles of optimization (descent property, line-
searches etc.), the algorithm constructs a sequence of feasible points xy, such
that f(zy) decreases. To do so, direct advantage is of course taken of the
simple structure of the problem.

Denote by v? the i*® component of a vector v € R™ and by

I(z):={ie{l,...,n}: 2" =0} (6.9)

the set of components of z > 0 that cannot be decreased. The optimal solution
of (6.8) is then characterized by the equations

{(be)z::O ifi¢ I(z) (i.e 2 >0),

(Mz—b)i >0 ifiel(x), (6.10)

illustrated by Fig.6.1. These equations are indeed necessary and sufficient for

optimality. To obtain them,

— either form the gradient Vf(x) = Mz — b of the objective function and
apply standard optimality conditions (see (13.1); they are necessary and
sufficient because of convexity);

— or establish by direct calculations the formula

1
flx+h)— flx)=(Mz—b)"h+ 5hTMh; (6.11)
observe that the quadratic term is nonnegative and negligible for small h.

Mot 1) = {2}

z* x!

Jw) =

Fig. 6.1. The minimum of a quadratic function over the first orthant

The optimality conditions (6.10) can also be viewed as a complementarity
problem, which is often symbolized in the condensed form

0< (Mz—b) La>0. (6.12)

This latter problem is thus equivalent to the optimization problem (6.8).

6.5.1 The basic mechanism

Even though (6.8) is completely determined by the (finitely many) entries of
M, no explicit formula can solve it directly. In fact, take a set I C {1,...,n}
(which will stand for the set of active constraints) and consider the problem
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min {f(z):2 € H'}, where H :={zcR":2'=0,icI}. (6.13)

In other words, impose arbitrarily some constraints of (6.8) as equalities,
and neglect the others. The solution of (6.13) is explicitly given by the linear

system ‘
(Mx—b)"=0, i¢lI,
{xiz(), 1€l (6.14)
There are 2™ such sets I and the whole question is to find I(x*) of (6.9),
for «* optimal in (6.8). In fact, solving (6.13) or (6.14) with I = I(z*) will
explicitly produce the optimal solution x*. The idea is then to iterate over I,
and one iteration of the solution algorithm works schematically as follows:

Algorithm 6.11 (Schematic QP iteration). The set I C {1,...,n} is

given.

Step 1. Call & the solution of (6.13) or (6.14).

Step 2. If & satisfies (6.10) then stop.

Step 3. If & 2 0 append some appropriate index to I and loop to Step 1.

Step 4. If £ > 0 but Mz — b 2 0, remove some appropriate index from I and
loop to Step 1. ad

Together with the index set I, the algorithm maintains a feasible point,
whose management in Step 3 will be seen in §6.5.2 below.

Remark 6.12. The matrix of the linear system in (6.14) is some principal
submatrix of the positive definite M (the one with rows and columns indexed
out of I). As such, it is positive definite, so (6.14) is appropriately solved by
a Cholesky factorization, see Remark4.2. The change in I at each iteration
allows the use of economic formulae for a quick update of the Cholesky factors.
Reaching (6.10) may require to explore all possible sets I, so tolerances
can be inserted to help the algorithm stop earlier. Actually one stops when
the two following properties hold:
— negative components of x are small,
— the projected gradient g € R™ defined by
i [ (Mz—b)! if 2 >0,
9= { min {0, (Mz — b)*} otherwise

has small components as well. These properties guarantee that the comple-
mentarity property (6.12) holds approximately (0 begin replaced by some
small negative number in the extreme left- and righthand sides). a

6.5.2 The solution algorithm

The algorithm starts from some x; and sets Iy = I(x1); for example z; = 0
and I; = {1,...,n}. Then it generates a sequence of feasible points x; and
a sequence of sets I, of “activated constraints”. At the current iteration k,
(6.14) is solved with I = I; and produces & = &, € R™. If (6.10) does not
hold, there are two cases.
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Case F : &5 # 0 There is some r (¢ Ij) such that &} < 0. To obtain the
next (feasible) iterate zy41, we make a line-search, to minimize f starting
from xp and moving toward Zx: we solve

min {f(z(t)) : x(¢t) > 0}, where x(t):=xp +t(Zr — k).
By convexity of f (which decreases all the way from xj, to &), this also means
to take the largest possible ¢, and the optimal ¢ is therefore:
t, = min {xilﬂ
re{l,...,n} (ka - zk)r

(g — )" > o} <1. (6.15)

See Fig. 6.2, where the above £, is obtained at = 1. The left part represents
the space R™ and the right part is the restricted function ¢ — f(z(t)).

{2,...,n} z(t)) >0

f(zk)
Tk _
_ / \ b t
x(}) r=1

/'@k/ (@)

f(@k)

Fig. 6.2. Minimizing the convex function f over the segment z(t) > 0

In this Case F, the algorithm sets
Th+1 = x(fk) and Ik—i—l = I(Ik+1) . (6.16)
Note that I+; contains at least one r which was not in Ij.

Case F : & > 0 For notational convenience, we describe the operations
as if the current iteration were the (k — 1)%*.

In this case, some constraint was unduly imposed as an equality in (6.13):
there is s (€ Iy—1) such that (MZ,_1 —b)® < 0. Choose such an s and remove
it from I_q (i.e. free the component z*). For example we can take for s the

most negative (MZr_1 — b)* but this is not essential.
In this case, the algorithm sets

Tk = Tp—1 and I, = I(Ik)\{s} . (6.17)

Remark 6.13. The aim in relaxing s is to let the next iterate x4 enter the
feasible domain. This is guaranteed only if one index is removed from I(xy).
If several indices are removed, the crucial Lemma 6.16 below does not apply.

(|
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Solve (6.14) for &

Assume Z not optimal

no (Case I es (Case F
( ) T 507 yes ( )
Line-search toward & Choose s with (Mz — b)* <0
Obtain ¢ from (6.15) —
Set T4 :IE(D, I+ :I(IE+) Set T4 :i‘v I+ :I(SE+)\{8}

Fig. 6.3. Flow-chart of QP algorithm

Figure 6.3 (in which the iteration index is dropped) summarizes the op-
erations described in this section.

Remark 6.14. If only because of roundoff errors, the linear system (6.14)
is not likely to produce any z' (with i ¢ I) exactly null. In other words,
we normally have I(#) = I at each iteration, so that we will have I, =
Tu{r} or I = I\ {s}, depending on which case occurred. We see that this
algorithm is very similar to the simplex algorithm for linear programming:
an iteration essentially consists in managing the matrix of a linear system by
pivoting operations. The main difference is that the dimension of that matrix
fluctuates along the iterations. O

6.5.3 Convergence

The argument for convergence is that f decreases at each iteration, and there
are only finitely many possible I;’s. Some subtleties in the proofs are due to
degenerate situations, in which an extra component of Z in (6.14) vanishes
(despite Remark 6.14), or xy, is already optimal in H*. We start with a few
elementary results.

Lemma 6.15. At each iteration k,
(i) I(Zx) D I,
(ii) &y minimizes f in HT(@x)
(iii) (&) < f(ag), with strict inequality if Ty # .

Proof. Compare (6.14) with (6.9) to establish (i), which implies (ii) because
iy € H'@) c H'* Now realize from (6.16), (6.17) that xy always lies in
H'*: 5o (iii) is clear by definition of &y, the strict inequality coming from the
strict convexity of f (which has a unique minimum on any convex set). 0O

Now we make sure that relaxing s in Case F' does let the next iterate
enter the feasible domain.
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Lemma 6.16. Suppose iteration k — 1 was in Case F', so that xy has been
set to Tx—1 and Ty is the solution of (6.13) or (6.14) with I replaced by
I, = I(zk)\{s}. Then f(&r) < f(zk) and &7 > 0.

Proof. We will use the notation

. 0 : .
g = 8;;(3%):(M:Ek—b)l fori=1,...,n.

Let e5 be the stP basis vector. Then:
— the choice of s gives Vf(zy)es = g° < 0, so that f(z +tes) < f(zy) for
t > 0 small enough;
— the definition (6.17) of I} gives zy, +tes € H'* for all t € R.
We conclude f(&x) < f(zx + tes) < f(zk).
Now, from Lemma 6.15(ii), x5, = &)—1 minimizes f in HIGr-1) = ()
so that g* = 0 for i ¢ I(zy) (look at Fig. 6.1 again). Then

Vie) (@ —ax) = Y ¢ (@ —ax)' = g (@ — 21)° = g°}
i€l(zy)

(note: #i = xi =0 for all i € I(xy,) except i = s).
Piecing together, we obtain from convexity or from (6.11)

g° &y = Vf(xr) " (@, — ax) < f(@x) — f(2x) <0.
The result follows since g° < 0. O

This result does not imply that 2y, is feasible: some other component may
become negative, in which case the next iteration will be in Case F.

Lemma 6.17. Suppose iteration k is in Case F. Then f(xri1) < f(xk).

Proof. Consider an index r reaching the minimum in (6.15), so that &}, < 0.
From (6.14), r ¢ I, and we claim that ], > 0, i.e. that r ¢ I(x)) —see (6.9).
In fact:

— if iteration k& — 1 was in Case F, this holds from (6.16);

— if iteration k — 1 was in Case F, I(xy) = I U {s} from (6.17). If r ¢ I}
were in I(zy), we would have r = s; but this is impossible since &5 > 0
(Lemma 6.16).

Our claim is proved.

As a result, we can write

Th

> ——k
k = (xk_jk)r

>0.

Furthermore zj is feasible and &y, is not: from Lemma 6.15(iii), f(Zr) < f(xk)-
Then the result is easy to visualize on the right part of Fig. 6.2. O
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We can now prove the main result:

Theorem 6.18. The property f(xy) < f(xg—1) holds at each iteration, and
equality implies f(xp41) < f(zk).
It follows that the algorithm stops after finitely many iterations.

Proof. Lemmas6.15(iii) and 6.17 state that f can never increase. Now
the property f(zr) = f(zr—1) implies that iteration k¥ — 1 is in Case F
(Lemma6.17). Then 2 > 0 (Lemma6.16), while 2§ = 0; hence & # xi
and f(Zx) < f(xk), which implies f(zg+1) < f(zx) (invoke Lemma6.17 if
iteration k is in Case F).

Now assume iteration k— 1 is in Case F, so that 3, minimizes f in H+-1.
From the first part of the proof, no subsequent &3/ can lie in H'*~1, which
implies that no subsequent I/ can be equal to Ix_1: there can be at most 2"
iterations in Case F.

Finally, if an iteration %k is in Case F, then Ij,; properly contains Iy,
(Lemma 6.15(i) is important for this): there can be at most n iterations be-
tween two successive occurrences of Case F'. Altogether the algorithm is finite.

O

To finish, let us mention some delicate points in this approach.

(i) Classical algorithms simply define the next working set I, by adding
or subtracting one index (r or s) from the current I, disregarding the
set I(x4 ). Such implementations are simpler than ours but Lemma6.17
disappears; so some precautions must be taken to prevent cycling, in
case x is not changed by an F-iteration.

(ii) A difficulty is the definition of I(x) (remember Remark6.14): under
what threshold should an 2’ be considered as 0? Even though the
progress f(zx) — f(xr41) is positive “on paper” in Case F, a very small
x}c may make this progress insignificant in practice. Then zigzags may
occur, which are a weakened form of the cycling phenomenon mentioned
in (i).

The cure is to append the corresponding ¢ into I but then, what
means “very small”?

(iii) Likewise, a tolerance should be used to test positivity of MZ — b; but
again, the concept of a “negative but sufficiently small” (M& —b)® may
be delicate to quantify — see also Remark 6.12.

(iv) Along the same lines, substantial difficulties appear in Case F' when
M is only positive semidefinite. Removing s from I may result in a
degenerate system (6.14). In this situation, a number of decisions have
to be made:

— When (6.14) should it be considered as degenerate?
— In this case, when (6.13) should it be considered as having a subspace
of solutions (the alternative being no solution at all)?
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— In this case, some index not in I is redundant and should be removed.
Which one?
Again the difficulty in these decisions is numerical rather than theoret-
ical.
(v) A general quadratic problem has constraints of the type Az > a. There
is not much difference with (6.8) — where A was the identity matrix and
a was 0; I indices activated constraints and (6.8) becomes

min f(z), Alz=ad' foriecl. (6.18)
In Case F, the properties
Ai(;fck —x,)=0 foralliel;, and A"(Tr—xr) <0

imply that the new row A" is linearly independent of the set {A'};cy,
— an important property for an easy resolution of (6.18).

Bibliographical Comments

A conclusion of this chapter is that the trust-region approach, which a priori
seems nothing more than a natural variant of line-searches, actually opens a
vast field of applications. The main reason is that, beyond the motivation we
gave (to argue against the value of the half-line {z:4td}+~0), it is particularly
well-suited to treat a model f ill-conditioned (case of Gauss-Newton), or even
nonconvex (pure Newton, quasi-Newton without the property (y, s) > 0).

This method has progressively appeared during the 70’s, and imposes
itself more and more, due to its robustness and its ease of implementation.
We just cite the synthesis [264], a reference paper.

Despite its name, Gauss-Newton is traditionally associated with the
names of Levenberg and Marquardt [237, 248]. In its classical version, it
is coupled with a stabilization of the type Gy + Al (the Levenberg-Marquardt
parameter); the modern tendency goes toward trust-region instead: see [264]
again.

Limited-memory BFGS formulae were given by J. Nocedal in [275], and
[238, 152] give implementations of the resulting algorithms. If f is elliptic, it
is observed in [238] that the proof of Theorem4.9 simplifies and applies to
the limited-memory version.

The truncated Newton method appeared in [102]; our development of §6.4
is essentially due to [345]. It should be mentioned here that the techniques
for automatic or computational differentiation, alluded to at the end of §1.6,
can be used to compute second derivatives; or at least to compute Mh, the
Hessian times a vector, without an explicit use of the second derivatives
appearing in M. This provokes a revival of the interest for Newton methods.
Even if such computational differentiation holds its promises, however (such
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is not the case yet), the result of a competition with quasi-Newton is still
unsure.

Active set methods for quadratic programming are described in most
textbooks on optimization. As mentioned earlier, their implementation is
delicate, we can cite [165]. It is worth mentioning that they may become
impractical for large problems. Just for an illustration, suppose for example
that the algorithm is initialized on x; = 0 but that the optimal solution
x* is entirely positive. In view of Remark6.13, at least n iterations will be
necessary, a possibly very large number. New ideas are then necessary. Two
such ideas can be found for example in [98, 266]; one can also use the interior-
point paradigm, developed in Part IV of this book.

Note that convexity of the quadratic function f (i.e. the property M =
0) is absolutely necessary in our framework: the nonconvex case contains
combinatorial optimization, a field which we definitely leave out of this book
— see Remark 1.1.



7 A Case Study: Seismic Reflection
Tomography

We conclude this first part of the book with the presentation of a problem
which can be implemented in a short course on numerical unconstrained
optimization, using high-level languages like MATLAB [249] or SCILAB [327].
It can be used to test the algorithms we have described!'. Perhaps more
importantly, its implementation involves various operations, typical when
dealing with nontrivial applications. In a way, the problem resembles the
real-world examples reviewed in §1.2 — although widely simplified. As such,
it is well-suited to train oneself in the writing of a significant simulator in the
sense of §1.3. The present chapter describes the necessary material to write
the corresponding simulator.

We propose a schematic version of an engineering technique which has
been employed for many years to explore the geological structure of the sub-
surface [100, 101, 162] and has been improved recently [99]. The idea is to
measure the time taken by waves to travel from various sources to various
receivers, after their refraction and reflection on the interfaces separating the
layers of the subsurface. These measurements/observations serve to deter-
mine the positions of these interfaces and the wave velocities in the layers.
From an optimization viewpoint, the problem consists in minimizing a non-
linear least-squares function expressing the mismatch between the observed
traveltimes and those calculated by ray tracing in a subsoil model.

7.1 Modelling

Seismic tomography is based on the simplified model of geometrical optics,
in which waves are supposed to propagate along rays. Here we consider a
2D model with a single reflector. Then the waves are issued from sources,
reflect on this single interface, and are captured by receivers. The traveltimes
between sources and receivers (all of which are placed on the ground surface,
assumed horizontal) are measured and used to recover the position of the re-
flector. We take the additional assumption that the wave velocity is constant
and known in the considered subsoil layer between the ground surface and

! Elementary algorithm testing can also use the famous Rosenbrock banana func-
tion R? 3 (z,y) — (1 — z)? + 100(y — z?)%.
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the unknown interface. When the velocity is constant, a ray follows a trajec-
tory which is a straight line between a source/receiver and the reflector. The
model is shown in Fig. 7.1, in which one can see a source at a given position

(xm O) (51357 0) £
\\ lr surrace
\ ’
N /
A} /
A \ /l ray

/_‘,L_,-—‘ reflector
(@, 9)

Fig. 7.1. A single reflection on the interface

(x5,0), a receiver at a given position (x,,0), and the reflection point of the
wave at the position (Z,7); the latter has to be computed.

It is assumed that the interface to be retrieved has its z-coordinate be-
tween 0 and 1 and is located at a depth less than 1. Since the rays have a hor-
izontal component, it is a good idea to consider a region with z-coordinates
between xmin := —0.5 and xmax := 1.5, so that the domain of interest is
[xmin, xmax] X [—1,0]. The unknown interface is supposed to be a function
of z; overhanging structures are thus discarded. To have a problem in finite
dimension, the interface has to be discretized. Taking a representation by a
cubic spline is attractive since the interface is then of class C2: a property
allowing the computation of the reflection points, see §7.2 below.

A cubic spline on the interval [xmin, xmax]| is a piecewise polynomial func-
tion. The polynomials are cubic on each of the subintervals of [xmin, xmax],
which can be assumed to have the same length dx = (xmax — xmin)/ndx,
where ndx is typically around 100. Transition conditions between polynomi-
als defined on adjacent subintervals make the full cubic spline a C? function.

Cubic splines can be represented and stored in various ways. The one
given in the previous paragraph roughly corresponds to the “pp” form in the
MATLAB toolbox splines. However, the most useful representation in our
context is the one that makes use of the decomposition of the splines in a
basis of cubic B-splines (the “sp” form in the toolbox splines); this eases
computations to be seen §7.3 below. A cubic spline x — y(x) can indeed be
decomposed as a finite sum

y(z) = Z a;B;(x), (7.1)

where the coefficients a; are real numbers and the functions B; are basic
cubic splines, the B-splines. These are cubic splines, positive on 4 adjacent
subintervals and null elsewhere. They are associated with the discretization.
Therefore, the cubic spline (7.1) above is fully described by the n :=ndx — 3
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coefficients a;. We use the MATLAB functions spmak, fnval, and fnplot to
construct, evaluate, and plot these splines:

cs = spmak([...], [...]1); y = fnval(cs,x); fnplt(cs);

7.2 Computation of the Reflection Points

The main task to make our simulator is to write a MATLAB function, say
function [time,time_der,x] = ttime (src,rcv,cs)

computing the traveltime time of a wave from a given source (z,0) (src =
xs) to a given receiver (x,.,0) (rcv = x,.), via a reflection on the interface at a
point (Z, ) (x = &) to be computed; see Fig. 7.1. This function also computes
the derivative time_der of the traveltime with respect to the interface —
a computation to be explained in §7.3 below. Finally, cs is the MATLAB
structure describing the cubic spline of the interface (see the use of spmak in
the previous section).

Consider a piecewise linear path from (x4, 0) to (z,,0), which encounters
the interface at point (z,y). Assuming unit velocity of the wave, the time
spent along this path is its length

Uz, y) = V(@ — 22 + 92 + V(@ — )2 + 92, (7.2)

where the y-coordinate is actually given by (7.1). To determine the actual
reflection point (Z,y(Z)), we apply the Fermat law, according to which the
traveltime is stationary. In our simplified setting, we just consider the mini-
mization of the function ¢(x) := £(z,y(x)) with respect to x (note from (7.1)
that y, hence ¢, also depends on a); when there are several reflection points,
we thus compute one with smallest traveltime (which is actually the point of
view adopted in practice). This is a one-dimensional optimization problem,
for which we must solve the equation

() = €, (2, y(2)) + £, (2, y(x))y' (z) = 0. (7.3)

This formula shows that differentiating ¢ involves the derivatives of the cubic
spline  — y(z) in (7.1), which can be obtained by the MATLAB function
fnder and evaluated by fnval.

Newton’s method can be used to solve (7.3): at its current iteration k, let
(see §4.1):

N._ . Sﬁl(xk)
Ty = Tk gD”(LL‘k) (74)

be the Newton estimate. Taking zyy; = x{cv is the pure, local, Newton algo-
rithm. A robust implementation should globalize it, by way of a line-search
(§4.2), which requires the local decrease of ¢ when moving from z, toward 2 .
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To guarantee this property, ¢”(zy) (supposed to be positive) can be replaced
by 1 if it becomes less than some small € > 0. The iterations can be started
at 1 = (x5 + r)/2.

Figure 7.2 shows a reflector having the shape of a step-pyramid and the

Fig. 7.2. Ray tracing for the step-pyramid interface (the y-axis is stretched)

result of the ray tracing operation, which computes the reflection points for
various source-receiver pairs. These results are obtained by repeated execu-
tion of the ttime function, for each source-receiver pair. In the present case,
we have m = 960 such pairs, but only one 16th of them are plotted for clarity.

7.3 Gradient of the Traveltime

In the previous section, the interface was assumed to be known. In the actual
problem, however, the interface — characterized by a in (7.1) — is unknown:
we need to identify it, with the help of the measured traveltimes; remember
the meteorological problem of §1.2.2. In ttime (the essential part of the
simulator), time will give objective values but the optimization algorithm
will also need the derivatives time_der with respect to the a;’s.

Now, besides the simple functions z +— y from (7.1) (which should rather
be written (z,a) — y to highlight the dependence on the interface) and
(x,y) — £ from (7.2), we have the implicit mapping a — (Z, §) defined by the
minimization of ¢, i.e. by (7.3); § stands for y(Z) — a correct writing should be
y(Z(a),a). The result is a composite mapping a — 7(a) := £(Z(a), y(Z(a),a)),
which we have to differentiate.

To compute V7(a), assume that the necessary differentiability properties
hold and make a formal calculation, using (7.1) and (7.3):

Vr(a) = £,(z,5)Vi(a) + €,(.9) [y, (T, a)VZ(a) + Vay(Z, a)]
= (pl(j')Vi'(a) + E;(jv g)vay(jﬂ a)
= 1,(2,9)Vay(T,a),
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which does not depend on VZ(a) (luckily!). Thus, computing V7(a) involves
elmentary calculus only: to differentiate (7.2) (with respect to y) and (7.1)
(with respect to a)?. Incidentally, (7.1) shows that V,y(Z,a) has at most
4 nonzero components; the above computation can be performed in a time
independent of n.

7.4 The Least-Squares Problem to Solve

Given an interface, described by the parameters a € R", and an acquisition
survey (locations of m source-receiver pairs), we have shown how a vector
of traveltimes T'(a) € R™ can be computed (§7.2) and differentiated (§7.3)
by ray tracing. Seismic reflection tomography is the corresponding inverse
problem. Tts purpose is to adjust the interface a so that T'(a) best matches a
vector of traveltimes 7°P% € R™ (the observed traveltimes) picked on seismic
data. Since Gauss [139; 1809], it is both classical and natural to formulate
this problem as a least-squares one:

min 1 Ir(a)|3, with r(a):=T(a)—T°, (7.5)
a€R” 2
in which one minimizes the norm of the mismatch or residual between T'(a)
and T°Ps,

The fact that problem (7.5) may be ill-posed has been pointed out by
many (the problem may have no solution or its solutions may not depend
continuously on the data), which yields oscillations in the interface. To ensure
well-posedness, a curvature regularization is often introduced: one adds to the
cost function in (7.5) a term penalizing the L?-norm of 4" in (7.1). A short
computation shows that such a term is a " Ra; here R is the symmetric positive
semidefinite matrix whose element (3, j) is

xmax—3dx
Ri= [ BB .

min+3dx

Instead of (7.5), the regularized least-squares problem is then

. 1 9 € T
min | = |r(a —a Ra) . 7.6
win (5@ + 5 aTha) (7.5
The choice of the regularization parameter € > 0 is a difficult task; L-curve
technique [187] is sometimes used.

The necessary material is now available for an actual implementation. To
construct a synthetic dataset, proceed for example as follows:

2 A rigorous justification of the above calculation is far beyond the scope of this
book — even of Part II, which deals with nonsmooth optimization. Observe here
and now that existence of V7(a) implies a crucial property: (7.3) must have a
unique solution Z(a). Checking V7 by finite differences is certainly a good idea.
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— Choose an interface, characterized by a function z — y(z) to be inserted in
(7.2) — the spline representation (7.1) is useless at this point! The interface
may look like the step-pyramid of Fig. 7.2 but something more handy may
be advisable; say a polynomial or a trigonometric function, behaving mildly
in [0, 1]. Note from (7.4) that y(-) must be twice differentiable.

— Place a reasonable number of sources and receivers on the ground surface.

— Apply the method defined in §7.2 to compute the traveltimes between each
pair (r, s) of source-receiver.

— Call T°P® the value thus obtained, to be used in (7.5).

This procedure is unlikely to allow an exact fitting: the residuals will be

nonzero at the optimal solution. For a safer debugging, it may be advisable

to choose a discretization of [xmin, xmax] and to invent coefficients a;, wich

will give the exact interface via (7.1).

7.5 Solving the Seismic Reflection Tomography Problem

The unconstrained optimization problem (7.6) can be solved by a number of
algorithms described and analyzed in this first part of the book. We quote
the following two candidates:

— The quasi-Newton algorithm (§4.4) only needs the gradient .J(a) 'r(a)+cRa
of the cost function in (7.6), where J(a) := r'(a) is the Jacobian of the
residual (each of its lines is the gradient of a traveltime).

— The Gauss-Newton algorithm (§6.2) uses the gradient of the cost function,
as well as the approximation J(x)"J(x) + R of its Hessian.

Recall that the Jacobian J(a) can be computed in a time similar to T'(a) (see

§7.3). Therefore, the Gauss-Newton algorithm should be favoured in this

problem, since it is able to use a part of the Hessian with the same compu-

tational effort as the one to get the gradient. Both quasi-Newton and Gauss-

Newton algorithms can be globalized by a line-search (chapter 3); Gauss-

Newton should preferably be globalized by trust regions (§6.1).

Figure 7.3 shows the retrieved interfaces corresponding to the unper-

e=10"7 e=10"" e=10"°
Fig. 7.3. Retrieving the step-pyramid interface
turbed traveltimes issued from the step-pyramid interface shown in Fig. 7.2,

for various values of the regularization parameter € in (7.6) and a discretiza-
tion of [xmin,xmax]| in 100 subintervals (500 subintervals were used for the
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ray tracing operation). The details of the interface appear progressively as e
decreases. Observe on Fig. 7.2 that the extreme parts of the interface are not
lit by the waves emanating from the sources, so that their recovered positions
are only determined by the regularization. This explains why these parts of
the interface have a position which does not correspond to the original inter-
face, in particular when ¢ is small.

Needless to say, the above model is only a schematic representation of the
real problem. Among others, we can mention: more complex geometry (10
reflectors is common and they can cross each other), sources and reflectors
that can be situated in wells, noisy data, large scale (10* unknown parame-
ters, 10° data), possible constraints to take into account a priori information,
ete.

General Conclusion

This study of unconstrained optimization conveys two important messages.

One is that optimization algorithms can be given a “global” character, thanks

to stabilization devices, such as line-search or trust-region. Second, the whole
business for efficient algorithms is a proper use of second-order information.

Concerning the latter, we have seen a variety of possibilities:

(i) The “standard” one, in which nothing is known beyond first order. This
is unambiguously the realm of quasi-Newton methods, possibly with
limited memory. It can be used in conjunction with line-search or with
trust-region.

(ii) The case of least-squares problems, where an attractive approximation
Gy, (the matrix of Gauss-Newton) is directly available. Even though Gy,
is certainly positive semi-definite, it may be ill-conditioned. An appro-
priate parameter A (of Levenberg-Marquardt) is needed for efficiency,
as well as successive solutions to the system (Gj + M)d = —gy, for
successive values of \.

(iil) In some situations, second derivatives can be computed, or conveniently
approximated. The resulting matrix M}y need not be positive semi-
definite. As a result, line-searches are definitely inappropriate: one needs
either truncated conjugate gradient (§6.4) or trust-region (§6.1). The
latter approach results in computations similar to those of case (ii):
an appropriate parameter A (the size of the trust-region) is needed,
as well as successive factorizations of My + pl, for successive values of
the Lagrange multiplier p (§6.1.1); and each iteration on p implies the
factorization of the perturbed matrix My + ul.

Even when several of these possibilities are available, the best strategy is
not necessarily obvious. Indeed consider a least-squares problem, where the
exact Hessian can be computed, for example via automatic differentiation of
§1.6. Should one choose (i), (ii) or (iii)? and in case (i), should one choose
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a line-search? Actually the answer depends largely on computing times: how

long does it take

— to compute f and g?

— to compute f”'?

— to obtain an appropriate solution to f”’h = —g via truncated conjugate
gradient?

— to obtain an appropriate A in Gauss-Newton?

— to obtain an appropriate A in trust-region?

One sees that the question cannot be given a general answer in abstracto.
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Nonsmooth optimization (NSO) is devoted to optimization problems in which
the objective function f (and possibly the constraints) is not continuously
differentiable.

In these problems, the task is to find a point Z such that f(Z) < f(x) for all
x in the domain of interest. We will focus most of our study in unconstrained
problems, with f convex and finite everywhere (hence locally Lipschitzian),
but not continuously differentiable. To solve such problems, it is necessary to
consider a special object: the subdifferential of a convex function f, denoted
by Of(z), which is a fundamental concept in convex analysis.

This second part is organized as follows: Chapter 8 contains some ba-
sic results of subdifferential calculus and duality theory, and two examples of
nonsmooth functions that appear often in practice, such as pointwise maxima
and dual functions. In Chapter 9 we study the NSO methods of steepest de-
scent, subgradients and cutting-planes. We present in detail bundle methods
in Chapter 10. Chapter 11 is devoted to explaining some important applica-
tions of NSO, including the decomposition of large-scale or complex problems
using Lagrangian duality, as well as extensions of bundle methods for han-
dling varying dimensions, for solving constrained problems, and for solving
generalized equations. We finish in Chapter 12 with some computational ex-
ercises that help getting a better understanding of NSO methods.



8 Introduction to Nonsmooth Optimization

The aim of this chapter is to review some general theoretical issues concerning
the problem
i 8.1
min f(z), (8.1)
where differentiability assumptions are replaced by convexity. We recall the
necessary theory for solving (8.1), and give two important examples of non-
differentiable functions, namely max-functions and dual functions.

8.1 First Elements of Convex Analysis

We make here a brief review of basic concepts in subdifferential calculus. For
proofs and more details, we refer to [195], especially its Chapter VI; see also
the abridged version [196]. The book of Rockafellar [309] is a classical refer-
ence in the domain. A more general subdifferential theory, that includes the
nonconvex setting, can be found in [80] and [314]. We refer also to [52] for
a concise treatment of the area of nonsmooth analysis underlying computa-
tional optimization techniques.

Let f be a convex function as in Definition 2.2, defined on the whole of
R™. Then f is continuous and locally Lipschitzian. Moreover, the directional
derivative f'(z;d) := limg o w exists for each fixed z and d in R"™.
As aresult, f has a gradient almost everywhere. When V f(x) does not exist,
the point z is called a kink.

||

0 T

Fig. 8.1. Minimizers are often kinks
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Even though kinks form a set of zero measure, in practice minimizers are
often kinks. The simplest example of nondifferentiable convex function, the
absolute value function, confirms this observation. Namely, its only kink is
precisely the unique minimizer, x = 0; see Figure 8.1.

To describe the behavior of the function near a kink z, the concept of
gradient must be generalized. Instead of just a vector, a certain set will be
associated with x. This is the subdifferential of f at x:

Of(x) :={s €R": f(y) > f(x) + (s,y — x) for ally e R"}. (8.2)

This set is nonempty, closed, convex, and locally bounded as a (set-valued)
function of z; it reduces to the singleton {V f(z)} if and only if f is differ-
entiable at x. Each element of Jf(z) is called a subgradient. An equivalent
definition, expressed in terms of the directional derivative, is:

Af(z) :={s € R": (s,d) < f'(z;d) for all d € R"}. (8.3)

Also, letting “conv S” denote the convex hull of the set S, defined as the
smallest convex set containing S, i.e., as

conv S := {Zaisi:si S S,Zai =1,q; € [0,1]};

the relation

of (x) = conv{ lim Vf(z%) for all 2 for which V f(z") and the limit exist}
holds. This last definition allows a generalization of subdifferential calculus
to nonconvex functions, known as Clarke subdifferential, [80].

By using (8.3), it can be shown that

f(x;d) = max{(s,d) : s € f (x)}. (8.4)

Therefore, f/(x;-) is Lipschitz continuous, with the same constant as f.

When comparing all the expressions above for the subdifferential, we see
that (8.2) gives a geometric interpretation. It says that df(x) is made up
of the slopes of the hyperplanes supporting the epigraph of f at (x, f(x)) €
R™ x R. This characterization is called the subgradient inequality:

s € 9f(x) if and only if f(y) > f(z) + (s,y — x) for all y € R™. (8.5)

Even though the concept of “gradient” is extended from a vector-function
to a set-valued function, a good part of the classical differential calculus
remains valid for nondifferentiable functions. For an illustration, we include
here some results, concerning primarily the first-order setting.

— First order expansion:

Ve>0 35>0:|h]|<é = |f(x+h)— f(z)— f(z;h)| <el|h|.
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— Mean-value theorem: For x # y in R"™, there exist
t€]0,1[ and s € Of (ty + (1 — t)x)

such that
fly) = f(@) =(s,y —x).

— Optimality in (8.1): it can be characterized by a generalization of Fermat
condition in the differentiable case, Vf(Z) = 0. A direct application of
definitions (8.2), (8.3) gives the following result.

For f : R™ — R convez, the following three statements are equivalent:

(i) f is minimized at T, i.e., f(y) > f(z) for all y € R™;
(i) 0 € Of(Z);
(iii) f'(z;d) >0 for all d € R™.

Thus, a minimum point Z is characterized by 0 € 9f(z), or f/(Z;d) > 0 for

all d € R™. Conversely, a non-optimal = is characterized by the existence of

at least one direction d such that f/(z;d) < 0.

A direction satisfying f/(z;d) < 0 is called a descent direction of f at
the point = (or downhill direction). As in the differentiable case, descent
directions are fundamental in numerical nonsmooth optimization, since they
allow the generation of iterates with decreasing objective values.

From the definition of directional derivative and by convexity, d is a direc-
tion of descent of f at x when there exists ¢t > 0 for which f(z +td) < f(x).
Also, from (8.4), this is equivalent to having (s,d) < 0 for all s € 9f(z). Fur-
thermore, see [195; Theorem VIII.1.1.3], from a geometrical point of view,
using again (8.3) and (8.4), we see that to find a descent direction corre-

sponds to finding a hyperplane separating strictly the two (closed convex)
sets 0f (x) and {0}:

A descent direction d is such that, for a € [f'(x;d),0[, the hyperplane
{z € R": (z,d) = a} separates Of (x) and {0} strictly:

(s,dy <a <0 forallsedf(x).

8.2 Lagrangian Relaxation and Duality

Duality is an important source of nondifferentiable problems; see Chap-
ter 11.1. We now give some elements of Lagrangian duality.

8.2.1 Primal-Dual Relations

Consider the primal problem

gg}r,lfo(p)
¢i(p)=0, jeE:={1,...,np} (8.6)

¢i(p) <0, jel:={ng+1,....n:=ng+nr},
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with f,,¢; : P — R and P C RY. With the primal problem (8.6), we asso-

ciate

— a closed convex set X, the space of “multipliers” or dual variables,

— a function (the “Lagrangian”) L : P x X — RU{+o0} having the property
that, for all p € P, sup,cx L(p,x) = fo(p) if p satisfies the constraints in
(8.6), and 400 otherwise.

Then (8.6) is equivalent to solving

inf sup L(p, ). 8.7
Jnf sup L(p,) (8.7)

The idea is to invert the order of “sup” and “inf” in (8.7). This inversion is
practically interesting only if the dual function

O(z) = zPglfgL(p, x) (8.8)

is easy to compute, and it is not identically —oo, a particularly nasty case.
Instead of solving (8.6) or (8.7), one works with its dual:

sup inf L(p,z) = sup 6(x), (8.9)
zeX PEP reX

which can be simpler to solve, due to the particular structure of the prob-
lem (this somewhat vague claim will become obvious in the examples of
§ 11.1.1, 11.1.2 below).

An abstract duality theory can be developed from these premises. Here,
we limit ourselves to a particular dual of (8.6), which is the most popular.
Specifically, we shall consider the dual coming from the Lagrangian function
classical in optimization. It is characterized by:
~ X = R"® x R, whose elements will be denoted by z = (zg,zr). Con-

straints will be likewise condensed into ¢(p) = (cg(p), c1(p)).
— L(p,x) := fo(p) + (x,c(p)), where (-,-) is the Euclidean scalar product in
RTLE“'"I.
The method which finds solutions to (8.6) by solving (8.9) is called Lagrangian
relazation. In this method, the dual problem (8.9) -the maximization of the
dual function 6 defined by (8.8)- can be put in the framework of (8.1) -the
minimization of a convex function- by defining f := —#; we analyze such
functions in § 8.3.2 below.

Suppose that both the primal and dual problems ((8.7) and (8.9), respec-
tively) have solutions. Admitting that (8.9) is simpler to solve than (8.7)
(and hence than (8.6), our initial problem), we shall be interested in finding
primal-dual pairs which solve at the same time both problems.

In Linear Programming, having a primal optimal value that is finite
amounts to having dual feasibility and, hence, a solvable dual problem. For
general data as in (8.6), it is known that the key object for (8.9) to have dual
solutions is the image of the constraints:
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ImC = {(CE(p),C](p)) 'pE P} + {O c RnE} % Rz’_j
= {(ce(p),c1(p)+7):pe P,r eRY} .

Let “ri S” denote the relative interior of a convex set S, defined as the interior
of S in the smallest affine space in which S is contained, endowed with the
induced topology. Proposition XII1.2.4.1 in [195] states the following result:

Suppose 0 is not identically —oo. Then
0 €riconvImC = (8.9) has at least one solution.

The assumption that 0 € riconvC is a condition of qualification of con-
straints (cf. the end of §13.3). Suppose (8.6) is a convex problem, i.e., P, f,
and the inequality constraints c; are convex, while the equality constraints
cp are affine. A classical constraint qualification in this setting is Slater con-
dition:

there exists p° € ri P such that cg(p®) = 0 and ¢;(p°) < 0 . (8.10)

If this condition holds, there are dual solutions (in fact, (8.10) just says that
0 € riImC and, with our assumptions, ImC = conv ImC).

For general data, we shall only assume that the primal functions in (8.6)
are such that the infimum defining the dual function (8.8) is attained:

for all € X such that 8(x) > —oo, there existsp, € P : 6(x) = L(ps, ).

8.2.2 Back to the Primal. Recovering Primal Solutions

The dual approach will be totally successful if a primal solution can be re-
covered from a dual solution (8.9). The duality gap measures the difference
between the dual and primal optimal values:

min {f,(p) : ce(p) =0, ¢1(p) < 0} — sup b(z). (8.11)
peE rzeX

This quantity is always nonnegative, see (8.14) below, and measures how
good is the dualization scheme, in the sense of approximating well the primal
problem. Along these lines, we now establish a first fundamental result, stat-

ing that each computation of the dual function has associated a minimizer
P, which solves a perturbation of (8.6).

Theorem 8.1 (Everett). For fivzed x € X, suppose the dual function (8.8)
has a solution p, € P:

Py Solution to inf L(p,z) = 6(x). (8.12)
peEP
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Then p, also solves

min fo(p)

ce(p) = ce(p) (8.13)
ci(p) <cj(pe), Je€I suchthatxz; >0

¢;(p) arbitrary, j € I such thatxz; =0.

Proof. Let p € P satisfy the constraints in (8.13). Because p, solves (8.8), we
have L(p.,x) < L(p, x), which implies that f,(p,) < fo(p). Since p, trivially
satisfies the constraints in (8.13), the result is immediate.

O

We now give further relations between the primal and dual problems.
In particular, relation (8.14), known as the “weak duality” inequality. The
wording “p feasible for (8.6)” below means that p satisfies the constraints
given by cg and ¢y in (8.6).

Lemma 8.2. Consider the primal and dual problems (8.6) and (8.7). Then
(i) The duality gap (8.11) is never negative, i.e.,

fo(p) = 6(x) (8.14)

for all p € P feasible in (8.6) and for all x € X.
(i1) Any p € P feasible in (8.6) for which fo(p) = 0(x) is a solution to (8.8).
(#3) If the mazimal value of (8.9) is +00, then (8.6) has no feasible solution.
Conversely, if (8.6) has the minimal value —oo, then = —oo in (8.9).
(iv) If there exist p € P feasible in (8.6) and T € X for which 0(Z) = fo(D),
then p solves (8.6) and T solves (8.9).

Proof. (i) Because p € P is feasible for (8.6), we have

fo(p) = fo(p) + (z,¢(p)) = L(p, ) > 0(x)

for all x € X, from which (8.14) follows immediately.
(1) Any feasible p € P for which f,(p) = 6(z) is, using (8.14), a minimum
point in (8.8). The remaining items are straightforward. O

A consequence of weak duality is that solving the dual problem (8.9) gives
the best lower bound for the primal optimal value that can be obtained by
Lagrangian relaxation. This property is often used in combinatorial optimiza-
tion.

From Theorem 8.1, we see that to solve the primal problem (8.6) via its
dual, it is enough to find x such that p, from (8.12) is also primal feasible.
This matter is not simple at all, since nothing guarantees that the process
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computing 6(x) will manage to find a solution p,, of (8.12) that is primal feasi-
ble. In order to recover primal solutions from dual problems two assumptions
are required. First,

I(ps,x) € P x X for p, given by (8.12) and feasible for (8.6). (8.15)
Second, a property for some primal-dual pairs (p, z):
(p,z) € Px X satisfying c(p) <0 and (z,c(p))=0. (8.16)

In other words, such p satisfies the constraints of (8.6), with complementarity
for the multiplier x:

ce(p) =0, cr(p) <0 and c¢j(p)=0 forallj € I such that z; >0;
see also §13.3.

Lemma 8.3. Suppose (8.15) holds and let (p,/, x') be a pair satisfying (8.16).
The following primal-dual relations hold:
(1) fo(par) = 0(2").
(i) 2’ solves the dual problem (8.9).
(iii) Any solution T of (8.9) is such that the relations in (8.15) hold for the
pair (pus,T).
(iv) P is a solution to the primal problem (8.6) if and only if p solves (8.12)
with x replaced by T, a solution to the dual problem (8.9), and the
primal-dual pair (p,Z) satisfies (8.16).

Proof. (i) By (8.16), L(py,2’") = fo(ps), together with (8.12), item (7) holds.
(14) Combine item (7) with (8.14) written for p = p,» and = € X arbitrary,
to obtain the optimality of 2’ in (8.9).

(131) Take T solving (8.9): 0(Z) > 0(z') = fo(ps), by item (7). Inequality
(8.14) applied to p,» and Z gives fo(psr) > 0(Z), so 8(Z) = fo(p+). Since
the pair (p,, ') satisfies (8.16), c¢(py) = 0 and L(p,z) = fo(ps) for any
x € X. In particular, this means that z,s solves (8.12) when = = 7.

(iv) Suppose p solves (8.6). Then, by item (éi7) and by item (i) written for
Z and p, fo(p) < folpsr) = 0(Z) < fo(P). As a result, by definition of the
dual function, f,(p) = 0(z) < L(5,) = folp) + (7, ¢(p)) < folp). Thus,
(Z,c(p)) = 0 and p solves (8.12) for Z.

The converse assertion follows from item (). O

According to Lemma 8.3, to cancel the duality gap and to obtain pz
solving (8.6), it “suffices” to find an admissible primal-dual pair (pz,Z), with
Z solving (8.9). The next result shows the importance of convexity for these
facts to hold.
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Theorem 8.4. Consider problem (8.6) and suppose that
(i) the set P is the whole space R™;

(i) the equality constraint functions are affine and the inequality constraints
are convex and differentiable; and

(iii) a constraint-qualification condition is satisfied, for example (8.10).

Then p solves (8.6) if and only if there exists a multiplier T € X such that
the Karush Kuhn-Tucker conditions are satisfied:

V,oL(p,Z) =0 and Zic;(p) =0, with cg(p) =0 and c;(p) <O0.

Said otherwise, the primal solutions are exactly the points pz as defined in
(8.12) such that (pz,T) is admissible and T solves the dual problem (8.9).

Thus, the duality gap vanishes if (8.6) has convex data and a constraint
qualification is satisfied (for example, of Slater-type). In this case, a dual so-
lution 7 is a Lagrange multiplier given by the Karush-Kuhn-Tucker Theorem.

8.3 Two Convex Nondifferentiable Functions

We finish this chapter with two important examples of NSO arising from
finite minimax problems and dual problems.

8.3.1 Finite Minimax Problems

Functions defined as the pointwise maximum of a finite collection of smooth
functions appear frequently as objective functions in (8.1). Suppose that

f(z) ==max{f;(zx):j=1,...,np} (8.17)

where each f; is a convex smooth function, and let J(z) := {j : f;(z) = f(z)}
denote the set of active indices at x. Then

f'(z;d) = max{(Vf;(z),d) : j € J(x)}
and
Of (x) = conv{Vf;(x):je J(x)}.
Therefore, f has a gradient at x if there is a unique f; giving the maximum,
i.e., if there is only one active index (or if, by chance, the active gradients
V fj(z) have the same value for all j € J(x)).

We shall often consider the particular case of affine functions, i.e., when
fi(x) = (s7,z) + b;, for given s7 € R™ and b; € R. In this case,

Of (x) = conv{s’ : j such that f(x) = (s, z) +b;}. (8.18)

Note that, given a fixed z, knowing just one active index j € J(z) amounts

to knowing f(x) = f;(x) and one subgradient, V f;(x) € 9f(x). The so-called

black-boxr methods are developed on the basis of this minimal information of
the objective function in (8.1); see § 9.3 below.
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8.3.2 Dual Functions in Lagrangian Duality

When comparing the objective function in the minimax problem in § 8.3.1,
and the dual function (8.8), we see that the latter is only an extension to an
infinite collection of functions;

—0(z) = sup —L(p,x) = igg{—%(w) = —fo(z) = (z,c(p)) },

where the finite set of indices {1,...,np} in (8.17) is replaced by the infinite
set {p € P}. Likewise, the role of {f;,j < np} in (8.17) is played by the
collection of functions {—6,,p € P}. The following scheme summarizes these
relations:

finite minimax (8.17) du;f?fﬁg‘i’snog&
objective function f(z) = max; f;(z) —0(z) = sup, —0,(z)
collection of functions {fi(x)} {=0p(x) = —folp) — (z,c(p))}
gradient of functions Vi) =V, (x) = —c(p)
index set je{l,...,np} peEP
active indices je J(x) po solving (8.8)

The negative of the dual function 6 is given by the supremum of func-
tions that are affine with respect to . In order to fully characterize its
subdifferential, and obtain a version of (8.18) in this infinite setting, some
additional assumptions are required. More precisely, the application of [195;
Theorem VI1.4.4.2] to the function —6 gives the following result.

Suppose that in (8.6) P is compact, f, and the inequality constraints
cy are lower semicontinuous functions, and the equality constraints
cg are continuous. Then

8( - 9) () = conv{ —¢(pz) = —(cg(pz), cr(ps)) for all p, solving (8.8)} .
In particular,
—c(p) € a( - 9) (z). (8.19)

We mention that the compactness assumption on P can be replaced by
additional conditions on the functions. For example, to require the constraints
to be bounded from below and the objective function f, to be coercive on P:

fo(p)
Il

— +ooif p e Pand |p|| — +oc.

With these assumptions, it is possible to replace P in (8.8) by the (compact)
set P N B(0;p), where B(0; p) is the ball in R™ with radius p, for p large
enough. Note that this does not change the value of 6.
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Most of the numerical NSO methods we consider here are of the black-
box type. This means that they only need the knowledge of the function and
one subgradient. Accordingly, for any given x, it is enough to compute just
one minimizer p, in (8.8): —60(x) = —L(ps,z) and, by (8.19) —c(ps) is a
subgradient.

Remark 8.5. Asin the finite minimax case, differentiability of 8 depends on
uniqueness of “active indices”. For the dual function, this means uniqueness
of the minimizer p, in (8.8). When the Lagrangian is strictly convex as a
function of p (i.e., for strictly convex f,, affine cg , and convex cy), there
is a unique minimum point p, and VO(z) = (cg(ps), c1(ps)). Otherwise, to
define a strictly convex Lagrangian, one should add a suitable penalty term,
forcing uniqueness. The resulting function is the augmented Lagrangian. For
example, when (8.6) has only equality constraints, the augmented Lagrangian
has the form

Lz (p,z) = L(p, ) + 7 (|lce(@)|)-

For L(-,2)+m(|lcg(+)]]) to be strictly convex on P, the positive penalization
parameter 7 should be large enough and L(-, ) should be strictly convex on
the kernel of the Jacobian Jcg(-). The penalty function ) is increasing and
satisfies 1 (¢) > 0 for all ¢ > 0 with 1(0) = 0. A typical example is 9 (t) = t2;
more complicated expressions for ¢ appear when both equality and inequality
constraints are present in (8.6); see cf. § 16.3. Note that the price of gaining
differentiability of the dual function is in the delicate problem of properly
setting m, by finding an adequate balance between optimality and feasibility.
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Once a characterization of an optimal point for (8.1) has been derived, we
are interested in the problem of computing a minimizer. We consider in this
chapter the main difficulties arising when f is not differentiable, and give a
first group of numerical methods.

9.1 Why Special Methods?

As a general rule, and for the sake of consistency, NSO methods strive to

mimic as much as possible those of differentiable optimization. In general,

the algorithms presented in the following sections generate iterates z* by

first finding a direction d* (a descent direction in favorable cases) and then a

scalar stepsize t,, > 0. The update of the iterate is given by x*+1 = 2% 4-t,.d*.

Thus, at first glance, analyzing separately the nonsmooth case could seem
useless. Yet, NSO has some traps in which a non-acquainted reader might
easily fall:

— Trap of the stopping test: this issue is extremely delicate, because the condi-
tion “g € Of(x*) with ||g|| < &”, directly translated from “||Vf(z*)| < &7,
may never happen. This situation occurs even in very simple cases. For ex-
ample, the absolute value function of Figure 8.1 has |g| = 1 for all ¥ # 0,
the optimum point.

— Trap of approximate subgradients: often in practical situations, the sub-
gradient (and even the function) is not computed exactly. Instead, it is
obtained from f-values by finite differences. This approach is valid only
in the smooth case, because f'(z;d) = (Vf(z),d) is linear in d and can
be approximated by difference quotients. When f is not differentiable, the
mapping « — Of(z) is not continuous (cf. § 9.2.2 below). As a result, dif-
ference quotients do not necessarily belong to the subdifferential, not even
in the limit. Consider in R? the function f(z) = max{zy,z2,z3}. As shown
in (8.18) above, df(z) = {a € R®* : a; > 0,> ., a; = 1} for all “diagonal”
x, i.e., such that z; = £ for all i. However, when £ = 0 the forward, back-
ward and central finite difference approximations are (1,1,1), (0,0,0) and
(1/2,1/2,1/2), respectively. None of these “approximated gradients” is in
the unit simplex 9f(0,0,0).
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— Curse of nondifferentiability: since the (set-valued) function z +— Jf(x)
is not continuous, a small variation on z* may produce large variations
on Of(z¥). Directions d* are computed on the available information on
the subdifferential, so their computation may vary drastically and produce
very different iterates z*t1. This phenomenon occurs also when running
the same program on different processors: roundoff errors are such that the
sequences generated on different computers are no longer comparable! This
unavoidable problem makes extremely difficult any numerical comparison.

9.2 Descent Methods

The philosophy of so-called descent methods is to generate a sequence {x*}
such that each iteration guarantees a decrease of f. Different characteriza-
tions of descent directions were given at the end of § 8.1. Essentially, for all
non-optimal z* (0 ¢ 9f(z*)) there exists a descent direction d*, which corre-
sponds to the strict separation of the sets {0} and df(x*). Figure 9.1 displays
directions that are downhill for f at z*. Note that each of them makes an
obtuse angle with every element of the set df(z*).

d* ol 0 7

Fig. 9.1. Descent directions

The algorithmic scheme underlying most descent methods is the following.

Descent pattern. Take 2! € R™ and set k = 1.

STEP 1 (formal stopping test). If 0 € df(z*), stop.
STEP 2 (descent). Find a descent direction d* of f at z*.
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STEP 3 (line-search). Find a stepsize ¢, > 0 such that f(z* +t,d¥) < f(aF).
STEP 4 (loop). Define x*+1 := 2% + t;,d*. Change k to k + 1, go to 1.

The stopping test of STEP 1 is purely formal. The delicate issue of defining
implementable stopping tests will be treated in more detail for two particular
algorithms, cutting-planes and bundle methods, in § 9.3 and Chapter 10,
respectively.

We shall consider different possibilities in STEP 2, showing how the non-
differentiability of f limits the choice of directions. In particular, we shall
see that some methods (subgradients, cutting-planes) do not follow at all the
descent scheme in STEPS 2 and 3 above. The reason for such modification is
that in NSO descent directions cannot always be generated; see Figure 9.6
below.

With respect to STEP 3, for simplicity we shall often set t;, = 1 for all
k (even if f(z* + d*) > f(z*)). For line-searches in NSO we refer to [269],
[229]; see also the stepsize strategy in [195; Chapters XIV.3. and XV.3.3] and
the curve-search algorithm in [236].

9.2.1 Steepest-Descent Method

A first idea (very natural but very unfortunate) to find a descent direction
d* consists in looking for the best possible descent at each iteration. This is
the steepest-descent direction:

d* € Argmin f'(z*;d),
lldll=1

or equivalently, via (8.4),

d* € Argmin max (s, d).
ldl|l=1 s€of(z*)

In this problem, the norm chosen to bound the feasible set could be any
one (for differentiable functions, Euclidean normalizations have already been
considered in § 2.5).

From a geometric point of view, {0} and df(x) are separated by the hy-
perplane orthogonal to the projection of 0 onto df(x). The steepest-descent
direction, boldfaced in Figure 9.1, is just opposite to this particular subgra-
dient:

k
dF = —m where ~* = Paf(wk)(o) belongs to Bf(xk). (9.1)

Steepest-descent algorithms suffer from two important drawbacks which
make them inefficient:

— The computation of a descent direction requires the knowledge of the whole
subdifferential, and this at each iteration. This requirement is excessive, if
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not impossible, in most practical applications. For the finite minimax prob-
lem corresponding to (8.17), it would mean to identify all the active indices
at every point. Likewise, for the dual function (8.8), one would need to com-
pute all the minimizers p,, which can form an infinite set. The so-called
black-box methods, see § 9.3 and Chapter 10 below, are algorithms defined
on the knowledge of the objective function value and just one subgradient,
which is a more reasonable requirement.

— The sequence {z*} may oscillate and converge to a non-optimal point.
This zigzagging phenomenon is demonstrated in Example 9.1 below; see
also § VIL.2.2, [195]. Zig-zags of steepest-descent methods for smooth func-
tions were already mentioned in § 2.5, nondifferentiability is bound to only
amplify the phenomenon. In § 9.2.2 we shall explain how to stabilize the
steepest descent algorithm in order to eliminate such oscillations.

Example 9.1 (Instability of steepest-descent). Consider in R? the min-
imax problem with objective function defined as follows:

f(l‘) = max{fo(x), f—l(x)vf—2(x)7fl(x)a fg(l‘)},

where fo(x) := —100; fii(x) : =321 £ 2x9; fio(x) := 221 £ 5as.

The optimal value is f = —100, and the (infinite) set of minimizers is
{(z1,72) € R? : 21 < —50 and |z2| > 0.4z + 20}, i.e., the region where fo
is active. Figure 9.2 displays the regions where the various functions f; are
active; the locus of the kinks, in boldface in the figure, is made up of the
half-lines K()Q, K()_Q, Klg, K_l_Q, Kil, and Kig, where

Ko

Ko—2 f-2

= {(x1,22) 1 22 = —20 — 0.424 },
Ko_o = {(E : f(m) = fo({,v) = f_2 LL‘)} = {(1‘17$2) txo =204+ 0.41‘1},
Kig:={z: f(x) = fi(x) = fa(2)} = {(x1,22) : 322 = 21},

Koy ow={z: f(z) = fo1(z) = f-2(2)} = {(z1,22) : =322 = 21},
Ky :={z: f(zx) = fi(z) = f_l(a:){ = }(1‘1,$2) cx9 =0, 21 >0},

(z1,22) : 22 =0,-50 <z <0}.
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Consider the region 27 > 0. For any x on K_;_», by (8.18), the active
gradients are Vf_; and V f_s. Therefore

€ K 1 o= 0f(x)=conv{(3,-2),(2,-5)} so v = Py (0) = (3,-2).
Similarly,
r € K12 = 0f(x) = conv{(3,2),(2,5)} and v = Py (0) = (3,2).

Start the steepest-descent algorithm at z! := (9,-3) € K_;_5. Omitting
normalization, the steepest-descent direction is d* = (—3,2). The line-search
function 0 < ¢ +— q(t) := f(z! + td') has two kinks, 2! + 2d' € K4, and
at + 2d! € Kio:

33— 13t,if0 <t <3/2,
q(t) =< 21 —5t, if3/2<t<2,
344, if2<t<3. [since 1 +tdi >0 <= t < 3]

The exact line-search at STEP 3 would give the optimal stepsize t; = t* = 2,
for which ! +t1d! € Kjo. As for Wolfe’s line-search (§ 3.4), starting from the
data ¢(0) = 33 and ¢'(0) = —13, it would reject any t < 3/2 as “too small”
(the test ¢'(t) > maq’(0) is not satisfied). In fact, when seeking a stepsize t >
3/2 not “too large”, any adjustment of ¢ adapted to piecewise linear functions,
should find #; = t*. The next iterate is 22 = (3,1) € Kja, which in turn
produces 2% = (1,—1/3) € K_1_2, and the zigzagging phenomenon between
the two half-lines K15 and K_1_5 becomes blatant. As shown in Figure 9.3,
the sequence {z% = (337% (=1)*327%)};,>1 converges (very slowly!) to 0,
which is a non-optimal kink.

Fig. 9.3. Zigzagging trajectory
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9.2.2 Stabilization. A Dual Approach. The e-subdifferential

For a descent algorithm to be convergent, it should generate a sequence {x*}
satisfying the following conditions:
— the sequence {f(z")} is strictly decreasing,
— the sequence {z*} is a minimizing for problem (8.1), i.e.,
liminf f(2*) = f(z) < f(y) for all y € R™. In other words,
— {2*} has a cluster point z,
— T is a minimizer of f.

In Example 9.1 the sequence {z*} does have decreasing objective values
(f(2*¥) = 11 % 327F) and does have a cluster point, the zero vector. However,
this cluster point is not a minimum of f. To understand what is wrong with
the steepest descent method, consider the sequence of distances

{Dy, = dist(0,0f (=")) = |||},

where 7* is as in (9.1). The multifunction = +— 0f(z) has a closed graph, i.e.,

if {(xk e 8f(a:k)>} — (%,g) then g € 8f (7). (9.2)

Therefore, if {Dy} tends to 0, then 0 € 9f(Z) and the cluster point is a
minimizer. But for our example, the method generates a sequence of gradients
g =~k = (3, (—1)k2), for which Dy, = /32 + |22 for all k.

In order to ensure that Z is a minimizer of f (i.e., to ensure that {Dy} —
0), we would need the subdifferential to be continuous as a multifunction.
This means that 9 f(-) has to be both outer and inner semicontinuous®. Outer
semicontinuity holds because of the closedness property (9.2). However, the
following property, of inner-continuity, does not hold:

if {z*} — Zand g € 8f(Z) then there exists {g* € df(z*)} — 7.

This phenomenon occurs in Example 9.1, but it also occurs for the absolute
value function (take the sequence {x* = 1/k}, which minimizes the function
f(z) = |z| and whose (sub)gradients are constantly equal to 1).

The important continuity property of subgradients can be enforced by the
introduction of a tolerance, or viscosity parameter, in the definition of the
subdifferential. More precisely, for a given € > 0, the e-subdifferential of f at
x is defined as

O:f(x) :={seR": f(y) > f(z)+ (s,y —x) —¢ forally e R"}. (9.3)
This set approximates 9f(x), with df(x) C 9. f(x) for all € > 0. Moreover,
it is a continuous multifunction of x:

! 'We prefer here the terminology of [195] to that of an upper semicontinuous
multifunction. The reader will find an explanation of this terminology in the
appendix of the cited book.
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— it is outer semicontinuous because its graph is closed (Proposition XI.4.1.1
n [195)):

{ (2" enssn € 0, 1)) }k — (2,6,5) =>5€0-f(z).  (9.4)
— Since f is Lipschitz-continuous, we have for fixed € > 0 that
Vpo>030>0: ||oF —z| <8 = 0.f(@) C d.f(z*)+ B(0;p),

which means that 0. f(+) is also inner semicontinuous (at ).

The smearing parameter € is also introduced in other objects related to the
subdifferential. For instance, the e-optimality condition is 0 € 0. f(Z), and it
means that f(y) > f(Z) — ¢ for all y € R". Likewise, for any point z* that
is not e-optimal there are directions d for which the approximate directional
derivative f!(z*;d) := lim; o w is negative. In such directions,
called of e-descent at %, there exists a positive scalar ¢ such that f(z*+td) <
fa*) —e.

The e-subdifferential calculus is rather involved (see Chapter XTI in [195]).
When f has the form (8.17), for the particular case of a maximum of affine
functions f;, it holds that

{%az ca; >0, %az—landf <§azﬁ },

=1

where np, := min(np, n+ 1) depends on x. Unlike the subdifferential formula
(8.18), which only makes use of active gradients, the smeared subgradients
may employ all the gradients Vf; for j = 1,...,np,. In particular, for Ex-
ample 9.1, after some calculations we obtain that, for € > 0 small enough,

r € K_1_9 = 0:f(x) = conv{(3,-2),(2,-5),(3,2)}

and e := Py (1) (0) = (32, —28). The associated e-steepest descent direc-
tion dl now points out of the region defined by K_;_» and Ki2. The corre-
sponding line-search function ¢(¢) no longer crosses K11 but crosses K14 at

the only one kink ¢t = &

33— 50t if0<t<
q(t) = {

st 46
3— 47t, otherwise.

The exact hne search at STEP 3 would give the optimal stepsize t; = t* = 141

for which 2! + t1d! = (—Z,0). The dangerous kink 2 = (0,0) is left behind,
and the algorithm proceeds; see Figure 9.4.

Methods that use the e-subdifferential to compute directions are called of
e-descent. They generate sequences {x*} and {e;} in such a way that
~{f(z*)} is decreasing;
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K12

Fig. 9.4. Escaping non-optimal kinks by e-steepest descent

— {er} tends to 0;

— 0 is a cluster point of the sequence {D., = dist(0, 0., f(z*)) = |||} .
These methods can be interpreted as a stabilization in the dual space (i.e.,
in the space of subgradients) of the steepest descent algorithm.

Note that e-steepest descent methods are still not implementable since,
to compute fyf, the whole e-subdifferential must be known. We shall see in
Chapter 10 that bundle methods construct smeared subgradients §* without
projecting onto ., f(x*). Instead, they define a polyhedral approximation for
the subdifferential that can be built along iterations using only the black-box
information. At the same time, bundle methods approximate the objective
function f by a polyhedral model. This results in a primal stabilization (in
the z- space); see § 10.1 below.

9.3 Two Black-Box Methods

Knowing that the whole subdifferential df(z) is usually not available, we
shall deal with a much weaker requirement. For any given point, the user
computes the value of the function and only one arbitrary subgradient.

Fig. 9.5. Black box

The black box routine displayed in Figure 9.5 is also sometimes called
oracle or simulator. Algorithms will be constructed based on this sole in-
formation, given by the user, and they will aim at being descent schemes.
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However, due to the little information available, algorithms may not always
be able to produce (or even recognize) descent directions. As a result, STEP
2 of the Descent Pattern only produces candidates to become a direction
of descent (rather than certain descent directions). The performance of the
various algorithms will heavily depend on their capacity to generate and rec-
ognize which candidates are “good enough”, in the sense of decreasing the
objective value.

The term “black box” comes from the fact that optimization methods
generate a minimizing sequence independently of the way the calculations
are organized to obtain f(z) and s(z). This part of the program is left to the
user’s responsibility, who is supposed to know the real nature of the problem.

9.3.1 Subgradient Methods

In the differentiable case, the direction —V f(z) is downhill, as well as any
direction in the half-space opposite to the gradient, since they make an obtuse
angle with V f(z). Starting from this remark, it is conceivable to mimic this
behavior with the information obtained from the black box. Similarly to the
implementable scheme in § 3.6, we define the following algorithmic pattern:

Algorithm 9.2 (of subgradients). Take x! € R™ and set k = 1.
STEP 1 (Calling the black box — formal stopping test). Call the black box of
Figure 9.5 with x = 2*. If 0 € 9f(2*), stop.
s(z?)
ls(®)Il -
STEP 3 (line-search). Find a stepsize t; > 0 satisfying, if possible, the condi-
tion f(2* + trd*) < f(z*).
STEP 4 (loop). Define z*+1 := z*¥ 4+ ¢;,d*. Change k to k + 1, go to 1.

STEP 2 (Candidate descent-direction). Set d* :=

STEP 3 is a relaxed form of the usual line-search requirement in smooth
optimization (for example, Armijo’s rule in §3.5.2), in the sense that descent
is imposed whenever possible. This is because in the nondifferentiable case a
direction opposite to a subgradient need not always be a descent direction. As
shown in Figure 9.1, to be downhill, a direction must make an obtuse angle
with the whole subdifferential, and not with the sole element s(z). Therefore,
having as an output of the black box just one subgradient, it is not possible
to check if a given direction is downhill.

Figure 9.6 displays the level-lines for two functions minimized at 0 € R2:
the differentiable function fr,(x1,x2) = x% + 2:6% on the left and the nondiffer-
entiable function fr(z1,22) := |z1| + 2|x2| on the right. The shadowed area
shows all descent-directions in the two cases. Observe that for this simple
case, the direction opposite to s = (1,2) € 9fr(0,xz2), for 22 > 0, is not a
direction of descent.

Even though Algorithm 9.2 is not a descent pattern, an adequate choice
of stepsizes t; does produce a convergent method. To see what can be done,
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T2

)
N\

Fig. 9.6. Differentiable and nondifferentiable cases

given any point y € R™, consider the sequence of square distances ||z*+1 —y||2.

Expanding the squares, and using the definitions of z**! and d*, we obtain

s(@*) 2
[t —y||* = [la* -y — tp =l
[[s(®)] .
k 2 2 k k k
= — t 2 - 9 .

The subgradient inequality (8.5) written at x = z* gives the relation

123

2+t —y|? < [la® —yl|* + 6 + 2m(f(y) —f@@*).  (9.5)
The following convergence result makes repeated use of this relation. We
assume that the stopping test in Algorithm 9.2 never holds and, hence, an
infinite sequence of iterates {x*} is generated.

Theorem 9.3. Assume (8.1) has minimizers. Suppose Algorithm 9.2 loops
forever (k — oc). If at STEP 3 stepsizes are chosen so that

(a) Ztk:—l—oo and (b) Zti<oo,
k

k
then {x*} converges to a minimum point of (8.1), at sub-linear rate.

Proof. Write (9.5) for y = Z, a minimizer in (8.1), which exists by the as-
sumption. The corresponding relation has a third right hand side term that
is negative, so 0 < ||z**1 — Z||2 < |lz* — Z||? + ¢3. Then, by condition (b),
the sequence of square errors {||z* — Z||?} converges (for now, not necessarily
to 0). Hence, the sequence {z*} is bounded and, by the local boundedness
property of df(-), so is the sequence {s(z*)}, say by a constant M. Suppose,
for contradiction purposes, that {#*} is not a minimizing sequence for (8.1).
Then liminf f(z*) > f(z) and there exist a positive constant C, a vector 3
and an index K such that
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f(@) < fa®) —Cforallk > K.

Choosing y = g in (9.5), this means that

ka-ﬁ-l

IN

=gl < lla* = gl + tr(ty — 2C")
for some positive constant C' = C/M. Since t — 0 by condition (b), the
factor (¢ — 2C") above is eventually smaller than —C" and

2+ — g% < ||2* — g||® — txC” for k big enough.

Summing up the terms in the last inequality, and using again the fact that
the square errors converge, yields a contradiction of condition (a). Thus, it
must hold that liminf f(z*) = f(Z). By continuity of f, the (bounded) se-
quence {z*} has a cluster point # which minimizes f. For this minimizer,
reasoning as for z, the sequence of errors ||2* — #|| converges, now to 0, and
the conclusion follows.

To prove the rate of convergence result, we use again a contradiction ar-
gument. Suppose that the rate is linear, and recall Theorem 1.6. There
exist C > 0 and 6 €]0,1[ such that ||zF — z|| < CO* for all k. Since
te = ||aM T — k|| < |l2* T — 2| + |2 — 2| < 2C6%, the series Y, t), would
be convergent, contradicting condition (a). O

A general description of subgradient methods can be found in Shor’s
monograph [332]. In view of condition (a) of Theorem 9.3, subgradient meth-
ods are also called of “divergent series”. A major difficulty of these methods is
to define practical rules for ¢; which ensure convergence. For example, choos-
ing ty by means of a classical line-search may generate a zigzagging sequence
as in Example 9.1.

With rules other than (a), Algorithm 9.2 can have better convergence
rates. It is shown in [163] that if ¢, = to0%, for to > 0 and @ €]0,1[, the
rate of convergence becomes geometric. However, the sequence converges to
a point Z that need not be optimal. Global convergence holds when ¢y and 6
satisfy certain hypotheses, that cannot be checked in practice.

Another variant is possible when the optimal value f = f(Z) is known.
In this case, it suffices to take t;, = 2m(f(z*) — f)/||s(=®)||, with m €]0, 1]
to improve the rate of convergence. Note that, with this choice, (9.5) written
for z = z implies that the error decreases by 2m/|m — 1|(| f(z*) — f|/||s(z*)]])?
at each iteration.

When the value f is not available, dilation methods propose a rule that
uses information from previous iterations to choose the stepsize. These “ac-
celerated” methods avoid the generation of consecutive directions producing
zig-zags. We can cite in this family the ellipsoid algorithm [206], a particular
case of dilation along a subgradient, [331]. Along the same lines, subgradient
level methods approximate f’s level sets in order to obtain an estimate of
f, [55], [215], [164]. In these methods, there is a subsequence of “records”,
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generated by remembering the points with smallest objective value, that is
monotonically decreasing.

In general, subgradient methods suffer from important drawbacks (lack
of implementable stopping test, lack of descent, possible poor rate of con-
vergence). Nevertheless, they are extremely popular among practitioners, be-
cause of their simplicity of implementation. The methods we present in the
following sections overcome some of these drawbacks. As a price to pay, sub-
problems defining directions at STEP 2 will have an increasing complexity.

9.3.2 Cutting-Planes Method

Essentially, subgradient methods use the information given by the black box
only once at a time, without a memory of past iterations. If, instead, past
information is kept, it is possible to define a model of the objective function.
Cutting-planes methods, [78], [205], use the values

fi:=f(z") and s' := s(2"), fori=1,...,k
obtained so far, to construct the following piecewise-affine model for f:

July) = max {fi+ (s',y—a")}. (9.6)

The minimization of the model fi, on a convex compact set S, to be de-
termined before starting the method, gives the new iterate 2¥+1. Figure 9.7
shows different cutting-planes for a (smooth) function f.

Fig. 9.7. Cutting-planes iterations
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Note that by definition of the model,
forall & fi < foyr and fr < f, (9.7)

where the last relation follows from the subgradient inequality (8.5). So, by
the convexity of f, the graph of the cutting-planes model f;, approaches the
graph of f from outside, with increasing accuracy as k grows. This is why
the method is convergent; see Theorem 9.6 below. In addition, there is now
an implementable stopping test (note the decreasing values of the distances
0k in Figure 9.7).

Algorithm 9.4 (cutting-planes). Let tol > 0 be a given stopping toler-
ance and let S # () be a compact convex set containing a minimum point of
f. Choose z! € S and set k = 1. Define fy = —oo.

STEP 1 (Calling the black box — implementable stopping test).
Call the black box from Figure 9.5 with z = z¥. Compute

Sk = f(2") = fr-1(a"). (9.8)

If 6 < tol, stop.
STEP 2 (Candidate descent direction). Find

d* € Argmingi | g gfr(z® +d).

STEP 3 (Line-search — constant stepsize). Take ¢ = 1.
STEP 4 (loop). Define x#+1 := 2% + t;,d*. Change k to k + 1, go to 1.

Remark 9.5.
— For simplicity, we present here a version without line-search. STEP 2 can

be replaced by 5
e Argmin, g fr(y) , (9.9)

and STEP 3 can be omitted.

— We shall not specify the choice of the set S, introduced to guarantee the
existence of a direction d* (otherwise, at the initial iterations the minimiza-
tion subproblem in STEP 2 may be unbounded from below). Choosing this
set is a key element to overcome the intrinsic instability of cutting-planes
(cf. the final comments in Example 9.7).

— Having on hand f}, a model of f, allows us to quantify in STEP 1 a “nominal
decrease” 8 > 0, predicted by fi. If the model is good (i.e., if k is large
enough), the stopping test will eventually be activated; see Figure 9.7 and
Theorem 9.6.
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— Finally, note that a price was paid for obtaining a stopping test. Suppose S
is polyhedral, for example, a box. Then, to compute d* in STEP 2, instead
of the straightforward calculation in the Subgradients Algorithm 9.2, now
it is necessary to solve a linear programming (LP) problem:

min(dyr)r _ _ _
rZfi—|—<sz,xk—:z:l>—|—<sz,d>,i:1,...,k (9.10)
2 +deSandreR.

Like in subgradient methods, the sequence generated by Algorithm 9.4
does not necessarily have decreasing objective values f(z*). A simple example
of this situation appears in Figure 9.8, where we made a zoom of Figure 9.7.
Basically, the closer to an optimum is #* (z* in the figure), the worse will be
the next iterate. This is due to the introduction in the model fk of an almost
“horizontal” affine function (f4 + (s*,y — z*) in the figure). As a result, the
minimizer 2**! of the model is “pushed away” from the minimum of f (cf.
2% in the figure).

Fig. 9.8. Cutting-planes iterations near a minimizer

Bundle methods, described in Chapter 10, propose variants to force the
decrease of f, while keeping the model idea, important to define stopping
tests.

We now prove convergence for the sequence of records { fi, := minj<;<y fi},
i.e., the best values obtained for f along the iterations of Algorithm 9.4. Note
that the assumption (at the initialization step of Algorithm 9.4) that S is a
compact set containing a minimizer of (8.1) implies that the optimal value f
is finite and that the sequence {z*} is bounded.
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Theorem 9.6. Consider the sequence {x*} generated by Algorithm 9.4.
(i) If the algorithm loops forever (k — o0), then

kh—{gofk_l( y=f= 1m fk—hmlnff( k.

Therefore, Algorithm 9.4 is guaranteed to stop at some iteration kiqst
whenever tol > 0.

(ii) If the sequence is finite, its last element, x*ast is tol—optimal:
f(zFast) < f 4+ tol.

Proof. (i) If k — oo, by (9.9) and the left inequality in (9.7), the sequence
{fk_l (z*)} is nondecreasing and bounded above by f, because fr < f for all
k. Therefore, fk(xk"’l) /' f —C, where C > 0 is some constant. So, it holds
that

forall k. fr_1(aF) < f—C. (9.11)

We now show that assuming C' > 0 yields a contradiction. Take a convergent
subsequence {z*1};, of the (bounded) sequence {z*} C S, and let M be an
upper bound of diam (9 f(x*-1)), for k; big enough. In addition, take k; large
enough to satisfy ||z¥-1 — ¥t || < C/(2M). The desired contradiction results
from the following chain of inequalities:

fF=C> frale l) [by (9.11) with k = k]
> fk 1( 1) [by (9.7), since k; — 1 > kj_1]
) T G A [by (9.6)]
> fo, — M ||zki-1 — xh|| [by Cauchy-Schwarz]
> f—MC/(2M) [for k; large enough)]
- C
AT

We now show that lim infy, . f(z¥) = f (note that this automatically implies
that the decreasing sequence of records { fi} converges to f). Suppose there
exists C' > 0 such that f(z*) > f+ C for all k. By the boundedness of {z*},
there exists a convergent subsequence {z*}},. Let L be a common Lipschitz
constant for f and fi, and take k; large enough to satisfy |k — x| <
C/(2L). The following chain of inequalities shows that C' cannot be positive:

= fu (™) ) [by (9.6)]
= i (@) = fi, (@F10) + fi (2 k’“)

< sz (wkl) — fkl (zhien) 4+ fkl+1 1(xF+1) [by (9.7), since ki < ki1 — 1]
< frolah) = fi(s5) + F by (9.11) with k = k1]
< Lk —ah) + f [fe, Lipschitz]
< LC/(2L)+ f [for k; large enough)]

e,
=f+—=.

2
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Finally, note that when tol is positive, the existence of a subsequence
{f(z*)} — f ensures that the stopping test will eventually be activated.
(i7) Since the sequence is finite, dy,,,, < tol, and

f(xklast) < f:klast_l(zklast) + tol [by (9-8)]
< fryun—1(y) +tol [for all y € S, by (9.9)]
< f(y) + tol [by the right inequality in (9.7).]

Since, by assumption, S contains a minimum of f, the conclusion follows.
O

Cutting-planes methods have good convergence properties for functions
whose graph is V-shaped, or sharp functions; see [313], [286]. In particular,
for polyhedral functions the method has finite convergence: this is a con-
sequence of Theorem 9.6(i), since polyhedral functions coincide with their
cutting-planes model fk for some k, say kiqst. Then dg,,., = 0, the sequence
{x*} is finite and the stopping test holds for any tolerance tol, in particular
tol =0.

For general functions, however, the cutting-planes algorithm may present
instabilities and bad numerical behavior. As shown graphically in Figure 9.8,
when “horizontal” affine functions are added to the model, iterates can
move far away from the set of minima and increase the current function
value. The following function, known as BADGUY in the literature, is due to
A.Nemirovskii (exercise 3, § 4.3.6, [272]; see also § XV.1.1.2, [195]). It gives
an analytical extreme example of the catastrophic consequences of instability.

Example 9.7 (Instability of cutting-planes). Take in R™ the function
f(z) == max{0, =1+ 2\ + ||z|| },

where A\ €]0,1/2[ is an arbitrary parameter. The optimal value is f = 0,
and the optimal set is the ball B(0;1 — 2)), centered at the origin and with
radius 1 — 2\. The function f is nondifferentiable on the sphere of kinks
B(0;1 —2)\) := {z € R" : ||z|| = 1 — 2A\}. From § 8.3.1, the subdifferential
has the following expression:

{0}, if flzf) <1 —2;
Of (x) = q {=/lll}, i flzf) > 1 —2;
conv{0, z/||z||},if ||z =1 — 2.

To start Algorithm 9.4, we assume that whenever (9.9) has more than one
minimum, we choose a solution such that 25+ has norm equal to 1. With
this convention, for all k

@)y =2x,  af(abtl) = {Vf(z)} = 2+ and
Foar + (sFT0 gy — ab 1) = 2\ 4 (gh 1y D gk Ty = 1 o) 4 (gh )
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Take S = B(0;1) C R™ as the unit-ball and start with z' =0 € R™. We have
81 = +00, fi =0 and 22 € Argming0 = S. So

fa(y) = max{0, =14+ 2\ + (z%,9)} .

This function is 0 on the region Sy := {y € R : (2%,y) < 1 — 2\}. The
minimization (9.9) eliminates this portion of S:

3 . . r _ . 2
x” solution to min =—-142\4+ min (z°y).
min f2(y) ye(s\s2)< y)

Since both 22 and 2 are unit norm vectors, the minimum above is attained
when the angle between 23 and z? is 7. Along iterations, the same phe-
nomenon occurs: by the fact that f; = 0, a section of S (up to a 7-rotation)
is eliminated at each iteration:

2" solution to — 142 A+  min max <$j, Y) .
yE(S\U5S;) =2,k

Again, the angle between z*t1 and 2* is 7. Therefore, as long as there remain

vectors y € (S\ U5 S;) with [|ly|| = 1, there will be a unit norm z**! and the
black box will invariably answer the value f(z**1) = 2\. The number of
iterations necessary to obtain a value f(x**!) < 2) depends of the number
of cuts Sy necessary to eliminate the unit-sphere B(0;1) from the unit ball.
To estimate this number, one should compare the areas of B(0;1) and of an
arbitrary cut Sy N B(0;1), denoted by Ag and A, respectively (the area of
a cut does not depend on k, but on A).

Let 0 be the angle for which cos = 1—2\, we have 6 ~ 2X%. Some (pages
of) computations give the relations Ag = 2S,_1/n and A\ = 0"S,_1/n,
where S,,_1 is the area of the unit-sphere in R*~ 1.

Therefore, Algorithm 9.4 will need k = Ag/A) iterations until all unit-
vectors are eliminated from the unit ball, the feasible set in (9.9), i.e.,

2 _
k> — ~2(4\)""2,
on
Since f(22) — f = --- = f(2¥) — f = 2\ as long as there remain such unit
norm vectors, if, for example, A = 0.025 and n = 20, a number k := 2 % 1010
of iterations is necessary before reducing the initial error of 0.05!

The situation can change dramatically if the feasible set S in (9.9) is
allowed to vary along iterations. Suppose that, for the same function f, we
now generate iterates satisfying

~k . 3
FFtl e Argmlnyegk Te(y),

where Sy, 1= B(0;1 — 2)\ + ky), for kj, = % Given ' = 0 € R™, we have
that S; = B(0;1 — \) and
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~92 .
z” € Argmin 5 0.

Adopting again the convention that whenever the LP problem has more
than one minimum, it chooses a solution on the border of S'k, i.e., such that
27| = 1 = 2(1 — 55)A, we would have that [|Z%[| = 1— X, so f(&?) = \.
At every iteration, the point Z5t! € §) has norm smaller or equal than
1—2\+ %/\. Since the feasible set S‘k shrinks with k, each iteration reduces

the error:

~2 r_ ~3 r 2 ~k+1 = 2
FP) = F= A JG) = F S 2A, oo S = [ < oo
Taking A = 0.025 as before, we see that already at the third iteration the
error would be reduced from 0.05 to 0.05/3.

Our choice of feasible sets S, with x; — 0 as k — oo, was made in order
to make {S;} converge to the solution set B(0; 1—2\). Without the knowledge
of the solution set (or, at least, of a “tight” set containing a minimizer), such
choice is not possible a priori. Instead, one could define a ball centered at the
best point obtained so far (with smallest function value, for example), with a
radius that would vary along iterations, for instance Sy = B(zf,,; x). This
is the basic idea of bundle methods, in their trust region variant presented in
Example 10.4.

Remark 9.8. Another serious drawback of the cutting-planes method is the
infinite accumulation of affine functions defining the model. This phenomenon
is amplified by the instability problem mentioned above. More precisely, as
k grows, the linear program (9.10) defining iterates has more and more con-
straints. Because of instability, many constraints are similar. So the linear
program (9.10) becomes extremely difficult to solve; not only due to its size,
but also due to its bad conditioning. A way out of this tailing-off effect is
to clean the model, and eliminate the less active constraints in (9.9), follow-
ing some criteria. By the nature of cutting-planes methods, the selection of
“inactive” constraints can only be done using heuristics, which are not sup-
ported by any convergence result. Bundle methods, by contrast, use the so-
called aggregation technique to control the size (and, possibly, conditioning)
of subproblems defining directions without impairing the original properties
of global convergence.
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None of the black-box methods considered so far are descent schemes. Only
the steepest-descent method guarantees a decrease of the objective function
at each iteration. However, it requires the complete knowledge of 0 f, and can
be trapped at non-optimal kinks.

We now focus our attention on a family of black-box methods that com-
bine both descent and stability properties, called bundle methods [226], [362],
[227], because they keep memory of past iterations in a bundle of information:

B={fi,y",s",i=1,...,k} and 2%, the point with “best” objective value.

10.1 Stabilization. A Primal Approach

With the information collected along iterations, bundle methods construct
both a model ( fk) for the objective function f and a polyhedral approxima-
tion of its subdifferential ((“)fk). Keeping in mind Example 9.7 and § 9.2.2,
bundle methods can be considered stabilized variants of cutting-planes (pri-
mal stabilization) as well as of steepest-descent methods (dual stabilization).

We explain now the stabilization scheme in the primal space. Recall the
intrinsic instability of cutting-planes methods observed in Figure 9.8. To pre-
vent the objective function from increasing, it would be desirable for the
algorithm to “remember” the best point obtained so far (i.e., z* giving f,
in Figure 9.8). With this extra information kept along iterations, the algo-
rithm can generate two sequences of points. One is the sequence of sample
points used to define the model fi,. We call those points candidate points and
denote them by y*. A second sequence consists of those sample points that
decreased sufficiently the objective function f, in the sense of (10.1) below.
We call these points stability centers and denote them by x*. Note that {z*}
is a subsequence of {y*}.

In order to generate candidate points and select stability centers, we define
subproblems by modifying (9.9) in Algorithm 9.4, following some stabilization
principles determined by:

(i) the choice of a model ¢, which approximates f (for instance, ¢ = fi).
The fact of having a model gives a “nominal decrease”, as in (9.8);
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(ii) the choice of a stability center 2*, for which f(x*) is the “best” value
obtained so far and from which the decrease of f will be measured;
(iii) the choice of a normalization | - |5 to prevent big oscillations.
We use these elements to define a stabilized subproblem, whose solution y*+!
is considered just a candidate to make f decrease. The quality of candidates
is measured using the nominal decrease dx11. Only “good” candidates, i.e.,
those satisfying the relation

FOFY) < f@) — mpsa (10.1)

for m €0, 1[, will become stability centers.

There are several possibilities to define stabilized subproblems and their
associated nominal decrease, we describe some of them in § 10.2 below. Essen-
tially, all the variants modify the cutting-planes subproblem (9.9) to prevent
a move “too far away” from z¥.

The norm | - |, measuring distance to 2*, can be made “less tight” in the
beginning of the iterations (to progress fast) and become more stringent as
k grows (to prevent instability when approaching a solution).

Algorithm 10.1 (general bundle). Let tol > 0 and m €]0,1[ be given
parameters. Choose z!, call the black box from Figure 9.5 with z = 2!,
construct the model ¢, and set the algorithm parameters, such as | - |1. Set
k=1 and §; = co.

STEP 1 (implementable stopping test). If §; < tol, stop.

STEP 2 (candidate). Solve

y" 1 € Argmin stabilized pbm(pg, 2%, | - |1), and (10.2)

Define §x11 = 6(¢r, 2%, | - [, y*+1) > 0.
STEP 3 (calling the black box — assessing the candidate). Call the black box
from Figure 9.5 with x = y*+1.
Descent test:

Yes: ¢! := y**+1 (descent-step)

F@®) = f*) = mbja?
No: zk+! = ¥ (null-step) .

STEP 4 (improving the model — loop). Append y**! to the model, i.e., con-

struct ¢g41. Define the algorithm parameters for the next iteration, such
as |- |g+1. Change k to k + 1, go to STEP 1.

Remark 10.2.

— Since the nominal decrease is nonnegative, the descent test of STEP 3 de-
cides if the candidate provides a sufficient descent for f. If f decreases by
at least a fraction m of the decrease predicted by the model, the stability
center will be moved to y**1. This Armijo-like test is very close to the trust
region philosophy of § 6.1; see again the end of § 3.5.3. When y**! is a good
candidate, we shall say that a “serious” step, or descent-step is made.
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— If the candidate brings no significant descent for f, or no descent at all, the
stability center is not changed (y**! is not “good enough”). In this case,
we hope to obtain a better candidate after the model is enriched at STEP
4. Since nothing is done in terms of updating centers, this case is called a
“null” step.

— Note that since the relations

f@) = fMY >0 and  f(2¥) = FFTY) < mbks

can hold simultaneously, the algorithm may generate null steps with smaller
objective function value than f(z*), but that were not considered “good
enough” in terms of the nominal decrease. This is the reason why we refer
to z* as the point with “best” objective value (instead of smallest objective
value).

— Typically, ¢y is the cutting-planes approximation fy, i.e., (9.6) written with
xt = y*. By “improving” the model in STEP 4 we mean the fact of intro-
ducing the affine function defined by the black-box information obtained
at yktl:

err1(y) = max{or(y), FU) + (s, y =y}

The more general notation ¢y, (instead of just fi) reflects the possibility of
cleaning the model, already mentioned in Remark 9.8. This is the aggrega-
tion technique described in § 10.3.2 below.

— In general, since at null steps there is no new reliable information, the
metric | - | is only updated when there is a descent-step. The update of
the metric is an extremely complex topic, yet crucial for good numerical
results. In § 10.3.3 we give a rule that proves good for implementation.

— Line-search is not considered here. This concept becomes somewhat fuzzy
in a serious-null steps framework; see the final comments in Example 10.6
below.

The set of indices k for which a new descent-step is done is denoted by
K. In particular, when there are infinitely many descent-steps, the infinite
sequence {0y trex, is convergent, whenever (8.1) has minimizers.

Lemma 10.3. Consider Algorithm 10.1 and suppose it loops forever (k —
o). Use the notation f. :=limgeg. f(2*) and assume f. > —oco. Then

fl_f*'

m

0<) Y o<

keK

Proof. Note first that, since tol > 0, for the algorithm to loop forever the
nominal decrease must satisfy d;, > 0 for all k. Take an arbitrary k& € K.
Since the descent test is satisfied, z*+! = ¢**1 and
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F@®) = f@h) = f@®) = (™) = mbpg -
Let k' be the index following k in K. Between k and &’ the algorithm makes

null-steps only, without moving the stability center: z*+! = zF+J  for all
j=2,...,k — k. The descent test at k' gives
f(xkﬂ) _ f(xk'-'rl) > mlprat.
Hence, for any k" € K,
k// k//
my 6 < Y @) - f@) =i o < h - fe
kEK, kEK,
Now letting k&’ — oo gives the desired result. O

This simple result is useful for proving convergence whenever the algorithm
generates an infinite number of serious-steps. Namely, since the sequence
{f(2®)}rek. is strictly decreasing, either {f(z*)} \, —oo (in which case f
is unbounded from below and {z*} is trivially a minimizing sequence), or
by Lemma 10.3, {f(z*)} \, f« and {6x} — 0 (a crucial relation for showing
convergence, cf. items (i¢) and (¢i¢) in Lemma 10.8 below). Finally, note that
when {§x} — 0, if tol is positive then Algorithm 10.1 will stop at some
iteration kjgst-

10.2 Some Examples of Stabilized Problems

The short examples that follow are particular forms of subproblems (10.2).
Each variant is characterized by a parameter, to be updated at each iteration
in STEP 4. For the moment, we do not explain how to choose neither the
model @y, nor the normalization | - |,. We address these topics in more detail
for one of the variants, namely the penalized bundle method described in
§ 10.3.

Example 10.4 (Trust region). Consider subproblem (9.9) in the cutting-
planes Algorithm 9.4. The model is minimized over a fixed set .S, possibly
big (and, thus, the way is open to uninvited oscillations as in Example 9.7).
Instead, one could define a feasible set that varies along iterations, where the
model is considered reliable, i.e., a trust region.

Having the parameter x; > 0, define the ball centered at z = z* with
radius ki. The stabilized subproblem (10.2) to be solved at STEP 2 is:

k+1 . min g (y)
solution to 10.3
Y { ly — k2 < Ky, . ( )

The corresponding nominal decrease is defined by 9511 := f(2F) — r(y*1).
The trust region is managed in such a way that the parameter x; — 0 when
k — oo.
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A curvilinear search adapted to this variant is outlined in § XV.1.3.1 of
[195]. Essentially, the parameter xj varies in the interval |k, kg[, according
to an Armijo-like rule; as in § 3.5.2.

Example 10.5 (Levels). This approach is somewhat dual to Example 10.4.
It seeks to minimize the radius of the ball centered at the stability center z*,
while reaching a prescribed decrease for the model function, or level.
Having the parameter ¢, subproblem (10.2) is the following:
1 k|2
min 5|y — 2|} 104
or(y) < Ll (10.4)

The nominal decrease dx11 is the same as in the previous example.

If the optimal value f is known, the management of ¢}, is easy. Otherwise,
the update of ¢ is more delicate, since the feasible set in (10.4) could be
empty. Nevertheless, the method presents good numerical performances; see
[230].

y**1 solution to {

10.3 Penalized Bundle Methods

In this variant, stabilization is the result of introducing a quadratic term in
the model used for subproblems.

Example 10.6 (Penalization of the model). For a parameter pg > 0,
subproblem (10.2) is:

: 1 k2
4+ solution to {Zlgléﬁ(.yH Lukly — a3 (10.5)

The nominal decrease is
1
= 1) - (o) + Gy -] (100)

When compared to the nominal decrease in previous examples, we see that,
Org1 = Opi — Suky* Tt — 2¥|2. Therefore, with this nominal decrease, pe-
nalized bundle methods will be less strict for accepting a candidate as the
next stability center. If desired, the same nominal decrease, i.e., 0}, could
be used with this variant.

The line-search [236] corresponds to introducing a parameter ¢ > 0 in
the quadratic term of (10.5). The corresponding solution depends on this
parameter, i.e., y**1 = ¢*+1(¢). Then STEP 3 is modified in order to allow
interpolations and extrapolations of ¢ during the assessment of the candidate.
Note that a change in the stepsize results in a different stabilized subproblem.
In this sense, the t-adjustment is closer in spirit to a curvilinear search ; see
also [213], [326].

Figure 10.1 shows one iteration of the penalized bundle method.
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k|2
Ik

Pk + shr] -~

Fig. 10.1. One iteration of the penalized bundle method

Some correspondences can be established between the examples presented
so far.

Theorem 10.7. Consider Examples 10.4, 10.5 and 10.6, with same metric
| - |- The following holds:

(i) For given kg > 0, let y*+1 solve the stabilized problem of Example 10.4.
Then there exists i, > 0 such that y*+1 solves the stabilized problem of
Ezxample 10.6.

(ii) For given uy > 0, let y**1 solve the stabilized problem of Ezample 10.6.
Then there exists , > 0 such that y*t1 solves the stabilized problem of
Ezxample 10.5.

(iii) For given £}, > 0, let y*+1 solve the stabilized problem of Example 10.5.
Then there exists K > 0 such that y*+1 solves the stabilized problem of
Ezxample 10.4.

Proof. (i) The stabilized problem (10.3) of Example 10.4 is convex, and a
constraint qualification condition holds (see for instance, Theorem 8.4 or
Chapter 13, § 13.3). Then there exists an associated multiplier 0 < A € R for
which solutions to (10.2) are obtained by minimizing the Lagrangian, i.e.,

. 1
Yt = argmingcpn L(y, A)  where L(y, \) == ¢x(y) + 5/\(|y —zk2 — /ik) .
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In other words, y**1 solves (10.5) in Example 10.6, for j5 := .
(ii) Let y**! solve (10.5) in Example 10.6. For all y € R™ we have

1
= < on) + gmly — 2t

1

or(W ) + Shely
In particular, let £; := o5 (y**1); then, for any y such that ¢ (y) < g, we
have 1 !

hly™ = M < Sy — b

Since the parameter uj is positive, the conclusion follows.
(iii) Let y**! solve (10.4) of Example 10.5. Then ¢y (y**1) = ¢4, so letting
ke = |y**tt — 2F|, it holds that y*! also minimizes ¢i(y) in {y € R" :

ly — 2|3 < k). O

This result establishes the formal equivalence of all these variants. In
practice, they differ in the heuristics used to update their respective param-
eters at STEP 4 of Algorithm 10.1. Their numerical performances will vary
according to these heuristics. In § 10.3.3 we explain how to update the param-
eter for the penalized bundle method, using a rule related to quasi-Newton
methods.

For all the examples, stabilized subproblems are (convex) quadratic pro-
gramming problems (QP). Cutting-planes methods have subproblems (9.9)
that are LPs, recall (9.10). The additional complication of solving a QP is
the price to pay to obtain stability. As a thumb rule, the more robust and so-
phisticated is the black-box method, the more complex is the corresponding
subproblem. Nevertheless, convex QPs are not much more difficult to solve
than LPs. The underlying resolution technique is essentially the same (active
sets strategies, interior points, etc). In actual implementations a QP such as
(10.5) is solved through its dual. This dual QP has a very special structure,
namely, a simplicial feasible set (see Lemma 10.8 below). Good QP solvers
exploit such structure, as well as the fact of knowing how QP-data changes
along (serious step or null step) iterations in order to define warm starts. As
a result, solving (10.5) does not require much more computational work than
solving an LP like (9.10). Finally, a pay-off compensating the extra computa-
tional burden is that having QP subproblems allows to compress the bundle
of information (i.e., to clean the model) by using the aggregation techniques
described in § 10.3.2.

Other variants of stabilized subproblem were considered more recently
in [241], [240], [135]. In [241], [240], the idea is to use a model with affine
functions appended with a quadratic term centered at z*:

Spk(y) = rln<a]§( {fl + <Sz7y - yZ> + 5 <xk - yzaHk(xk - yl>} y

where Hj, is a certain quasi-Newton matrix. As for [135], it develops a com-
prehensive theory for generalized bundle methods, for which the stabilizing
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term can be any closed convex function. However, it should be noted that,
since the work of solving a general convex program has to be repeated at
each iteration, the resulting subproblems may become too difficult to solve.

10.3.1 A Trip to the Dual Space

In order to obtain a general formulation for the model ¢y, we first rewrite
the cutting-planes model f; by referring it to the stability center:

Fuly) = £) & e {—eik (51 = o)

EEREE)

where the terms e; are the linearization errors at z*
(0<) e:=fa®) = fi— (s, 2" —¢"),i=1,... k.

Note that, by (9.3), s' € 0., f(x*). With this notation, the bundle of past
information is

B={(s" e); with s* € De, f(z*)i=1,.. ..k} and (zF, f ("), s(z")).

When the bundle becomes too big (k large), we shall compress it to keep
only npy elements, with npg possibly much smaller than k. With the new
notation, the piecewise-linear models have the form

erly) = f(z*) + max {—ei+(s'y = z*)} . (10.7)
At the beginning of the iterative process, while k is not too large, npy = k
and ¢, = f,. Later on, even though np, << k, the compressed bundle is
still formed by couples (s°,¢;) satisfying s° € 0., f(z¥); see § 10.3.2 below.
However, for some of the couples there may no longer be a point y* for which
s' € 0f(y').
Before writing a dual of (10.5), we further specify the metric therein by
choosing a square positive definite matrix M}, of order n, and letting

| i = (M, )
The corresponding dual norm is denoted by || - || := (-, M '-).

Lemma 10.8. Let y**! be the unique solution to (10.5) and assume pj > 0.

Then
1 14k FN=
k41 k —1, . _
y't =2 — —M_ 8% where §":= E ;s (10.8)
o i=1

and & = (@1, ..., Qnp, ) 1S a solution to
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Nnpr npg
ming, 31> ais'(|7 4 pk > aies
=t b (10.9)
a€ A ={zel01)" Y 5 =1},
=1

In addition, the following relations hold:
(i) 3 € Dpr(y**),

1
(i) Sp41 = € + %Hékﬂi, where we defined e, := Z?ﬁ’f a;e;.

(iii) 8% € 0., f ().

Proof. Write (10.5) as a QP with an extra scalar variable r as follows

min(yaT)GR"XR T+ %M’C'y - $k|z (10 10)

r> flab) —e + sy —aF),i=1,...,nps. ’
The corresponding Lagrangian is, for o € R}"*,

1 NPk ]
L(y,r o) =7+ guely — o[+ oa(F (@) —es + s,y — ") =),
i=1
i.e., rearranging terms,
npk NPk

= (1= ot gy — 2R+ anf(*) — et (shy — b)),
=1 =1

In view of strong convexity, (10.5) has the unique solution y**1. Furthermore,
the equivalent problem (10.10) has affine constraints; hence, there exists an
optimal multiplier & associated with y**1. Since there is no duality gap (re-
call § 8.2.2), (y*!, @) can be obtained either by solving the primal problem
derived from (10.10) or by solving its dual.

(10.10) = min max L(y,r,a) = max min L(y,r, ).
(y,)ER"XR R Pk aeR"k (y,r)€R™ xR

All the problems above have the same finite optimal value. However, the
dual (rightmost) problem involves the unconstrained minimization of L with
respect to r. For the dual value to be finite, the term multiplying r in L has
to vanish, i.e. , o must lie in the unit-simplex Aj. As a result, y*T! and &
solve the primal and dual problems

min max L(y,a) = max min L(y, ),
YER™ o eR)PH a€R]Pk yeRn

where L(y, @) := f(a%) + Junly — 22 + 317 ai(—e; + (s',y — 2*)). Con-
sider the last dual problem. For each o € Ay fixed, the optimality condition
defining y(a) = argmin, L(y,a) is 0 = V, L(a, y(a)), i.e.,
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0 = My (y(a) — z* —|—Zo¢1 . (10.11)

In particular, when o = &, because y(a@) is y**!, (10.8) holds.
To see that & also solves (10.9), multiply (10.11) by y(a) — 2* and by
LSR8t to write
1223
0 = pkly(a) — 2*[F + 32725 ails’, y(a) — 2¥)
=" (st y(a) — 2F) + Nik S st

which in turn implies that

)
k

k|2 1 - i 2
(o) =t = 23 e
and
L{y(a),a) = f(a*) - }MHZ(J@ Zazez
Altogether,

@ solves maxqeq, L(y(a), @)

S s’

= f(z¥) — mingeaq, ﬁ

+ank . } (10.12)

To show (i), write the optimality condition for (10.5) and use the definition
of 8% in (10.8): 0 € Do (Y™ 1)+ pu My (y* 1 —2F) = oy (y" 1) =S 1Ph s =
i (y*tt) — 5~

To show (%), note first that, since there is no duality gap, the primal optimal
value in (10.5) is equal to the dual optimal value in (10.12):

1 npk 2
k+1 k1l k2 ky — T
)+ iusly = fah) MH;W i

Together with (10.6) and (10.5), the relation follows.
Finally, to show (zi7), use that f > ¢y and item (i) to write for any y € R™

FW) = ery) = en(™h) + (8% y — ™).
Using (10.8) this inequality can be re-written as

FW) = or(™) + (5, y £ 2% — y* )
= Ry + (8%, y — a¥) — (s, yF T — 2F)
. 1.
= Ry + (8%, y — 2*) + EHS’“IIE

= 1R+ (=) = (F@9) = el - ).

oy

npk
E Q€ .
=1

The relations in (10.6) and item (i7) give the desired result. O
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The multiplier & solving (10.9) is unique only when the bundle subgradi-
ents {s'};<np, are linearly independent (in this case, the (LI-CQ) condition
in Chapter 13 holds for (10.10)). In the absence of uniqueness, QP solvers
usually find the minimum-norm solution. Note, however, that §*, the subgra-
dients convex combination, is the same for any multiplier & solving (10.9),
because y**! is unique.

The last result established in Lemma 10.8 gives a formal meaning to the
dual stabilization effect of bundle methods, already announced in § 9.2.2.
More precisely, the subgradient §* is also a smeared subgradient of the ob-

jective function f at the center z*.

We are now in a position to “dualize” Example 10.6 and obtain another
form of stabilized subproblem (10.2).

Example 10.9 (Dual stabilization). The parameter p; in (10.9) can be
considered as a multiplier associated with the linear term 3 , aiei. Given a
parameter e; > 0, the stabilized subproblem (10.2) is given by y**! and "
as in (10.8), where now
mine, 5| Y777 cis’|}
a = (a,...,0np,) is a solution to ¢ a € Ay (10.13)
2751{ ;€4 S €k .

The nominal decrease dj1; is the same as in (10.6). Since at a solution we
have that > "% a;e; = e, it follows that the relation dy41 = € + ﬁ”ékﬂz,

similar to Lemma 10.8 (i), holds.

We finish with a word on the stopping test. The expression given for
Ok+1 in Lemma 10.8 (i7), shows two different terms to measure approximate
optimality of z¥. Keeping in mind (9.4), by Lemma 10.8 (iii) we see that for
{2} to be a minimizing sequence, it must hold that {e;} — 0 and {8} — 0.
For this reason, it is preferable to check, instead of d;+1 < tol, the following
split stopping test at STEP 1

er <tol. and &% < tol,. (10.14)
A harmonious choice of these bounds is important to obtain good numerical
performances.
10.3.2 Managing the Bundle. Aggregation

We already mentioned that models ¢ from (10.7) essentially follow the
cutting-planes approximation fj. As iterations go along, the number of ele-
ments in the bundle increases. When the size of the bundle becomes too big,
it is necessary to compress it and clean the model. Algorithm 10.1 must be



148 10 Bundle Methods. The Quest for Descent

appended with a selection and compression mechanism introduced at STEP
4 that keeps control of the bundle size.

Suppose that at iteration k the bundle has npy couples, which define the
model (10.7). Each couple has the form (s, e;), with s° € 9, f(2*), but in the
expression defining 8% in (10.8) only count subgradients s’ for which &; > 0
(likewise, for the errors e; in the convex sum defining €5 in Lemma 10.9(4%)).
For this reason, we call indispensable couples (respectively, dispensable) the
pairs (s%,e;) in the bundle corresponding to active (resp., inactive) indices,
i.e., to i such that a; > 0 (resp. &; = 0). When the algorithm reaches an
iteration where the number np; becomes too big, the following steps are
executed:

— selection of dispensable couples, that can be discarded;

— if the remaining, indispensable, couples are still too many, compression of
the indispensable information into a single couple, called aggregate.

Aggregation is the synthesis mechanism that condenses the essential infor-

mation of the bundle into one single couple, given by (5*,¢;) as defined in

Lemma 10.8. The corresponding affine function, inserted in the model when

there is compression, is called aggregate linearization:

fa(y) = f(a¥) —ep + (8%, y — ). (10.15)

This function, which has the same form as any other affine function of (10.7),
summarizes all the information generated up to iteration k. Note, however,
that unlike other elements in the bundle, there is no previous y* for which
3k € 0f(y'). The aggregate linearization has the following properties.

Lemma 10.10. For f, defined by (10.15), it holds that
(i) fa(y) = ou(y™*') + (3*,y —y**1), for all y € R™.
(ii) fa(y) < @r(y), for all y € R™.
(iii) Let ¢ : R™ — R be a convex function such that ¥(y) > fu(y) for all
y €R™ and Y(y* ) = fa(y"*) (= or(y*)). Then
. 1
y"* = argmin{4(y) + Sply — 27} . (10.16)
yeRn 2
Proof. Ttem (i) is immediate from (10.15) and the relations in Lemma 10.8,

while item (i¢) follows from (i) and Lemma 10.8 (¢).
(#31) Write the optimality condition of (10.16) using (10.8):

0€ Ip(y"™) + My (y*+! — 2F) = oy (yF+h) — 8

where §¥ is defined in (10.8). It suffices to prove §¥ € 9¢(y**1). For arbitrary
y € R", the assumption on ¢ and item (i) give ¥(y) > fa(y) = ¥(yF+1) +
(8% y — y**1) i.e., the desired result. O

The last item in Lemma 10.10 shows that, a posteriori, nothing is changed if
instead of ¢ one uses f, or a function ¢ as above. The aggregate linearization
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synthesizes indispensable information of active bundle elements, while the
model

Y(y) = [(2*) + max {—e; + (s'y —2¥)}

expresses the same information in a disaggregate form. In this sense, the
function f, is “minimal”, in the class of functions sandwiched between f,
and ¢y as in (i74) that leave invariant y**!.

Let npmax be the maximal size of the bundle, and npy be its current size.
The compression sub-algorithm to be appended at STEP 4 of Algorithm 10.1
is the following:

Algorithm 10.11 (compression).

STEP 4 (Algorithm 10.1)

Let npmax be given. We have npj. elements (s, e;) in the bundle. The
algorithm has solved (10.5)=(10.8)&(10.9) to compute y**! and has called
the black box.

Compression test: If npr > npmax then
Selection: Let nger := {i < npg : @; > 0} be the cardinality of active
indices.
If nger < npmax — 1, then delete all inactive couples from the bundle,
set Niefr = Nact, and define npr41 = niepe + 1.
Otherwise, discard two or more couples (s, e;) from the bundle. Oth-
erwise, discard two or more couples (s%,e;) from the bundle. The
resulting bundle cardinality, ns;, should be smaller or equal to
NPmax — 2. Define npr1 = niepr + 2.
Aggregation: If nyep, # Naer, append (s"”k“_l?enpkﬂ_l) = (8%, ) to
the bundle.
Improving/updating the bundle: Set s"P+1 := s(yF+1).
— Append (s"Pk+1 e, +1) to the bundle, with

. _J0, if serious step,
NPkt1 f(xk) _ (f(yk'H) + (sk“'l,xk _ yk+1 >) , if null-step.

— In case of serious step, update the linearization errors:
ei = et fyFtT = fa®)— (st T =2y i =1, npra—1. (10.17)

Model — loop Define the algorithm parameters for the next iteration, such
as |+ |g+1. Construct ¢gy1 as in (10.7), written with k replaced by k+1.
Change k to k + 1, go to STEP 1.

We now comment on some features of the compression sub-algorithm.
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Remark 10.12.

— Until npx > nPmae for the first time, the procedure above is just the old
STEP 4 in Algorithm 10.1. The model is ¢}, = fi, and npy, = k. If there is no
compression, the relation (10.17) above just gives a smart implementation
for updating the bundle information, by dynamically redefining lineariza-
tion errors which, although not explicit in the notation, do depend on z*.

— The necessity of appending the aggregate couple in the Compression test
above depends on which information is discarded at the Selection step. More
precisely, if all active couples are kept, the aggregate couple is not needed,
because all the indispensable information condensed in the aggregate couple
is already present (in disaggregate form).

— When the maximum capacity is reached, for instance when & = nppax,
suppose we decide to discard the elements 1 and 2 from the bundle, and to
append the aggregate couple. The resulting model will be

_ } i, i k+1 ok okl
wk+1(y)—maX{{3§I}l§;<+l}{fz+<s7y Y e )+ (8% y —y >}

= max {f(:z:k“) + {3;{122(“}{—61' + (st y — 2T}, fa(y)} .

In view of Lemma 10.10, the last affine function can be replaced by any
function v > f,. Note that in any case, by construction, for all £ and for
all y € R", and somewhat similarly to (9.7),

faW) < @rr1(w) < fy) and @rp1(y) > fepr + (" y — ") (10.18)

— The parameter npn,ax determines the maximum size of each stabilized sub-
problem (10.5) and, hence, the dimension of the dual variable in (10.9).

— There are many possibilities to choose which couples to discard. For ex-
ample, all those for which @; = 0 in (10.9). Or those with smallest e;. Or
the oldest ones. Or just all of them. As long as the aggregate couple is in-
troduced in the bundle when some active element has been discarded, the
algorithm will remain convergent. Different selections of discarded couples
may result in different speeds of convergence, though.

10.3.3 Updating the Penalization Parameter. Reversal Forms

We now give a rule for updating uy for k € Ky, i.e., at serious steps. For
simplicity, we use My = I for all k, so that the metric is |- |7 = || - |7 =
|- ?> = (-,-), i.e., the Euclidean norm. A special feature of this rule is that
it is not completely heuristic, since it is supported by convex analysis and
quasi-Newton theory.

For a convex function f the Moreau- Yosida reqularization, of f at a given
point & € R" is denoted by F),(z) and defined as the optimal value of
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1 2
mi + = - , 10.19
min {f(y) Shlly =zl } (10.19)
where p is a positive parameter. The corresponding unique minimizer is the

prozimal point of f at x, denoted by p,(z). The optimality condition for
(10.19) is

pule) = — %s@#(x» swhere 5(p(z)) € Of (pu(z)) (10.20)

and
VE, (@) = plx - p,(a)) (10.21)

is a Lipschitz continuous function of z, [268],[313]. It also well known that
minimizing f is equivalent to minimizing F), for any u > 0.

Consider Algorithm 10.1 with subproblem (10.5), i.e., a penalized bundle
method, and suppose that ¢, = fr. A sequence of null steps between two
stability centers merely improves the model, leaving unchanged the center z*
in (10.5). When y**! satisfies the descent condition (10.1), it becomes x*+!
and, by Lemma 10.8,

1 .
forall k € K, oM™ =2 - M—§k7 where §* € 0 f,(z" ). (10.22)
k

As observed in [15], [136], [89], the process of making null steps until sat-
isfaction of the descent condition can be interpreted as an implementable
procedure to compute the proximal point of f at x*. More precisely, consider
(10.20) written with 2 = 2*. By comparing the resulting relations to (10.22),
we observe that the parameter p now varies with k£ and that

Py (27) ~ 28 and s(p,, (2%)) = 8% = pp(2® — 21 € O fi (2 Th). (10.23)
From this point of view, the descent test (10.1) is nothing but an assessment
of how good y**+1 is as an approximation of p,, (z*) (the same interpretation
is used in a more general setting in § 11.2.3 below).

Suppose the sequence {pg}rex, has a limit 4. By (10.21) written with
(1, ) = (px, 2*), we have that §¢ ~ VF),, (z*). Since minimizing f is equiv-
alent to minimizing Fj;, the update in (10.22) can be seen as a step of a
preconditioned gradient method applied to the minimization of Fj;, similarly
to § 2.6. In order to increase the rate of convergence, the preconditioner should
vary along iterations, trying to approximate second-order information for Fj;
at a minimizer Z, in the spirit of quasi-Newton framework (see Chapter 4).

The update of uy is based on this remark. More precisely, we use a variable
metric preconditioner of the form N—lkl , updated using the so-called symmetric
rank-one formula; see [105], which gives the following quasi-Newton formula,
called poor man’s in [236] :
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Hist = 7 (10.24)

As usual in quasi-Newton methods, the pair (u,v) is formed by some differ-
ence of points and gradients. A classical choice would be

(u,v) = (;ka — xk,VFMk (ka) — VF,, (xk))

R (ka — 2% VEF,, (1) - §k) .

Note that, since g in (10.19) is now varying with &, we shall be working with
a varying Moreau-Yosida regularization, F),, . Moreover, from (10.21), we see
that, to compute VF),, (z¥*1), an additional calculation is required. For this
reason, to define the pair (u,v) we use, instead of the classical choice, the
reversal form introduced in [236], that we describe next.

After z**1 has been defined, the black box gives a subgradient s**! ¢
Of (F*+1). The idea is to use information already available to define a point
ZF*1 guch that 2! = p,, (2**1), by using (10.20)-(10.21). More pre-
cisely, writing (10.20) with (p,p.(x),z,s(pu(x))) replaced, respectively, by
(/J,k7$k+l, zk+17sk+1) yields

k+1 _ k+1 1 k+1
S S isk-i-l o {Z =at A+ s
= k41 k41 k1 k41
m VB, (251) = jip(FH — ghH) = g5

Similar relations hold for (uy, 2", 2%, s*¥), so

(v,u) = (VE,, (z*1) = VF,, (%), Lk

1
— (Sk—i-l _ Sk ,xk-f-l _ xk 4 _(Sk+1 _ Sk))
122

Using this expression for the quasi-Newton pair (u,v) in the formula (10.24)
gives the following (reciprocal of the) update

1 1 (xFH1 — g ght1 _ gk

= — . 10.25
Ler1  fe + [|shH+T — sF]|2 ( )

This reversal formula is used in STEP 3 of the penalized bundle method to
update i when there is a descent step.

Although, in general, symmetric rank-one updates do not preserve pos-
itive definiteness (i.e., do not guarantee that pp+1 > 0), when using the
reversal form for (u,v), the numerator of the second term in (10.25) can
be made positive by incorporating a Wolfe-like condition in the curvilinear
search mentioned at the end of Remark 10.2. Alternative formulse, based on
similar ideas were developed in [305].

The use of variable metrics allows an acceleration of penalized bundle
methods. Research on this subject is not much developed yet. “More than
first order” nonsmooth optimization methods are still an open ground; see
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for example [254], [42], [234], [235], [236], [258], [77]. In particular, it is shown
in [233] that under appropriate assumptions (related to f not being “sharp”,
cf. comments after Theorem 9.6), the sequence of serious steps generated by
penalized bundle methods using the reversal update has superlinear rate of
convergence. A related subject is to find adequate second-order developments
of convex functions; see [234], [235], [231], [255], [256].

A recent breakthrough in the area is the VU-bundle method in [257], a
fully implementable algorithm with superlinear convergence of serious iter-
ates. The price to pay for gaining in speed of convergence is that each iteration
requires the solution of two QP problems, one similar to (10.5), followed by
another QP yielding a Newton-like direction that speeds up the method.

A sophisticated code based on [236], with curvilinear search and reversal
quasi-Newton update of uy, is available upon request at INRIA. It is called
N1cv2 and is free for an academic use; see

http://www-rocq.inria.fr/estime/modulopt/optimization-routines/
nlcv2.html

Other efficient codes, are BT and NoA, based on [326], and [213], respectively.
We should also mention the proximal analytic center cutting-planes method
[18].

The figure displayed on the cover of this book shows iterates obtained by
N1cv2 for a test problem called MAXQUAD. This academic example is due to
(the somewhat random typing of) Claude Lemaréchal; a related function can
be found in § VIII.3.3.3 of [195]. MAXQUAD is a finite minimax problem, as
in § 8.3.1, defined by np = 5 functions f; in (8.17). Each of these functions
is quadratic and has the form f;(x) := (z, A;z) + (z,b;) for x € R'Y. Letting
j =1,...,np, the corresponding vectors and matrices are, foralli =1, ..., 10,
bi(i) := €'/ sin(ij), and

e'/* cos(ik) sin(j) fork=i+1,...,10
Aj(i,k) = Aj(k,z) fOI‘kZl,...,i—l
|sinjli/n+ 32, |A;(4,1)] forall k=1i.

At the (rounded) optimal solution
T = (—.1263, —.0344, —.0069, .0264, .0673, —.2784, .0742, .1385,.0840, .0386) "

the first four quadratic functions f; (j = 1,...,4) are active and equal f =
—0.8414080. The cover figure shows a 2D-view of MAXQUAD level sets about
z, as well as the corresponding components of a few serious steps computed
by N1cv2; see the computational exercises in Chapter 12, § 12.1.1.
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10.3.4 Convergence Analysis

When the parameter tol in Algorithm 10.1 is taken strictly positive, by
Lemma 10.3 there is an index kjqs¢ for which dy,,., < tol if (8.1) has min-
imizers. By Lemma 10.8 (i), both e, ., and ||§%ast||y, ,/pug,.., are small.
Therefore, by Lemma 10.8 (ii7), the last serious step satisfies the following
approximate optimality condition:

Yy € R™ f(y) > f('rkla“) - Hgkla“”kzastly - xkla5t|klast ~ Ekigst *

When tol = 0, the algorithm either stops having found a solution to (8.1)
(the inclusion 0 € 9y f(x*a=t) holds), or it loops indefinitely. In this case, to
analyze the global convergence properties of Algorithm 10.1, we consider the
following particular instance.

Algorithm 10.13 (penalized with aggregation).

— Matrices M}, are scalar multiples of a symmetric positive definite matrix
M, chosen at the initialization step. The scalar factors are updated only
at serious steps, i.e., My := n M, with n, varying for k € K;. With this
choice, both the primal and dual norms can be bounded by the Euclidean
norm || - ||, using the extreme eigenvalues A and A of M:

w2 < 1B < e 12 and B < < ol
(10.26)
— yF*1 of (10.5) is computed by the dual (10.8)&(10.9), so the nominal de-
crease if 041 of (10.6) while e is as in Lemma 10.8 (i),
— the model ¢y of (10.7) is constructed according to the Compression sub-
algorithm 10.11, and
— the stopping tolerance is tol = 0.

Our choice of the metric corresponds to the separation between two differ-
ent effects of the quadratic term in subproblem (10.5). Namely, one related to
the strength of the penalization (corresponding to uy ), and another related to
the shape of the penalization (corresponding to |- |x). This separation brings
more flexibility into the way parameters are updated. For example, the up-
date of py could follow some (curved) line-search ideas, while the update of
Nk could be based in the variable metric ideas from § 10.3.3. Or one could
define M = I, n, = 1 for all k € K, and only change py, for k € K according
to § 10.3.3. As long as the resulting parameters satisfy the conditions (10.27)
and (10.31) given below, Algorithm 10.13 will always generate a minimizing
sequence for (8.1). If condition (10.28) is also satisfied, the whole sequence
will converge to a minimizer.

To show convergence, we suppose that the algorithm never stops. In this
case, there are two possibilities for the sequence of descent steps {z*}rek. .
Either it has infinitely many elements, or there is an iteration k;,s; where a
last serious step is done, i.e., ¥ = zFest for all k > kjqe. We consider these
two situations separately.
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Theorem 10.14. Suppose Algorithm 10.13 generates infinitely many descent-
steps =¥ for k € K,. Then either (8.1) has an empty solution set and
{f(@®)} \\ —o0, or the following holds:

(i) Both {61} — 0 and {1} — 0 as k — oo in K.

(ii) If

forallk € Ks i1 <k and Z Thet1 _ +oo, (10.27)
hek. MMk

the sequence {x*} is minimizing for (8.1).
(i) If, in addition to (10.27), there exist positive constants Nmin and B sat-
isfying, for all k € K,

Tnin < 7 and ﬁ < B, (10.28)

then the sequence {x*} is bounded and converges to a minimizer of (8.1).

Proof. Note first that, since tol = 0 and the algorithm does not stop, it holds
that dx41 > 0 for all k € K. As a result, the infinite sequence of objective
values {f(x*)} is strictly decreasing. If (8.1) has no solution, the sequence
goes to —oo. Otherwise, by Lemma 10.3, the series »_, K, Ok+1 converges
and item () follows by Lemma 10.8 (ii).

To see (ii), we apply a reasoning similar to the one yielding (9.5) in Chapter 9.
More precisely, given an arbitrary « € R™, use the definition of M4 and of
P+ (= yF*+1 in (10.8)) to expand the square below as follows:

|kt — x|i+1 = <xk+1 — 2, N1 M (21 — x))

1 1
= a1 <xk—x——M_1§k,M(a:k—a:)— §k>

" Lok e kK

11 & k RPN g
=— (" —z,mM(@" —z)) - 2— (2" —x,8§

Nk < K ( 1 1)> HENk < >

LM 1 <—M_1§k,§k>
BNk Bk \ Tk
~ 1 A
_ Mk+1 2k — z2 + Mk+1 (2 (z—a &%) + —||5k||z) :
Mk kM Hk

We bound the second right hand side term by using Lemma 10.8 (7i):
2{x — 2" 8") <2(f(z) — f(=F) +en),
while a bound for the third right hand side term is given by Lemma 10.8 (i7):

1.
Ells’“ui < 2(0k41 — €k)-

As a result, using the left hand side condition in (10.27), we obtain the
relation
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[@h =l <ot — ol + 2 (f(2) - F@h) + G). (10.29)
KNk
To show item (#i), suppose for contradiction purposes that there exist & € R™
and p > 0 such that f(2) < f(z¥) — p for all k € K. Since, by item (i),
{6k} — 0, there exists k, such that dx41 < p/2 for all k > k,, and, hence,
writing relation (10.29) for z = & we obtain

0<|ab ! — 32, <|of — @2+ 285 (—p 4 p/2) forallk € Kok > k.
MMk

Summing the inequalities over k, < k € K yields

N k1
0§|:ckp—3:|zp—p Z At
ek, kzk, HETE

Letting k, — oo, we obtain a contradiction for the divergence assumption in
(10.27).
To see item (ii7), take in (10.29) z = Z, a solution to (8.1), and sum over
k € K. Since f(z) < f(z¥) for all k, we see that limy_ |2* — Z|2 < 400.
By (10.26) and (10.28), nminAl|z* — Z||? < 2% — Z|2, so the sequence {x*} is
bounded. Extract a subsequence {x*},.cx. converging to z as i — co. To
show that the whole sequence converges to z, given any p > 0, take ¢ big
enough to ensure that

2k — 7|2 < % and Y G < @. (10.30)
‘ k€K, k>k;

The sum of (10.29), written with z = Z, over k € K and going from k; to

an arbitrary k > k; yields

k
|xk+1 — j;|%+l < |:iji — j|£7 + Z Okt1-
keK, k=Fk;

By (10.26) and (10.28), this means that
G e g f|%+1 < Jabe — z[;, + ZZeKs,k:ki Ok+1
< nkiAkai - j”2 =+ ZkeKs,kai Okt1,

which, together with (10.30), yields that [|2F+1 — Z||2 < p, as desired. O

We now address the case of finitely many descent-steps.

Theorem 10.15.  Suppose Algorithm 10.13 generates a last descent-iterate
xhFiest | followed by infinitely many null-steps. If

for all k> Kiasr  flrg1 > i, and  pp < fhmax (10.31)

for some positive constant pmax, then the sequence {yk} converges to xFrast
and x*est minimizes f.
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Proof. For simplicity, in the proof that follows we drop some (sub/supra)
indices kjqs¢, and denote z¥iest and ny,,., by z and 7, respectively. Since
matrices M}, only change at serious steps, for all k > kg,

1 _ 1
=0 MYy=m|-[5 and |- E=— (M7 == {
n n
For any y € R™, consider the function
1 1
Li(y) = o (y™) + S unly™ — aliy + Suenly™ = yli-

By definition of y** in (10.5), @i (y* ™) + Lpen|y*** — 2[3; < ¢r() and,
by (10.18), ¢x(z) < f(z), so

Lp(y**tY) < f(z) for all k > kige. (10.32)

Furthermore, the right hand side inequality in (10.18) and the identity
M (z — y**1) = 8% from (10.8) give the relations

Qi1 () > or(W") + e (M(z — y"),y — ") = fa(y).  (10.33)

Using condition (10.31), inequality (10.33) written for y = y**2, and the
definition of Ly, we obtain that

Lip1(y"?) = opp1 (¥ 12) + %ummly’““ —zl3
> Q1 (U"2) + spanlyt T — xl3,
> QDk(yk—i_l) 4 <Mk77M($ _ yk+1)7yk+2 _ yk+1>
+3menly*t? — z|3,
= Lp(y*™) = Spenly*tt — zf3,
+ (penM (z — yF+h), yk+2 — gkt 1) 4 Lypplykt2 — o2,

k+1

By expanding the difference of squares we see that

k42 _ .2

22, — |yk+1 _ xﬁw = (yFt2 g gt ij(yk+2_ k1

_ y:+2— y:+1 + 2(y:+1 B 2)7 M (yh+2 = yk+1)>
= (yFr2— gk M (yF T2 — it

ly

-y
+2 <yk+1 — 2, M(y"+2— yk+1)>
= k+2 _ k+1|2
=1y Y M

+2 (M (y* T — z), T2 — yk )y

yielding the inequality

1
Lisa (y"%) = L) + Spuenly™2 — " iy (10.34)
Since the increasing sequence { Ly (y**1)} is bounded from above by (10.32),
it must converge.
We now show that the sequence {y**'} is bounded, with {y*+1 — ¢y*} — 0.
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Us1ng once more the identity ppnM (x — y*t1) = &% and the relation f, < f
n (10.18), we see that

Lel )4 gy~ = oe ) (52 ) = (e < F)
Since the first term in the left hand side converges as k — oo and, by (10.31),
pk > fik,,.,, We obtain that the sequence {y**!} must be bounded. In addi-
tion, using again that pp > pg,,., by (10.34), and passing to the limit, we
conclude that {y**+? — y**+1} — 0.

Being a convex function, f is locally Lipschitzian with subdifferential locally
bounded. Let L and M denote the respective constants on a bounded set con-
taining the sequence {y*}. Using the right hand side inequality in (10.18),
we see that

—MyPtt =gk < (8P R — R < oe(FTY) = FP),

while, using the inequality ¢ < f in (10.18), we have that

e = FN) < FEMTY = FY) S LIy =yt

Therefore, {op(y*T1) — f(y*)} — 0, because {y*+! —y*¥} — 0 as k — oo.
From the bounded sequence {y*} extract a subsequence {y*} — 7 as i — oo
and note that {y**1} — 7 because {y**! — y*} — 0. Write

FERHY) = on M) = FRY) = FR) + £ — en (R
to see that
FERY —on () =0 and g, (¥F ) — f(5) asi— oo (10.35)

To show that  minimizes (8.1), recall that for all k > kj4s¢, the descent-test
(STEP 3, Algorithm 10.1) is never satisfied. This means that f(y*+!)—f(z) >
—mdy,+1, s0, adding g, +1 to both sides of the inequality, and using (10.6),
we obtain

0<(1—m)bp,41 < f(Y™HY) = f(@) + Or, 11
_f(k+1 — Ok, yk+1>

< SR —on (M.

Passing to the limit as ¢ — oo and using (10.35) we conclude that dj,+1 — 0.
By Lemma 10.9(i%), it follows that ey, + 2Mim|§ki 2

both e;, and §* converge to 0 as i — 0o, because pg, < fimax, by (10.31).
Since from Lemma 10.8 (ii), 8" € 0., f(x), we have that f(y) > f(x) +
<§”“ Y — ;v> —e¢y, for all y € R™. Passing to the limit as ¢ — oo, the inequality
shows that = minimizes f on R".

Finally, we show that any cluster point 7 is equal to z. Use the facts that

skl =yt
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x minimizes f and that f > ¢, by (10.18), together with the definition of
y*i+L from (10.5) and the inequality g, > jug,,., from (10.31), to write the
relations

. . 1 .
F@) = F(@) = or (@) = on W5 + Spenly™ = 2l

, 1 .
> o, () + S mly™ T = 2)3

- 2
By (10.35), we obtain in the limit that

o . 1 ,
f(@) > lim (s% (") + §ukla5m|y’“’“ — wl?w)

11— 00
1 o,
= f@)+ §ukzasm|y — x|y,

an inequality that is possible only if § = x. Since the relations above hold
for any cluster point of the sequence {y*T'}, there can only be one of such
points, namely . O

Recall that, for the Subgradients Algorithm 9.2 to converge, conditions
(a) and (b) are required to hold in Theorem 9.3. In practice, no choice of ¢,
can satisfy both conditions simultaneously. By contrast, conditions (10.27),
(10.28), and (10.31), ensuring convergence of the Penalized Bundle Algo-
rithm 10.13, are rather mild to satisfy. For example, it is enough to set
Mk = Nmin for all k € K and pui = pimax for all k. Of course, the method will
be faster with “smarter” choices of parameters, such as the reversal update
described in § 10.3.3.

We finish with a summary of the advantages of bundle methods, especially

when (10.2) is solved via its dual ((10.8)&(10.9)= (10.5)).

— Construction of a model ¢, and of a nominal decrease 6, which result in
implementable stopping tests.

— Better adjustment of the stopping tolerance, thanks to (10.14).

— Possibility of aggregating the bundle to avoid memory overflows, due to an
infinite accumulation of the affine functions defining the model.

— Quick resolution of (10.2), whose dual has dimension npy at most. This
aspect is crucial when n is large.



11 Applications of Nonsmooth Optimization

This final chapter is devoted to particular variants and extensions of NSO

methods, that can be developed when the problem to be solved has some

special structure. For example, such is the case

— when (8.1) corresponds to a certain dual problem, arising in large-scale or
combinatorial optimization; or

— when (8.1) is a constrained problem; or

— when (8.1) is solved via its optimality condition, i.e., by finding Z such that

0 € 0f(z).

11.1 Divide to conquer. Decomposition methods

One of the most important applications of nonsmooth optimization methods
is decomposition. Decomposition techniques are used to solve large-scale (or
complex) problems, replacing them by a sequence of reduced-dimensional (or
easier) local problems linked by a master program, as shown schematically
in Figure 11.1.

decomposition

master program

local problems

coordination

Fig. 11.1. Decomposition/coordination
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These methods prove efficient when the structure of the problem is nat-
urally separable. For example, the optimal management of a set of power
plants; see § 1.2.4, and also [232], [19] and [21].

Two basic decomposition schemes give birth to all the methods of this
class. These are resource- and price-decomposition, dual to each other.

— In resource decomposition, the central manager sends directives to each unit
(decomposition). Each plant minimizes its own cost while respecting the
directives, and answers in return a price according to these directives. With
this new data, the master program adjusts the directives (coordination).

— Price decomposition works the opposite way. The central manager sends a
set of prices to the subsidiary companies; each of them minimizes its own
cost, driven by these prices. Depending on the local answers, the master
program adjusts the prices (coordination).

Nonsmoothness comes into play in the master program, which is a dual
problem, asin § 11.1.1, 11.1.2 below. The solution of a primal problem via its
dual is interesting only if the calculation of the dual function is much easier
than solving the primal problem directly. This is the case when the primal
problem

miny, fo(p)
peP

ce(p) =0
cr(p) <0

has some structure suitable for decomposition:

— For instance, the data can be block-separable: f,(z) = Zfil fi(p®), with
p' € P C RV and each f! : R™i — R; the constraints being decomposable
as well, as in (11.2) below. After relaxation of the constraints, there are K
local problems each one of dimension N;; see § 11.1.1.

— When the data is not decomposable, separability can be induced by dupli-
cating variables. More precisely, suppose P in (11.1) is discrete, and that
it is difficult to check simultaneously that p € P and that the remaining
constraints, ¢(-), are also satisfied. One can induce separability by rewriting
the problem as follows

(11.1)

miny, 5 fo(p)
pePp

Relaxing the last constraint yields a dual with two local problems, one in
the continuous variable p (checking satisfaction of constraints given by ¢(-)),
the other in the discrete variable p (checking that p € P). The principle
“divide to conquer” applies.
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In general, decomposing amounts to solving some dual problem. As shown
by Theorem 8.4, only when the Karush-Kuhn-Tucker conditions are neces-
sary and sufficient for optimality, the dual solution gives a solution to the
primal problem. Nevertheless, even in the presence of a positive duality gap,
the numerical resolution of the dual problem with a bundle method will
generate a sequence {r*} converging to a maximizer Z, with subgradients
sk € 0., (—0)(«%), where both 8% and e; are close to 0 for k large enough.
Since §" is a convex combination of gradients s’ = —c(p,:) for some primal
points p,:, the primal convex combination ), @;p,: is a reasonable approx-
imation of a primal optimum by Theorem 8.1, specially when the relaxed
constraints are affine or convex.

In addition, we stress the fact that, even without convexity, passing to
the dual problem can always be used to bound the optimal value f,(p) from
below by 6(z). This property is useful in combinatorial optimization, to define
an evaluation function in branch-and-bound methods (see [188] for an early
example).

If one really wants to eliminate the duality gap (to know exactly the op-
timal primal value, for example), augmented Lagrangians can still be used.
The augmented Lagrangian of Remark 8.5 is a basis for multiplier methods,
[191],[288], [311], [25], [27]. The augmented Lagrangian gives an augmented
dual function that is differentiable. However, it may no longer be decompos-
able (cf. § 11.1.4 below).

11.1.1 Price Decomposition

Duality shows all its potential when (11.1) is block-separable. Price decom-
position schemes appear when using Lagrangian relaxation to exploit sepa-
rability.

General Algorithm Suppose that the data can be split into K blocks, as
follows. Let the dimension of the primal space be N = Zfil N;, with

p=@,....p5), peP CRN,  P=]][P,
fo0) =Y fo0") s en(p) = Y ') and er(p) = Y ci(p') .
=1 =1

i=1
The decomposed functions only operate on each block:

fl:P' =R, cp:P —-R"™, and ¢f: P —RM.
In this setting, the Lagrangian of (11.1) has a separable structure

K

L(p,x) =Y (£i0") + (&, ¢ ()

i=1
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with z € R™®" and the decomposed vector of constraints is c'(p’) =
(¢ (p"), ¢4 (p")). The associated dual function is also separable:

K K

O(x) = 0'(z) = min {fi(p') + (z,c'(p"))} . (11.3)

ic pi
i=1 =1 7€

When compared to (8.8), we see that one evaluation of #(x) now requires
the resolution of K independent local problems, each one of dimension V;,
instead of one (big) problem of size N = Zfil N;. Thus, computations will
be dramatically simplified for large-scale primal problems, like in § 1.2.4.

Typically, the master program will choose a multiplier z (“price”) sent to
the K local solvers. Once solutions {p%, i = 1,..., K} to (11.3) are obtained,
the master program computes 6(z) and one subgradient, and defines a new
x, by making one step of some NSO method to maximize the dual function.
Figure 11.2 shows the particular form of Figure 11.1 for this decomposition
method.

max, 0(z)

w
1
o

} i
(") + (&", ("))

DPyk

min,,: f,

Fig. 11.2. Price decomposition

Algorithm 11.1 (price decomposition). Choose z! € X and set k = 1.

STEP 1 (Calling the local problems — decomposition). Fori =1,..., K, com-
pute:

p;k 1= argming: pi {f;(pz) + <$k, cl(pi))} .
STEP 2 (Evaluating the dual function). We have

K
0(z*) = (fophe) + (@*, ¢ (0}))) -

i=1

From (8.19), a subgradient is available: — Zfil c(piy) € 8( - 9) (zF).
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STEP 3 (Master program — coordination). Compute z**! in order to maxi-

mize 6(z). For example, by using any one of the black-box methods in
§ 9.3 or in Chapter 10.
STEP 4 (loop). Change k to k+ 1, go to 1.

We now show that the well-known decomposition method of Dantzig-
Wolfe [95] is a particular case of price decomposition.

Relation with Dantzig-Wolfe Decomposition Suppose that at STEP 3
of Algorithm 11.1 the cutting-planes method from § 9.3 is used. Following
Algorithm 9.4, at iteration k a piecewise linear (concave) model 6 (x) is
constructed using the past information

(027),7) = (Eas,?), elpas) ) = (Zf Phi) ,icl )
i=1

for j =1,...,k. Each affine function defining the cutting-planes model takes
the form:

K
0a7) + (s y — %) = 3 (Fi0) + (e wh).0))
=1

for all y € X. Therefore, the model (9.6) for § (written with j, —0(x7), —s’
instead of i, f; , s') becomes

K

Ok(y) = min > (Ff3(pr.) + (¢ (Ph).v))

J=15-0 i—1

The cutting-planes Algorithm 9.4 (applied to the maximization of the concave
function #) computes the next iterate as follows:

2Ft1 a solution to  max 6y (y) = min ( - 9k) (y).

yeSs yeSs
If the feasible set S is polyhedral, for example a box, this subproblem is a
linear program, so a solution can be found by solving its dual. To write this
dual problem, we proceed as in the proof of Lemma 10.8. Without going into
details, the cutting-planes subproblem (9.9) can be considered an instance
of the penalized bundle subproblem (10.5) without quadratic term (u; = 0).
Starting from the equivalent primal LP problem (recall (9.10)),

min{rER,yeXl}_lr o 11.4
{rszfil(f;(p;m<cl<p;j>,y>>,j=17...,k, (11.4)

the analogous of (10.9) is the following dual problem:
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Zfo p;EJ

o
MN&Mw

c(phi) =0 (11.5)
j=1  i=1
k K ‘
D a5 D ciph) <0,
j=1 =1
where Ay, = {z € [0,1]* : Zf 12 = 1} is the unit-simplex in R¥. Theo-

rem 8.4 gives the relation between the primal and dual solutions: z**+1 is an
optimal Lagrange multiplier for the constraints in (11.5).

The well known Dantzig- Wolfe method generates iterates precisely by
means of (11.5). At each iteration, local problems (“slave”-programs) return
to the master program the solutions {p;k, i=1,...,K} of STEP 1. With this
information, the master defines at STEP 3 the next z**! as the multiplier
associated with the constraints of (11.5).

From the master’s point of view, Dantzig-Wolfe decomposition is a
cutting-planes method. The well known tailing-off effect, that reduces
speed of convergence as k increases, is nothing but the intrinsic instability of
cutting-planes method that was mentioned in Remark 9.8.

Remark 11.2.

— Because the master program iterates using a cutting-planes algorithm,
for nonlinear problems convergence of the Dantzig-Wolfe decomposition
method is guaranteed only when the number of affine functions defining
the model goes to infinity. Thus, it can be preferable to solve the mas-
ter by using instead a bundle method, which allows aggregation and keeps
bounded the size of quadratic subproblems.

— Another possibility for an acceleration is the disaggregation of the master
objective function; see [19]. Denote by §%(z*) each optimal value at STEP 1
of Algorithm 11.1; in view of (11.3), 8(z*) = 32X i(2*). Disaggregation
then consists in maximizing the dual function at STEP 3 via the separate
modeling of each function #¢(-). The cutting-planes model 0y, is replaced by
the (more accurate) model Zfil 0 . However, note that this will require to
store past information in a disaggregate form:

(fé(pij),ci(p;j)), fori=1,...,Kand j=1,...,k.

Depending on the problem, this extra computational burden may have a
negative effect in the overall performance of the method.

— Since each iteration of the cutting-planes method appends to (11.4) one
constraint (i.e. the model is enriched with one affine function), this pro-
cess is called row generation. By contrast, the quantity increasing along
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iterations in (11.5) is the dimension of the variables «; one then speaks of
column generation.

11.1.2 Resource Decomposition

Consider the following reformulation of the primal problem (11.1), obtained
by introducing a right hand side perturbation u € R™# x R™ corresponding
to directives or “resources”:

i 1(} () | min fo(p)

Z N %E’UI where  v(u) == ¢ cp(p) = up
E =

ur <0 cr(p) < wur.

With respect to the decomposition scheme in Figure 11.1, the left hand side
problem above is the master program, while the right hand side problem
corresponds to local problems. More precisely, using the separable structure
described in (11.2), the master program is

K
min E vt (ut
uieU? 4 (U )
=1
K

> ulp=0 (11.6)
=1

K

> up <o,

=1

where for each i = 1,..., K we defined the feasible set

U' = {(upu) € ™ x R : Iy € P cp(p) = uly, ch(6) < u})} 5
while the local problems are
i, fo(p )
cp(p’) = Ui
cr(p') < wi.

v (u') = (11.7)

Problem (11.6) has no reason to be differentiable, because the individual
value functions v?(-) themselves need not be differentiable. Under appropri-
ate continuity and convexity assumptions, however, for each local problem
Theorem 8.4 holds. In this case, there is no duality gap, and (11.7) has a
minimizer 17; and an optimal Lagrange multiplier f;, both depending on
u*, for which

vi(u') = fo(Dhs) = bui (T3:), (11.8)
where 6,,: is the dual function obtained from (11.7) after relaxation of the
constraints. Furthermore,
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—7!, € ov'(u').

To see that the multiplier z', gives a subgradient, consider (11.7) written
with u’ replaced by @', another perturbation. The weak duality relation (8.14)
applies to such problem:

Jo(p) 2 0ai(2) = it {F30") + (o' (') — )},
for arbitrary x € X = R"2 x RT and p* € P?. In particular, for p* = pﬁ“
i.e., a point in P! such that vé(a’) = fi(pi,),

V(@) = fo(y )29 »( ) - o
= infyicpi {f5(p") + (2, (p') — u')} + (z, 0’ — @)
Gul(x)+<fﬂu —’U,>

for arbitrary 2 € X. In particular, taking = Z’,, and using the relation

(11.8),

ul’
o (@) > vt (u?) + (—zh, 4t — ut).

Therefore, at the coordination step, both v(u) = Zfil fip
gradient — Zf; z', are available after solving the K local problems (11.7).
Thus, a black-box method can be applied to solve the master program (11.6)
(note that this is a constrained NSO problem, though).

Figure 11.1 specializes for this method as shown in Figure 11.3.

¢ ;) and the sub-

ut

cr(p*) < up

i .
E>

8
=]
M=
S
Q
{:
[\

; i=1 :;: S
Yt up =0 5 =
Cour <0 i i -

Zz_l 1 (p" :”)

:&

13
min,,; f
e (p')

Fig. 11.3. Resource decomposition

Observe that the information sent by the master to the local solvers lies in
the constraint space. From an economic point of view, the quantities u® corre-
spond to resource allocations sent from an upper level. The local units return
values _i"iw which are the marginal utilities associated with the allocated
resource u*, used to produce p;; units of product.
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11.1.3 Variable Partitioning or Benders Decomposition

Benders decomposition is useful when the variables are separable into “hard”
and “easy” ones. An example of this situation is multistage stochastic pro-
gramming [316]: easy/hard variables correspond to first/second stages of de-
cision. The primal problem (11.1) has the form

min f,(p) + fg(f’)
(p,p) € Px P

ce(p)+¢ée(p)=0
cr(p)+¢r(p) <0,

where hard data is denoted by using a superscript ~. The equivalent bilevel

form is min f,(p) + v°P*(p)
peEPr

where we defined the optimality function

min fo([))
opt o ﬁ E P
cr(p) < —cr(p) -

In many cases this value function has a separable block structure, like (11.2),
but similarly to (11.7), the function v°P* may not be differentiable. Depending
on the data, v°P! can be lower semicontinuous and even convex. In this case,
a subgradient can be computed using a Lagrange multiplier associated with
the constraints. More precisely, writing (11.9) with p = p*, and letting Dpk
be a solution with associated Lagrange multiplier Z,x, we have that

VP (ph) = folBpr) and  s(p*) i= Je(p") Epe € D0 (p"),

where we use the (transposed) Jacobian matrix Jec(p*) = (Jeg(p*), Jer (p*)).

Once again, the master program approximates v°P!(-) by using a cutting-
planes model 0" ! The second level problem (which may be separable) plays
the role of the local problem, and serves to evaluate v°P*(p*) and a subgra-
dient, for every p* sent by the master.

Suppose, for simplicity, that we use a cutting-planes method, that f,(p) =
(a,p) for some vector a, and that P is polyhedral. A straightforward appli-
cation of the cutting-planes method gives for the master program an LP

problem of the form:

{min (a,p) + ﬂipt(p) = pelg}%ua (a,p) +7
pEP 1> foBps) + (Je(p?) s, p — p7) for j < k.

At this point, it is important to notice that, depending on p*, the feasible set
in (11.9) corresponding to the local problems, i.e.
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{BePiepp) = —cop’) and &(p) < —er(p") }.

may be empty. In this case, the value of v°P*(p*) and a subgradient cannot
be computed. Instead, a new p**!, for which problem (11.9) written with
p = pFt1 is feasible, should be generated by the master program.

The new iterate is computed by introducing in the master LP problem a
feasibility cut. The idea is, before trying to compute v°P*(p*), to define the
feasibility function

min [|z|1
PEP 2, 25,20 >0
pfeas (pky .= ce(P) + 25 — 25 = —ce(p) (11.10)

&r(p) — zf < —er(p”)
z = (z;E|r — zg7z;r) € RrEtn,

where ||z||1 := Y_1, |2 is the 1-norm in R™. Note that the feasibility function
is nonnegative, with v¥¢*(p) = 0 if and only if problem (11.9) is feasible. In
order to avoid infeasible local problems, the master program should rather

be written

min f,(p) + v°P!(p)
peP
vleas(p) = 0.

Denote by (§/,,Z,+) a solution to (11.10), and by Z7, an optimal multiplier

corresponding to the constraints involving cg(p*) and ¢;(p*). If Z,x = 0, the
feasible set in (11.9), written with p = p*, is nonempty. Otherwise, if Zpk # 0,
instead of trying (and failing) to compute v°P*(p*) and s(p*) € dv°Pt(p*), we
define black-box information for v/¢?*(p¥), knowing that

vt (pf) = (|2l and  8'(p%) = Je(@®) T, € duT e (pb).

With the introduction of feasibility cuts (corresponding to a cutting-
planes model of v7¢%%), a typical master program iteration in Benders de-
composition has the form:

. min _(a,p) +7r
min (a, p) + 0,7 (p) pEPTER - . , ,
p(;_-P QT2 fo(ppj) + <Jc(p])Tpr'7p _p'7> for JE Ok
~ Jjeas < B B
@) <0 0> 1zl + {Je(@) 2,0~ o) for L€ F,

where Oy, and Fj, correspond to past iterations where, respectively, optimality
or feasibility cuts were generated.

When (11.9) is a linear programming problem, in general there is no
need to make the extra computations required to introduce feasibility cuts.
Namely, when required to solve an infeasible problem (11.9), any good LP
solver detects infeasibility along the iterative process. In this case, there is an
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exit mode that can also provide a recession direction (of dual unboundedness),
corresponding to the feasibility cuts above.

The general decomposition scheme for this method is shown in Fig-
ure 11.4.

Check feasibility:

solve (11.10)
. for p = p”

p
{ miny, fo(p) + 73;3’” (p)
o () < 0 L &
.~ - Ifzr=0
(p/pka Zpkvw/pk) or (ppkvak) SOIVpek(ll.g)
for p = p*

Fig. 11.4. Benders decomposition

In contrast with resource decomposition, Benders decomposition sends to
the local units values in the (primal) variable-space. In [221] it is shown that
in the linear case, this method (primal for the master program) is dual to the
Dantzig-Wolfe decomposition applied to the dual.

Note that the resource decomposition problem (11.6) was formulated us-
ing the feasible sets U?, which may not be known apriori, except for some
particular applications. Such sets can be eliminated from (11.6) by intro-
ducing feasibility cuts, similarly to the procedure just shown for Benders
decomposition.

Since Benders decomposition is a cutting-planes method from the master’s
point of view, it also presents tailing-off effects when the number of iterations
becomes large. For this reason, a bundle method for solving the (constrained
NSO) master problem might be preferable in some applications.

11.1.4 Other Decomposition Methods

We finish this section with a quick review of other decomposition techniques.

—Decomposition methods based on the principle of auxiliary problem. For a
problem with hard constraints, the idea is to approximate the starting prob-
lem by a sequence of problems in which the hard functions are linearized;
see for instance [93]. A penalty term is added if necessary, so that local
problems, called auxiliary problems, are coercive and, hence, solvable. This
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decomposition is useful when using augmented Lagrangians with quadratic
terms. Crossed terms kill separability, the auxiliary problem principle al-
lows to introduce approximations in the augmented term, in order to obtain
separable local problems.

—Prozximal decomposition methods are suitable for problems where the fea-
sible set is a subspace (such is the case when separability was induced by
duplicating variables); see [343], [245], [76]. For the convex problem

min f1(p1) + fa(p2)
p1E€EPL,ppeEP

Apy —p2 =0,

the method in [76] applies proximal point iterations to the subdifferential
of the Lagrangian function L(p1,pe,x) = fi(p1) + fo(p2) + (x, Ap1 — p2),
by alternately fixing the primal variables (p1,p2) or the multiplier . A
nice feature of this decomposition scheme is that the minimization for the
local problems is carried out separately in the spaces P; and P, and the
two minimization problems decompose further according to the separable
structure of the functions f; and fs. The “alternating projection-proximal
method” in [352] extends the same decomposition scheme to more general
problems. These methods, however, are only applicable if local subproblems
can be solved ezxactly. Although this may be the case in some applications
(linear multi-commodity flow problems, for example), such assumption can
be too restrictive in general.

—Inexact proximal decomposition methods address the question of local prob-
lems that cannot be solved exactly. For the decomposition [76] mentioned
above, when f; and fs are convex nondifferentiable functions, each local
problem would require the application of a NSO method (a bundle method
for example) until finding an optimum. Since such process is repeated for
each iteration of the master program, the resulting decomposition scheme
becomes inapplicable. To overcome this handicap, the method in [335] gives
a decomposition method where local problems are not solved exactly. For
the example mentioned in the previous item, it is enough to make bundle
iterations on each local problem until a relaxed stopping test is satisfied.
The decomposition approach proposed in [335] contains [76] and [352] as
special cases and gives a unified insight into those schemes by relating them
to the hybrid inexact proximal methods described in § 11.2.3 below. The
same hybrid framework, applied in a different context, gives the e-proximal
decomposition in [279], and the parallel bundle method in [58].

11.2 Transpassing Frontiers

In some applications, the special structure of the problem to be solved leads to
the development of a new NSO method. We describe some of such extensions
in this section.
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11.2.1 Dynamic Bundle Methods
Consider problem (11.1) with only inequality constraints

min,, f,(p)
peP (11.11)

cj(p) <0forj=1,...,np,

where f, is a convex function, the constraints c; are affine, ny is a large
number, and P C RY can be any set (including a discrete set).

For the Lagrangian relaxation approach to make sense in practice, two
points are fundamental. First, the dual function should be much simpler to
evaluate (at any given x) than solving the primal problem directly; we assume
this is the case for (11.11). Second, the dual problem should not be too large:
in NSO this means that the dimension of the dual variable is less than 10000.
So the approach is simply not applicable in our setting, because in (11.11) ny
is too big. Instead of dualizing all the n; constraints at once, an alternative
approach is to choose subsets of constraints to be dualized at each iteration.
In this dynamical relaxation, subsets J have cardinality |.J| much smaller than
ny. As a result, the corresponding dual function, defined on the nonnegative
orthant RIJFJI7 is manageable from the NSO point of view. However, since the
dual function now varies at each iteration, to obtain convergent algorithms,
primal and dual information should be combined adequately.

Dual Information A first important consequence of considering a subset J
instead of the full set {1,...,n;} is that complete knowledge of dual function
is no longer available. The dual function for (11.11) is

0(z) = ggg L(p,z) = ggg{fo(p) + (z,¢(p))}-

In the dynamic setting, for any given z only

nr
min § fo(p) + > wici(p) and not  min | fo(p) + > wici(p)
i€l =1

is known. This means that rather than having 6, only its trace, § o P, is
available. Here, P, is the linear operator in R™’ defined as the orthogonal
projection on the subspace Rl x {0 € R =11} ¢ R,

Similarly to p, from (8.12) in § 8.3.2, it is easy to see that the point

Pra € Argmin fo(p) + > ic;(p)
peP jed

still gives a subgradient, i.e, —¢(pj.) € 9(—0)(x). With respect to Figure 9.5,
the black-box information now depends on J, as shown in Figure 11.5.
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0(P)(2)) = folpsz) + D wici(psz)
((E, J) jeJ
—c(psz) € 9(-0)(x)
Fig. 11.5. Black box depending on a set J

Primal Information To choose which constraints are to be dualized at
each iteration, we assume that a Primal Oracle is available. A Primal Oracle
is a procedure PrimOr that, given p € RY and J C {1,...,n;}, identifies
constraints ¢; with j ¢ J that are not satisfied by p. The output of the
procedure is an index set I, i.e., I = PrimOr(p, J), which can be empty.

We assume that, as long as there remain violated constraints with indices
in j € {1,...,n7}\J, the primal procedure is able to identify one of such
constraints. With this assumption,

PrimOr(p,J)=0< {je{l,...,n1} :¢j(p) >0} C J
e {je{l,...,nr}:ci(p) <0 A{L,...,nr}\J

In particular, PrimOr(p,{1,...,n}) is always the empty set. In combinato-
rial optimization, this assumption corresponds to an exact separation algo-
rithm for the family of inequalities defined by the constraints.

Note that the primal oracle can only add indices to the set J, thus increas-
ing the dual dimension. In the absence of some criterion to drop indices from
the set J, we might soon be working with a dual dimension that is too large
to handle. For this reason, every time a candidate is declared a serious step,
we eliminate indices corresponding to zero components of the new stability
center. The idea is that, since the dual variable is a multiplier for (11.11),
in view of the complementarity relation (8.16), zero dual components should
correspond to feasible constraints.

The Algorithm We now give the dynamic version of the penalized bundle
method with |- | = || - ||, i.e., using the Euclidean norm for all iterations; we
refer to [22] for full details.

Recall that, instead of (8.1) we are now minimizing the negative of the
dual function, —@ in the nonnegative orthant R’’. The set Ji, below corre-
sponds to the index set used when the current serious step, ¥, was generated.
Note that, by (11.12) below, each iterate is defined so that y* = P (y*) with

jk C Jg.
Since all the black-box information can be recovered from p; ., the bundle
of information will now be

B= {(e“ph)yi),i =1,... ,npk} and Ji, 2",
where linearization errors are defined for the convex function —6:

€ = _e(pjk,mk) - fO(in-,yT‘) - <C(sz‘,y'i)’ xk>'
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Algorithm 11.3 (dynamic bundle). Let tol > 0, m €]0,1[, and kcomp >
0 be given parameters. Choose a nonnegative z! € R such that J; :=
{j < nr:ax} >0} # 0, and call the black box from Figure 11.5 with
(x,J) = (x', J1). Construct the model ¢; for the convex function —@, and
set the algorithm parameters, such as p;. Set k = 1, §; = oo, and I; = 0.
Define jl = Jl.

STEP 1 (dynamic stopping test). If §; < tol and I = {), stop.

STEP 2 (candidate). Solve

min @i (y) + 5y — 2|

y e R x {0 e RM-IHY 1y >0, (11.12)

y**1 solution to {

Define 61 = —0(z") — @ (y*™) — gpully"** —2*|>.
Define the primal convex point to be used by the Primal Oracle:

NPk

A+l - )
p = E QiP g, yis
i=1

where & solves the dual problem of (11.12), similar to (10.9).

STEP 3 (calling the black box and the Primal Oracle).  Call the black box
from Figure 11.5 with (z,J) = (y**1, Jp).
Call the Primal Oracle to compute I 1 = PrimOr(p**t, Jy,)

STEP 4 (assessing the candidate and choosing constraints). Descent test:

Yes: (descent-step)
ok k1 ?
0(2") +0(y""") = M1 { No:  (null-step).

If y**1 was declared a null step, define

xk"'l = Q:k s jk—i—l = jk ,Jk+1 = Jk @] Ik—i—l, and g0 to Step 5.
If y**1 was declared a serious step, then
—If k > kcomp and Iy # 0, define Ogy1 = 0.
— Otherwise, compute Og4+1 = {j € Ji : y;-”l =0}.
Define

xk+1 = yk+1 ,jk+1 = Jk\ok—i-l 7Jk+1 = jk+1 @] Ik+17 and go to Step 5.

STEP 5 (improving the model — loop). Append 3**! to the model, i.e., con-

struct ¢g41. Define the algorithm parameters for the next iteration, such
as pg+1. Change k to &+ 1, go to 1.

When compared to Algorithm 10.1, we see that the new extra calculations
correspond essentially to the management of index sets Ji. More precisely, as
long as null steps are done, we keep on adding constraints to the dual function
(the cardinality of J; increases). By contrast, when a candidate is declared a
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serious step, we eliminate those constraints corresponding to zero components
of the new serious step z**'. The parameter Ecomp ensures that eventually
(as k — 00) indices will be removed only when the convex primal point p*+?
is feasible for all the n; constraints. In order to keep a low dimensionality
of Ji and make the algorithm faster, such condition is not required at early
iterations (k < kcomp)-

In a schematic way, we now have the decomposition scheme described in
Figure 11.6.

Bundle method 4’\ Black box
min(—0) o P]k (ychrl7 Ji) and Pt {
Py yk+1

If SS, reduce Ji /l— Primal Oracle
Dy, gkt and Ip41 s
Jepr = Jr U M
k+1 B tktl \,7 PrimOr(p*+*, Jx)

Fig. 11.6. Dynamic bundle method

Along the lines of Algorithm 10.11, it is possible to introduce a compres-
sion sub-algorithm in Algorithm 11.3. Namely, primal bundle points p, .
are aggregated into the convex primal point p¥1, while linearization errors
are aggregated as usual. However, such aggregation results in no loss of in-
formation only if the dualized constraints are affine.

Similarly to Theorems 10.14 and 10.15 in Chapter 10, in [22] the dynamic
bundle method is shown to generate a sequence {z*} that is minimizing
for —6 on the nonnegative orthant R’/’. Moreover, when in addition to c,
fo in (11.1) is also affine, it is shown that if Algorithm 11.3 stops at some
iteration kjqs; with 0y, = 0 and Iy, ., = 0, then the primal convex point
pFiast solves the primal problem (11.1), written with P replaced by conv P.
When, in addition, P is a finite set and, hence, 6 is a polyhedral function,
the algorithm is shown to have finite termination for a suitable choice of
parameters.

This dynamic methodology can also be grooved together with the so-called
mazximum violation primal oracle, i.e., a procedure giving the index of the
constraint with higher value. Maximum violation oracles require to explore
the whole constraint set, and may not be well adapted for some particular
problems. By constrast, the primal oracle presented here, depending on the
set J, allows for the use of heuristic methods. The choice of suitable primal
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oracles to identify violated inequalities depends on the particular application.
For the dynamic method to work, the primal oracle should essentially ensure
that eventually all violated constraints are included in the working set J.

11.2.2 Constrained Bundle Methods

Consider a general convex constrained problem of the form

{T) f? (11.13)

where f,c: R™ — R are convex functions, in general nondifferentiable. There
is no loss of generality in formulating (11.13) with only one constraint: if
necessary, ¢ can be defined as the pointwise maximum of finitely many convex
functions (like (8.17) in § 8.3.1), since the resulting function would still be
convex.

Associated with problem (11.13) there is the improvement function, de-
pending on a fixed = € R™, defined by

hy(y) = max{f(y) — f(z), c(y)}, forally e R". (11.14)

When a Slater condition holds for (11.13), z is a solution to (11.13) if and
only if Z solves the unconstrained problem of minimizing hz.

Ideally, one could apply an unconstrained bundle method to minimize the
function hz(-) directly. In practice, since f(Z) is not known, the idea is to
take z = x*, the last serious step, and proceed until a new serious step is
generated. Then the base point in the improvement function moves, i.e., we
set x = 2%+ in (11.14). The resulting method, introduced in [318], works
on an objective function that varies along the iterations. Given a stability
center ¥, the usual penalized bundle technique is applied to the improvement
function hy := hgr, until a descent condition for this function with respect
to the value hi(x*) = max{c(x*),0} =: c*(z*) is achieved. At this time, the
corresponding candidate y*1 is accepted as the next stability center and the
algorithm proceeds, working with the new improvement function, hy1.

When written for f = hg, the descent condition (10.1), i.e, hy(y*T!) <
hi(2%) — mdx. 1, becomes

PG = F@¥) < @) = mk, (11.15)

and
c(y*) < ¢t (2®) — mbp (11.16)

where 011 = ¢t (%) — op(y"F1) = SpnlyFt — 27

Suppose both (11.15) and (11.16) hold, so that z¥T! = y*+1 If 2% is
infeasible, then f(z**!) > f(z*) is possible (since ¢t (z¥) > 0). Therefore,
the method is not monotone with respect to f when outside of the feasible
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region. However, outside of the feasible region the method is monotone with
respect to ¢, because c(xFt1) < ¢t (2) = ¢(z*) for 2% infeasible. This seems
intuitively reasonable: while it is natural to accept the increase in the objec-
tive function value in order to decrease infeasibility, it is not so clear why
one would want to decrease the objective function at the expense of moving
away from the feasible region.

The situation reverses when x* is feasible. In that case, ¢t (z¥) = 0, so
that f(z**1) < f(z*). But although (11.16) implies that 2**1 is feasible too,
it is possible that c(z¥+1) > c(x*) (except when c(2*) is exactly zero). This
also appears completely reasonable: while preserving feasibility, we allow ¢ to
increase (so that the boundary of the feasible set can be approached), at the
same time obtaining a decrease in the objective function. In particular, if the
starting point 20 is feasible, the method will operate in a feasible mode (all
serious steps are feasible).

Conditions (11.15) and (11.16) result in an important difference with re-
spect to the unconstrained penalized bundle method in Chapter 10. Every
time a serious step is declared, the cutting-planes model ¢y has to be prop-
erly revised to make sure that the relation pgy1 < hg41 holds (the important
relation pg41 < f in (10.18), written with f replaced by hg41 should be sat-
isfied). Since f(xFt1) > f(2*) is perfectly possible, we may have hj1 < hg,
where the inequality can be strict for some points. This means that a lower
approximation for hy (i.e., py satisfying ¢ < hi) may no longer be valid
for hi41 (i-e., o € hg+1). Note that this adjustment is independent of com-
pressing the bundle, which will also require additional care.

Suppose for the moment that the bundle contains only black-box infor-
mation, i.e., that no aggregation has been done. Since the unconstrained
bundle method now works with an objective function h(-) which varies with
k € K, past information relevant for constructing the model is no longer
just the bundle

B ={(e;,sj € Do, hi(x")),i = L...,npe}.

Instead, separate information about the objective and constraint functions
needs to be kept. For (11.13), black-box information has the form (f; =
fy'),ci = c(y")) and (s} € 0f (y'), st € de(y')). Or, equivalently,

B = {(ef,. €cir 5l € Dy F(a"), 51 € Do e@) i =1, mp,
where the linearization errors for f and ¢, are the usual ones:
efi = f(zk) - fl - <S;7xk - yi>7 and
€; = c(z®) —¢; — (si,z* —y?), for i € B®.

The purpose of keeping the bundle information separated is to allow the
computation of the function and subgradient values for different functions
hi. As shown in [318; Lemma 3.1], for each i € B, setting
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e = ep, + ct(zF) and s}lk = szf . if fi — fa®) > ¢
ei =€ +ct(ah) —c@®) and s) =si, if fi — f(z¥) <¢,

guarantees that e; > 0 and s}, € 9, hy(a") for every k € K.

Similarly to (10.17), separate linearization errors can be updated by a
simple formula, even when hj changes. Suppose now the algorithm has per-
formed some compression and aggregation, and that we split the bundle into
two subsets, corresponding to black box and aggregate information:

B = B U B,

For example, with respect to Algorithm 10.11, for the first iteration k when
there is aggregation, B contains the . couples kept, while B9 =
{(ex, 8%)}. Every time a new stability center is defined (z**! = y*+1) lin-
earization errors for i € B are updated according to the relations

e, = e, + FYFT) — f(ah) + (s%, 2% — y*F1), and
€ei = €+ c(y™H) — e(a®) + (st 2% =yt
while aggregate errors for ¢ € B%99 are updated as follows:
+ ai
ei =i+t (@) =t (@) + (FM) — F@h) T+ (82 -y,

see [318; Lemma 3.2]. In the same work, the algorithm is shown to be con-
vergent, similarly to Theorems 10.14 and 10.15.

Bibliographical Comments Constrained nonsmooth problems are very
complex, only a few practical methods can be found in the literature.
Convex problems with “easy” constraints, such as bound or linear con-
straints, can be solved either by inserting the constraints directly into each
stabilized subproblem, or by projecting iterates onto the feasible set; see for
instance [135] and [211, 212]. For more general constraints, one possibility is
to solve an equivalent unconstrained problem with an exact penalty objective
function; see [209, 214]. This approach, however, presents some drawbacks
which are typical whenever a penalty function is employed. Specifically, es-
timating a suitable value of the penalty parameter is sometimes a delicate
task. Furthermore, if a large value of the parameter is required to guarantee
the exactness of a given penalty function, then numerical difficulties arise.
Other bundle-type methods for (11.13) that do not use penalization are
[252, 253] and [210; Chapter 5]. In these works, infeasible candidates are au-
tomatically declared “null steps”. The resulting sequence of serious steps is
then both feasible and monotone in f. Since serious steps include the starting
point, such methods require to compute a feasible point to start the algo-
rithm. This “phase I” general (nonsmooth) convex feasibility problem may
be as difficult to solve as (11.13) itself. As a result, the overall computational
burden of solving the problem may increase considerably. On the other hand,
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feasible methods can be useful in applications where problem function(s) may
not be defined everywhere outside of the feasible region.

Infeasible bundle methods are very rare. We can mention the “phase I-
phase II” modification of the feasible method in [210; Chapter 5.7] and the
constrained level bundle methods of [230]. In [230], successive approximations
of the exact improvement function hz are used in the algorithm. Specifically,
in the expression

hz(y) = Af(y) + (1 — Ne(y) — Af(z) for some A € [0, 1],

the values of A and of f(Z) are estimated at each iteration. Those estimates
are used to define a certain gap function and an associated level parameter
Uy for the QP. Like the unconstrained variant described in Example 10.5,
such methods are especially suitable for those problems where the optimal
value f(Z) is either known or is easy to estimate. Otherwise, estimating the
optimal value is a delicate issue and inappropriately chosen values may lead
to infeasible quadratic programming subproblems.

Finally, the filter strategy [130] was recently proposed in [131] and [203]
as an alternative to the use of a penalty function in the framework of bun-
dle methods for solving (11.13). The method of [131] is based on solving
linear programming subproblems obtained by replacing the objective and
constraint functions by their respective cutting-planes models, subject to a
box-constrained trust region, like in Example 10.4. However, as stated, the
method of [131] does not allow for a compression mechanism. By contrast,
the method in [203] does use bundle compression, by applying the penalized
bundle method to the improvement function h; and using a filter criterion
to declare a candidate point a new stability center. Like smooth filter meth-
ods, both [131] and [203] are infeasible methods, but require a (feasibility)
restoration step to ensure convergence when the procedure fails to produce
a point acceptable by the filter criterion.

11.2.3 Bundle Methods for Generalized Equations

We have seen in Chapter 10, equations (10.22) and (10.23), that serious-step
iterations of the bundle method can be interpreted as an implementation of
the proximal point method. Similar ideas can be used to solve generalized
equations of the form 0 € T'(z), where T is a maximal monotone operator.
The relation comes from the fact that the subdifferential of a convex function
is a particular case of maximal monotone operator. Thus, problem (8.1) is
equivalent, via the optimality condition, to finding a zero of the maximal
monotone operator T = 0 f.

In order to make the link with bundle methods, recall that the general-
ized equation 0 € T'(x) can be solved applying the classical proximal point
method, [312]. This algorithm consists of solving a sequence of subproblems
of the following structure:
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Given z¥, find z**! and s"** € T(z**1) such that 0 = "4y (21 —2F).

For implementations, error terms need to be considered in subproblems. The
corresponding analysis was first done in [312]. However, to be convergent, this
inexact algorithm requires that asymptotically the subproblems are solved
exactly, in the sense that absolute errors should tend to zero (in fact, form a
convergent series). More recently, other forms of inexact proximal methods,
called “hybrid”, were considered in [337] ; see also [336] and [338]. In these
methods, subproblems also accept errors in the maximal monotone operator,
by means of an appropriate enlargement, introduced in [57] and denoted
by T¢. This enlargement plays the role of the smeared subdifferential, 0. f,
noting that for T = Jf such enlargement is “big”: in [57] it is shown that
O-f C 0°f, where the inclusion can be strict for some functions.

The hybrid approzimate extra-gradient method in [337] defines subprob-
lems and iterates as follows:

Given 2, find y**! and sk e TE’“( k“ such that (11.17)
1
Hu—ék + oyt — gF + 2—sk < g? H gk + l|lyFtt — :z:k|\2) (11.18)
k
1
gkt = gh — — 5k, (11.19)

where o € [0, 1] is a given parameter. In [338; Theorems 6 and 8] it is shown
that this method is globally convergent with linear rate, under the same as-
sumptions needed for exact proximal methods. Moreover, there is no need
of solving subproblems with more and more accuracy, in the sense that rela-
tive errors can be bounded away from zero (in fact, they can be fixed along
iterations).

When compared to a penalized bundle method applied to minimizing f,
note that the update for z¥*! in (11.19) is the same as in (10.8), when-
ever yFt1 gives a descent step and, hence, p¥ = y**!. Furthermore, using
Lemma 10.8 (4i7) and defining

= et FOP) = F@) 4 P (= S0 e,

we see that 88 € 9z, f(y**1) C 0 f(y*+1), so (11.17) holds.
We now relate condition (11.18) to the descent condition (10.1). By (10.8),
the first left hand side term in (11.18) is null, while the two right hand side

terms are both equal to Z—;Hé’“”z Altogether, (11.18) can be re-written as
k
b < P2 e e + FBFHY) — F(8) + L2 < 0?1342,

Rearranging terms, the right hand side inequality becomes



182 11 Applications of Nonsmooth Optimization

F@®) = fF) > (1= 0®) L1852 + e
—2(1— 02)(ﬁ||§’€||2 Fen) + (202 — e
= 2(1 — 02)5k+1 + (202 — e

Therefore, choosing o e}\/ii, 1[ and letting m := 2(1 — 02), the test (11.18)
would declare 3**1! a serious step when

F@®) = FMY) = mépar + (1 — m)eg,

a stronger condition than (10.1), used in penalized bundle methods. Such
relation is natural, since by working with the maximal monotone operator
T = 0f instead of with f itself, important structural information is not
actually being used.

Bundle methods for maximal monotone operators are considered in [59]
and [317]. Since there is no longer a function to minimize, the concept of
model function disappears. Accordingly, the only black-box output is s €
T(z) for any given z. Hence, the bundle of past information consists of pairs
of the form (y?, s* € T'(y*)) that are used to solve a QP, somewhat similar to
(10.9), of the form

min || 3%, g, ais'||?
a € Ay
Br={i<k:|ly" —a"| < pr},

where py, is a parameter of the algorithm. Candidates **! are generated by
making a line-search along & := ZieBk @;s’, where @& is a solution to the
QP above. The output of the line-search is either a serious-step satisfying
(s*+1 88) > mmin{|s**+1||, ||5*||}, or a null-step. Note that the QP subprob-
lem is also close to the dual stabilization subproblem (10.13). We refer to
[317] for more details.



12 Computational Exercises

In order to get a better understanding of the different methods presented in
this NSO Part, we now give some computational exercises.

For initial experiments with optimization programs, it is a good idea
to use a numerical computing environment, such as SCILAB [327], which is
freely downloadable, or MATLAB [249]. Both scientific software packages are
well adapted for numerical computations: their ready-to-use functions can
be used as modules to easily build more complex algorithms. In particular,
SCILAB optimization routines linpro and quapro, for linear and quadratic
programming respectively, are robust and reliable for small-scale problems.

Following the General Principles of Resolution stated in § 1.3 in the Gen-
eral Introduction of this book, the exercises below consider a separate coding
for the simulator and for the optimization algorithm.

12.1 Building Prototypical NSO Black Boxes

We start with some elementary calculations involving the test function
MAXQUAD, to be used to test and compare various NSO algorithms.

12.1.1 The Function MAXQUAD

Consider the function MAXQUAD defined in page 153, at the end of § 10.3.3,
and denoted by f.

Exercise: Write the general form of its subdifferential, at an arbitrary point
x € R1%. Check in particular the form of df(Z), where

—0.12635719028771
—0.03441290527305
—0.00686417677098
0.02631958976703
0.06733200924718
—0.27845349219516
0.07425434369432
0.13858219818536
0.08409149779995
0.03861740126733

I
I
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is the minimizer of f. To eliminate rounding errors, consider that f(Z) =
—0.84140 to determine the set of active indices J(Z), as introduced in § 8.3.1.

Exercise: Write a black box simulator for MAXQUAD, following the general
abstract structure

[f,s,ind]=name_of the_function(x), (12.1)

where

— x is an input parameter, having the given point € R'°, and

—f, s, ind are output parameters, containing, respectively, the value of
the function at z; a subgradient; and a flag that is 0 if calculations were
performed correctly. For MAXQUAD, ind is always set to 0.

For some functions, it may be useful to add an additional input parameter,

acting as a flag that makes the simulator produce different output (for exam-

ple, only compute the function value, but not a subgradient, or visceversa).

To check correctness of your coding, see if f(Z) is approximately equal to
—0.8414080.

Exercise: Write a program generating the data needed to compute MAXQUAD

(i.e., (A;,b;), for j = 1,...,5) that calls the simulator for a given value of

x and makes a 2D graph for f near z. To make a 2D graph for this 10-

dimensional function fix, for example, variables 3 to 10 and display the level

curves of f when varying the first 2 components in a neighbourhood of x.
Compare your graph with the cover figure when = = z.

12.1.2 The Function MAXANAL

A possibility to deal with the nondifferentiability of MAXQUAD is to smooth
the function, for example by using a logarithmic barrier (cf. Chapter 20 in
Part IV). More precisely, start by rewriting the maximum operation defining
f as a convex sum:

5

5
flx)= Zajfj(x) ) Zaj =1, with a; > 0 for all j,
J=1

Jj=1

and recall that nonsmoothness for f comes from multiple active indices at
x, i.e., from having nonzero «; for more than one index j. A logarithmic
penalization of these convex factors gives the regularized function

5 5
F,(x) := max Zajfj(x) + uZlog(aj) : Zaj =1
j=1 Jj=1
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where p is a given positive parameter. As pu | 0, the regularization satisfies
that F,(x) T f(z) for any given z. However, small values of y, say ¢ < 0.001,
give stiff yet differentiable problems, with highly non symmetric level sets
near T.

The function F},, called MAXANAL in the NSO literature, is a simple exam-
ple of a common fact in NSO, already present in § 11.1. Namely, to evaluate
the function f and a subgradient at some point z, the black box needs to
solve an optimization problem parameterized by x.

Exercise: Write a black box simulator for MAXANAL, following the general
abstract structure given in (12.1). There are various possibilities for solving
the optimization problem involved in the definition of F),(z), including us-
ing optimization routines from MATLAB and SCILAB. Beware that, since the
optimization problem becomes ill conditioned as p goes to 0, a straightfor-
ward application of a built-in function may not always be successful. For this
reason, MAXANAL output values of the flag ind may be non null, to indicate
failure in the computation of £ or s.

Exercise: Write a program generating the data needed to compute MAX-
ANAL that calls the simulator for a given value of x and makes a 2D graph
for f near x. Compare the level curves of MAXQUAD and MAXANAL for z = &
for different values of p.

12.2 Implementation of Some NSO Methods

We now pass to the implementation of some of the algorithms presented in
Part II. The implementation will be general purpose, in the sense that it
can be used to minimize any function with black box simulator coded with
a calling list like in (12.1).

The following general structure gives a list of typical parameters of an
unconstrained minimization algorithm:

[xf,ff,sf,nbb,reason]=name of NSO_algorithm(simul,

x0,f0,s0,maxbb,tolopt, printlev). (12.2)

Like in (12.1), right hand side arguments are input parameters while left
hand side ones is output data, produced by the algorithm.
More precisely,

— simul is a string with the name of the function to minimize, coded in a
black box form, according to (12.1).

—x0, £0, sO are the initial black box values; maxbb the maximum allowed
number of calls to the black box; tolopt the stopping tolerance; and
printlev is a flag used to determine how much information is to be printed
along the iterative process (ranging from no print out to printing informa-
tion at every iteration).
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—xf, ff, sf correspond to the final black box values, found after having
called the black box nbb times. The flag reason indicates different exit
modes (success, failure, maximum of iterations reached, etc).

The list above is just meant to serve as an example, and is far from being
exhaustive.

Exercise: Write a code for the subgradient method (Algorithm 9.2) with-
out using a line-search, but including instead the possibility of using dif-
ferent stepsizes, according to some input parameter. For example, try dif-
ferent values of constant stepsize, then take the stepsize t; = 1/k, and
te = 2m(f(z%) — f)/||s(z*)|| with m €0, 1], to be used with those simulators
for which either the optimal value f is known or it can be well estimated.

Exercise: Write a code for the cutting planes method (Algorithm 9.4). The
set S therein can be defined by a box:

S = {xeR”:xlow Sxﬁxup}
where the vectors x;o,, and x,, are additional input parameters in (12.2).

Exercise: Write a first code for the penalized bundle method (Algo-

rithm 10.1 with subproblem (10.5)) according to the following specifications:

— matrices M}, are set to the identity matrix for all k;

— constant penalization parameter py;

— ¥+ of (10.5) is computed by the dual problem (10.8)&(10.9);

— split stopping test (10.14);

— the model ¢y, of (10.7) is just the cutting-planes model f from (9.6) (there
is no aggregation).

12.3 Running the Codes

Exercise: As a first try, write a black box simulator for the function ||z||?,
where € R™ and n is arbitrary. Run your NSO codes playing with different
values of the input parameters. In particular, for the bundle code, analyze how
different values for the stopping tolerance and the penalization parameter py
modify the output in this very simple case.

Exercise: Use your three implemented NSO methods to minimize maxquad,
taking as starting point x a vector with all components equal to one. Repeat
your runs with starting point x= 0 € R19.

Exercise: Repeat yours runs, using now MAXANAL, with different values
for the barrier p (try p € {0.00001,0.0001,0.001,0.01,0.1,1}). Comparing
MAXQUAD optimal value to the optimal value in the smoothened problem
gives an idea of how small y is, i.e. how much MAXQUAD is perturbed.
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12.4 Improving the Bundle Implementation

Exercise: Consider the following variants for your bundle code:

— Penalization parameter updated as suggested in § 10.3.3

— Bundle management that keeps only active indices at each iteration.

— Compression sub-Algorithm 10.11, allowing both for selection and aggre-
gation of the bundle.

Compare the effectiveness of each variant on the different black boxes. In par-

ticular, analyze the quality of the output when the bundle is fully compressed

at each iteration (npmax = 2).

Exercise: Since MAXANAL is a smooth function, it can be minimized by using
some smooth unconstrained algorithm of Part I. For example, try using BFGS
method with Wolfe’s line-search (§§ 4.4,3.4) for different values of . Compare
the obtained output with the one given by the simple bundle method in the
previous exercise, both in terms of precision and number of black box calls
required to stop.

12.5 Decomposition Application

We consider an energy problem along the lines of § 1.2.4. More precisely, we
aim at determining the optimal management of a set of I of thermal units
(a power plant may be composed of several units, or generators) for the next
2 days. The planning horizon is discretized in half hours, i.e, the stepsize
t ranges in {1,...,T}, with T = 48 half-hours. Let di,...,dr denote the
(known) demand, and let p! denote the energy produced by the production
unit ¢ € I during the period t. In addition, to determine when the i*" plant
is to be switched on or off, we define binary variables

ui— 1 if unit ¢ is on at time step ¢
£ 7] 0 otherwise.

A simple formulation of the well known unit-commitment problem in energy
optimization consists in solving the optimization problem

min Z c(pt,u?)
u,p

il

Zpé = dt for all ¢ (123)
el . o

p}pwui <p; < p;pui for all 4, ¢t

ut € {0,1} for all 4,¢.

The two last constraints define the technological constraint set D? defined in
(1.8) for each unit. For simplicity, we consider energy bounds pj ,, and Dup
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that do not vary with ¢; note that such capacity bounds will only be required if
the unit is switched on (u} = 1). As usual in this type of problems, production
costs are separable along time:

T
Zc (pi,ui) forallie€ I;
t=1

in the expression above, the dependence on u! refers to eventual start-up or
shut-down costs. In a general abstract form,

ct(pp, ut) = agug + B (1 = up) +7ip; + 5epy
where the values (af, 8i,~i,6¢) are given apriori.

Exercise: Write the dual problem that results from dualizing demand con-
straints in (12.3). Show that the negative of the dual function has the form

T
FO)=ATd+Y 3 fi ()

t=1 icl
where each function f; is the optimal value of an optimization problem:

. minui,pi’ _Cl(plv ul) ‘_ )\tp% )
i) = Plowlt < P < Pyuptiy (12.4)
ul € {0,1}.

Exercise: Write a black box simulator for the function f above, according
to the structure in (12.1). Even though each local problem (12.4) has mixed
0-1 variables, the simplicity of its formulation allows for a direct solution,
by exploring the only two possibilities for the 0-1 variable, i.e., ui = 0 and
up = 1.

Exercise: Apply all the NSO methods implemented in § 12.2 to solve the
dual problem. To compare performances, check the final dual and primal
values obtained, as well as the total number of calls to the black box required
by each method to stop. Check also to which extent the dualized constraint
of demand is violated at the primal points pi(Af"%). Try your code with
different number of units (cardinality of I varying between 2 and 300, for
example) and different values of the input data, such as capacity bounds
Dlow and pyp, as well as cost parameters o, 3,7,d. In particular, consider
setting 6¢ = 0 for all 4,¢. Then compare with the same configuration, but
setting a small value for the quadratic cost, say d¢ = 0.0001. What do you
observe?
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In this part, we introduce and study numerical techniques based on New-
ton’s method to solve nonlinear optimization problems: objective function
and functional constraints can all be nonlinear, possibly nonconvex. Such
methods, in the form called sequential quadratic programming (SQP), date
back at least to R.B. Wilson’s thesis in 1963 [359], but were mainly popular-
ized in the mid-seventies with the appearance of their quasi-Newton versions
and their globalization, see U.M. Garcia Palomares and O.L. Mangasarian
[280], S.P. Han [184, 185], M.J.D. Powell [291, 292, 293], and the references
therein; let us also mention the earlier contributions by B.N. Pshenichnyj
[300] and S.M. Robinson [306, 307]. Ongoing research on SQP deals with the
efficient use of second derivatives, particularly for nonconvex or large-scale
problems, the use of trust regions [86], the treatment of singular or nearly
singular situations and of equilibrium constraints [242], globalization by fil-
ters, etc. SQP also appears as an auxiliary tool in interior point methods for
nonlinear programming [65].

Like Newton’s algorithm in unconstrained optimization, SQP is more a
methodology than a single algorithm. Here, the basic idea is to linearize the
optimality conditions of the problem and to express the resulting linear sys-
tem in a form suitable for calculation. The interest of linearization is that it
provides algorithms with fast local convergence. The linear system is made
up of equalities and inequalities, and is viewed as the optimality conditions of
a quadratic program. Thus, SQP transforms a nonlinear optimization prob-
lem into a sequence of quadratic optimization problems (quadratic objective,
linear equality and inequality constraints), which are simpler to solve. This
process justifies the name of the SQP family of algorithms. The approach is
attractive because efficient algorithms are available to solve quadratic prob-
lems: active-set methods [160, 128], augmented Lagrangian techniques [98],
and interior-point methods (for the last, see part IV of the present volume).

The above-mentioned principle alone is not sufficient to derive an imple-
mentable algorithm. In fact, one must specify how to solve the quadratic
program, how to deal with its possible inconsistency, how to cope with a
first iterate that is far from a solution (globalization of the method), how the
method can be used without computing second derivatives (quasi-Newton
versions), how to take advantage of the negative curvature directions, etc.
These questions have several answers, whose combinations result in various
algorithms, more or less adapted to a particular situation. There is little to
be gained from our describing each of these algorithms. Rather, our aim is
to present the concepts that form the building blocks of these methods and
to show why they are relevant. A good understanding of these tools should
allow the reader to adapt the algorithm to a particular problem or to choose
the right options of a solver, in order to make it more efficient.

The present review of Newton-like methods for constrained optimization
is probably more analysis- than practice-oriented. The aim in this short ac-
count is to make an inventory of the main techniques that are continuously
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used to analyze these algorithms. In particular, we state and prove precise
results on their properties. We also introduce and explain their structure in
some detail. However, theory does not cover all aspects of an algorithm. We
therefore strive to describe some heuristics that are important for efficient im-
plementations. In fact, it is no exaggeration to say that a method is primarily
judged good on the basis of its numerical efficiency. The analysis often comes
afterwards to try to explain such a good behavior. Finally, let us mention
that all the mathematical concepts used in the present text are simple. In
particular, even though we use nonsmooth merit functions, very few notions
of nonsmooth analysis are employed, so as to make the text accessible to
many.

This part is organized as follows. We start in chapter 13 by recalling
some theory on constrained optimization (optimality conditions, constraint
qualification, projection onto a convex set, etc.) and Newton’s method for
nonlinear equations and unconstrained minimization. This chapter ends with
the presentation of a numerical project that will go with us along the next
chapters of this part (in §§14.7, 15.4, 17.4, and 18.4). This project will give
us the opportunity to discuss fine points of the implementation of some of
the proposed algorithms and to illustrate their behavior in various situations;
it also shows, incidentally, that it is relatively easy to write one’s own SQP
code, provided a solver of quadratic optimization problems is available.

After these preliminaries come two chapters dealing with local methods,
whose convergence is ensured if the first iterate is sufficiently close to a solu-
tion. Chapter 14 is devoted to problems with only equality constraints. Here
we are in the familiar domain of Analysis, where the objects involved (func-
tions and feasible sets) are smooth. The tools are classical as well: mainly
linear algebra and differential calculus. A few concepts of differential ge-
ometry may be useful to interpret the algorithms. Chapter 15 considers the
case where equalities and inequalities are present. Introducing inequality con-
straints results in an important additional difficulty, due to intrinsic combi-
natorics in the problem. This comes from the fact that one does not know
a priori which inequality constraints are active at a solution, i.e., those that
vanish at a solution. If they were known, the algorithms from chapter 14
would apply. The algorithms themselves must therefore determine the set of
active constraints, among 2™/ possibilities (m; being the number of inequal-
ity constraints). Combinatorics is a serious difficulty for algorithms, but SQP
copes with it by gracefully forwarding it to a quadratic subproblem, where
it is easier to manage. This also implies a change of style in the analysis of
the problem. Indeed, various sets of indices must be considered (active or
inactive, weakly or strongly active), with an accuracy that is not obtained
immediately.

The concept of exact penalty is central to force convergence of algorithms,
independently of the initial iterate (a concept known as “globalization”); this
is studied in chapter 16. First, the exactness properties of the Lagrangian and
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augmented Lagrangian can be analyzed thanks to their smoothness. These
results are then used to obtain the exactness of a nondifferentiable merit
function. In chapter 17, it is shown how this latter function can be used
and how the local algorithms can be modified to obtain convergence of the
generated iterates from a starting point that can be far from a solution. The
transition from globally convergent algorithms to algorithms with rapid local
convergence is also studied in that chapter.

In the quasi-Newton versions of the algorithms, the matrices containing
second derivatives are replaced by matrices updated with adequate formulae;
this is the subject of chapter 18.

The Problem to Solve

This text presents efficient algorithms for minimizing a real-valued function
f 2 — R, defined on an open set {2 in R™, in the presence of functional con-
straints on the parameters x = (z1, ..., ;) to optimize. Equality constraints
ci(x) =0, for i € E, as well as inequality constraints ¢;(z) < 0, for ¢ € I,
can be present. It is supposed that the index sets E (for equalities) and I
(for inequalities) are finite, having respectively mpg and m; elements. These
constraints can also be written

cg(z) =0 and c;(z) <O0.

Vector inequalities, such as ¢y(z) < 0 above, are to be understood com-
ponentwise. Hence ¢;(x) < 0 means that all the components of the vector
cr(z) € R™ must be nonpositive. The functions f and ¢ need not be convex.

We therefore look for a point z, € {2 that minimizes f on the feasible set

X={zeR:cp(x)=0, c;(z) <0}

A point in X is said to be feasible. The problem is written in a condensed
way as follows:

(PEI> CE(z)

The open set {2 appearing in (Pgy) cannot be used to express general
constraints, since a solution cannot belong to its boundary. It is simply the
domain of definition of the functions f, cg, and ¢;. It is also the set where
some useful properties are satisfied. For example, we always suppose that cg
is a submersion on {2, i.e., that its Jacobian matrix at = € (2,

Ag(z) :== Veg(z)T,

of dimension mpg x n (the rows of Ag(z) contain the transposed gradients
Vei(z)T, i € E, for the Euclidean scalar product), is surjective (or onto), for
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any x € 2. Also, f and ¢ are assumed to be smooth on (2, for example of
class C? (twice continuously differentiable).

We recall from definition 2.2 that problem (Pg;) is said to be convex
when {2 is convex, f and the components of ¢; are convex and cg is affine.
In this case, the feasible set X is convex.

Notation

We denote by
m=mpg-+my

the total number of functional constraints. It will be often convenient to
assume that E and I form a partition of {1,...,m}:

Ful={l,...,m} and ENI=0.

Then, for v € R™, we denote by vg the mpg-uple made up of the components
v; of v, with indices ¢ € FE; likewise for v;. The constraints cg and c; are
then considered to be obtained from a single function ¢ : 2 — R™, whose
components indexed in E [resp. I| form cg [resp. ¢].

With a vector v € R™, one associates the vector v# € R™, defined as

follows: o
A ifie K
(Wi = {vj ifiel,
where v;” = max(0,v;). With this notation, (Pg;) is concisely written as:
min, f(z)
c(z)* =0
x € (2.

Indeed, ¢(x)# =0 if and only if cg(x) = 0 and ¢;(x) < 0.
Let z € 2. If ¢;(z) = 0, the constraint ¢ is said to be active at x. We
denote by

I°%%)={icl:ci(x)=0}

the set of indices of inequality constraints that are active at x € (2.
The Euclidean or £3 norm is denoted by || - ||2. We use the same notation
for the associated matrix norm.

Codes

A number of pieces of software based on the algorithmic techniques presented
in this part have been written. We give a few words on some of them with a
vocabulary that will be clear only after having read part III of the book.
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e VF02AD by Powell [293; 1978] is part of the Harwell library. It uses
Fletcher’s VE02AD code (also part of the Harwell library) for solving
the osculating quadratic problems [125].

e NLPQL by Schittkowski [323; 1985-86] can be found in the IMSL library.
The osculating quadratic problems are solved by the dual method of Gold-
farb and Idnani [165] with the modification proposed by Powell [296] (QL
code).

e NPSOL by Gill, Murray, Saunders, and Wright [158; 1986] is available in
the NAG library.

e FSQP by Lawrence, Tits, and Zhou [282, 222, 223, 224; 1993-2001] uses
an SQP algorithm that evaluates the objective function only at points
satisfying the inequality constraints. This nice property can be important
for certain classes of applications.

e SPRNLP by Betts and Frank [29; 1994] can use second derivatives (if
not positive definite, the Hessian of the Lagrangian is modified using
a Levenberg parameter) and exploits sparsity information. It has been
used to solve many optimal control problems after a direct transcription
discretization.

e FAIPA by Herskovits et al. [189, 190; 1995-1998] also forces the iterates
to be strictly feasible with respect to the inequality constraints. Inter-
estingly, the algorithm requires to solve only linear systems of equations,
no quadratic optimization problems [283]. This approach is connected to
interior point algorithms.

e DONLP2 by Spellucci [342; 1998] is available on Netlib. It uses an active
set technique on the nonlinear problem, so that the osculating quadratic
problems have only equality constraints.

e SNOPT by Gill, Murray, and Saunders [156; 2002] is designed for sparse
large-scale problems. The Hessian of the Lagrangian is approximated by
limited memory BFGS updates (§6.3). The quadratic programs are solved
approximately by an active set method. The globalization is done by line-
search on an augmented Lagrangian merit function.

e SQPAL by Delbos, Gilbert, Glowinski, and Sinoquet [99; 2006] can solve
large-scale problems since it uses an augmented Lagrangian approach for
solving the quadratic problems [98], a method that has the property of
identifying the active constraints in a finite number of iterations.

Notes

Surveys on Newton’s method for constrained optimization have been written
by Bertsekas [26; 1982], Powell [295; 1986], Fletcher [128; 1987], Gill, Murray,
Saunders, and Wright [159; 1989], Spellucci [340; 1993], Boggs and Tolle [35;
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1995], Polak [285; 1997], Sargent [320; 1997], Nocedal and Wright [277; 1999,
Chapter 18], Conn, Gould, and Toint [86; 2000, Chapter 15], and Gould,
Orban, and Toint [178; 2005]. See also [242] for problems with equilibrium
constraints and [28, 325] for applications to optimal control problems.
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13 Background

Before entering the subject itself, we recall some basic concepts. For further
details, the reader is referred to the books by Fletcher [128; 1987], Ciarlet [79;
1988], Gauvin [141, 142; 1992-95], Hiriart-Urruty and Lemaréchal [195; 1993],
and Bonnans and Shapiro [50; 2000]. See also [150] for an online review (in
French).

13.1 Differential Calculus

A function is said to be of class C*integer k > 0, if it is k times continuously
differentiable. A function f is said to be of class C*''it is of class C* and if its
kth derivative f(®) is Lipschitz continuous: for some norm || - || and constant
L > 0, and for any x and y, one has

1F 9 (@) = FP ()| < Ll -yl

We shall frequently expand functions, i.e., give a polynomial approxima-
tion of h — f(xz+4h), valid for more or less small h. This is due to the nature of
our algorithms, obtained by linearizing optimality conditions. We give below
some useful formulae for controlling the precision of these expansions.

Consider first the case of a scalar-valued function f : 2 — R defined
on an open set {2 of R”. Let x € 2 and h € R" be such that the segment
[,z 4+ h] = {(1—a)z + alx + h) : o € [0,1]} lies in 2. Suppose that f is
(k—1) times differentiable on {2 (k > 1) and k times differentiable on the
open segment |z, z + h[ = {(1—a)x + a(x+ h) : « € ]0,1[}. Then there exists
6 €10, 1[ such that

k—1
1,4, ;1
flat+h)=>" 5f< )(xz) - hP + Hf(’“)(x—kﬁh) - hk.
i=0
If f: 2 — R™ is vector-valued (m > 1), this expansion may not hold.
Under the same conditions as above, however, we can write

— 1, . K
Hf(erh)—E:.—,f(”(w)-h’ s( sup If"“’(Z)H) o
=0 iz z€|x,z+h] .
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Now if f : 2 — R™ is only (k—1) times differentiable on 2 and k times
differentiable at x, then

fx+h) = Z f< ) - ht 4 o(||h]|*).

If some more smoothness is assumed on f, the remainder term can be
expressed in integral form. More precisely, if f : 2 — R™ is of class C* on 2
and if the segment [z, x + h] lies entirely in 2, we have the formula:

flz+h) = Z f“ 4 /1%f(’“><w+th)-h’“dt.
)]

As a weakened form of differentiability, we say that f : 2 — R™ has a
directional derivative at x in the direction h if the limit exists in the following

expression:
Pl ot L) @)
T S0+ t '

The next lemma shows that the composition of functions having directional
derivatives has directional derivatives too, providing the second function is
Lipschitz continuous.

Lemma 13.1 (directional differentiability of a composition). Suppose
that ¢ : R® — R™ has a directional derivative at x in the direction h € R"
and that v : R™ — RP is Lipschitz continuous in a neighborhood of ¢(x) and
has a directional derivative at p(x) in the direction ¢'(x;h). Then (1 o )
has a directional derivative at x in the direction h and there holds

(o) (x;h) = (p(x); ¢’ (z; h)).

Proof. For t — 0+, use successively the directional differentiability of ¢, the
Lipschitz continuity, and the directional differentiability of :

(o @) (@ +th) = Y(p(z) + e’ (x5 h) + o(t))
= P(p(x) + e’ (3 7)) + o(t)
= (Yo p)(x) + 1 (p(x); ¢ (z; h)) + o(t).
The result follows. g

We shall also use the following result.

Lemma 13.2 (differentiability of a product). If g : R” — R™ is contin-
uous at x € R™ and o : R™ — R is Fréchet differentiable at x with a(x) =0,
then f : R™ — R™ defined by f(x) = a(x)g(x) is Fréchet differentiable at x
and for h € R": f'(x) - h = (/(x) - h)g(x).
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Proof. Let h — 0. By the assumptions a(z+h) = o/ (x)-h+o(||h|]) = O(]|k|)
and g(x + h) = g(x) + o(1). Therefore:

fle+h) = f(z) = (o (2) - h)g(z) = alz + h)g(z + h) — (o/ (z) - h)g(x)
= (a(z +h) —d/(z) - h) g(z) + o([|2]})
= o(|[)-

13.2 Existence and Uniqueness of Solutions

Consider the optimization problem

(P) {jEDXf (@)

where X is a subset of R™ (here unspecified).
Recall that a global solution to problem (P) is a point 2, € X minimiz-
ing f on the feasible set X:

flze) < f(z), forallz e X.

A local solution to (P) is a feasible point z., minimizing f locally on the
feasible set X: there exists € > 0 such that

flzy) < f(x), forallz € B(zy,e)NX.

Here B(z.,¢) is the open ball centered at ., with radius e. We say that x, is
a strict local solution, if the above is a strict inequality when z # .. Observe
that a global solution is also a local solution. The algorithms to come are not
aimed at finding global solutions. Hence, the word solution will hereafter be
used for local solutions to (P).

Problem (P) has a solution if f is continuous and X is compact (closed
and bounded) nonempty. The assumption “X compact” can be replaced by
“X closed” (nonempty) if f has the property of tending to infinity at infinity
on X, i.e., if:

ilerf)l( f(z) = +o0.
|#]|—o0
Besides, this problem has at most one solution if f is strictly convex and X
is convex.
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13.3 First-Order Optimality Conditions

Let z. be a local solution to (Pgr). It is known that, if f and ¢ are Gateaux
differentiable at x, and if the constraints are qualified at x. (see below),
then there exists A\, € R" such that the following Karush, Kuhn, Tucker
conditions (KKT) hold:

(a) Vf(ze) + A(ze) A =0
(KKT) 8 Ef(i);o o @) <0 (13.1)
(d) Ov)fer(z) = 0

We use the notation V for a gradient with respect to the Euclidean scalar
product (vector of partial derivatives). The above optimality conditions are
called “of first-order”, for they only involve first-order derivatives of f and c.
They are continually used. Some comments on this optimality system will
help the reader to memorize it.

Identity (a) is the optimality equation itself. We have used the notation
A(z,) for the m x n Jacobian of the constraints at z.: A(z) = Ve(z)T, so
that its (i, j)th element is the partial derivative dc;/dz; evaluated at x. This
equation can also be written

Vail(xs, M) =0,
where /¢ is the Lagrangian of the problem:
Oz, \) = f(z) + X e(z). (13.2)

The vector A, is called the Lagrange multiplier. The name multiplier comes
from the fact that it multiplies the constraint vector in the Lagrangian. The
vector has as many components as there are constraints. In (b), we recognize
feasibility of x,. Conditions (¢) and (d) are only related to inequality con-
straints. By (c), the corresponding multipliers have a definite sign, depending
on how (Pgy) is formulated. Here we have a “min”, constraints c; are “neg-
ative”, equation (a) has a “4” sign, as well as the Lagrangian ¢. Identity
(d) is called complementarity conditions. As (A)r > 0 and ¢y(z,) < 0, this
amounts to writing

(A)ici(zx) =0, forallie I
Said otherwise, the multipliers corresponding to inactive constraints are zero:

This comes from the fact that (13.1) expresses stationarity of x,, which is
a local property: if ¢;(z.) < 0, the constraint ¢; must not appear in (13.1)
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because a small perturbation of this constraint does not affect stationarity
of x,. In some cases, we have the equivalence

Cl(l'*) <0 <~ ()\*)z =0. (133)

We then say that strict complementarity holds.

A pair (x, \) satisfying (KKT) is called a primal-dual solution to (Pgr),
and z, is said to be stationary. Given a primal-dual solution (x, As), we use
the notation

I2=1%.) = {i€1:ci(xs) =0},
2T ={ieIl:(\); >0},
I ={ier?: (M) =0}

Constraints with indices i € I%* are said to be strongly active and those
with indices i € I2° are said to be weakly active. The latter, though active
(¢i(z«) = 0), can be removed from the problem without affecting stationarity
of z, (since (A.); =0).

Constraint Qualification

As mentioned above, existence of a multiplier A\, € R™ such that (KKT)
holds, is ensured when the constraints are qualified at x,. The aim of the
present subsection is not to give this concept a precise meaning. We shall
therefore just give sufficient qualification conditions, which we shall call some-
what abusively constraint qualification.

Thus, we say that the constraints are qualified at x when one of the
following conditions is satisfied.

(A-CQ) cpuro(y) is affine in a neighborhood of .
(S-CQ) Slater’s Qualification [334; 1950]:
e cg is affine with ¢y surjective,
e the components of ¢ 10(z) are COnvexr,
o there exists a point # € X such that cjo(,)(2) < 0.

(LI-CQ) The gradients of the active constraints {Ve;(z) : i € EU I°(z)}
are linearly independent.

(MF-CQ) Mangasarian-Fromovitz Qualification [246; 1967]: if

Z a;Vei(z) =0, with a; >0 for i € I°(x),
i€ EUIO (2)

then a; = 0 for all i € EU I%(x).
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Observe that, if the constraint qualification condition (LI-CQ) is satisfied,
there is at most one multiplier A\, satisfying the first-order optimality condi-
tions (KKT) for a given primal solution x,. Indeed, from (KKT)4, we have
(Ae)i = 0if ¢;(zs) < 0. Fori € EUI?, (KKT), and (LI-CQ) give uniqueness.

Observe also that the Mangasarian-Fromovitz condition is weaker (i.e.,
satisfied more often) than (LI-CQ). It can be shown to be equivalent to

Vo e R™, 3d € R" : dg(z) - d=vp and o, (2) - d < vro(y). (13.4)

In plain words, it is a kind of “weak-surjectivity” of the Jacobian of the active
constraints; while (LI-CQ) expresses that this same operator is surjective.
Recall that if (z.,\.) satisfies (KKT), the set of Lagrange multipliers A,
associated with x, is bounded if and only if (MF-CQ) holds [140, 141].

13.4 Second-Order Optimality Conditions

We recall that a subset C' of R™ is a cone when aC C C, for all a > 0. Said
otherwise, ax € C whenever z € C and a > 0.

Let z, be a point in the feasible set X = {z € 2 : cg(z) =0, ¢;(z) <0}
of problem (Pgr). The critical cone C, at ., associated with problem (Pgr)
is defined by

Co={deR" : cp(xs) - d=0, cho(ws) - d <0, f'(x:)-d<0}.  (13.5)

The elements of C, are called the critical directions. If (x,,A.) is a primal-
dual solution to (Pgr), C can also be written

C* = {d S Rn . C/EUJ()Jr ($*> . d = 07 C/Ii)o (.T*> . d S O} (136)

When the strict complementarity conditions (13.3) hold, I%° = () and the
critical cone becomes the null space of the Jacobian of the active constraints:

{d € R : chypolan) -d = 0} = N (Apup(e.) -

We can now state second-order necessary conditions (theorem 13.3, NC2)
and second-order sufficient conditions (theorem 13.4, SC2) of optimality.

Theorem 13.3 (NC2). Let x, be a local solution to (Pgr). Suppose that f
and cpyro are of class C? in a neighborhood of x.. and that cr\ro s continuous
at x.. Suppose also that the Mangasarian-Fromovitz constraint qualification
(MF-CQ) holds at x«. Then the set A of Lagrange multipliers A« associated
with x, such that conditions (KKT) hold is nonempty and

Vde Cy, N EAv: d'V2 (e, \)d > 0. (13.7)



13.5 Speed of Convergence 203

When the Mangasarian-Fromovitz constraint qualification (MF-CQ) holds
at ., the set A, of Lagrange multipliers associated with x, is nonempty and
compact, but this set is not necessarily reduced to a singleton. Therefore, the
multiplier A, that gives the nonnegativity of d"V2_£(z., A\:)d in (13.7) may
depend on d € C,.

Sufficient conditions of optimality do not include a constraint qualifica-
tion.

Theorem 13.4 (SC2). Suppose f and cpyro are differentiable in a neigh-
borhood of x. € {2 and twice differentiable at x.. Suppose also that the set
A, of Lagrange multipliers M. such that conditions (KKT) hold is nonempty
and that

Vd e C.\{0}, I\ €A : d'V2 0z, \)d>0. (13.8)
Then x, is a strict local minimum of (Pgr).

Condition (13.8) in theorem 13.4 is sometimes called the weak second order
sufficient condition of optimality. In some cases, a stronger form of (13.8)
is satisfied, in which a fixed A\, can be chosen independently of the critical
direction:

I\ € Ay, Vde CN\{0}, d'V2 l(z,, \)d > 0. (13.9)

Condition (13.9) will be called the semi-strong second order sufficient con-
dition of optimality. Finally, it is said that a solution x, satisfies the strong
second order sufficient condition of optimality if A, can be arbitrary in A,:

Y\ € Ay, Vde CN\{0}, d'V2 l(2.,\)d > 0. (13.10)

When there is a unique Lagrange multiplier A, associated with z, (for ex-
ample because (LI-CQ) or the Kyparisis condition [220] holds), then (13.8),
(13.9), and (13.10) are all equivalent.

We call strong solution to (Pgr) a pair (x., A.) satisfying the sufficient
conditions of optimality stated in theorem 13.4 with one of the conditions
(13.8), (13.9), or (13.10).

13.5 Speed of Convergence

Let {ur}r>1 be a sequence in a normed space, converging to 0; and let
{a }k>1 be a sequence of positive numbers converging to 0 when k£ — co. We
write ur = O(ay), and we say that uy is big O of ay, if there is a constant C'
such that |lug|] < Cay for all k > 1. We write ur, = o(ay), and we say that uy,
is little o of ay, if for all € > 0 there exists an index k. such that |Jug|| < eay
for all k > k.. If {u} }x>1 is another sequence of points converging 0, we write
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U ~ U, (13.11)

and we say that {u;} and {u},} are two equivalent sequences if uy = O(||u},||)
and , = O[ue]).

Let {x1} converge to a point x, and take a norm | - ||. We say that the
convergence is linear for that norm, if there exist r € ]0,1[ and an index k&,
such that

lxgt1 — x| < 7l|lzk — x|, for all k > k..

The convergence is superlinear if

Thi1 — Tx = ([ — 24]).
The convergence is quadratic if

i1 — 2 = O(||zg, — z4][?).

One speaks of linear, superlinear and quadratic convergence in p steps (p
integer > 1), if there holds respectively ||zx+p — 2«|| < 7|2k — z4|| (for some
r € 10, 1] and for all k large enough), x4 p—2+« = o(||zr—x4||), and T4 p—2 =
O(llzk — %)

These are obviously stronger and stronger concepts: quadratic conver-
gence implies superlinear convergence, which in turn implies linear conver-
gence. The property of linear convergence depends on the norm, while super-
linear and quadratic convergence do not.

Lemma 13.5 (equivalent sequences). If the sequence {x} converges su-
perlinearly to x,, then there holds (xy — xx) ~ (Tp41 — Xk)-

Proof. We have
Th1 — T = (Trp1 — o) — (@p — 22) = —(@ — @) + 0|z — @)

The result follows. (|

Other Use of the Notation O(-) and o(-).

We shall also use Landau’s notation O(-) and o(-) with a slightly different
point of view, without reference to convergent sequences. This notation will be
useful when studying the local convergence of algorithms, before establishing
the convergence of the considered sequences, so that the preceding definitions
do not apply.

Let ¥ and ¢ be two functions defined in a neighborhood V' of a point
zs € R™, with values in normed spaces. We say that ¢ is dominated by ¢ in a
neighborhood of z., and we write ¢ = O(¢), if there exist a positive number
C and a neighborhood Vy C V of z,. such that |[¢(z)| < C||¢(x)| for all
x € Vh. We say that ¢ is negligible compared with ¢ in a neighborhood z.,
and we write ¢ = o(¢), if for all € > 0, there exists a neighborhood V. C V
of z, such that [|¢(2)|| < e||¢(z)|| for all z € VL.
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13.6 Projection onto a Closed Convex Set

Let (-,-) be a scalar product on R™, || - || the associated norm (i.e., ||z| =
(z,z)"?), C a nonempty closed convex set in R and z a point of R”. Then
there exists a unique element x,, € C, called the projection of x onto C, such
that

lzp — || < |ly —z|, forallyeC.

It is thus the point of C that minimizes the distance of = to the points of C.
We shall also use the notation z, = Pcx.

Here are some properties of the projection that will be useful.

First, the projection z, = Pcx is characterized by one of the following
equivalent conditions:

(xp —x,y—xpy >0, forallyeC, (13.12)

(y—x,y—xp) >0, forallyeC. (13.13)

Thus, if x, € C satisfies one of the above properties, it is the projection of =
onto C. If C is a nonempty closed convex cone of R" and z € R™, another
characterization of z, = Pcx is easily deduced from (13.12):

(xp —x,zp) =0 and (xp —x,y) >0, forallyeC. (13.14)
Furthermore, the mapping « — Pcz has the following property:
(Poxy — Powy, 20 — 1) > ||Poxy — Poxy||?,  for all z1, 20 € R™,

which implies in particular that Po is a monotone mapping. Using the
Cauchy-Schwarz inequality {u,v) < |lu||||v]|, one deduces:

||ch1 — Pcil?z” < ||JC1 — ZZZQH, for all xr1,T2 € R™. (1315)

The projector P¢ is therefore Lipschitz continuous with modulus 1.

13.7 The Newton Method

Consider a mapping F : RN — RN, We want to solve numerically for = € R
the system with IV equations in the N unknowns

F(z) =0. (13.16)

The Newton method (see also chapter 4) generates a sequence {zj} by the
recurrence formula
Zgy1 = 2k + dp, (13.17)

where the step dj, solves the equation (13.16) linearized at zj:
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F(z) + F'(z2x)di. = 0. (13.18)
This equation has a unique solution if F’(zj) is nonsingular. In this case,
dy, = —F'(21) " F(z). (13.19)

The next theorem analyses the convergence of a slightly more general
method, in which the direction dj, is given by

dy = —M_ ' F(2x), (13.20)

where M, is a nonsingular matrix. Quasi-Newton methods enter this frame-
work. We recall that nonsingular matrices form an open set in the normed
space of matrices.

Theorem 13.6 (convergence of Newton’s algorithm). Let z, be a zero
of a map F : 2 — RN defined on some neighborhood 2 C RN of z,. Suppose
that F is of class C* on 2 and that F'(z,) is nonsingular.

1) Then there exist £, > 0 and epr > 0 such that

|21 — 2] < e and My — F'(z)|| <enm, Vk>1, (13.21)

imply that the recursion (13.17) with di given by (13.20) is well defined
and generates a sequence {zy} converging linearly to z,.
2) If, in addition,

(M = F'(22)) (21 = 2) = olll2x = 2:])),

then the convergence is superlinear.
3) If, in addition, F' is Lipschitz continuous on {2 and

(My — F'(2.)) (2 — 22) = Oz — 2]1%),
then the convergence is quadratic.
Proof. Note 3 := ||F’(z.)~!|| and choose €5 > 0 such that 3e)s < 1 and

. 3Benm
T1-— Benr

Now determine ¢, > 0 such that B(z.,e.) C 2 and ||F'(2) — F'(2.)|| < em
for all z € B(z.,¢,) (possible by the continuity of F’).

Let M be an N x N matrix verifying |M — F'(z.)|| < epm. Then
| F'(z)"Y(M — F'(z,))|| < Benm < 1 and, by Banach’s perturbation lemma,
the matrix M in nonsingular and satisfies ||[M || < 3/(1 — Bea). Apply-
ing this to M = My and M = F’(z), one finds that, for all k¥ > 1 and all
2 € B(z4,€.), My and F'(z) are nonsingular and

<1
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_ _ p
M and [|F'(2) 71| < T Gear
In this case, dj, is well defined by formula (13.20).
Using F(z.) = 0 and the fact that ' is C* on B(z.,¢e.), which allow us
to use a Taylor expansion in integral form, there holds when zy € B(z.,¢,)

2yl — Zx = 2k — 2+ T di
= Mk_l (Mk(zk — Z*) — F(zk))
= Mk_l (Mk — F’(zk))(zk — Z*)

+M;! /01 (F’(zk) — F'(ze +t(2x — z*))) (2 — 2z4) dt.

Taking norms, also permuting norm and integral operator, we deduce that
l|zk+1 — 2| < ||z — 2«]|. Therefore, by induction, all the sequence {z;} C
B(zs,€,) if 21 € B(2«,¢,). Furthermore z; — z, (since r < 1). This concludes
the proof of the first claim of the theorem.

With the additional assumption of the second point of the theorem, the
estimate of the error zxy1 — 2. above shows that zx11 — 2z« = o(||zk — 2«)),
hence the convergence of {z;} is superlinear. Finally, with the additional as-
sumptions of the third point of the theorem, the same error estimate provides
lzk+1 — 2:]| < Cll2k — 2«]|?, for some constant C' > 0, implying the quadratic
convergence of {z}. O

Applying this theorem to the Newton algorithm (Mj, = F’(z;) for all k)
shows that, if F' is C! in a neighborhood of z, if F’(z,) is nonsingular, and
if the first iterate is close enough to z,, the method converges superlinearly.
It converges quadratically if, in addition, F’ is Lipschitz continuous in a
neighborhood of z,.

The Osculating Quadratic Problem

To solve the unconstrained minimization problem

;frelliRI}L f(z), (13.22)

a possibility is to solve its optimality condition (see §2.2 or use (KKT))
Vf(x)=0.
Taking F' = Vf in (13.16), the Newton equation (13.18) can be written
Vf(xr) + V2 f(xr)de = 0. (13.23)

This equation is the first-order optimality condition of the problem
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1
min Vi) d+ §dTV2f(xk)d, (13.24)

which is called the osculating quadratic problem to (13.22) at xy.

When V2 f(zy) is positive definite (so is the case if zy, is close to a strong
solution to (13.22)), it is equivalent to solve the linear system (13.23) or the
quadratic problem (13.24). With (13.24), we have an optimization problem
to solve, which may guide intuition when designing algorithms. This return
to optimization after linearization of the optimality conditions will also be
done for constrained problems.

Because Newton’s algorithm is basically a method to solve nonlinear equa-
tions, it makes no distinction between the types of stationary points x,, pro-
vided V2 f(z,) is nonsingular. According to theorem 13.6, the iterates are
indeed attracted by such a regular point, even though it is not a local min-
imum of f; in particular it can be a maximum. When one tries to find a
minimizer, this is not a nice property. There are techniques, however, such
as truncated conjugate gradient iterations or the use of trust regions, which
tend to overcome this undesirable feature. Some of them will be described in
chapter 17, in the framework of constrained optimization problems.

13.8 The Hanging Chain Project I

We introduce here a test problem that will go with us along the chapters of
this third part of the book. This problem will be used to implement and to
test some of the optimization algorithms that will be presented and analyzed
in the chapters 14 to 18. The model is simple enough to be implemented in
a course on numerical constrained optimization, using languages like MAT-
LAB [249] or SCILAB [327]. It is also rich enough to present all the difficult
situations that a nonlinear optimization software has to deal with. The large
amount of details given in this section and others have the goal to make an
implementation easy.

The problem we propose to look at consists in finding the static equilib-
rium position of a chain made of rigid bars. Its extreme joints are fixed at
two hooks and it is maintained above a given tilted flat floor. As we shall see,
this problem can be modeled as a minimization problem with equality and
inequality constraints, hence having the form of problem (Pg) on page 193.

The hanging chain problem has been considered by several authors, with
more or less generality and without the floor constraint. Luenberger [239]
introduces it “to illustrate a wide assortment of theoretical principles and
practical techniques”. Veseli¢ [356] provides a precise analysis of the problem.
Bonnans and Shapiro [49] use it as an example for a perturbation analysis.
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Modeling

We suppose that the chain has perfectly flexible joints and is subject to
gravity, so that it lies in the vertical plane containing the hooks. Let it be the
(x,y)-plane (see figure 13.1). We assume that the chain has nb rigid bars of

(0,0) x

bar 4
joint i—1

joint ¢

Fig. 13.1. Model of the hanging chain

given lengths L;, i = 1,...,nb. Therefore, there are nj = nb — 1 free joints.
The coordinates of the joints are denoted by (x;,y;), for i =1,...,nj. These
ones are the n := 2(nj) variables to determine, since the position of the
hooks is supposed to be given: at positions of coordinates (xo,yo) = (0,0)
and (Xpb, yub) = (a,b) say. There is no restriction on the value of (a,b).
In particular, one can set (a,b) = (0,0), in which case the vertical plane
containing the chain is supposed to be a problem data (it has not to be
specified, but in this case the solution found in the (x,y)-plane is still a
solution to the problem after a rotation around the vertical axis going through
the point (0,0)). We start with the premise that the position of the chain
can be obtained by minimizing its potential energy. Let us give its analytic
expression.

Consider a chain whose bars have not necessarily the given lengths and
that is specified by the position of its free joints. We gather them in the vector
of unknowns

T = (X1,X2,...,Xnj, Y1,Y2s - - ¥nj)-
The adopted order in the components of x is more convenient than tak-
ing (x1,y1,X2,y2,...). Since the ith bar is between the joints of coordinates
(xi—1,yi—1) and (x;,y;), its length is given by

li(z) == \/(Xl —%xi-1)?+ (yi —yi-1)?, ¢=1,...,nb,

with (%9, y0) := (0,0) and (Xub, Yub) = (@, b). Therefore, assuming unit weight
per unit of length, the potential energy of the considered chain, which is
defined up to a constant, can be written




210 13 Background

Zl YZ+Yz L

The model must also specify the actual length of the bars: [;(z) = L;.
Squaring I;(z) to have differentiability leads to the constraints c(x) = 0 € R®®,
where

ci(z) =li(x)> = L?, fori=1,...,nb.

Without the floor constraint, the model consists in

min, E(z)
ci(x)=0, i=1,...,nb.

Note that on the feasible set, [;() = L;, so that the problem is not modified
if I;(x) is substituted by L; in the objective. The interest of this substitution
is that the objective becomes linear:

{minm e(z)

ci(z)y=0, i=1,...,nb,

where
nb y+y L
_ L [ i— )

We still have to model the floor constraint.

It is assumed that the floor is smooth, without roughness, so that the
joints and the chain can slip on it without resistance. This implies that the
actual equilibrium position is still the one with minimal potential energy. To
simplify, we assume that the floor is flat and possibly tilted. In the (x,y)-
plane, the floor is given by the affine function y = g(x), where

g(x) := go + g1x. (13.25)

The constants gy and g; are supposed given and may vary from one test-
problem to another. The chain must hang in the half-plane D := {(x,y) : y >
9(x)}. In particular, the hooks must lie in D, which leads to the following
compatibility conditions on gg and g¢;:

go<0 and go+gi1a <b.

Then, since the chain is affine between its joints, it is entirely in D if ¢;(x) <
0 € R¥, where

¢i(T) = go + g1Xi—nb — Yimp, for i=mnb+1,...,nb+nj.

Finally, the problem to solve can be written
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min, e(z)
ci(x)=0, i€ E:={l,...,nb}
ci(x) <0, i€l:={nb+1,...,0b+nj}.

It has the structure of a minimization problem with equality and inequal-
ity constraints like (Pgr). The Lagrangian of the problem is the function
denoted by

(z,A\) = L(z, \) = e(z) + A e(x),

where A = (Ag, A;) and Ag € R®™ and A\; € R™ are the multipliers associated
with the equality and inequality constraints. Figure 13.2 represents a typical

(0,0)

floor

Fig. 13.2. Static equilibrium of the hanging chain

equilibrium position without (the dashed line) or with (the solid line) a floor
constraint.

The Simulator

The easiest way of organizing the program is to use direct communication
(see figure 13.3): a main program (say in the file ch.m) calls the optimization
module (say in the file sqp.m), which communicates with a simulator (say
in the file chs.m) to get information on the problem to solve. The parameter
indic monitors the communication with the simulator: the calling procedure
uses indic to specify the job to realize by the simulator and this one uses
this parameter to inform the calling procedure on the course of the simulation
(for example, to indicate failure in the required computation).

In MATLAB, the procedure chs can determine what it has to compute by
looking at the number of its input and output arguments when it is called
(nargin and nargout), so that there is no need to use the parameter indic
on input; however, this variable is still useful on output (its meaning has
been specified above). Our implementation of the simulator recognizes the
following calls:
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calling procedure
ch.m (first part)

optimization module P _1_ TTh
| |

sqp.m ! simulator !
<~ chs.m

O optimization indic |
loop : I

calling procedure
ch.m (second part)

Fig. 13.3. Optimization code organized in direct communication

[indic] = chs(xy)

[e,ce,ci,indic] = chs(xy)
[e,ce,ci,g,ae,ai,indic] = chs(xy)
[h1l,indic] = chs(xy,lmde,lmdi)

In the first case, the simulator just plots the chain specified by the coordinates
of the free joints in xy = x; in the second case, it computes the function
e = e(x) to minimize, the constraint functions ce = cg(x) and ci = ¢r(x);
in the third case, it computes e(z), cg(x), ci(x), the gradient g = Ve(x),
and the Jacobian matrices ae = ¢z(z) and ai = ¢} (z); finally in the fourth
case, it computes the Hessian of the Lagrangian hl = V2 _{(x, \), using the
coordinates xy = x and the multipliers Imde = Ag and 1mdi = A;. Actually,
this Hessian does not depend on A since the inequality constraints are linear.

The main module defines the problem’s data and calls the optimization
procedure after having set its parameters.

It is good practice to write the optimization module independently of
the problem to solve, translating in computer language the mathematical
objects and operations that are used in this book. The obvious reason is
that the module can then be used to solve other optimization problems.
Since the simulator needs information on the problem defined in the main
module ch (e.g., the length of the bars) and that this information cannot be
passed through the optimization module, it must be passed using the global
statement of MATLAB.
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First Session

The goal of this first session is to write the main module ch.m and the sim-
ulator chs.m. To do this, just follow the description given in the previous
two sections. No knowledge in optimization is required to achieve this goal.
Various optimization algorithms will be implemented and tested in other
sessions.

A delicate task, which is however crucial for the success of the next ses-
sions, is to check the correctness of the simulator. Both function values (e
and c) and derivatives (first Ve(z), ¢/(z), and second V2_¢(x, \)) need to be
examined. Function values are best verified by considering simple cases, for
which the values of e(z) and ¢(z) are known (a chain with 2 or 3 bars of
equal length, for example).

The consistency between a function and its derivatives is more delicate.
In smooth optimization, a standard way of proceeding is to compare the
computed derivatives with their approximations by finite differences. For a
function ¢ : R® — R™, one can check that the computed values ¢’ () - €' =
d¢(z)/0x; € R™ (e denotes the ith basis vector of R™), for i = 1,...,n, are
close to one of their approximations

p(z+tie’) — o(z)
t;
o(z+tiet) — p(r—t;et)
2t;

= ¢/ (x) - + O(t;),

= ¢'(x) - e’ + O(t).

The second differential quotient is more precise but requires more function
evaluations. The choice of ¢; is known to be sensitive. It is standard [107] to
take

1/2

t'i =€ ma’X(T’ia |xz|)a

where ¢ is the machine epsilon, which is the smallest positive floating point
number such that fi(1 4 €) # 1 (it is given by the variable eps in MATLAB),
and 7; is a typical size of z; (7; = 1 can be chosen for the data given in this
project).

Other ways of assessing the correctness of the derivatives will be available
after the implementation of the local algorithms in the sessions of §§14.7
and 15.4, and of the line-search in the session of §17.4 (see the comments
after the output printed by the line-search on page 318).

Notes

Section 13.5 has introduced the so-called quotient rates of convergence. Some-
times the convergence can only be qualified by the so-called root rates. These
are defined, discussed and compared with the quotient rates by Ortega and
Rheinbold [278].
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Theorem 13.6 is not the only result on the convergence of Newton’s algo-
rithm. Of particular interest is the Kantorovich theorem, which has the nice
feature of not assuming the existence of a zero of F', but proves that such
a zero exists, provided some conditions hold at the first iterate z; (F(z1) is
small, F’(z1) is nonsingular) and in some neighborhood (F’ does not change
too rapidly), see [202, 108].

Exercises

13.1. Find a set X defined by inequality constraints and a point € X, for which
(MF-CQ) holds but not (LI-CQ).

13.2. Find optimization problems in which a solution satisfies: (i) the strong
second order sufficient condition of optimality (13.10); (i7) the semi-strong
second order sufficient condition of optimality (13.9) but not the strong one
(13.10); (42%) the weak second order sufficient condition of optimality (13.8)
but not the semi-strong one (13.9).



14 Local Methods for Problems with
Equality Constraints

In this chapter, we present and study several local methods for minimizing
a nonlinear function subject only to nonlinear equality constraints. This is
the problem (Pg) represented in figure 14.1: {2 is an open set of R™, while

min, f(x)
(Pg) { clz) =0
x €2

Fig. 14.1. Problem (Pg) and its feasible set

f:92 — Randc: 2 - R™ are differentiable functions. Since we always
assume that c¢ is a submersion, which means that ¢/(x) is surjective (or onto)
for all x € {2, the inequality m < n is natural. Indeed, for the Jacobian of
the constraints to be surjective, we must have m < n; but if m = n, any
feasible point is isolated, which results in a completely different problem,
for which the algorithms presented here are hardly appropriate. Therefore, a
good geometrical representation of the feasible set of problem (Pg) is that of
a submanifold M, of R”, like the one depicted in figure 14.1.

There are several reasons for postponing the study of optimization prob-
lems with inequality constraints. First, we tackle difficulties and notation
progressively, and prepare the intuition for the general case. Also, the re-
duced Hessian method (§14.5) has no simple equivalent form when inequali-
ties are present. Finally, such problems arise both in their own right and as
subproblems in some algorithmic approaches to solve optimization problems
with inequality constraints. For instance, nonlinear interior point algorithms
sometimes transform an inequality constrained problem into a sequence a
equality constrained problems by introducing slack or shift variables and a
logarithmic penalization (see [143, 65, 11] for examples). A good mastery of
the techniques used to solve problem (Pg) is therefore helpful.
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By local methods, we mean methods whose convergence is ensured pro-
vided the initial iterate is close enough to a solution. In this case, the algo-
rithms presented in chapters 14 and 15 have the nice property to converge
quadratically. This feature comes from the linearization of the optimality
conditions. Among the quadratically convergent algorithms that have been
proposed to solve problem (Pg), we have chosen to describe two of them (and
some of their useful variants): Newton’s method (§14.1) and the reduced
Hessian method (§14.5). These are probably the most often implemented
algorithms. Also, they offer a framework in which different techniques can
be used: line-search and trust region globalization techniques, quasi-Newton
Hessian approximations, etc.

When c is a submersion, the feasible set of (Pg) forms a submanifold
of R™. However, the algorithms studied in this section do not force the iter-
ates to stay in that manifold. For general nonlinear constraints, this would
generally require too much computing time. Rather, optimality and feasibil-
ity are searched simultaneously, so that optimality is obtained in a time of the
same order of magnitude as that needed to obtain feasibility in a code with-
out optimization. This nice feature makes these algorithms very attractive in
practice.

According to the first-order optimality conditions (13.1), we know that,
when the constraints are qualified at a solution z. € (2 to (Pg), there exists
a Lagrange multiplier A, € R™ such that

Vf(ze) +A(z) A =0
{ (o) 2 0. (14.1)
We have denoted by A(x) := ¢/(x) the m x n Jacobian matrix of the con-
straints: the ith row of A(z) is the transposed gradient Ve;(z) " of the ith con-
straint; hence the (7, j)th element of A(z) is the partial derivative dc;/0z; ().

14.1 Newton’s Method

The Newton Step

We have seen in chapter 13 how Newton’s method can be used to solve non-
linear equations (see (13.18)) and to minimize a function (see (13.24)). For
optimization problems with equality constraints, it is therefore tempting to
compute the step dj at xj by means of a quadratic [resp. linear] approxima-
tion of the objective function [resp. constraints] at xj. With such a method,
dy, would solve or would compute a stationary point of the quadratic problem

ming f/(zg) - d + lf”(a: ) 2
{C(xkd) + lexk) -d l 0, * (14.2)
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and the next iterate would be xy4+1 = xx + di. Beware of the nonconver-
gence of this algorithm! In some cases, the generated sequence moves away
from a solution, no matter how close the initial iterate is to this solution®.

The right approach consists in dealing simultaneously with the objective
minimization and the constraint satisfaction, by working on the optimality
conditions (14.1). Actually, these form a system of n+m nonlinear equations
in the n+m unknowns (z., A.), a system that can be solved by Newton’s
method. This results is a so-called primal-dual method, which means that a
sequence {(xg,Ap)} is generated, in which x approximates a primal solu-
tion x, and Ay approximates the associated dual solution A,.

Let (zx, Ar) be the current primal-dual iterate. We use the notation

fo = f(we),  cw=clor), Ap:=A(we) = (2r), Valy = Vol M),
and finally denote by
Lk = L(ij, /\k) = Vimé(xk, /\k)

the Hessian of the Lagrangian ¢ with respect to = at (xy, A\x). See (13.2) for
a definition of the Lagrangian. Newton’s method defines a step in (x, \) at
(g, A\x) by linearizing the system (14.1) at (zg, Ag). One finds

(flz f@ (ZZ) T (V5k£k> : (14.3)

Given a solution (dy, p) to (14.3), the Newton method defines the next iterate
(Tk+1, Ak+1) by

Tp+1 =2k +dr, and  Agp1 = A\ + Lk (14.4)

Since Vi, is linear with respect to Ag, (14.3) can be rewritten as follows:

EHE-)

where we have used the notation
/\?P = i+ k-

The superscript ‘QP’ suggests the fact that, as we shall see below, A" is the
multiplier associated with the constraints of a quadratic problem. The next
iterate (2g41, Ak+1) of Newton’s method is in this case

! See exercise 14.1 for an example, in which f is concave. When f is strongly convex
and has a bounded Hessian, one can get convergence with line-search along the
direction computed by (14.2). When f is nonconvex, convergence can still be
obtained with line-search and the truncated SQP algorithm. This will be clearer
with the concepts developed in chapter 17. Nevertheless, as this is shown below,
the step computed by (14.2) neglects an important part of the “curvature” of
problem (Pg).
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Tk+1 =Tk +di, and  Agg1 = /\gP. (14.6)

This formulation reveals the less important role played by Ay, compared with
that of xp. Observe indeed in (14.5) that \x only appears in the matrix Ly,
while zy, is the linearization point of the functions defining the problem.

Osculating Quadratic Problems

Just as in the unconstrained case, the Newton equation (14.3) can be viewed
as the optimality system of a quadratic problem (QP), namely

{mind Vaolid+ 5d" Lid

cr + Ard = 0. (14'7)

This one is called the osculating quadratic problem of (Pg) at (zg, Ar). If we
consider (14.5) instead of (14.3), we find

{mind Viid+3d"Lid

cr+ Apd =0, (14.8)

which is another osculating quadratic problem, whose optimality system is
(14.5).

The transformations from (14.3) to (14.7) and from (14.5) to (14.8) call
for some comments.

1. Any linear system with a symmetric matrix having the structure of that
in (14.5) (the distinguishing feature is the zero (2, 2) block of the matrix)
can be viewed as the first order optimality conditions of the associated QP
in (14.8). This point of view can be fruitful when numerical techniques
to solve (14.5) are designed.

2. We know that (14.7) and (14.8) have the same primal solutions. This can
also be deduced by observing that their objective functions only differ in
the term ] Axd, which is the constant —\, cx anywhere on the feasible
set. However, these problems have different dual solutions. With (14.7),
we obtain the step py to add to the multiplier A, (Ax+1 = Ak + px), while
(14.8) gives directly the new multiplier (Ag41 = AZ").

3. One can obtain (14.7) directly from (Pg): the constraints are linearized
at the current point z; and the objective function is a quadratic approx-
imation of the Lagrangian at (x, \r) (the constant term £(zy, Ai) of this
approximation can be added to the objective function of (14.7), without
changing the solution).

4. Note the difference between (14.2) and (14.8). The former takes the Hes-
sian of the objective function; the latter uses the Hessian of the La-
grangian. The difference between these two Hessians comes from the con-
straint curvature (sum of the terms (A );VZ2¢;(z)). In order to have fast
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convergence, this curvature must be taken into account. This is all the
more important when f is nonconvex.

The validity of (14.7) can be justified a posteriori. Indeed the Lagrangian
has a minimum in the subspace tangent to the constraints (if the second-
order sufficient conditions of optimality of theorem 13.4 hold); there-
fore, it makes sense to minimize the quadratic approximation of this
Lagrangian, subject to the linearized constraints. Since the same cannot
be said of f, (14.2) appears suspect.

We can also make the following remark. To have a chance of being
convergent, an algorithm should at least generate a zero displacement
when starting at a solution. We see that this property is not enjoyed by
(14.2). In fact, if ) solves (Pg), then ¢x = 0 and Vf(zx)'d = 0 for all
d € N(A); hence (14.2) amounts to minimizing 3d "V f(z1)*d on N (Ag).
If the Hessian of f is not positive semi-definite in the space tangent to
the constraints, which may well happen, then d = 0 does not solve (14.2)
(unbounded problem). In contrast, (14.3) and (14.5) do enjoy this mini-
mal property, insofar as the matrix appearing in these linear systems is
nonsingular (see proposition 14.1 below and the comments that follow
definition 14.2).

5. No equivalence holds between (14.5) and (14.8): the minimization prob-
lem (14.8) may have a stationary point (hence satisfying (14.5)) but no
minimum (unbounded problem). Equivalence does hold between (14.5)
and (14.8) — or (14.3) and (14.7) — if Ly satisfies

d"Lpd >0, for all nonzero d in N(Ay).

In fact, in this case, d — Vf[d + $d"Lid is quadratic strictly convex
on the affine subspace {d : ¢ + Axd = 0}. Therefore (14.8) has a unique
solution, which solves the optimality equations (14.5). These equations
have no other solution (proposition 14.1).

6. From a numerical point of view, the osculating quadratic problem shows
that the Newton equations can be solved by minimization algorithms. For
large-scale problems, the reduced conjugate gradient algorithm is often
used: one computes a restoration step r, that is feasible for (14.8) (hence
satisfying ¢ + Agry = 0) and then one generates directions in the null
space of Aj. We shall come back to this issue in §14.4 and §17.2.

Regular Stationary Points

The Newton step can be computed if the linear system that defines it, (14.5)
say, is nonsingular. The next proposition gives conditions equivalent to this
nonsingularity.

Proposition 14.1 (regular stationary point). Let A be an m x n matriz,
L be an n X n symmetric matriz, and
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K= (j f‘g) . (14.9)

Then the following conditions are equivalent:
(1) K is nonsingular;
(i) A is surjective and any d € N(A) satisfying Ld € N(A)* vanishes;
(iii) A is surjective and Z~TLZ~ is nonsingular for some (or any) n x
(n—m) matriz Z— whose columns form a basis of N(A).

Proof. [(i) = (i1)] Since K is surjective, so is A. On the other hand, if
d € N(A) satisfies Ld € N(A)t = R(AT), there exists 4 € R™ such that
(d,u) € N(K), so that d = 0.

[(i1) = (iii)] Let Z~ be a matrix like in (iii). If Z=TLZ~u = 0 for some
u€R"™™ d:=Zue N(A) and Ld € N(Z~T) = R(Z™)+ = N(A)*, so
that Z~u = 0 by (i7). Now u = 0 by the injectivity of Z~.

[(417) = (4)] It suffices to show that K is injective. Take (d, 1) in its null
space. Then Ad = 0 and Ld+ Ay = 0, which imply d € N(A) (or d = Z~u
for some u) and Z~"Ld = 0. From (iii), v = 0 and d = 0. Thus A"y = 0,
and p = 0 by the injectivity of AT. O

Note that the nonsingularity of L and the surjectivity of A are not suffi-
cient to guarantee the equivalent conditions (¢)—(ii7). For a counter-example

consider
10
L_<O_1> and A= (1-1).

The vector (1 1 —l)T is in the null space of K. On the other hand, when A is
surjective, condition (i74) is obviously satisfied if Z~TLZ~ is positive definite,
and a fortiori if L is positive definite. Exercise 14.2 gives more information
on the spectrum of the matrix K: it is claimed in particular that, when A is
surjective, the matrix K always has m negative and m positive eigenvalues
(for the intuition, consider the case when n = m = 1 and observe that the
determinant of K is negative; hence there is always one negative and one
positive eigenvalue).

A consequence of exercise 14.2 is that a quadratic function, whose Hes-
sian is the matrix K with a surjective A, is never bounded below. If this
function has a stationary point, it is not a minimizer, but a saddle-point.
The symmetry of K suggests, however, that a linear system based on this
matrix expresses the optimality conditions of a quadratic minimization prob-
lem, but this one needs linear equality constraints (using the matrix A) to
have a chance of being well-posed: see (14.8) for an example. Actually, a
stationary point of this constrained quadratic problem will be a constrained
minimizer if and only if the matrix L is positive semi-definite on the null
space of A.

The discussion above leads us to introduce the following definition.
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Definition 14.2 (regular stationary point). A stationary point (z., As)
of (Pg) is said to be regular if A, := ¢(x,) is surjective and if Z_ "L, Z_ is
nonsingular, for some (or any) n X (n—m) matrix Z, whose columns form a
basis of N(A,).

A regular stationary point is necessarily isolated: it has a neighborhood con-
taining no other stationary point (see exercise 14.3 for a precise statement).
Also, a strong primal-dual solution (z., \.) to (Pg) satisfying (LI-CQ) (i.e.,
A, surjective) is a regular stationary point. Indeed, in this case d'L.d > 0
for all nonzero d € N(A.), so that the so-called reduced Hessian of the La-
grangian

H,:=2"L.Z_

is positive definite. The (n—m) X (n—m) matrix H, clearly depends on the
choice of the matrix Z_ . In some cases, it can be viewed as a Hessian of some
function (see exercise 14.4).

The Algorithm

We conclude this section by giving a precise description of Newton’s algorithm
to solve problem (Pg). As already mentioned, the method generates a primal-
dual sequence {(zy, Ax)} C R™ x R™.

NEWTON’S ALGORITHM FOR (Pg):

Choose an initial iterate (1, A1) € R™ x R™.

Compute c(x1), Vf(z1), and A(zq).

Set k= 1.

1. Stop if Vl(zk, A\x) = 0 and ¢(zx) = 0 (optimality is reached).

2. Compute L(zg, Ax) and find a primal-dual stationary point of the
quadratic problem (14.8), i.e., a solution (dj, AZ") to (14.5).

Set xgy1 =z + di and Ag4q = /\?P.

Compute c(r+1), Vf(zry1), and A(2p41).

5. Increase k by 1 and go to 1.

Ll e

In practice, the stopping criterion in step 1 would test whether ||V&(xg, Ak)||
and |lc(xg)|| are sufficiently small. This remark holds for all the algorithms
of this part of the book.

Before analyzing the convergence properties of this algorithm in § 14.3, we
introduce some notation that makes it easier to understand some interesting
variants of the method and highlights the structure of the Newton step dy.
How to compute this step is dealt with in §14.4.
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14.2 Adapted Decompositions of R™

A General Framework

Suppose that ¢ is a submersion on the open set {2 C R™. Then, the set
My ={yeR:cly) =czx)}

is a submanifold of R™ with dimension n—m (for the few concepts of dif-
ferential geometry that we use, we refer the reader to [344, 51, 84, 112] for
example). Intuitively, the tangent space to M, at z is the set of directions
of R™ along which ¢ does not vary at the first order; it is therefore the null
space of the Jacobian matrix

Ay = Ax) = (x)

of ¢ at x. This null space and a complementary subspace decompose R
into two subspaces, which make the description and interpretation of the
algorithms easier. This decomposition, which we now describe, is shown in
figure 14.2.

Fig. 14.2. Adapted decomposition of R™

Consider first the tangent subspace N(A,). We shall often assume that
we have a smooth mapping

Z7: QR g 77— 77 (a),

such that for all x € 2, Z is a basis of the tangent subspace. We mean by
this that the columns of Z; form a basis of N(4,) or equivalently:

Vo € 2, Z is nx(n—m) injective and 4,7 = 0. (14.10)

Besides, since A, is surjective, it has a right inverse: an n x m matrix A
satisfying A, A, = I,,,. We shall always assume that A7 is the value at x of
a smooth mapping
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AT >RV ix— A = A ().

Therefore
Vo € £2, A7 is nxm injective and A, A, = I,y,. (14.11)

The range space of A, is a subspace complementary to N(A.), because
R(A;)NN(A;) = {0} and dim R(A; ) + dim N(A;) = m+ (n—m) = n.

Thus, R™ can be written as the direct sum of the subspaces spanned by
the columns of Z; and the columns of A7 : for all x € (2,

R"™ = R(Z;)® R(A).

Lemma 14.3 (adapted decomposition of R™). Let Z~ : 2 — R**(n—m)
and A~ : 2 — R™ ™ be mappings satisfying respectively (14.10) and (14.11).
Then there exists a unique mapping

Z: Q- ROmxn g 7= Z(2)
satisfying for all x € §2:

2027 = Iy, (14.13)

This mapping Z is also characterized by the following identity, valid for all
x € (2:
I1=A A +2,7Z,. (14.14)

Proof. It can be easily checked that the matrix X, = (A; /i ) is nonsingular,
from which follow the existence and uniqueness of Z, satisfying (14.12) and
(14.13). Next observe from (14.10), (14.11), (14.12) and (14.13) that the
matrix Y, = (4] Z; )T is the inverse of X, since Y, X, = I,,. Then (14.14) is
exactly the identity X,Y, = I,,. Conversely, this last identity determines Y,
hence Z,. O

Figure 14.2 summarizes the properties of the operators A,, Z, A7,
and Z,. The manifold M, is translated by —z, so that the linearization
point x is at the origin. To find one’s way in this family of operators, a
mnemonic trick is welcome: the operators A, and Z_., with a minus expo-
nent, are injective and right inverses; while the operators A, and Z,, without
a minus exponent, are surjective and left inverses.

Using the identity (14.14), we have for every vector v € R™,
v=A A+ Z Zyv.

This identity allows us to decompose a vector v into its longitudinal compo-
nent Z; Z,v, tangent at x to the manifold M, and its transversal component
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AL Azv, which lies in the complementary space R(A, ). In view of our pre-
ceding development, this decomposition is well-defined, once the matrices Z_
and A, have been given. Observe also that A A, and Z; Z, =1 — A A,
are oblique projectors on R(A) and R(Z; ). The orthogonal projectors on
these subspaces are

AL (AL TA) YA T =1 - 20(Z.2)) 2y

and
Z(Z;"Z ) 20T =1 Al(A.A) A,

x

Below, we give some formulae for the computation of the matrices Z_ and
Ay satisfying properties (14.10) and (14.11). These formulae use inverses of
matrices, which need not be computed explicitly in algorithms. Likewise, the
matrices Z, and A, need not be computed explicitly. What matters is their
action (or the action of their transpose) on a vector, which can generally be
obtained by solving a linear system. For example, as we shall see, the right
inverse A is usually applied to the vector ¢(z), whereas A T is often applied
to Vf(z).

We now proceed by giving examples of matrices Z_, A, and Z, that are
frequently used in the algorithms.

Decomposition by Partitioning (or Direct Elimination)

This decomposition has its roots in optimal control problems (see §1.2.2 and
§1.14 for examples of such problems), in which the variables x = (y,u) are
partitioned in state variables y € R™ and control variables u € R™"~™. The
Jacobian A, is likewise partitioned in

where B, is an m X m matrix giving the derivatives of the constraints with
respect to the state variables. In the regular case, B, is nonsingular. Such a
decomposition is also used in linear optimization.

The decomposition of R™ given below is often used for large-scale opti-
mization problems, in which a fixed partitioning of the variables leads to a
nonsingular matrix B,. Note that it is always possible to make a partition
of the surjective matrix A, as above, leading to a nonsingular matrix B,
provided some permutation of the columns of A, is performed. There are
linear solvers that can select the columns of A, in order to form a matrix B,
with a reasonably well optimized condition number.

In the framework just described the matrix

i (_351N1> (14.15)

r In—m

is well defined and satisfies properties (14.10), while the matrix
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—1
AT = (Bg ) (14.16)

is also well defined and satisfies (14.11). The mapping Z given by lemma 14.3
has for its value at x:
Zo = (0 In_m).

Now, let us highlight some other links with the optimal control framework.
Assuming that c is of class C!, the nonsingularity of B, implies that ¥, the
solution to ¢(y, u) = ¢(x) for fixed x, is an implicit function of u: y = y(u) and
c(y(u),u) = ¢(x) for all v in a nonempty open set. Then the basis Z, above is
obtained by differentiating the parametrization v — (y(u), u) of the manifold
M, :={z' € 2:¢(a') = c(x)}. On the other hand, the displacement

—AZc(z) = (—B;Jc(x))

is a Newton step to solve the state equation ¢(y,u) = 0, with fixed control .

From a computational point of view, we see that, to evaluate A ¢(x), it
is sufficient to solve the linear system B,v = ¢(x), whose solution v gives the
first m components of A, c(x). This is less expensive than computing B!
explicitly! Likewise, the first m components h of Z_ u can be obtained by
solving the linear system B h = —N,u.

Orthogonal Decomposition

The orthogonal decomposition is obtained by choosing a right inverse A7,
whose columns are perpendicular to N(A,) (they cannot be orthonormal in
general), and a tangent basis Z, with orthonormal columns. The condition
on A7 implies that this matrix has the form A7 = A]S, for some matrix S.
Since Ay A, = I must hold, A, is necessarily given by

A = Al (A AL (14.17)

Now, let Z, be an arbitrary orthonormal basis of N(4,): A,Z; = 0 and
Z-"Z7 = I,_pm. To get the matrix Z, provided by lemma 14.3, let us mul-
tiply both sides of the identity (14.14) to the left by Z; T, using (14.17).
Necessarily

Zy=27;".

One way of computing the matrices A, and Z; just described, is to use
the QR factorization of A (see [170] for example):

Ay = (Y7 Z7) (%) =Y, R., (14.18)

where (YI_ Z; ) is an orthogonal matrix and R, is upper triangular. The
matrix R, is nonsingular since A, is assumed to be surjective. Then, the
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last n—m columns Z_ of the orthogonal factor form an orthonormal basis
of R(Y,; )+ = R(A])*, which is indeed the null space of A,. Furthermore,
(14.18) and the nonsingularity of R, show that the columns of Y~ € R™*™
span R(A]) = N(A,)*. Since, by multiplying the extreme sides of (14.18) to
the left by Y, T, it follows that A,Y,” = R] or A,Y,” R; " = I,,, the right
inverse of A, given by (14.17) is necessarily

A =Y R,

The orthogonal decomposition just described has the advantage of being
numerically stable and of computing a perfectly well-conditioned basis Z .
The QR factorization can be carried out by using Givens rotations or with
at most m Householder reflections. Therefore, this is a viable approach when
m is not too large.

Oblique Decomposition

Let M be a matrix that is nonsingular on the null space of A,, meaning that
Z-TMZ7 is nonsingular for some basis Z; of N(A,) (this property of M
does not depend on the choice of Z , see proposition 14.1). Then, one can
associate with M a right inverse of A,, defined as follows. Take v € R™. Then
the quadratic problem in d

2

ming 1d"Md
A,d=v

(14.19)
has a unique stationary point, which satisfies the optimality conditions

Ty —
{Md—i—Aw)\ =0 (14.20)

A.d =,

for some multiplier A € R™. We see that d depends linearly on v. Denoting
by A, the matrix representing this linear mapping, i.e., d = A v, the second
equation in (14.20) shows that 2; is a right inverse of A,. This matrix E;
will be useful to write a simple expression of the Newton displacement to
solve (Pg).

An explicit expression of E; can be given by using a basis Z of the null
space of A, and a right inverse A, of A,. Then (14.14) and (14.20) show
that d = Ay v+ Z u for some u € R"™". By premultiplying both sides of the
first equation of (14.20) by Z T, we obtain u = —(Z; TMZ )1 Z- TM A v.
Finally

A= (I — 77 (2 Mzp) Z;TM) A (14.21)

Even though A, and Z_ appear in this formula, ﬁ; does not depend on them
(from its definition). From lemma 14.3, there corresponds to the operators Z,
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and IZ; a unique matrix Z, such that ZCX; =0 and ZEZ; = 1. To give an
analytic expression of Z,, observe first that from (14.21), one has

Z:TMA; =0, (14.22)

~

which expresses the fact that the range spaces R(Z; ) and R(A,) are “or-
thogonal” with respect to the matrix M (this would correspond to a proper
notion of orthogonality if the matrix M were positive definite). It is then easy
to check that

Z,=(2;"Mz;) Z; M
satisfies the required properties.

To conclude, note that A, may not exist if M is singular on the null space
of A,. Here is a counter-example with n = 2 and m = 1:

11 _ 0
M:<10), A,=(10), and zggz(l).

Since Z; TM = A,, E; cannot satisfy both Amg; = I and (14.22). Observe
finally that the right inverses (14.16) and (14.17) obtained previously can
be recovered from E; by an appropriate choice of M this is the subject of
exercise 14.7.

14.3 Local Analysis of Newton’s Method

Local Convergence

In this section, we study the local convergence of the Newton algorithm to
solve problem (Pg), introduced in § 14.1. We use the notation

A, = A(zy) and L. = L(x. \).

Quadratic convergence of the primal-dual sequence {(zy,Ar)} will be
shown thanks to theorem 13.6. We shall also use proposition 14.1, whose
conditions (7)-(ii¢) imply that the constraints are qualified at the solution x.
in the sense (LI-CQ):

A, is surjective. (14.23)

A consequence of proposition 14.1 is that, when (z., A« ) is a regular stationary
point, the system (14.3) or (14.5) has a unique solution for (zy, Ar) close to
(24, Ax). Therefore Newton’s method is well defined in the neighborhood of
regular stationary points.

Theorem 14.4 (convergence of Newton’s algorithm). Suppose that f
and c are of class C? in a neighborhood of a reqular stationary point x, of
(Pg), with associated multiplier .. Then, there exists a neighborhood V of
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(4, Ax) such that, if the first iterate (x1, A1) € V, the Newton algorithm de-
fined in §14.1 is well-defined and generates a sequence {(x, A\x)} converging
superlinearly to (T, A«). If f"" and ¢ are Lipschitzian in a neighborhood of
T+, the convergence of the sequence is quadratic.

Proof. The result is obtained by applying theorem 13.6 with z = (x,\) and

F(z) = (Vf(x)ca)zuxm) |

Clearly, F is of class C! in a neighborhood of z, = (24, \s) and F’(z,) is non-
singular (from proposition 14.1). The superlinear convergence of {(xx, A\x)}
to (4, Ax) follows if (x1, A1) is close enough to (2., Ay). If f”/ and ¢’ are Lips-
chitzian near ., so is F’ near z,, and the quadratic convergence of {(x, A}
follows. (|

This theorem tells us that Newton’s algorithm makes no distinction be-
tween stationary points, provided they are regular in the sense of defini-
tion 14.2. The iterates are indeed attracted by such a point, even if it is not
a local minimum of (Pg); in particular it can be a maximum. The reason of
this property comes from the fact that Newton’s algorithm is essentially a
method to solve nonlinear equations (here the optimality conditions of (Pg)).
When one tries to find a minimizer, this is not a nice property. We shall see,
however, that the techniques of chapter 17 tends to overcome this undesirable
feature.

Note that the quadratic convergence of the sequence {(zj,A;)} by no
means implies that of {z} (see exercise 14.8). However, we shall see in chap-
ter 15 (theorem 15.7) that {xx} does converge superlinearly. On the other
hand, there are versions of Newton’s method that guarantee the quadratic
convergence of the primal sequence {zx}. Here is an example of such an
algorithm.

A Primal Version of the Newton Algorithm

It has already been observed that, in Newton’s method, Ax plays a less crucial
role than zj in the computation of the next iterate (xgy1, Ag+1). If, instead
of letting the sequences {x} and {\;} be generated independently, the dual
iterate A\ is computed from the primal iterate xy, by means of a function
x — MNx), Le.,

>\k = /\(Jik),

the algorithm becomes completely primal. Indeed, then the knowledge of
x) entirely determines the next iterate xy41. We shall show below that the
function A(-) can be chosen in such a way that the convergence of {x} will be
quadratic, under natural assumptions. A possible candidate for that function
is the least-squares multiplier:



14.3 Local Analysis of Newton’s Method 229
NS (z) := —A™ (2) "V f(2), (14.24)

where A7 () is a right inverse of A(z). One speaks of least-squares multi-
plier because A**(x) minimizes in A a weighted o norm of V l(z, A) (see
exercise 14.9).

Let us make precise the algorithm under investigation.

PRIMAL VERSION OF NEWTON’S ALGORITHM FOR. (Pg):

Choose an initial iterate z; € R".

Compute ¢(z1), Vf(2z1), and A(xq).

Set k= 1.

1. Compute A\, = A(zg).

2. Stop if V(x, A) = 0 and ¢(zx) = 0 (optimality is reached).

3. Compute L(xy, A\) and find a solution (di, A7") to the linear sys-

tem
() () =-C0)- e
4. Set xpy1 = xf + d.

Compute c¢(xg+1), Vf(@kt1), and A(xg41).
6. Increase k£ by 1 and go to 1.

o

We have used the same notation A" for the dual solution to (14.25) and

(14.5), although their values are different, since here Ay depends on zj. Note

that although A2" is computed, it has no influence on the value of 1.
The next theorem analyses the local convergence of this algorithm.

Theorem 14.5 (convergence of a primal version of Newton’s algo-
rithm). Suppose that f and ¢ are of class C% in a neighborhood of a regular
stationary point x. of (Pg), with associated multiplier \.. Suppose also that
the function A(-) used to set the value of A satisfies AM(xx) = A« and is
continuous at x.. Then, there exists a neighborhood V' of x, such that, if
the first iterate x1 € V', the above primal version of Newton’s algorithm is
well-defined, generates a sequence {xy} converging superlinearly to x., and
AT = A = o(||lzk — xil|). If furthermore f” and ¢ are Lipschitzian in a
neighborhood of x. and if there is a positive constant C such that

IAMx) = M|l < Ol — x|, for x near x,
then the convergence of {x1} is quadratic and A" — Xy = O(||lzr — z4]?).

Proof. We mimic the argument used in the proof of theorem 13.6. With the
notation
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Flo,) = (wf((;), u>>7

and g, := A7 — A, the linear system (14.25) can be written

F”@%,Ak)<zi) — _Flap\).

If x5 is in some neighborhood of the regular stationary point x., with as-
sociated multiplier A, Ar is near A, (continuity of A(-) at z.). Further-
more, F'(xp, \i) = F'(xg, AM(zx)) is nonsingular (see proposition 14.1) and
has a bounded inverse on that neighborhood. With the notation zyy; :=
(@11, AF)s 2k = (Tk, Ay), and 2z, = (24, \.), and the fact that f and ¢
are of class C?, one has

2kl — Ze = 2k — 26 — F' (2, \i) T F (28, As)
:F@er%F@be%wwg—Fm)

1
— / F'(2s + t(xp—20), M) - (Zh — 24) dt).
0

Using F'(z«) = 0 and taking norms,

1
ke =zl < € / | P/ (@ M) = F (e + tan—a), Al dt ) fox = .
where C’ is a positive constant. Now, since f”, ¢’, and A are continuous
at 2., F'(-,\(-)) is continuous at x, and the last estimate gives zp41 — 24 =
o(||zx — z«|)), implying the superlinear convergence of z, to z, and A" —
Ao = o(||zr — 24]|). If furthermore f” and ¢” are Lipschitzian near x, and
AMx)=X = O(||z—x.]), one has zx 11— 2« = O(||xx —2+]||?), which means that
the convergence of {z} is now quadratic and that A?" =\, = O(||zr —z.|?).

14.4 Computation of the Newton Step

In this section, we describe three ways of computing the Newton step dj
and the associated multiplier A7": the direct inversion approach, the dual ap-
proach, and the reduced system approach. We are interested both in analytic
expressions of (di, A\Z") and computational issues. Each of these methods has
its own advantages and drawbacks. It is the last one that most highlights
the structure of the Newton step. In each case, one has to find a solution to
(14.5), which is recalled here for convenience:

(G (5 o

Below, the matrix of this linear system is supposed nonsingular (see propo-
sition 14.1 for conditions ensuring this property), which implies that Ay is
surjective.
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The Direct Inversion Approach

The most straightforward approach for computing the Newton step is to
consider the linear system (14.26) as a whole, without exploiting its block
structure. One should not lose sight of the dimension n 4+ m of this linear
system, which can be quite large in practice. Therefore, to make this approach
attractive the problem needs to have small dimensions or to have sparse
matrices Ly and Ay that can be taken into account. Using this approach could
also be a naive but rapid way of computing (di, A\?") in a personal program,
using matrix oriented languages like MATLAB or SCILAB, for instance.

As regards the numerical techniques used to solve the full linear system,
observe that, although the matrix in (14.26) is symmetric, it is never posi-
tive definite, even at a strong solution to problem (Pg) (see exercise 14.2).
Therefore, a Cholesky factorization or conjugate gradient iterations are not
adequate algorithms to solve this linear system! Direct linear solvers (i.e.,
those that factorize the matrix in (14.26)) can be considered, in particular
when they can take advantage of the possible sparsity of Ay and Ly. The
methods of Bunch and Kaufman [56] for the dense case or the MA27/MA47
solvers of Duff and Reid [114, 115, 116] for the sparse case are often em-
ployed. For large-scale problems, iterative solvers with preconditioners have
also been developed, see for example [53, 20, 315, 358, 333].

The Dual Approaches

The dual approaches (sometimes called range-space approaches) need to have
nonsingular matrices L and AkLglAg. This condition is certainly satisfied
if Ly, is positive definite (remember that Ay is always assumed surjective in
this section).

In the dual approach, the value of dj, is given as a function of A", using
the first equation of (14.26):

di = =L NV fr + ALADD). (14.27)

Substituting this expression in the second equation of (14.26) gives the value
of the QP multiplier, which is the solution to the linear system

(ARL PADNY = AR LMV fr + ¢ (14.28)

A way of solving (14.26) is then to consider the two linear systems (14.28)
and (14.27) one after the other: once A" has been determined by (14.28),
di can be evaluated by (14.27). The computational effort depends on how
these systems are solved, which should be a consequence of the problem size
and structure. If direct solvers are used, one can give a rapid count of the
number of linear systems to solve: m+1 with the n X n matrix L and one
with the m x m matrix A,L; 'A]. Indeed, the calculation can be organized
as follows: first, one computes L; ' A} and L, 'V fy; next, A\Z" is evaluated
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by solving (14.28); finally, dj, is obtained by (14.27) without having to solve
any additional linear system.

When Ly, is positive definite, AZ" in (14.28) maximizes the dual function
associated with the osculating quadratic problem (14.8), which is the function
(see also part II)

A = min (%dTLkd +Viid+ A (e + Akd)> : (14.29)

On the other hand, di given by (14.27) is the solution to this minimiza-
tion problem in (14.29) with A = AP". This viewpoint gives its name to
the approach. It also suggests other ways of solving (14.26), which are of-
ten interesting for very large-scale problems such as the Stokes equations in
fluid mechanics (see [243] and references therein). We briefly discuss these
approaches below.

The Uzawa algorithm [13, 134] generates a sequence of multipliers A con-
verging to A\7?". For each A, the minimization problem in (14.29) is solved,
which provides an approximation d of the solution dy. Next the multiplier is
updated by a steepest ascent step on the dual function: Ay := A+a(cp+Ard),
where o > 0is an “appropriate” stepsize. This first order method in ) is some-
times too slow. One way of accelerating it in this simple quadratic setting
is to use the conjugate gradient (CG) algorithm on the dual function, which
is equivalent to solving the linear system (14.28) by CG. Each CG iteration
normally requires an accurate solution to a linear system with the matrix Ly,
although inexact solution can also be considered (see for example [355]).

Another way of accelerating the Uzawa procedure described above is
to substitute in (14.29) the Lagrangian by the augmented Lagrangian (see
§16.3):

1
A~ min <§dTLkd +VTd+ X (cp + Apd) + chk + Akd||§> . (14.30)

where 7 > 0 is a parameter. The algorithm is similar: Ay := XA+ 7(¢, + Axd),
where d is now the solution to the minimization problem in (14.30). See [134]
for more details.

Time saving is also possible by avoiding an exact minimization of the
problem in (14.29) or (14.30) before updating the multiplier (see [303, 118,
54, 92] for instance).

In conclusion, the dual approaches can be appropriate when L and
AklelA,—'; are nonsingular and a linear system with the matrix Ly is not
too difficult to solve. They can also be useful when quasi-Newton techniques
are used to approximate L,;l by positive definite matrices in the nonlinear
algorithm (the one that sets problem (14.26)), since then there is no linear
system to solve with the matrix Ly, just a matrix-vector product needs to be
done.
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The Reduced System Approach

In this approach (sometimes called the null-space approach), it is assumed
that a decomposition of R™ has been chosen, similar to those described
in §14.2. The operators A~ (z) and Z~(x) should take advantage of the fea-
tures of the problem, in order to avoid expensive operations. We show below
that then the optimization aspect contained in (14.26) can be transferred
into a single linear system, involving an (n—m) x (n—m) symmetric matrix:
the reduced Hessian of the Lagrangian. This makes the reduced system ap-
proach particularly appropriate when n—m < n. Since the reduced Hessian
is positive definite at a strong solution to (Pg), the approach makes it possi-
ble to detect convergence to a stationary point that is not a local minimum.
Furthermore, the method leads to formulae highlighting the structure of the
Newton step d.

Let us start by introducing a very useful notion. We have denoted by
Z~(z) an n x (n—m) matrix, whose columns form a basis of N(A(x)), the
subspace tangent to the constraint manifold at . We call reduced gradient
of f at x for the basis Z~, the vector of R~ defined by

g(x) == Z 7 (2) "V f(x). (14.31)

We note gy := g(x). This vector can be interpreted in Riemannian geom-
etry as follows. Equip the manifold M, with a Riemannian structure by
defining at each point y € M, the scalar product on the tangent space
Y(Zgu, Z v) = u'v; then the gradient of f\MI at y for this Riemannian
metric is just the tangent vector Z~ (y)g(y).

Consider now the computation of dj. Recalling (14.14), the second equa-
tion in (14.26) shows that dj has the form

dyp = —A ¢, + Z ug,
for some uy € R™™™. Then, the first equation in (14.26) gives
LiZg ue + AN = =V fu + L Aj cx..
Premultiplying by Z, T to eliminate AZY provides the reduced linear system:
Hyuy = —gi + Z, L A; e, (14.32)
where the (n—m) X (n—m) matrix
Hy = Z; "L Z;;

is called the reduced Hessian of the Lagrangian at (zy, Ag). It depends on
the choice of the basis Z, . This matrix is necessarily nonsingular when the
matrix in (14.26) is nonsingular (see proposition 14.1). This leads to

dp = —(I — Z; H ' Z,, "Ly) Ay e, — Z;, Hy, ' gie.
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The operator acting on ¢, namely
T —g—1p-T -
A =U-Z, H,  Z Lp)A,, (14.33)

is the right inverse of Ay, defined in (14.21), where M and x have been replaced
by Ly and zj, respectively. Finally

dy = —Ap ey — Z7 Hy g (14.34)
This computation reveals the structure of the Newton direction dj, made
up of two terms (see figure 14.3). The first term 7, := — A, ¢, is a stationary
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{J?k—Fd:Ck—FAkd:O}

M, ={x eR":¢(x) =0}

Fig. 14.3. Structure of the Newton step dy,

point of the quadratic problem in r € R™:

min,. %rTLkT
¢ + Apr = 0.

To see this, just set Vf = 0 in (14.8) and (14.34). This direction aims at
reducing p(-) = ||c(+)]|, an arbitrary norm of the constraints. Indeed, when
cr # 0, Ty, is a descent direction of p, since according to lemma 13.1:

P (wr; i) = (I 1) (ew; i) = (I - 1) (ex; —ck) = —llexl| <O
The second term in the right-hand side of (14.34), t := —Z, Hy 'gx, is a

stationary point of the quadratic problem in t € R™:

ming kaTt + %tTth
At = 0.

To see this, just set ¢, = 01in (14.8) and (14.34). It is tangent to the manifold

My = M,, and aims at decreasing the function f. Indeed, when Hj is

positive definite and g # 0, ) is a descent direction of f at xy, since
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f(aw) -t =V f(zr) (=2 Hy 'gr) = —g Hy 'ge < 0.

We shall come back to this issue in § 14.6, when comparing the direction dy,
with directions generated by other algorithms.
On the influence of Lj on the direction dj, we can observe the following.

1. The second-order information used in the Newton direction is entirely
contained in the part Z, 'Ly, of Lj. This can be seen in formula (14.34):
only this part enters the matrices ﬁ,; and Hj. In particular, the direction
dy, is not changed if we add to Lj, a matrix of the form A] SyAj, where
Sk is an arbitrary symmetric m X m matrix.

2. If we multiply L by a number « # 0, the transversal part —g;ck of
the direction is not affected, while the longitudinal part —Z, H, Log is
divided by a. In other words, the “size” of Ly only acts on the tangential
part of dy.

Consider now the computation of A\Z". Premultiply the first equation of
(14.26) by A; " and use formula (14.34) of dj, to find

A = — ATV f + AL TG AL o (14.35)

This multiplier, as well as the first term in (14.35),
A= —A Vi, (14.36)

are sometimes called second-order multipliers, since they involve second-order
derivatives of the functions f and ¢, via the Hessian of the Lagrangian Ly.
These are estimates of the optimal multiplier, since A" = A\, = A, when
Tk = T4, a stationary point. Such is also the case of

NS = — ATV fy,

called the first-order multiplier or least-squares multiplier (see (14.24)). It is
said to be of first-order because it only involves the first derivatives of the
data.

With this section, we have concluded the description of Newton’s algo-
rithm to solve equality constrained optimization problems. Next comes the
description of an algorithm, also proceeding by linearizations, but different
from Newton’s method. It can be seen as a kind of nonlinear block Gauss-
Seidel approach.

14.5 Reduced Hessian Algorithm

There is an algorithm to solve problem (Pg), different from Newton’s method,
that also enjoys local quadratic convergence. In optimization, its existence can
be suggested by the following considerations.
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When c is a submersion on {2, the feasible set
M, ={zx € 2:c(x) =0}

is a manifold of dimension n—m. Then (Pg) has only n—m degrees of freedom
and a natural question is whether there exists a method where the matrix
containing the second-order information (second derivatives of f and ¢ or
their quasi-Newton approximation) is only (n—m) x (n—m). This is certainly
the case if the iterates x are forced to stay in M. Indeed, such an algorithm
can be obtained by taking a parametrization of M, around z, and applying
Newton’s method in the parameter space, which has dimension n—m. How-
ever, requiring xj € M, is not realistic: it is often computationally expensive
and, anyway, it cannot be realized exactly when c is an arbitrary nonlinear
function. What is desired is a method with the following properties:

e the only matrix containing second-order information is (n—m) x (n—m),
e the iterates zj are not forced to satisfy the constraints at each iteration,
e the speed of convergence is quadratic.

In this section, we show how to introduce such an algorithm. We shall
see that this approach is particularly attractive when n—m < n and quasi-
Newton techniques are employed. Throughout the section, we assume that
the stationary point z, we are seeking is regular (see definition 14.2).

The Reduced Optimality System

The first stage leading to the definition of the algorithm is to provide an
optimality system of reduced size, with fewer equations than in (14.1). This
stage is optional but, by eliminating the multiplier from (14.1), it leads to a
more concise presentation.
Premultiply the first equation of (14.1) by Z~(x.) " to find, with (14.10),
the reduced optimality system:
{9(9:*)
c(+)

where ¢ is the reduced gradient of f, defined by (14.31). The multiplier A,
no longer appears in this system, which counts (n—m)+m = n equations for
the n unknowns z..

Note that the two systems (14.1) and (14.37) have the same solutions z..
Indeed, we have just shown that (14.37) can be obtained from (14.1). On the
other hand, we deduce from the first equation of (14.37) that

0
0. (14.37)

V(@) € N(Z7(2.) ") = R(Z™ (2:))" = N(A(w))" = R(A(z) ).

Therefore there exists A, € R™ such that Vf(z.) + A(x,) "\ = 0. This is
the first equation of (14.1). Thus, there is no loss of solutions by considering
(14.37) instead of (14.1).
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Solving the Reduced Optimality System by a
Decoupling Technique

The reduced Hessian method essentially consists in performing one Newton-
like step to solve the second equation of (14.37), followed by one Newton-like
step to solve the first equation. This resembles a nonlinear block Gauss-Seidel
method. There is an important difference however. We shall show that, to
yield local quadratic convergence, the first step can be an arbitrary Newton-
like step, but the second one must have a very specific form. In particular, this
second step must be tangent to the manifold defined by the second equation
in (14.37).

The algorithm generates two sequences of iterates, {zy} and {yx}, both
converging to the same solution x.. Local convergence is studied more eas-
ily if the method is thought of generating the sequence {yj}. It is this se-
quence that converges (almost) quadratically. Curiously the sequence {x}
converges slightly less rapidly, but the algorithm is easier to implement in
terms of the sequence {z}. We now introduce the method by considering
the sequence {yi}, while {z}} appears as an intermediate sequence.

Starting with an iterate y; € {2, we first perform a Newton-like step that
aims at solving the second equation of (14.37). For this, we use a right inverse
of the Jacobian of c¢. This gives an intermediate point x, defined by

rr = yr — A (yr)c(yr)-

Note that, if m = n, then A~ (y) is the inverse of A(y;) and the step
— A~ (yr)c(yr) is exactly the Newton step at yi to solve ¢(z) = 0 (com-
pare with (13.17) and (13.19)). When m < n, which is our situation, every
right inverse A~ (yx) produces a particular solution xy — yi to the constraint
equation, linearized at y.

We are now interested in making a Newton-like step from xj to solve the
first equation of (14.37). The point zj, is supposed to be in 2. Observe first
that the reduced gradient can be written g(z) = Z; TV, 4(z, \.), where \, is
the multiplier associated with the solution z.. By optimality, V,(z., A.) = 0.
Hence, assuming that Z_ is continuous at x, and using lemma 13.2, one has

9'(w:) = Z; "L, (14.38)

where we have set Z; = Z~ (z.) and L, = L(z«, \), as usual. If (z,, Ay) is
a regular stationary point, the reduced Hessian of the Lagrangian at (2., \.),

H,:=2"L.Z_,

is nonsingular (see proposition 14.1), so that ¢’(x.) is surjective. Therefore g
is a submersion in a neighborhood of x,, which is supposed to contain 2. As
above, we can therefore take a right inverse B~ (xy) of ¢’(x) and define the
next iterate by
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Yr+1 =z — B (z)g (k).
We have just described a procedure for computing yx4+1 from yi, with x5 as
an intermediate iterate.
We now raise the following question. Is it possible to find a matrix map-
ping  — B~ (z) so as to obtain fast convergence of the sequence {y;} to z.?

To answer this question, we introduce the functions ¢ and ¢ : R® — R"
defined by:

Then, the procedure we are analyzing can be viewed as fixed point iterations:
Ye+1 = (W o ©)(yr). As a result, if B (-) can be determined in such a way
that (¢ o )/ (xx) = 0, the algorithm is likely to converge quadratically (see
exercise 14.10). The next lemma specifies the value of B, := B~ (z,) to get
this property.

Lemma 14.6 (condition of quadratic convergence of a decoupling
method). Suppose that g and c are differentiable at x., that A=(-) and
B~ () are continuous at x., and that (x.,\s) is a regular stationary point
of (Pg). Then

(Wop)(w.) =0 <= B =Z H,
where H, := Z7 "L.Z_, for some basis Z of N(A.).
Proof. Set B, = Z_ "L, and C, = (1 0 )'(x.). Then, with the assumptions

and lemma 13.2:
C.= (I — B;B,)(I — Ay A,).

If (¢ o) (xx) =0, then C,Z; = 0, which gives
B-B.ZT = 7-.

We deduce B = Z_ H_'. Conversely, if B, = Z_H_ !, we have A,B_ = 0.

Then A
(4) e -0

Since the operator applied to C, is nonsingular, we have C, = (op) (2,) =0
([l
The Algorithm

Lemma 14.6 suggests designing the algorithm that generates the sequences {xy}
and {yx} as follows:
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rp =y — A (yr)c(yr)
Yr1 = xk — 2 (zp)Hy g(a).

Here Hy, is an (n—m) X (n—m) matrix approximating the reduced Hessian H,
of the Lagrangian, or Z~(x1,) "L(xx, A\x)Z ™ (x3,), for a certain multiplier \y.

As such, this algorithm can be very time-consuming because the con-
straints must be linearized at the two points z; and yi, and also the two
right inverses A~ (yx) and Z~ (z1) must be computed. Even though it is cru-
cial to compute g at z;, and c at y;, theorem 13.6 states that good convergence
can be preserved if the operators involving first derivatives are evaluated at
other points; the important thing is that these points converge to the solu-
tion. Since the reduced gradient must be evaluated at x, and since it involves
a basis Z~ (xy) of the tangent space, the constraints must be linearized at xy,
anyway. However, A~ can be evaluated at xj instead of yi. This avoids lin-
earizing the constraints at yi. Stating the algorithm in terms of the sequence
{z1}, we then obtain

Yrr1 = ok — 2 (ze)Hy, tg(y)
Thy1 = Yop1 — A7 (k) c(Yrt1)-

Finally, setting gr = g(zx), A, = A" (ax), Z,, = Z~ (x}) and
ty = —Z; Hy ' gi, (14.39)

the algorithm can be stated in a very concise manner:

Thy1 = Tp +tp — A c(zp+tr). (14.40)

As with the Newton method (14.34), the first phase of Algorithm (14.40)
consists in performing a displacement tangent to the manifold My, at z. In
the second phase, the algorithm aims at getting the next iterate x4 closer
to the manifold M, by taking the displacement —A, c(zy+tx), in which the
constraints are evaluated at xj + ¢, after the tangent step.

Although the reduced Hessian algorithm, which is summarized in the
recurrence (14.40), should be quite clear, we formally state it below.

REDUCED HESSIAN ALGORITHM FOR (Pg):

Choose an initial iterate x; = y; € R™.

Compute ¢(z1), Vf(2z1), and A(xq).

Set k= 1.

1. Compute the reduced gradient g(zy) by (14.31).

2. Stop if g(xr) = 0 and ¢(yx) = 0 (optimality is reached).

3. Compute the reduced Hessian of the Lagrangian Hy, or an ap-
proximation to it, and the tangent step t; by (14.39).
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4. Evaluate the constraint at yx4+1 := g + tk.
5. Compute the new iterate xx41 by (14.40), V f(xk+1) and A(xg41).
6. Increase k£ by 1 and go to 1.

Note that this algorithm is essentially primal, since it can be expressed only in
terms of the primal sequence {z}. A multiplier estimate )y is however often
necessary, either to evaluate the reduced Hessian of the Lagrangian at (zy, Ag)
in step 3 or to update a quasi-Newton approximation to it (see chapter 18).
The cheapest one is the least-squares multiplier defined by (14.24).

Simplified Newton Method

Algorithm (14.40) would be simpler if, in the second phase, the constraints
were evaluated at xy. It would then be written

Th1 = T+t — A ck. (14.41)

This algorithm is sometimes called the simplified Newton method because it
only uses the reduced Hessian of the Lagrangian Hy, not the full Hessian Ly
(compare with (14.34) or see §14.6). It has a slower convergence speed than
(14.40): under natural assumptions, {zx} converges quadratically in two steps
(see exercise 14.11). On the other hand, there are examples showing that the
sequence {xy} may not converge quadratically in one step (see [63, 373]). To
get good convergence, it is therefore important to evaluate the constraints at
Tk + tg, after the tangent displacement.

Local Convergence

The next theorem states that the sequence {yx} = {xp + tx} of Algo-
rithm (14.40) converges superlinearly if the matrix Hy appearing in the tan-
gent step tj satisfies the estimate

Hy — He = O([|lzg — 2.]).

If Hy, is set to Z~(z) " L(zk, Ak)Z~ (1), it depends on xj, and Ay and this
condition is satisfied if Ay — A\ = O(||zx, — z«||) and if the functions f”, ¢”,
and Z~ are Lipschitzian near x,. This leaves a certain freedom for the choice
of the multiplier A. For example, one can take A\, = A**(zy,), the least-squares
multiplier defined by (14.24). It is easy to check that A“*(x,) = A, and thus
A5 (xg) — A = O(||zk — x4]|) if A~ and f’ are Lipschitzian near x.. With
this value of the multiplier, Algorithm (14.40) becomes entirely primal, in the
sense that the algorithm only constructs the sequence {zj}, the multiplier
being reduced to an auxiliary vector, itself depending on xj.

The result given below is slightly weaker than theorem 14.5 stating the
convergence of {z} in the primal variant of Newton’s algorithm. For that al-
gorithm, the sequence {z} converges quadratically if A\ — A = O(||zx —x4])).
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The proof of theorem 14.7 uses the notation O(-) as explained at the
end of §13.5. At first, it may disconcert the reader. For example, the first
estimate obtained in the proof, namely (14.43), means that there exists a
positive constant C' such that, if zj is in some neighborhood of x,:

lykss — @ — (on —22) + 25 Hy 22 Lu(on — 22)]| < Cllag — .

The point xy is considered as an arbitrary point in that neighborhood and,
despite the presence of the iteration index k, there is no reference to a par-
ticular sequence. The estimate obtained at the end of the proof, namely
Thro — T = O(||zg — 24]|?), implies that if 27 and x5 are in a sufficiently
small neighborhood of ., then x5 and x4 are in that neighborhood (because
for example |23 — z.| < (Cllor — z|))[[z1 — | < [lz1 — || 3 21 — 2|
is sufficiently small). Therefore, by induction, all the estimates can now be
applied to all the generated sequences. The interest of this notation is to
provide very concise proofs (for another example, see exercise 14.11).

Theorem 14.7 (convergence of the reduced Hessian algorithm). Sup-
pose that f and c are twice differentiable at a regular stationary point x. of
problem (Pg) (this allows the use of the operators Z~ (x) and A~ (x) intro-
duced in §14.2, for x near x,) and that the reduced gradient g is differentiable
near T.. Suppose also that ', ¢', Z— and A~ are Lipschitzian near x., and
that the matriz Hy, used in (14.40) satisfies Hy, — Hy = O(||zr — x4||). Then,
there exists a neighborhood V of x. such that, when the first iterate x1 € V,
Algorithm (14.40) 4s well defined and generates a sequence {xy} converging
quadratically in two steps to x.. Furthermore, the sequence {yr} converges
superlinearly to x,. with the estimate

yisr — 2o = O(llexos — 2. lye — 2.]): (14.42)

Proof. Remark first that, when xy, is close to x., by assumption, Hy, is close
to H,, which is nonsingular (z. is regular). Thus, Hy, is nonsingular and the
iteration is well defined. Also {H, 1 is bounded when zj, remains in some
neighborhood of x,.

Remembering that yg+1 = x + tx and using g(x.) = 0, (14.38), and the
Lipschitz continuity of ¢’, we have

Yht1 — T = T — To — Zy Hy Ly,
=ap — 2. — Zy H'Z7 "L (g, — ) (14.43)
+ O(Jay, — @.[?).

But H,' — H7' = —H, '(Hy — H.)H;' = O(|lx1, — 2|)), so that, with the
Lipschitz continuity of Z~, the following holds

Yot — @ = (I = Z7HVZ0 T L) (= @) + O||law — 2a[?). - (14.44)
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This implies in particular that yg+1—x. = O(||zr —x«]]). We also have x5, =
Yk+1 — AL ¢(yx+1). Therefore, using successively c(x.) = 0, the Lipschitz
continuity of ¢’ and A~, (14.14), (14.44), and (14.13), we obtain

Thi1 — Tu = Y1 — T — Ap Au(yrrr — 2) + O(ypsr — 2.])
= Yrt1 — T — AL Au(Wr+1 — @) + O(llze — | [|Yr1 — 2]
= Z; Z(Yr+1 — ) + O(llze — || [|Yr+1 — 2] (14.45)
=72 (Z,—H'Z7 L) (xp — )+ Oz — . )%).  (14.46)

The operator acting on (z; — x4) in (14.46) is nonzero in general but its
square vanishes, because (Z, — H;'Z7"L.,)Z7 = 0. From this observation,
we deduce the estimate

Tia2 — e = O(|lzr — 2.[|?),

which shows the two-step quadratic convergence of the sequence {zy}.
Using (14.44), (14.45) (at the previous iteration), and observing that

(I—-Z;H'Z"L.)Z; =0,

we obtain (14.42). The superlinear convergence of {yx} follows. O

At this point it is reasonable to wonder why the convergence of the
sequence {yx} is not quadratic. Since Algorithm (14.40) uses the second
derivatives of f and ¢, it is legitimate to expect quadratic convergence.
The above proof clarifies this, indeed: the constraints are not linearized
at yg, but at the neighboring points z,_; and xj. Then, passing from yy
to yr+1 involves the right inverse A~ (zy—1) instead of A~ (yx), which per-
turbs the speed of convergence. If the right inverse A~ (yr+1) were used in
place of A= (x1), an O(||yr+1 — 2«||?) would appear in (14.45) instead of an
O(J|lzx — x| ||yk+1 — z«||) and quadratic convergence would ensue. Numer-
ically, it is not clear that the computing time of A(y;) and A~ (yx) would
be balanced by the quadratic convergence thus recovered, which is why the
algorithm is often stated in the form (14.40).

Beware of the different behavior of the sequences {zx} and {yx}. Even
though they are generated by the same algorithm and both converge to the
same point x, the first one is slower than the second one. This may look sur-
prising, but examples do exist, in which the sequence {x\} does not converge
quadratically (see [63]).

Newton and Quasi-Newton Versions

We have already mentioned that the reduced Hessian method is a very attrac-
tive approach when n—m is much smaller than n. This is particularly true
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for their quasi-Newton versions. In these algorithms the (n—m) X (n—m)
reduced Hessian Hy = Z~(xx) " L(xk, \p)Z~ (x3,) is approximated by a ma-
trix updated by a quasi-Newton formula (see chapters 4.4 and 18). Only this
“small” matrix needs to be updated to collect all the necessary second-order
information on the problem that provides superlinear convergence. Further-
more, the small order of these updated matrices makes it possible to rapidly
obtain a good approximation of the reduced Hessian.

In the Newton version, Hy must be computed. The interest of the re-
duced Hessian method is then less clear. One way of computing Hy is to
evaluate first L(zg, \p)Z~ (z1), by computing n—m directional derivatives
of the gradient of the Lagrangian along the columns of Z~(zy), and then
premultiplying the matrix thus obtained by Z~(x})'. This computation is
conceivable, but the knowledge of L(xg, \x)Z~ (x) would allow the use of
Newton’s method, which does not require any other information on the Hes-
sian of the Lagrangian (see remark 1 on page 235); furthermore, Newton’s
method does not require a re-evaluation of the constraints after the tangent
step.

Another way of getting second-order information in the reduced Hessian
algorithm is to approximate Hj by computing the directional derivatives
of the reduced gradient g along the n—m columns of Z~(xj). Note that
Hy = ¢'(x1)Z~ (xx) is usually different from Hy, although, in view of for-
mula (14.38), ¢’ (z.)Z; does equal Z7 "L, Z_ . Now Hj, satisfies the estimate
Hy, — H, = O(||lzx — z.||) (with sufficiently smooth data), so that theo-
rem 14.7 can be applied. Note also that Hj is not necessarily a symmetric
matrix. This property depends in particular on the choice of the bases Z~:
if Z7(x) is computed by partitioning A(z) (i.e., using formula (14.15)), then
Hy, is symmetric; but in general it is not so when orthonormal bases are used
(see [149]).

14.6 A Comparison of the Algorithms

Table 14.1 and figure 14.4 compare the form and speed of convergence of
the three algorithms described in this chapter: Newton (14.6) with (14.5) or
(14.34)—(14.35), simplified Newton (14.41), and reduced Hessian (14.40).
In all algorithms, the longitudinal step (tangent to the manifold My,) is
identical and is written
tr = —Zk_Hk_lgk.

When Hj is positive definite, this step is opposite to the gradient of f, seen
as a function defined on the manifold M} equipped at x; with the scalar
product (Riemannian structure on My):

Vo (Zg, 0y Zy v) = u' Hyv.
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. Longitudinal | Transversal Speed of
Algorithms . .
displacement | displacement convergence
Newton tr —g,: Ck quadratic
Simplified Newton tr —A, ck 2-step quadratic
Reduced Hessian t —A; c(zp+tr)| “almost” quadratic

Table 14.1. Comparison of local methods

Fig. 14.4. Comparison of the Newton (d}, ), simplified Newton, and reduced Hessian
steps

When Hj, is set to Zk_TLka_ and Hj is positive definite, t; can also be
viewed as the unique solution to the quadratic problem in ¢:

{ ming Vf,;rt + %tTth
At =0,

This interpretation shows that t; does not depend on the choice of the basis
Z,., despite the use of this matrix in the formula above. The algorithms
presented in table 14.1 therefore only differ in the choice of the restoration
operator, A, or A, and in the points where the constraints are evaluated,
Ty or Tp+tg.

First let us compare the two forms of Newton’s method: standard (step
given by (14.34)), and simplified (step given by (14.41)). We see that the two
displacements have the same form, but the operator acting on ¢ = ¢(xy) is
E,; in the first case, and A; in the second (both are right inverses of Ay).
It has been observed (§14.2) that E,; only depends on the problem’s data
(see problem 14.19), while A, is the concern of the user of the algorithm.
Theorems 14.4 and 14.5 have shown that the choice ﬁ,; leads to quadrati-
cally convergent methods. On the other hand, it is easy to check that the
convergence of {zx} with (14.41) is only two-step quadratic when the right
inverse A, is arbitrary: one-step quadratic convergence is never guaranteed
(see exercise 14.11). Therefore Newton’s method is the most effective. Note
finally that one can view the simplified Newton method as an algorithm
neglecting the part Z, TLkA,; of Lj in the standard Newton method (see
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formula (14.33)). Newton’s algorithm gains in efficiency from getting more
information on the Hessian of the Lagrangian.

As for the reduced Hessian algorithm (14.40), it is very close to the sim-
plified Newton method (14.41). The algorithms differ in the point at which
the constraints are evaluated: zj + ¢ in (14.40) and zy in (14.41). The re-
duced Hessian method can thus be viewed as a technique to compensate a
possible bad choice of right inverse A, by a re-evaluation of the constraints
after the tangent step. As shown by theorem 14.7, this yields a good speed
of convergence for the sequence {z}, +t }, a property that is not shared with
the simplified Newton algorithm.

14.7 The Hanging Chain Project 11

The goal of the second session is to implement one of the local algorithms
introduced in this chapter and to understand its behavior on the hanging
chain test problem presented in § 13.8 (we assume here that the main program
and the simulator have been written in MATLAB). Various algorithms can be
implemented. Below, we concentrate our comments on the standard Newton
method described on page 221 in § 14.1, because it is this algorithm that is the
easiest to extend to inequality constrained problems. We shall gain experience
on its features, its efficiency, and shall reveal its weak points (some of them
will be fixed in the next chapters).

We refer the reader to figure 13.3 for the general flowchart of the program.
In this session, we start to write the optimization function sqp, which is
assumed to be in the file sqp.m. We want to have an implementation that
can be used to solve other optimization problems than the hanging chain test
problem. This is a good reason for using the mathematical notation of this
chapter inside sqp.m, not the language linked to the test problem. In our
implementation, the function sqp has the following form

function [x,lme,lmi,info] = ...
sqp (simul,x,lme,lmi,f,ce,ci,g,ae,ai,hl,options)

Some of the input or output arguments can be empty, depending on the pres-
ence of equality and/or inequality constraints; in particular, the variables in
connection with the inequality constraints can be ignored for the while. The
input arguments are the following: simul is a string giving the name of the
simulator (here ’chs’); x is the initial value of the primal variable = (posi-
tion of the joints); lme and 1mi are the initial values of the multiplier Ag and
As associated with the equality and inequality constraints; £, ce, and ci are
the values of the objective function f to minimize (the energy) and of the
equality and inequality constraint functions cg and c¢; (lengths of the bars
and floor constraint) at the initial point z; g, ae, and ai are the values of
the gradient of f and the Jacobian matrices Ag and A of cg and ¢; at the
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initial point x; hl is the Hessian of the Lagrangian at the initial (z, A) or an
approximation to it; and the structure options is aimed at tuning the behav-
ior of the solver. Standard options include upper bounds on the number of
iterations and simulations (options.iter and options.simul), the required
tolerances on the KKT conditions (options.tol(1:4), see below), the out-
put channel for printing (options.fout), etc. Other options will be discussed
in other sessions. The output arguments are as follows: x, 1lme, and 1mi are
the final values of the primal and dual (multipliers) variables found by sqp;
and info is a structure providing various information on the course of the
optimization realized by the solver, telling in particular whether optimality
has been reached, up to the required precision specified by the options.tol
input argument, and in any case the reason why the solver has stopped.

We have already said on page 228 that the Newton algorithm aims at
finding a stationary point, i.e., a pair (., ) satisfying the optimality con-
ditions (13.1), not necessarily a local minimum. Therefore, it makes sense to
have a stopping criterion based on these conditions. In our code, we stop the
iterations as soon as, for some norms, the current iterate (z, \) satisfies

[V f(z) + A(z) "\ < options.tol(1)
llce(x)|] < options.tol(2)

ller(z)™|] < options.tol(3)

max([| A} ||, |4/ cr(z)]|) < options.tol(4).

where T = max(0,t), t~ = max(0, —t), and A; = Diag()\f).

Writing the MATLAB function sqp implementing the Newton algorithm of
page 221 is actually extremely simple. The core of the function is only a few
lines long. The time consuming operation is the one to solve the linear system
in step 2, but for a small problem this is straightforward. The easiest way of
doing this operation is to form the matrix K in (14.9) and to use the standard
linear solver of MATLAB (see §14.4 for other possibilities). Since hl and ae
are the variables containing respectively the Hessian of the Lagrangian and
the Jacobian of the equality constraints, steps 2 and 3 of the algorithm are
simply made up of

K = [hl ae’; ae zeros(me)];

d = -K\[g;cel;

x =x +d(1:n);

lme = d(n+1:n+me);

where me = mp is the number of equality constraints, n = n is the number
of variables, and the final values of x and 1lme are the updated iterates x
and )\+.

Algorithmic Details, Errors to Avoid, Difficulties to Overcome

The solver sqp offers the user the possibility to set the initial value of x
and A. This is interesting when it is desirable to restart the solver from a
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known approximate solution (recall that the method is primal-dual so that
both z and A must be specified). More generally, requiring to initialize x is
sensible, since the user often knows an approximate solution to the problem.
This is less clear for A, since the multipliers have sometimes a less direct
“physical” meaning or, perhaps, this meaning is known but the value of X is
still difficult to determine. Therefore, it is sometimes wise to let the solver
choose the initial multiplier. For an equality constrained problem, one often
computes the initial A as the solution to the linear least-squares problem

1
)\Igﬂlg}n 5 vaf(ﬁc, )‘)Hg (14'47)
This is motivated by the fact that the gradient of the Lagrangian vanishes
at a solution. The convex quadratic problem above always has a solution
(theorem 19.1), which is the least-squares multiplier (14.24) when ¢ (z) is
surjective.

The Newton algorithm is structured as an iteration loop, which contains
the piece of code given above. Of course the simulator simul must be called
at each iteration after having computed x4 and A4, in order to update the
values of hl, ae, g, and ce and to check optimality.

Writing an optimization software is a special computer science activity in
the sense that the realized code has to control the convergence of a sequence.
In some cases, the sequence may diverge simply because the conditions of
convergence are not satisfied, not because of an error in the code. Since
convergence requires an unpredictable number of iterations, it is sometimes
difficult to tell on a particular case whether the behavior of the solver is
correct. To certify the correctness of the function sqp, a good idea is to
try it on problems with an increasing difficulty and to check the quadratic
convergence of the generated sequences, as explained below.

e Try first to start sqp at the solution to a trivial problem: for example,
the chain with 2 bars of length 5, with (a,b) = (6,0), whose single joint
should be at position (3, —4). The solver should stop without making any
iteration, so that this test case checks only the validity of the stopping
criterion and the simulator.

e Try next to start sqp near the solution to an easy problem: for exam-
ple, the chain with 3 bars of length 5, with (a,b) = (11,0), whose joints
should be at position (3,—4) and (8,—4). Convergence should be ob-
tained in very few iterations, if the initial nodes are at positions (2, —5)
and (9, —3). Our code converges in 5 iterations with options.tol(1:4)
set to 1.e-10.

The Newton algorithm of page 221 is known to converge quadratically if
the initial primal-dual iterate (x1, A1) is sufficiently close to a regular sta-
tionary point (theorem 14.4). Checking that quadratic convergence actually
occurs is a good way of verifying that the implementation of both the al-
gorithm and the simulator has been done properly. The very definition of
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quadratic convergence of a sequence {z} makes use of the limit point z, to
which it converges (see § 13.5). Since, in the course of the optimization, the
limit point z. := (x4, \«) of the generated sequence {2} := {(xk, Ax)} is not
known, the definition cannot be directly applied. The idea is then to observe
the behavior of another sequence, whose limit point is zero (hence known!)
and that also converges quadratically. Below, we consider the following two
possibilities.

e For Newton’s method, a natural object to look at is the function of
which the algorithm tries to find a zero. For an equality constrained
optimization problem, it is the function z := (z,\) € R"™" — F(z) =
(Vil(x,N),c(x)) € R, When 2, := (x4, \«) is a regular stationary
point (definition 14.2), F’(z.) is nonsingular and it is not difficult to
show that (zj —z«) ~ F(zx) in the sense of (13.11). Therefore F(z;) — 0
quadratically in Newton’s algorithm.

e Another vector that tends to zero is the step sy := zxy1 — 2k. By
lemma 13.5, {sx} also converges quadratically to zero in Newton’s
method.

Let us check quadratic convergence of our implementation on the following
test case.

Test case 1la: second hook at (a,b) = (1,—0.3), lengths of the bars: L =
(0.4, 0.3, 0.25, 0.2, 0.4), and initial positions of the chain joints: (0.2, —0.5),
(0.4, —0.6), (0.6, —0.8), and (0.8, —0.6).

The results obtained with test case la are shown in figure 14.5. Convergence

Fig. 14.5. Test case la

with options.tol(1:4) = 107! is obtained in 6 iterations. The picture
on the left shows the initial position of the chain (thin solid bars), the 5
intermediate positions (dashed bars) and the final position (bold solid bars).
The picture on the right gives a plot of the ratios || F'(zx+1)|l2/||F(2x)|/3 and
llsk+1ll2/lIskll3, for & = 1,...,5. The boundedness of these ratios leaves no
doubt on the quadratic convergence of the sequence {zx} to its limit.



14.7 The Hanging Chain Project 11 249
Experimenting with the Newton Method

The test case la reveals the ideal behavior of Newton’s method: quadratic
convergence is obtained when the initial position of the chain is close to a reg-
ular solution. This solution is a strict local minimum (the smallest eigenvalue
of the reduced Hessian of the Lagrangian Z_ "L,Z_, for some orthonormal
basis Z, is positive) and probably the global one.

Other solutions can be found by Newton’s method with the same data,
and those are not local minima. This is the case with the following two
starting points.

Test case 1b: identical to test case la, except that the initial positions of
the chain joints are (0.2,0.5), (0.4,0.6), (0.6,0.8), and (0.8,0.6).

Test case 1c: identical to test case la, except that the second hook at (a,b) =
(0.8,—0.3) and that the initial positions of the chain joints are (0.3,0.3),
(0.5,0.4), (0.3,0.4), and (0.6,0.3).

The resulting equilibria are shown in figure 14.6. The picture on the left

Fig. 14.6. Test cases 1b and lc: a maximum (left) and a stationary point (right)

shows a local maximum (the largest eigenvalue of the reduced Hessian of the
Lagrangian is negative). The right hand side picture shows a stationary point
that is neither a minimum nor a maximum (the 3 x 3 reduced Hessian of the
Lagrangian has two negative eigenvalues and a positive one).

The next two examples have been built to show cases without convergence.

Test case 1d: identical to test case la, except that the initial positions of
the chain joints are (0.2, —0.5), (0.4,1.0), (0.6, —0.8), and (0.8, —0.6) (hence,
only the y-coordinate of the second joint has been modified).

Test case 2a: second hook at (a,b) = (2,0), lengths of the bars: L = (1, 1),
and initial position of the chain joint: (1.5, —0.5).

The results are shown in figure 14.7. In the left picture, we have only plotted
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Fig. 14.7. Test cases 1d, 2a, and 2b: non convergence in (z,A) (left), non conver-
gence in A (middle), and convergence in (x,\) (right)

the position of the chain at the first 10 iterations, since apparently Newton’s
method does not converge. The generated sequence has a typical erratic be-
havior. By chance, one of these iterates may fall into the neighborhood of
convergence of a stationary point, but this does not occur during the first 50
iterations. The middle picture is more puzzling, since it looks as if the algo-
rithm converges. This is actually the case for the primal variables x (giving
the position of the chain), which converge to the single feasible joint (1,0),
but the dual variables diverge (their norm blows up). This reflects the fact
that the optimal solution does not satisfy the KKT conditions (the Jacobian
of the equality constraint in not surjective at the solution and there is no
optimal multipliers); in fact, a weighty chain formed of two horizontal bars
is not physically possible. The situation is quite different for the similar test
case 2b below.

Test case 2b: second hook at (a, b) = (0, —2), lengths of the bars: L = (1, 1),
and initial position of the chain joint: (0.5, —0.5).

The result is shown in the right hand side picture in figure 14.7: convergence
in both (x, A) is obtained in 17 iterations.

We conclude with the following test case and let the reader guess whether
the position of the chain given in figure 14.8 is a local minimum.

Test case 3: second hook at (a,b) = (0, —1) and lengths of the bars: L = (0.5,
0.5, 2.0, 0.4, 0.4).

Notes

The operators A=, Z~, and Z defined in §14.2 were introduced by Gabay
[137]. They have allowed us to use the same formalism for the optimal con-
trol and orthogonal settings. We have seen that convergence results need to
have a smooth map = — (A4,,Z;,Z,). It is usually difficult to guarantee
this smoothness in a large region (for example there is no continuous basis
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Fig. 14.8. Test case 3: is this a stable static equilibrium position?

mapping x — Z, on a sphere of even dimension). Even locally, standard
procedures such as the QR factorization presented in §14.2 may compute a
noncontinuous basis mapping [83]. This issue has been examined by several
authors, who have proposed procedures for computing a smoothly varying
sequence of matrices Z, when approaching a solution: see [83, 157, 24, 68].
The connection between the symmetry of ¢'(x)Z~(x) and the choice of basis
of the tangent space is discussed in [149; § 3].

The accuracy of the computation of the Newton step by the reduced sys-
tem approach (see §14.4) crucially depends on the choice of operators A~
and Z~. When these are obtained from the partitioning of A into (B N ),
with a nonsingular B, and from a Gaussian factorization of B, Fletcher and
Jonhson [129] recommend to use Gaussian elimination on the whole ma-

trix AT to get
T_ (11
A = <L2 U,

where L; is unit lower triangular and U is upper triangular. The elements
of L1 and L, can be guaranteed to be not bigger than 1 in absolute value
(e.g., because the elements of N T are taken into account in the choice of the
pivots). This approach provides well conditioned basis Z~ and a solution to
the Newton system that is less sensitive to the ill-conditioning of A and that
of the reduced Hessian of the Lagrangian.

The presentation of the reduced Hessian method given in §14.5 fol-
lows [145]. This algorithm, condensed in formula (14.40), was introduced
by Coleman and Conn [81], who proved convergence of the sequence {xy}.
Superlinear (or quadratic) convergence of the sequence {yr} was observed
independently by Hoyer [197], Gilbert [145], and Byrd [64]. The simplified
Newton method (14.41) has been studied by many authors: Murray and
Wright [271], Powell [292], Gabay [138], Nocedal and Overton [276], Byrd
and Nocedal [67], to mention a few. Newton’s method on the reduced system
(14.37) is considered by Goodman [177], who analyses its links with Newton’s
algorithm (14.5)—(14.6).
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Exercises

14.1.

14.2.

14.3.

14.4.

14.5.

Nonconvergence with a step computed by (14.2). Consider the problem in
z = (z1,22) € R2:
ming —am% + 2x2
{ o tai=1,

where a € ]0, 1[. Show that the unique solution z. = (0, —1) to this problem
can be repulsive for an algorithm based on (14.2): for z on the constraint
manifold, arbitrary close to (but different from) the solution, and for a
stationary point d of (14.2), z + d is further from the solution than z.

Inertia of the matriz K in (14.9). The inertia i of a matrix is the triple
(n—,no,n+) formed by the numbers of its negative, null, and positive eigen-
values respectively. Let K be the matrix defined in (14.9), where L is an
n X n symmetric matrix and A is an m X n surjective matrix (hence m < n).
Show that
i(K)=i(Z""LZ™) + (m,0,m),

where the columns of Z~ form a basis of N(A) (see [90, 72, 179, 244] for
related results).

[Hint: Prove the following claims and conclude: (i) no(K) = no(Z~"LZ7);
(i4) there is no restriction in assuming that Z~'LZ~ is nonsingular (use a

perturbation argument, for instance), which is supposed from now on; (%)
i(K)=i(Z7TLZ™) +i(X), where

S I
Dp ( S )
for some m x m symmetric matrix S (use the matrix A~ defined by (14.21)

and Sylvester’s law of inertia: i(PKP ') = i(K) if P is nonsingular); (iv)
i(X) = (m,0,m)]

Regular stationary points are isolated. Let (x«, A\s) be a regular stationary
point of problem (Pg). Show that there is a neighborhood of (z«, A«) in
R™ x R™ containing no other stationary point than (x., \s).

A view of the reduced Hessian of the Lagrangian. Let f : 2 — R and
c: 2 — R™ be twice differentiable functions defined in a neighborhood {2
of a point z. € R™ and denote £(x,\) := f(x)+ A c(x), for (z,\) € 2xR™,
and L. := V2,4(x«, \). Suppose that V,£(z., A\.) = 0 for some A\, € R™ (it
is not assumed that c(z,) = 0) and that A. := ¢/(z.) is surjective. Let Z,
be an n X (n—m) matrix whose columns form a basis of N(A.). Show that
one can find a twice differentiable parametric representation p : U C R"™™
— Mg, C R" of the manifold M., = {z € 2: ¢(z) = c(x«)} around z.
defined in a neighborhood U of 0, such that ¢(0) = z., V(f o )(0) = 0,
and V2(f 0 ¢)(0) = Z7 "L.Z; is the reduced Hessian of the Lagrangian.

Right inverse and complementary subspace. Let A be an m X n surjective
matrix and S be a subspace of R", complementary to N(A) (i.e., N(A)NS =
{0} and dim & = m). Show that there exists a unique right inverse A~ of A
such that R(A7) = S.
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14.7.

14.8.

14.9.

14.10.

14.11.
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On the orthogonal decomposition. Let A be an m X n surjective matrix, A~
be a right inverse of A and Z~ be a matrix whose columns form a basis
of N(A). Show that ATA+ Z~Z~ " =1, if and only if A= = AT(AAT)™?
(i-e., A~ is the unique right inverse of A whose range space is perpendicular
to N(A)) and Z~"Z~ = I,,_m (i.e., the columns of Z~ are orthonormal).

On the oblique right inverse. Let A be an m X n surjective matrix. Find an
n X n symmetric matrix M, that is positive definite in the null space of A,
such that the right inverse A~ of A defined by (14.20) is the one given by
formula (14.16). The same question to recover the right inverse given by
formula (14.17).

Quadratic convergence of {(xk, yr)} without linear convergence of {x}. Let
y1 € ]0,1[ and consider the sequence {(zx,yx)}r>1 € R? generated by
Yktl = Y2, Thp1 = xp if k is odd and zp11 = Y1 if k is even. Show
that {(xk,yx)} converges quadratically to (0,0), while {z} does not even
converge linearly to 0.

Least-squares multiplier. Suppose that A(z) = ¢’(z) is surjective and let
A7 (z) be a right inverse of A(x). Find a least-squares problem, to which
the least-squares multiplier \**(z) = —A~(2) 'V f(z) is the solution.

[Hint: The least-squares problem has the form minyerm ||[MV£€(z, A2, for
some nonsingular matrix M to be found.]

Quadratically convergent fized point iterations. Let ¥ : R™ — R™ be a C**
map in the neighborhood of one of its fixed points z. (i.e., ¥(z.) = zx).
Suppose that ¥'(z,) = 0. Show that if z; is sufficiently close to z., then
the sequence generated by zx+1 = ¥ (), for k > 1, converges quadratically
to X«.

Convergence of the simplified Newton method. Suppose that f and c are
twice differentiable at a regular stationary point z. of problem (Pg) (this
allows the use of the operators Z~ (z) and A~ (z) introduced in § 14.2, for z
near z.) and that the reduced gradient g is differentiable near x.. Suppose
also that ¢/, ¢, Z~ and A~ are Lipschitzian near x., and that the matrix
Hy used in the simplified Newton method (14.41) satisfies Hy, — H. =
O(||lxx — x«]||). Then, there exists a neighborhood V' of z. such that, when
the first iterate z; € V, Algorithm (14.41) is well defined and generates a
sequence {xj} converging quadratically in two steps to z..

[Hint: Show that zy41—2« = Z; (Ze—H ' Z7 "L (2 —2:) +O0(||lzi—x %),
applying a technique similar to the one used in the proof of theorem 14.7,
and conclude.]



15 Local Methods for Problems with
Equality and Inequality Constraints

In this chapter, we consider the general minimization problem (Pgr), with
equality and inequality nonlinear constraints, which we recall in figure 15.1.
The notation used to describe this problem was given in the introduction,

Fig. 15.1. Problem (Pg;) and its feasible set

on page 193. As in chapter 14, we always suppose that cg is a submersion
(i.e., cz(zx) is surjective or onto for all z in the open set {2); hence the set
¢z (0) := {z € 2 : cp(xr) = 0} is a submanifold of R”. The feasible set of
(Pgr), denoted by

X ={zx e R:cr(x)=0, c/(x) <0},

is then the part of this manifold formed of the points also satisfying the
inequality constraints ¢;(z) < 0 for all ¢ € I. The set delimited by the curves
of ¢;'(0) in figure 15.1 is a typical example of feasible set for problem (Pgr).
We have put the solution x, on the boundary of this set, but nothing imposes
that this actually occurs. The solution could just as well be inside the curved
triangle without touching the solid lines. Finding a solution like the one in
figure 15.1 is usually more difficult than when there is no active inequality
constraints (and when this fact is known). An additional fearsome difficulty,
not present in problem (Pg), is indeed linked to the determination of the
active constraints at the solution.

Let us recall the first-order optimality conditions of problem (Pg): when
the constraints are qualified at a solution x, € X, there exists a Lagrange
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multiplier vector A\, € R™ such that

( ) Vf(x*) + A(:C*)TA* =0
(c ) (A =
(d) (A )161(1?*) =0.

This chapter is organized as follows. In §15.1, the SQP algorithm is in-
troduced as a Newton-like approach to solve the KKT system (15.1). We
shall stress the fact that, in the presence of nonconvexity, the solution to
the osculating quadratic problem has to be selected with care. In §15.2, we
give conditions ensuring primal-dual quadratic convergence. First, the case
when strict complementarity holds is examined. The active constraints at
the solution are shown to be identified by the osculating quadratic prob-
lem as soon as the primal-dual iterate is in some neighborhood of a regular
stationary point. The algorithm then reduces to Newton’s method for the
problem where the active constraints are considered as equality constraints,
so that the local convergence result of theorem 14.4 can be applied. Next, we
focus on the case without strict complementarity and show that quadratic
convergence still holds, although the active constraint are no longer necessar-
ily correctly identified by the osculating quadratic program. Necessary and
sufficient conditions for primal superlinear convergence are given in §15.3.

(15.1)

15.1 The SQP Algorithm

Introduction of the Algorithm

The Sequential Quadratic Programming (SQP) algorithm is a form of New-
ton’s method to solve problem (Pgy) that is well adapted to computation.
We have seen in chapter 14 that, to introduce such an algorithm, it is a good
idea to start with the linearization of the optimality conditions and we follow
the same approach here. Let us linearize (15.1) at the current point (xg, Ag),
denoting by (dg, pr) the change in the variables. This one solves the following
system of equalities and inequalities in the unknown (d, u):

Lid+ Aku = —Vmék

(Ck—FAkd)
(O +a)r 20 152
(A + 1)1 ()1 + (Ae)f (Aed)r = 0.

As before, we use the notation cx = c(xg), Ar = Axg) = (ap),

Vil = Vol(wg, \p) and Ly := V2_l(z, \). The notation (-)# was defined
on page 194.

Because of its inequalities, (15.2) is not simple to solve. The key observa-
tion is that a good interpretation can be obtained if we add to the last equa-
tion the term (u); (Ard)r. Compared with the others, this term is negligible
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when the steps pur and d are small, which should be the case when the iter-
ates are close to a solution to (Pgy). Introducing the unknown A®Y := X\, +p,
the modified system (15.2) can then be written

Lid+ Ag)\QP = -V
(cr + Akd)# =0
(A*¥)r =0

(/\QP)}F(C]{ + Apd); = 0.

(15.3)

A remarkable fact, easy to check, is that (15.3) is the optimality system of
the following osculating quadratic problem (QP)

ming V() d+ 3d"Lid
cg(zg) + Ag(ag)d =0 (15.4)
cr(zk) + Ar(zg)d < 0.

This QP is easily obtained from (Pgy). Its constraints are those of (Pgy),
linearized at x. Its objective function is hybrid, with V f(zx) in the linear
part and the Hessian of the Lagrangian in its quadratic part. The osculating
quadratic problem (14.8), associated with the equality constrained problem
(Pg), has made us familiar with the structure of (15.4).

We call Sequential Quadratic Programming (SQP) the algorithm generat-
ing a sequence {(zx, A\;)} of approximations of (z., A\«) by computing at each
iteration a primal-dual stationary point (dg, A;") of the quadratic problem
(15.4), and by setting xp41 = zx + dj and Apyq = A2

SEQUENTIAL QUADRATIC PROGRAMMING (SQP):

An initial iterate (z1, A1) is given.

Compute ¢(z1), Vf(21), and A(xq).

Set k= 1.

1. Stop if the KKT conditions (15.1) holds at (z., As) = (2, Ak)
(optimality is reached).

2. Compute L(zg, ;) and find a primal-dual stationary point of
(15.4), i.e., a solution (dg, AZ") to (15.3).

3. Set xpy1 1= x + di, and Agpq = AP

4. Compute ¢(zk+1), Vf(xrt1), and A(zg41).

5. Increase k by 1 and go to 1.

This algorithm assumes that the QP (15.4) always has a solution or, equiv-
alently, that it is feasible and bounded (theorem 19.1). Adapted remedies
must be implemented when this does not happen, such as the elastic mode
of [156], which deals with infeasible linearized constraints.
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What is gained with this formulation of Newton’s method is that (15.4)
is simpler to solve than (15.2). In fact, various quadratic programming tech-
niques can be used to solve (15.4): active-set strategies, interior-point meth-
ods, dual approaches, etc. We also see that the combinatorial aspect of the
original problem, which lies in the determination of the active inequality con-
straints, is transferred to the QP (15.4), where it is simpler to deal with than
in the original nonlinear problem. However, the SQP algorithm has its own
cost, which should not be overlooked. Indeed, all constraints must be lin-
earized, including the inactive inequalities, which should play no role when
the iterates are close to a solution. If these are many, the algorithm may
loose some efficiency. Careful implementations use techniques to deal more
efficiently with this situation (see for example [324, 301]).

Discarding Parasitic Displacements

The implementation of the SQP algorithm and the analysis of its local con-
vergence are more complex than when only equality constraints are present.
In fact, the quadratic problem (15.4) may be infeasible (its feasible set may
be empty) or unbounded (the optimal value is —c0), or it may have mul-
tiple local solutions (a nonconvexity effect), even in the neighborhood of a
solution (z., A«) to (Pgr). This may happen even when (z., \) enjoys nice
properties such as the second-order sufficient conditions of optimality, strict
complementarity, and constraint qualification. Here is an example.

Example 15.1. We want to minimize the logarithm of (1+x) for x restricted
to the interval [0, 3]. In canonical form, the problem is

min, log(1 + x)
- <0
r—3<0.

The logarithm has been used to introduce nonconvexity in the problem, since
by the monotonicity of the logarithmic function, it is equivalent to minimize
(1+4x) or log(14x). It is easily checked that this problem has a unique primal-
dual solution (z., As) = (0, (1,0)), which satisfies the second-order sufficient
conditions of optimality, strict complementarity, and the constraint qualifica-
tion (LI-CQ). It is therefore a “good” solution. However, the osculating QP
(15.4) at this solution can be written

minglal—%d2
—-d<0
—-34+d<0.

This problem has three primal-dual stationary points (d, A): a local minimum
(0, (1,0)), a maximum (1, (0,0)) and a global minimum (3, (0,2)). It would
be unbounded without the constraint < 3 in the original problem, which
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is inactive at the solution. Among these stationary points, only the first one
is suitable: it gives a zero displacement (which is to be expected from an
algorithm started at a solution!), and optimal multipliers. The other two
stationary points are parasitic. [l

The situation of this example can only occur if L is not positive definite.
Otherwise, problem (15.4) is strictly convex and therefore has a unique so-
lution as soon as the feasible set is nonempty. The convergence results given
in §15.2 assume that the parasitic solutions to the QP, like those revealed in
the example, are discarded. Specifically, this is done by assuming that dj is
the minimum norm solution to the QP.

15.2 Primal-Dual Quadratic Convergence

We first analyze the well-posedness of the SQP algorithm and the conver-
gence of the generated primal-dual sequences, when the first iterate is chosen
in some neighborhood of a “regular” stationary point (a notion that is made
precise in the statement of theorem 15.2 below) that satisfies strict comple-
mentarity. At such a stationary point, (LI-CQ) holds.

Theorem 15.2 highlights an interesting property of the SQP algorithm: in
some neighborhood of a stationary point satisfying the assumptions above,
the active constraints of the osculating quadratic problem (15.4) are the same
as those of (Pgr). We have said that the identification of the active constraints
is a major difficulty when solving inequality constrained problems and that,
in the SQP algorithm, this difficulty is transferred to the osculating quadratic
problem (QP), where it is easier to deal with. The result below tells us more:
the active constraints of an osculating QP at one iteration are likely to be
the same at the next iteration, at least close to a regular stationary point.
Numerically, this means that, at least asymptotically, it is advantageous to
solve the osculating QP’s by algorithms that can take advantage of a good
guess of the active constraints. Then, the combinatorial problem of determin-
ing which are the active constraints at the solution no longer occurs during
the last iterations of the SQP algorithm.

Observe that, as this was already the case for equality constrained prob-
lems, the SQP algorithm may well generate a sequence that converges to
a stationary point of (Pgr) that is not a minimum point of the problem.
Observe indeed that, at any stationary point (x., As) of (Pgr), (0, ) is a
primal-dual solution to the quadratic problem, so that the SQP algorithm
suggests not leaving x,. This is due to the fact that SQP has been designed
by linearizing the optimality conditions and therefore the algorithm makes
no distinction between minima, maxima, or other stationary points.

Theorem 15.2 (primal-dual quadratic convergence of the SQP al-
gorithm). Suppose that f and c are of class C* in a neighborhood of a
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stationary point x. of (Pgr), with associated multiplier A.. Suppose also that
strict complementarity holds and that (z«, (M\)puro) s a regular stationary
point of the equality constrained problem

min, f(z)
{Ci(x) =0, foric EUIY, (15.5)

in the sense of definition 14.2. Consider the SQP algorithm, in which dy
18 a minimum norm stationary point of the osculating quadratic problem
(15.4). Then there is a neighborhood V' of (x«, A«) such that, if the first iterate
(131, /\1) evV:
(1) the SQP algorithm is well defined and generates a sequence {(xk, i)}
that converges superlinearly to (T., \);
(i1) the active constraints of the osculating quadratic problem (15.4) are
those of problem (Pgr);
(ii1) if, in addition, f and c are of class C*' in a neighborhood of x., the
convergence of {(xg, \x)} is quadratic.

Proof. The idea of the proof is to show that, close to (z., As), the selected
minimum norm stationary point of the osculating quadratic problem (15.4)
and the primal-dual Newton step for (15.5) are identical. The result then
follows from theorem 14.4.

Suppose that (z,A) is close to (z«, As). Since (., (A«)puro) is a regular

stationary point of (15.5), ¢/; ;0 (+) is surjective and the quadratic program
in d _ - B
min ; Vf(ac)Td:i— $d"L(z,\)d (15.6)
ci(z) +ci(x)-d=0, forie EUI? '

has a unique primal-dual stationary point. We denoted it by (CZ, S\Eu r0) and
form with S\EUIQ a vector \ € R™, by setting N =0forie JAVAS

Let us show that (CZ7 5\) is a stationary point of the osculating quadratic
problem (15.4), if (z, A) := (2, A\x) is in some neighborhood of (z., A.). We
only need to show that c;(x) + cj(z) - d < 0fori e I\I? and \; > 0 for
i € I?. From theorem 14.4, (z 4 d, ) is close to (z,A.), when (z,)) is
close to (x4, As). Therefore, for ¢ € Ig, Ai > 0, since (A); > 0 by strict
complementarity. On the other hand, d is small, so that ¢;(x) + ci(z) -d <0
for i € I\I°. Hence (d, \) is a stationary point of (15.4). We deduce from this
that, for (z,\) close to (z«, A«), the SQP algorithm is well defined and d is
small (it is a minimum norm stationary point and d is small by theorem 14.4).

Let us now show that the pair (d, A?") := (di, A}") formed of the mini-
mum norm solution to the QP and its associated multiplier is in fact (d, \), if
(x, ) is in some neighborhood of (., A«). From theorem 14.4, this will con-
clude the proof. For (z,\) close to (x4, A.) and i € I\I?, ¢;(x) +¢j(x) - d < 0,
so that A" = 0 = \;. Because of the uniqueness of the stationary point of
(15.6), it remains to show that ¢;(z) + ci(z) - d = 0 for all i € I? and (=, \)
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close to (4, A«). If this is not the case, there would exist an index j € I? and
a sequence (z,\) — (%, A«), such that c;(x) + ¢j(z) - d < 0. Then A\}" =0
and
Vi) + L, Nd+ > A Ve(z) =0.
ie(BUID\{j}

Since V f(x)+ L(z, \)d — V f(x.) (d is smaller than d, which converges to 0)
and ¢ ;o (24 is surjective, AP" for i € (EUIL)\{;j} would converge to some

limit, A\; say. Taking the limit in the equation above would give

Vi(xs) + Z \iVei(zy) = 0.

i€(BUID\{5}

Therefore, we would have found two different multipliers: A (we set \; = 0
for i ¢ (EUI)\{j}) and As (A # A. since A\; = 0 and (\.); > 0 by strict
complementarity). This would be in contradiction with the uniqueness of the
multiplier, which follows from the surjectivity of ¢/ | o) (zx). O

It is clear from the proof of theorem 15.2 that it is not really necessary
to take for dj, a minimum norm stationary point of the osculating quadratic
problem (15.4), some d™" say. The result is still true if the SQP algorithm
ensures that d, — 0 when d,znin — 0. For example, it would suffice to compute
a stationary point dj, satisfying an estimate of the form ||dy | < C||d™||, for
some positive constant C.

Theorem 15.4 below considers the case when strict complementarity does
not hold, but assumes that (x., \.) satisfies the second order sufficient condi-
tions of optimality and linear independence of the active constraint gradients
(LI-CQ). The result is also local, in the sense that the first iterate (z1, A1)
is supposed to be close enough to (2., ). The proof of this result is more
difficult. This is because one can no longer use theorem 14.4 as in the pre-
ceding proof: the SQP step may be different from the Newton step on (15.5),
however close to (., As) the current iterate (x,\) can be. In other words,
the property of local identification of the active constraints by the osculating
quadratic problem no longer holds when complementarity is not strict. Here
is an example.

Example 15.3. Consider the problem in z € R:

min, 2% + z*
{x <0.

The solution is z, = 0 and A, = 0, so that strict complementarity does

not hold. On the other hand, the constraint is qualified at z, in the sense

of (LI-CQ) and the second order sufficient conditions of optimality hold.

The osculating quadratic problem at x (it does not depend on A since the

constraint is linear) is the problem in d € R:
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ming (22 + 423)d + (1 + 622)d>
rz+d<O0.

If x > 0, x +d = 0 and the solution is obtained in one step. But if x < 0,
r+d=423/(1+62%) €]22/3,0[, so that the linearized constraint is inactive
and the SQP step is different from the Newton step on (15.5). In this case,
however, the convergence is cubic in z (also in (z,))): |z + d|/|z|® < 4.

The preceding example suggests that fast convergence can still be ob-
tained even without strict complementarity. This is confirmed by the follow-
ing theorem.

Theorem 15.4 (primal-dual quadratic convergence of the SQP al-
gorithm). Suppose that f and c are of class C*1 in a neighborhood of a
local solution x, to (Prr). Suppose also that the constraint qualification (LI-
CQ) is satisfied at x. and denote by \. the associated multiplier. Finally,
suppose that the second-order sufficient condition of optimality (13.8) is sat-
isfied. Consider the SQP algorithm, in which di is a minimum norm sta-
tionary point of the osculating quadratic problem (15.4). Then there exists a
neighborhood V' of (x., A\«) such that, if the first iterate (x1, A1) € V, the SQP
algorithm is well defined and the sequence {(xk, \x)} converges quadratically
1o (T, Asx)-

Proof. The following lemma is assumed (see [308]).

Lemma 15.5. Under the conditions of theorem 15.4, there exists a neighbor-
hood of (., ) such that (15.3) has a local solution and the local solution
(dig, A\F") with dy, of minimum norm satisfies:

il + 1AE" = Acll < Clllzn — 2]l + 1A = Asl])-

From this lemma, the algorithm is well defined if (zj, A;) remains close to
(4, Ax). This will result from the estimates obtained below.
Let us set
Ok = [lzx — 2l + 1A = Aull-

From lemma 15.5, we have
d, = O(5k) and /\k+1 — A = O(5k), (15.7)

where dj, is a minimum-norm solution to (15.4) and Ag41 = )\gp is the as-
sociated multiplier. We deduce that, for i € I\I? and &; small enough, we
have

ci(zk) + ci(xk) -d < 0.

Hence (Ak+1); = 0, and with the set of indices

J=EUI’,
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the optimality of dj is expressed by
Lidy, + Ay (i) Neg1)s + Vfie = 0.

A Taylor expansion of the left-hand side, using V l(z., A\s) = 0, Ty =
x + di, and (15.7), leads to

0= Val(xk, As) + L(xg, Ai)di + AJ(Q?k)T()\k_H — i)y
= Lo(wisr — 1) + As(2) T vt — M)y + O(62). (15.8)

Expand likewise the constraints of the osculating quadratic problem: we have
forie J
ci(zk) + ci(zn) - di = ci(xs) - (The1 — 2:) + (V)i (15.9)

where (vi); = O(67).
From the assumption, Aj(z,) is surjective, so we can find a vector
v € R™ such that

AJ(ZC*)Uk = (’Yk)] and v = 0(5]%)

The last estimate can be obtained by taking a minimum-norm vy satisfying
the first equation. With the notation

W = Tk+1 — Tx + (U
(15.9) becomes for i € J:
ci(wr) + ci(zg) - di, = ci(ws) - wy. (15.10)

The complementarity conditions of the osculating quadratic problem can be
written

(Mk1)i(ci(zg) + ci(zg) - di) =0, for alli € I. (15.11)
Hence, if (Ay); > 0 and d; small enough, we have ¢;(xy) + ¢}(zg) - d = 0.
Then we obtain from (15.10)

{cl(x*) wy=0ifi € EUI] (15.12)

ch(zs) - wp <0if i € 1%.

This shows that wy, lies in the critical cone C., defined by (13.6). From the
second-order sufficiency condition, we then have for a constant C7 > 0:

Oy |lwe|)? < wy Lowy. (15.13)
Now compute w,] L.wy,. From (15.8) and vy = O(83),
wi Luwy, = =(Ay1 = M) JA (2 )wg + O([[wi [|67) < Col|wgl|67,

since (Ag+1—Ax) JAy(22)wy = 0 thanks to (15.11) and (15.12). With (15.13),
we then obtain
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Since v, = O(63), we deduce
Tk4+1 — Tx = 0(5]%)

On the other hand, this estimate, (15.8) and the injectivity of A;(z,) T show
that

(Mt1 = As)g = O(67).
Since (Ak4+1)i = (A\&)i = 0 for i € I\I?, these last two estimates show the
quadratic convergence of the sequence {(xy, Ax)}. O

15.3 Primal Superlinear Convergence

Theorem 15.4 gives conditions for the quadratic convergence of {(xx, \r)}.
Actually, this implies neither quadratic nor superlinear convergence for {z }
(see exercise 14.8). Nevertheless, the following result (theorem 15.7) shows
that, for the SQP algorithm using the Hessian of the Lagrangian in the
quadratic programs (15.4), the sequence {zj} converges superlinearly. This
result is interesting because it is often desirable to have fast convergence of
this sequence.

We consider for this an algorithm slightly more general than the one
described in §15.1, which encompasses the quasi-Newton versions of the
method. We suppose that {x}} is generated by

Tk+1 = Tk + dp,
where dj; is a stationary point of the quadratic problem

{ ming Vf(;vk)Td + %d/TMkd
(c(zk) + A(zp)d)* =

This is the same problem as (15.4), but the Hessian of the Lagrangian Ly is
replaced by a symmetric matrix M. Incidentally, note that the multiplier A\x
is no longer explicitly used in the algorithm. Theorem 15.7 gives a necessary
and sufficient condition on M}, to guarantee superlinear convergence of {xy}.

The optimality conditions of (15.14) are (A2 is the multiplier associated
with the constraints):

(15.14)

(a) Vi + Mydy + AL =0

(b) ( k + Akdk)# =0

(€) (A\)r =

(d) (AZ")1 (Ck + Agdi)r =0
We shall need the orthogonal projector onto the critical cone C, at a

solution x, to (Pgr) (see (13.6)). We denote this (nonlinear) projector by P,

It is well defined since C is a nonempty closed convex set.

(15.15)
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Lemma 15.6. If A € R™ s such that Ajoo > 0 and Apjo = 0, then
P,AIN=0.

Proof. Take A € R™ as in the terms of the lemma and h € C.. Then
(A*h)EUISJr =0, (A*h)IQO < 0, and we have

(0= AN "(h—0) = =ATAh = —Ajoo (Auh) o0 > 0.
The characterization (13.12) of the projection yields the result. [l

Theorem 15.7 (primal superlinear convergence of the SQP algo-
rithm). Suppose that f and ¢ are twice differentiable at x. € 2. Suppose also
that (x4, Ax) is a primal-dual solution to (Pgy) satisfying (LI-CQ) and the
second-order sufficient condition of optimality (13.8). Consider the sequence
{(z4, \o)} generated by the recurrence xpy1 = xp + di and Agp1 = AL,
where (di, A\Z") is a primal-dual solution to (15.14). Suppose that {(xk, \i)}
converges to (T, \s). Then {x} converges superlinearly if and only if

Py (Ly = My)di, = o(||d]]), (15.16)
where P, is the orthogonal projector onto the critical cone C.
Proof. Using (15.15)4, Vzl(24, As) = 0 and Ag11 — Ai, we have

—Myd, = Val(zi, Aet1)
= Vol A1) + L(T, Ap1) (g — ) + o[z — 24]])
= Al (Abp1 = M) + Lz — ) + of||zx — . ])).

Hence
(Ly — My)dy, = A*T(/\kﬂ — M)+ Li(py1 — xe) + o(||zre — x4]).  (15.17)

To show that condition (15.16) is necessary, assume that xpy1 — x, =
o(||zk — «]|). Then (15.17) gives

(Lo — My)di = Ag (A1 — M) + o[z — 2.]).

Project with P, which is Lipschitzian (see (13.15)), and observe that, from
(15.15), and (15.15)4, (Ag+1 — As) satisfies for large k the conditions on A of
lemma 15.6:

Pi(Ly = Mi)dx = PA(Nesr = M) + o(llan — zull) = o([lar — ).

Condition (15.16) follows, because (zx — x«) ~ di by lemma 13.5.
Conversely, let us show that condition (15.16) is sufficient. For ¢ € J :=
EUI?, we have

ci(zy) + ciar) - dip = ci(wa) - (Trr1 — ) + (W)is
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where (vx)i = o(||zr — x«||) + o(||dk||). Since Aj(z.) is surjective, (yx)s =
Aj(xy)vg, for some vy, = o(||zr — z«||) + o(||dk]|). With the notation
Wk = Th41 — Tx + Uk,
there holds
cilzg) + c(zg) - dp = ¢i(xy) - wy, forie J.

Now c;(xk) + ci(xy) - dr. = 0 for i € EU I and k large enough, so that

ci(zy) w =0ifi e BEUIT

i) - w <0ifi e 1.
This implies that wy, € C, for large k (see (13.6)) and that, for some constant

Ci > 0,
Oy ||lwe|* < wy Lawy,  for large k. (15.18)

On the other hand, for i € I, from (15.15)4, we have 0 = (Agt1):(ci(wx) +
ci(zg) - di) = Mkr1)i(ci(zs) - w) and (A.); = 0. While for i € I\I?,
(Mk+1 — Ax)i = 0. Therefore

(Met1 — M) TA,w, =0, for large k.

Now, with this equation, (15.17), v = o(||zr — x«||) + o(||dk||), the fact that
u'v < u'Pw, for all v € R” and all u € C, (see (13.14)), and (15.16), we
find that
wy Lwy, = wy, L (@1 — @) + O(|w | [Jog]])

= wy (L — My)dx + o(||wi|| lzx — a.|]) + o[[wg]| [|dk]])

< wi Pu(Ly — Mi)dy + o [Jwl| |z — z[]) + o [wi | [1dxl])

= o([lwill lzx — 2l) + ol[[wk | [|dk|])-
With (15.18), wy, = o(||zx — «||) + o(]|dk]|); hence

Thi1 — Tx = O([|zx — 2 |]) + o[ di |)-

The property zx+1 — 2« = o(||xr — x«||) follows easily. O

When there are no inequality constraints, Py is the orthogonal projector
onto the null space N(A,). It is then linear. Given a basis Z_ of N(A,), it
can be written

Po=2Z(Z;"Zz)" 'z
Since Z is injective and Z_ TZ_ is nonsingular, condition (15.16) can be
written

Z; "Ly — My)di = o(||di||) or (27 "Ly — Z; "My)di = o(||di|)).-

To write the last condition, we have supposed that Z~(-) is continuous at x.
and that {My} is bounded. This shows that the important part of My, is
Zk_TMk, which reminds us that only the part Z,;TL;.C of L plays a role in
the definition of the Newton direction for equality constrained problems (see
observation 1 on page 235).
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15.4 The Hanging Chain Project III

In this third session, we resume the project on the determination of the
static equilibrium position of a hanging chain, started in § 13.8 and developed
in §14.7. Our present objective is to implement the local SQP algorithm,
presented on page 257, to be able to take into account the floor constraint.
The algorithm is quite similar to the Newton method implemented in the
second session. The main difference is that the solver of linear equations has
to be replaced by a solver of quadratic optimization problems. This simple
change will have several consequences that are discussed in this section.

It is a good idea to keep the work done in the second session and to use
mi = my as a flag that makes the sqp function select the type of solver (linear
or quadratic), depending on the presence of inequality constraints. Solving a
linear system is indeed much simpler than solving a quadratic optimization
problem, so that the sqp function must be allowed to take advantage of the
absence of inequality constraints.

Modifications to Bring to the sqp Function

Most of the work has been done in the previous session. There are only two
modifications to bring to the function sqp.
The main change consists in substituting a quadratic optimization solver
(to solve (15.4)) for the linear solver previously used in sqp (see chapter 14).
Writing a solver of quadratic optimization problems is a difficult task. For-
tunately, in our case, the MATLAB solver quadprog can be used, so that we
can concentrate on other aspects of the SQP algorithm. Quadprog first finds
an initial feasible point by solving a linear optimization problem and then
uses an active set method to find a solution to the quadratic problem. It can
detect infeasibility and unboundedness.
A second change deals with the determination of the initial dual solution
A = (Mg, Ar). Since it is known that A; must be nonnegative, it is better now
to determine \ as a solution to the bound constrained least-squares problem
. 1 ¢ 2
A D V@ Az,
Ar>0

instead of using (14.47). This convex quadratic optimization problem always
has a solution (theorem 19.1). It can be solved by quadprog.

Checking the Correctness of the SQP Solver

There is little change to make an error on the part of the simulator dealing
with the inequality constraints, since these are very simple. Nevertheless, it
is better to check it and to verify the implementation of the quadratic solver.
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The same strategy as in the case with equality constrained problems can
be followed: trying to solve more and more difficult problems and check the
quadratic convergence of the generated sequence.

Let us check the quadratic convergence on the following variant of test
case la, in which we add a floor constraint.

Test case le: same data as for the test case la (namely second hook at
(a,b) = (1,—0.3) and bars of lengths L = (0.4, 0.3, 0.25, 0.2, 0.4)) with an
additional floor with parameters (go,g1) = (—0.35, —0.2) (see the definition
of the floor in (13.25)). The initial positions of the chain joints are (0.1, —0.3),
(0.4, —0.5), (0.6, —0.4), and (0.7, —0.5).

The results obtained with test case le are shown in figure 15.2. Convergence

0.4

0.3

0.2

0.1

0 L L L
1 2 3 4 5

Fig. 15.2. Test case le

with options.tol(1:4) = 10710 is again obtained in 6 iterations. The pic-
ture on the left uses the same conventions as before: the thin solid bars
represent the initial position of the chain, the dashed bars correspond to the
5 intermediate positions (hardly distinguishable), and the bold solid bars are
those of the final optimal position. This one is a local minimum (the multi-
pliers associated with the inequality constraints are positive and the critical
cone is reduced to {0}). The picture on the right gives a plot of the ratios
llsk+1ll2/]1skl13, where sk = zg41 — 2k, for k = 1,...,5. The boundedness of
these ratios shows without any doubt that the sequence {z;} = {(xg, \i)}
converges quadratically to its limit, as predicted by the theory (theorems 15.2
and 15.4).

Experimenting with the SQP Algorithm

A first observation, with unpleasant consequences, is that quadprog is aimed
at computing a local minimum of a quadratic problem, not an arbitrary
stationary point (note that finding a solution or a stationary point of a non-
convex quadratic problem is NP-hard, see [354] for example). Therefore, it
is quite frequent to find situations where quadprog fails to find a stationary
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point, as required by the SQP algorithm. For example, with test case 1f be-
low, which is test case le with the initial position of the chain given in test
case la, the first osculating quadratic problem is unbounded.

Test case 1f: same data as for the test case le; but the initial positions of
the chain joints are (0.2, —0.5), (0.4, —0.6), (0.6, —0.8), and (0.8, —0.6).

The unboundedness of an osculating quadratic problem can occur only when
its feasible set is unbounded and the Hessian of the Lagrangian L is not pos-
itive definite at the current iterate. Hence, taking a positive definite approxi-
mation of L cures the difficulty. This can be obtained by using a quasi-Newton
approximation of L; this technique is considered in chapter 18. Another possi-
bility is add to L a (not too large) positive diagonal matrix F, such that L+ E
is positive definite (for example by using a modified Cholesky factorization
of L [154, 201]). Figure 15.3 shows the results obtained with this technique.

Fig. 15.3. Test case 1f

The optimal chain is actually a local minimum (the critical cone is reduced
to {0} and the energy is e = —0.489), different from the one obtained in
figure 15.2 (in which e = —0.518). Observe that, although the initial position
of the chain is not feasible for the floor constraint, the subsequent positions
are all feasible. This is due to the affinity of the floor constraint (see (13.25)
and exercise 15.1).

Another difficulty arises when the linearized constraints are incompati-
ble, leading to an infeasible osculating quadratic problem. This difficulty is
encountered at the first iteration with the initial chain given in test case 1g
below. Remedies for this kind of situations exist, see [351, 341, 156] and the
references thereof.

Test case 1g: same data as for the test case le; but the initial positions of
the chain joints are (0.1, —0.3), (0.3, —0.4), (0.6, —0.4), and (0.7, —0.4).
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Notes

The SQP algorithm, in a form equivalent to the one introduced in §15.1 on
page 257, was first proposed by Wilson [359; 1963]. This author was mainly
concerned with the extension of the simplex method, first to quadratic pro-
gramming, and then to nonlinear convex optimization problems. The algo-
rithm was obtained by searching for a saddle point of a quadratic approxi-
mation of the Lagrangian in the primal and dual variables. No convergence
proof was given. See also the introduction of this part of the book, on page
191, for other references on the origin of the SQP algorithm.

The local quadratic convergence of theorem 15.2 is due to several authors;
see for example [307], in which various classes of algorithms are considered.
Theorem 15.4 is taken from [38]; further refinements can be found in [40].

The criterion (15.16) for superlinear convergence dates back to Dennis
and Moré [104], who introduced a similar condition to characterize the su-
perlinear convergence of sequences generated by quasi-Newton methods in
unconstrained optimization (see theorem 4.11). It was extended to problems
with equality constraints by Boggs, Tolle, and Wang [36], under a somewhat
strong assumption (linear convergence of the sequence {x}). The possibility
of getting rid of this assumption has been observed by many authors. The
generalization to inequality constrained problems given in theorem 15.7 is
due to Bonnans [40], who uses a projector varying along the iterations; in
contrast, we use the projector P, onto the critical cone.

The local convergence of the SQP algorithm has been extended to dif-
ferent contexts, such as semi-infinite programming [180], infinite dimension
programming [3, 4, 5, 6, 219]. When (MF-CQ) holds, but not (LI-CQ), the
optimal multiplier may not be unique, so that the limit behavior of the mul-
tiplier sequence {A7"} is difficult to predict; this situation is analyzed in
(367, 183, 7, 8].

Exercise

15.1. Consider the SQP algorithm applied to problem (Pg;) in which the ith
constraint, for some ¢ € F U I (equality or inequality constraint), is affine
(i.e., ci(z+d) = ci(z) + ci(x)-d for all x and d € R™). Let (z,A) be the
current iterate and define x4 by x4+ := x 4+ ad, where d is a solution to the
osculating quadratic problem (15.4) (we drop the index k) and a € ]0, 1].
Show that x4 is feasible for the ith constraint (i.e., ci(z4+) =01if i € E, or
ci(zy) <0if i € I) if either x is feasible for the ith constraint or if o = 1.
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16.1 Overview

The algorithms studied in chapters 14 and 15 generate converging sequences
if the first iterate is close enough to a regular stationary point (see theo-
rems 14.4, 14.5, 14.7, 15.2, and 15.4). Such an iterate is not necessarily at
hand, so it is important to have techniques that allow the algorithms to
force convergence, even when the starting point is far from a solution. This
is known as the globalization of a local algorithm. The term is a little am-
biguous, since it may suggest that it has a link with the search of global
minimizers of (Pgr). This is not at all the case (for an entry point on global
optimization, see [200]).

There are (at least) two classes of techniques to globalize a local algorithm:
line-search and trust-region; we shall only consider the line-search approach
in this survey. Both techniques use the same idea: the progress made from one
iterate xy to the next one x4 towards the solution is measured by means
of an auxiliary function, called the merit function (the novel notion of filter,
not discussed in this part, looks like a promising alternative; see [130] for
the original paper). In unconstrained optimization, “the” appropriate merit
function is of course the objective f itself. Here, the measure has to take
into account the two, usually contradictory, goals in (Pgj): minimizing f
and satisfying the constraints. Accordingly, the merit function has often the
following form

f(@) +p(x),

where p is a function penalizing the constraint violation: p is zero on the
feasible set and positive outside. Instead of merit functions, one also speaks
of penalty functions, although the latter term is usually employed when the
penalty function is minimized by algorithms for unconstrained optimization.
As we shall see, the approach presented here is more subtle: truly constrained
optimization algorithms are used (like those in chapters 14 and 15); the merit
function only intervenes as a tool for measuring the adequacy of the step com-
puted by the local methods. It is not used for computing the direction itself.
The main advantage is that the ill-conditioning encountered with penalty
methods is avoided, and the fast speed of convergence of the local methods
is ensured close to a solution.
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As many merit functions exist, a selection must be made. We shall only
study those that do not use the derivatives of f and c. These are the most
widely encountered in optimization codes and their numerical effectiveness
has been demonstrated. To start with, let us examine some common examples
of merit/penalty functions. We denote by || - |2 the 2 norm and by || - ||, an
arbitrary norm.

(a) Quadratic penalization:
o
F@) + S lle(@)* 3. (16.1)

(b) Lagrangian:
f(@) +n'e(z).
(¢) Augmented Lagrangian (case I = ()):

F(@)+ 1 el@) + 2 lle(@)]3. (16.2)

Augmented Lagrangian (general case):

F(@) + pher(@) + 5 lep(@)]3

-5 (e (22000) + [ (2] )

(16.3)
(d) Nondifferentiable augmented function:

f(@) + olle(@)* |-

These functions have quite different features. One important property
that distinguishes them is the ezactness of the penalization, which is the
subject of the present chapter. The concept of exact penalization is sometimes
ambiguous — or at least varies from author to author. We adopt the following
definition.

A function © : 2 — R is called an ezxact penalty function at a local mini-
mum z, of (Pgy) if z, is a local minimum of ©. The converse implication (z.
is a local minimum of (Pgr) whenever it minimizes © locally) is not generally
possible unless feasibility of x, is assumed. The example in figure 16.1 is an
illustration: z, is a local minimum of the functions (a) or (d) with ¢ > 0
but, being infeasible, it is not a solution to the minimization problem. The
reason why the concept of exactness is so important for globalizing the SQP
algorithm will be discussed in chapter 17.

Table 16.1 gives some properties of the merit functions (a)—(d). This de-
serves some comments.

e As far as the differentiability of ©, is concerned, we assume that f and ¢
are of class C'>°. We see that, in general, the presence of inequality con-
straints decreases the degree of differentiability of the merit functions.
In this respect, the Lagrangian (b) is an exception.
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Fig. 16.1. Exactness and feasibility

Function|Differentiability Exactness Conditions for Threshold of o
exactness depends on

(a) ct no

oo (Per1) convex
(b) C yes L=\

1 n= A« L
(c) c yes o large 2nd derivatives
(d) c’ yes o large 1st derivatives

Table 16.1. Comparison of some merit functions

o We also see that only functions (b)—(d) can be exact. The quadratic
penalty function is hardly ever exact: if I = (), it is differentiable and
its gradient at a solution z, is V f(z,), which is usually nonzero. As we
shall see in the following sections, the Lagrangian () is exact for convex
problems and the augmented Lagrangian (c) is exact for nonconvex
problems provided the penalty parameter o is large enough.

e To be exact, both functions (b) and (¢) need to have u = A.. From
an algorithmic point of view, this means that the value of u must be
continually modified in order to approximate the unknown optimal mul-
tiplier \.. Algorithms using the Lagrangians do not minimize the same
function at each iteration, which can raise convergence difficulties.

e Another shortcoming of (¢) is that the threshold of o, beyond which the
penalization becomes exact, involves the eigenvalues of the Hessian of
the Lagrangian. It is therefore not easily accessible to computation, and
certainly out of reach if the Hessian of the Lagrangian is not explicitly
computed, as in the quasi-Newton versions of the algorithms. Neverthe-
less, many algorithms use this function (for example, those described

in [85]).
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¢ Finally, the conditions for the exactness of function (d) are less restric-
tive and this is the main reason why this merit function is often used for
globalizing the SQP algorithm, as in chapter 17. We shall see in particu-
lar that the threshold of ¢ can easily be estimated during the iterations,
with the help of an estimate of the optimal multiplier. Function (d) is
nonsmooth, however.

In the rest of this chapter, we study some properties of the merit functions
(b)—(d), focusing on their exactness.

16.2 The Lagrangian

In this section, problem (Pgr) is assumed to be convex: f and the ¢;’s, i € I,
are convex, and cg is affine. In this case, the Lagrangian of the problem is
exact at a solution z., providing the multiplier is set to a dual solution \,.
Actually, proposition 16.1 below shows a little more than that: £ has a saddle-
point at (z«, A«), a concept made precise in the next definition.

Let X and Y be two sets and let ¢ : X x Y — R be a function. We say
that (z.,y.) € X x Y is a saddle-point of ¢ on X x Y when

P(@:,y) < o(@s, ) < p(2,y.), forallz € XandyeY.

Thus, z — @(z,y.) is minimal at z, and y — (24, y) is maximal at y..
Recall that the Lagrangian of problem (Pgy) is the function

(z,p1) € 2 X R™ > Uz, 1) = f(2) + p'e(z). (16.4)

If a feasible point z, minimizes (-, u), then 0 = V€(xy, ), which indicates
that x, will be a solution to (Pgy) provided pu is a dual solution. The following
result shows that, for convex problems, the primal-dual solutions to (Pgr)
are saddle-points of £ on 2 x {u € R™ : u; > 0}. The way is then open to
computing primal-dual solutions to (Pgy) with algorithms computing saddle-
points. We shall not proceed in that way but it is useful to bear this point
of view in mind. In addition, this result shows that  +— £(z, A.) is an exact
penalty function for convex problems.

Proposition 16.1 (saddle-point of the Lagrangian). Suppose that prob-
lem (Pgr) is convez, that . is a solution, and that f and c are differentiable
at z«. Suppose also that there exists a multiplier A\, such that the optimality
conditions (KKT) are satisfied. Then (x4, \s) is a saddle-point of the La-
grangian defined in (16.4) on 2 x {u € R™ : uy > 0}.

Proof. Take p € {n € R™ : uy > 0}. We have
U @wy 1) = f(x2) + pf cr(zs) [because cg(xy) = 0]
< fzy) [because p;c;(z.) < 0 for i € I
= flz) 4+ N () [because cg(z.) = 0 and (\.)] cr(xy) = 0]
= (@, As)-
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On the other hand, since (Ay); > 0 and (Pgy) is convex, the function
x € 2 — l(x,)\) is convex. According to the assumptions, this function is
differentiable at x, and, in view of the optimality conditions (KKT), we have
Vl(zs, M) = 0. We deduce that this function is minimal at z.: €(x., Ay) <
L(x, Ay), for all x € 2. O

16.3 The Augmented Lagrangian

The Lagrangian (16.4) is not an exact penalty function if the problem is
nonconvex. For example, the nonconvex problem

min, log(z)
z>1

has the unique primal-dual solution (z.,A.) = (1,1) and its Lagrangian
£(x, \) =log(z) + 1 — z is concave with a mazimum at x = 1.

The augmented Lagrangian ¢, obviates this shortcoming. In fact we shall
prove a local version of proposition 16.1: if 4 = A, and r is large enough,
£.(-, 1) has a strict local minimum at a strong solution to the optimization
problem (Pgy).

The augmented Lagrangian is best introduced by using a perturbation
technique as in duality theory, but this is beyond the scope of this review.
Here we follow a more intuitive approach, starting with the case where only
equality constraints are present. In this case, one takes

b, ) = f@) + phep(@) + 5 lles(@)3. (16.5)

This is the standard Lagrangian ¢, augmented by the term (1/2)||cz(z)||3.
This term penalizes the constraint violation and makes ¢,.(+, 1) convex around
the point z, in a subspace complementary to the tangent space N(Ag(x.)).
This creates a basin around a strong solution to (Pg), making the penaliza-
tion exact (this point of view is developed in exercise 16.2).

To deal with inequality constraints, we first transform (Pgy) by introduc-
ing slack variables s € R™!:

min(;ﬂ,s) f(.fE)

cg(x) =0
cr(z) +s=0
s> 0.

Next, this problem is approached by using the augmented Lagrangian asso-
ciated with its equality constraints:

min min (f(2) + ppes(n) + 5lles @3 + a7 (er(@)+s) + o) +s)3)

r  s>0
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The augmented Lagrangian associated with (Pgy) is the function of  and
defined by the minimal value of the optimization problem in s > 0 above:

(e p) 2= min (F(@) + phes(a) + 5lles()3
+ 1 (e1(@)+5) + S ler(@)+s]3).

Actually, the minimization in s can be carried out explicitly since the min-
imized function of s is quadratic with a positive diagonal Hessian. More
precisely, discarding terms independent of s, the objective can be written
Llls+cr(x)+ s /r]|3, so that the minimizer is the projection of —¢;(x) — py /7
on the positive orthant, namely s = max(—cs(z) — ps/r,0). Adding ¢;(x),
one finds

cr(z) + s = max (‘:ff,c,(x)> .

Substituting c¢y(z) + s by this value in the objective of the problem above
yields an explicit formula for the augmented Lagrangian. This is the function
Ly 2 2 x R™ — R, defined for (z,p) € 2 xR™ and r € R} := {t € R :
t> 0} by

Ol 1) = S (@) + 17 (o, ) + S0, ) I3, (16.6)

where ¢, : 2 x R™ — R™ is defined by

) ) ifiek
(Cr(x7ﬂ))i - {max(_“i,ci(x)) ifiel.

T

(16.7)

The coefficient r is called the augmentation parameter. This augmented La-
grangian (16.6) has therefore a structure very similar to the one associated
with the equality constraint problem (Pg), see (16.5), with cg substituted
by the non-differentiable function ¢, introduced above.

Despite the nonsmoothness of the max operator in (16.7), the augmented
Lagrangian is differentiable in z, provided that f and c¢ have that property.
The easiest way of verifying this claim is to write the terms associated with
the inequalities in (16.6) as follows

Z (maX(O, Hi + ?"Ci(if))2 - /%2) .

iel

HF )1+ G )il = o

This is a differentiable function of z, since max(0, -) is squared. A straight-
forward computation then leads to

Vale(z, 1) = V f(z) + ¢ (2) " (0 + e (2, 1)) (16.8)

Second differentiability in x is also ensured around a primal solution sat-
isfying some strong conditions. Let x. be a solution to (Pg;) and let A,
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be a multiplier associated with x.. Using the complementarity conditions
(M) jer(z«) = 0 and the nonnegativity of (A.)r, it is not difficult to see that,
for x close to x., there holds

00 (2, A) :e(z,x*)+g 3 ci(:z:)2—|—g 3 (ela) ). (16.9)

ieBUIlt i€120

Because of the operator (-) in (16.9), £,.(-, A«) may not be twice differentiable
at z.. In the case of strict complementarity, however, 199 = () and the last
sum disappears, so that the augmented Lagrangian can be written (for z
close to )
r
Cr(zy M) = £(x, \) + 3 Z ci(x)?.

1€ EUIY

Locally, equality and active inequality constraints are then treated in the
same way and £,(-, \) is smooth around z, (provided f and ¢ are smooth).
The next proposition gathers these differentiability properties.

Proposition 16.2 (differentiability of the augmented Lagrangian). If
f and c are differentiable at x, then the augmented Lagrangian {,, defined by
(16.6), is differentiable at x and its gradient is given by (16.8). If (x., Ax) is
a KKT point for (Pgr) satisfying strict complementarity and if (f,cguro) is
p times differentiable (with p > 0 integer) in some neighborhood of x., then
the augmented Lagrangian is p times differentiable is some (possibly smaller)
neighborhood of ..

The next result gives conditions for (z.,As) to be a saddle-point of ¢,
on V x R™, where V is a neighborhood of z, in {2. Compared with propo-
sition 16.1, the result is local in z, but global in y, and the minimum in x
is strict. As before, this result implies that, if r is large enough (but finite!),
£.(-, \y) is an exact penalty function for (Pgy).

Proposition 16.3 (saddle-point of the augmented Lagrangian). Sup-
pose that f and cgyro are twice differentiable at a local minimum x. of (Pgr)
at which the KKT conditions hold, and that the semi-strong second-order suf-
ficient condition of optimality (13.9) is satisfied for some multiplier \.. Then
there exist a neighborhood V' of x, in 2 and a number r > 0 such that, for
allr > r, (x4, As) 18 a saddle-point of £, on V x R™. More precisely, we have
for all (z,p) € (V\{zs}) x R™:

L (T, 1) < LTy As) < (T, As). (16.10)

Proof. Let us first show that A\, maximizes ¢, (x4, -) for any r > 0. We have
for p € R™:

T 122
blaow =fla)+ Y (weal)+ga@)?) - > 4
el el
ci(me)>—pi/7 ci(@e)<—pi /T
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The maximum in g can be obtained term by term. If ¢;(x.) = 0, the maximum
in the right-hand side is f(z,), obtained for all u; > 0. If ¢;(z.) < 0, this
maximum is again f(x,), obtained for u; = 0. Since (\.); satisfies these
conditions, we have

Co(Ta,pp) < fxs) = br(xh, As), for all p € R™.

Let us now show the second statement, dealing with the strict local mini-
mality of x.. Note that we need to prove the inequality on the right in (16.10)
for only a single value of r, r > 0 say, because then, this inequality will hold
for any » > r and any = € V (independent of r). Indeed, £,(z., A) = f(z«)
does not depend on r and, for fixed x, r — £,.(z, \«) is nondecreasing (this
is a clear consequence of the way the augmented Lagrangian was introduced,
just before the proposition).

We prove this by contradiction, assuming that there is a sequence of
positive numbers r, — oo and a sequence of points xp — x., with x; # x.
such that, for £ > 1:

Lrp (s i) < Ly (T, As). (16.11)
Taking a subsequence if necessary, we have for k — oco:
kT L4, with |d]| = L.
[ — .|
Hence, setting ay, := ||z — 24|, we have

T = Tu + apd + o(ag).

Our aim now is to show that d is a critical direction. We do this by ap-
propriate expansions in the left-hand side of (16.11): second order expansion
of the Lagrangian and first order expansion of the constraints in both sums
of (16.9). To simplify the notation, we introduce L, = V2 {(z., \.). From
the smoothness of f and ¢ and the optimality of (x., \s), we have

2
U, A) = (A + % d"L.d+ o(a2),
ci(zk) = g ci(xs) -d +o(ag), forie EUIL.
Injecting these estimates in (16.11), using (16.9) and £, (zx, A\x) = €(zs, M),

provides

a2 Tk 2
deTL*d—i-o(aﬁ)—i—? S (ardi(@s) - d+ o(ar))

ieEUIdt

+ %k > ([akcé(x*) : d+0(0¢k>]+)2 <0. (16.12)

1€I90

Dividing by ajry and taking the limit yield
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ci(zs)-d=0, ifie BEUIT
ci(zs)-d <0, ifiel.

Therefore d is a nonzero critical direction.
On the other hand, (16.12) also implies that

o2
7’6 d"L.d+o(a?) <0.

Dividing by a2 and taking the limit show that d"L.d <0, which contradicts
assumption (13.9) since d € C,\{0}. O

In the previous result, the semi-strong second-order sufficient condition of
optimality (13.9) is assumed. If only the weak condition (13.8) holds, £,.(-, Ax)
may not have a local minimum at z,, whatever the choice of A, € A, and
the value of r. An example is given in exercise 16.4.

16.4 Nondifferentiable Augmented Function

We now consider the following merit function for problem (Pgy):
O (z) = f(z) + olle(@)*|,, (16.13)

which we call the nondifferentiable augmented function. In (16.13), o > 0 is
called the penalty parameter, the operator (-)# was defined on page 194, and
II-|l » is @ norm, and is arbitrary for the moment. We denote by ||- ||, the dual

norm of || - || », with respect to the Euclidean scalar product. It is defined by
v, = sup v'u.
llull p=1

We therefore have the generalized Cauchy-Schwarz inequality:
luTv| < |lull,|lv]|l,, for all u and v. (16.14)

See exercise 16.5 for some examples of dual norms.

Because of the norm || - ||,, and of the operator (-)#, O, is usually non-
differentiable; but when f and c¢ are smooth, ©, has directional derivatives;
this is a consequence of lemma 13.1. It so happens that this differentiability
concept will be sufficient for our development.

Let v € R™ be such that v; < 0 and denote by P, : R™ — R™ the
operator defined by P,u = (-#)'(v;u), that is

u; sii € F
(Pyu); = uj‘ ifiel andv; =0
0 ifiel andv; <O.

This notation allows us to write concisely the directional derivative of @, at
a feasible point.
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Lemma 16.4. If f and c have a directional derivative at x in the direction
h € R", then ©, has also a directional derivative at x in the direction h. If,
in addition, x is feasible for (Pgr), we have

O, (x;h) = f'(x;h) + 0| Pegay ' (5 h) || -

Proof. The directional differentiability of O, = f 4+ o (|| - ||, o ()* o ¢) comes
from lemma 13.1, the assumptions on f and ¢, and the fact that (-)* and
|l - ||, are Lipschitzian and have directional derivatives.

If 2 is feasible, c(x)” = 0 and we have from lemma 13.1,

O, (z;h) = f'(z;h) + o - [|,,) (05 (c#)' (; b))
On the other hand,
() (w;h) = (F)'(c(x); ¢ (23 h)) = Peay¢ (w3 )
and 1
(IF-117)"(0;0) = lim —(][to]l . = 0) = [[o]] -

The result follows. (|

Necessary Conditions of Exactness

In this subsection, we examine which conditions are implied by the fact that
a feasible point x, is a minimum point of @,. We quote three such properties
in proposition 16.5: z, is also a minimum point of (Pgy), there exists a
multiplier A\, associated with x., and ¢ must be sufficiently large. The second
property shows that the exactness of ©, plays a similar role as a constraint
qualification assumption, since it implies the existence of a dual solution.

For the third property mentioned above, we need an assumption on the
norm || - ||, used in @,. The norm ||v||, must decrease if one sets to zero
some of the I-components of v € R™:

{vi ifieE
U; =

[

< . .
e Il < llol, (16.15)
Clearly, ¢, norms, 1 < p < oo, satisfy this property; but it is not necessarily
satisfied by an arbitrary norm (see exercise 17.1). Also, the claim on o in
proposition 16.5 may not be correct if || - ||, does not satisfy (16.15) (see
exercise 16.6).

Proposition 16.5 (necessary conditions of exactness). If x, is feasible
for (Pgr) and ©, has a local minimum (resp. strict local minimum) at x.,
then x, is a local minimum (resp. strict local minimum) of (Pgr). If, in addi-
tion, f and c are Gateauz differentiable at x., then there exists a multiplier A,
such that the necessary optimality conditions (KKT) hold. If, in addition, the
norm || - ||, satisfies (16.15) and (LI-CQ) holds at x., then o > || A« .
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Proof. If x, is a local minimum of @,, there exists a neighborhood V' of .
such that
Oy(x4) < Oy(x), forallzeV.

Since z, € X and O,|x = f|x, we have
flz) < f(z), forallzeVNX,

which shows that x, is a local minimum of (Pg;). The above inequality is
strict for x # x,, if z, is a strict local minimum of @,.

Now suppose f and g are Gateaux differentiable at x.. Then ©, has
directional derivatives at z. (lemma 16.4). Since z, is a local minimum of
O,, we have O/ (z,;h) > 0 for all h € R™. But x, is feasible; hence, by
lemma 16.4:

V(@) "h+ 0| Pegey (A(@)R)||, >0, for all h € R™. (16.16)

We deduce
Py(A(m)h) =0 = Vf(z.) h>0.

Thus, h = 0 solves the linear program

miny, Vf(z.) h
AE(ZE*)h = 07
A]S(ZE*)h < 0.

The constraints of this problem being qualified (by (A-CQ)), we deduce the
existence of a multiplier A, € R™ such that

Since x, is feasible, (KKT) holds with (z., \s).

Finally, suppose that the norm || - ||, satisfies (16.15) and that (LI-CQ)
holds. Take again (16.16) and use the first-order optimality condition to ob-
tain

A A )h < 0| PogeyA(zi)h]| ., for allh € R™.

Set J = EUI? and remember that (\.); = 0 if i ¢ J. For an arbitrary v

in R™, we have \]v = (\,) Jv; and, from (LI-CQ), we can find h € R such
that Aj(z.)h =v;. We deduce that

Mo =) A ()b =N A(w)h < ol|Peey Az )bl < o],

where the last inequality uses property (16.15) of the norm. Then A\ v <
a|lv||», and since v is arbitrary, we have || A.||, < o. O



282 16 Exact Penalization

Sufficient Conditions of Exactness

In practice, we are more interested in having conditions that ensure the exact-
ness of ©, and this is what we focus on now. We shall show that the necessary
condition obtained on ¢ in proposition 16.5 is sharp: if z, is a strong solution
to problem (Pgr) with associated multiplier A., 2, also minimizes ©, pro-
vided o > ||A]|, (the strict inequality is not needed for convex problems).
This result holds without any particular assumption on the norm || - || ..

The necessary conditions of exactness of @, were obtained by expressing
the fact that, if z, minimizes ©,, the directional derivative @, (x,;h) must
be nonnegative for all h € R™ (see the proof of proposition 16.5). Now we
want to exhibit values of ¢ such that ©, has a minimum at z,. Function ©,
is nondifferentiable and nonconvex. Therefore, it is not sufficient to show that
O! (zx;h) > 0 for all h € R™ in order to ensure its exactness. One cannot
impose @ (z,; h) > 0 for all h € R™ either, since this may never occur for any
value of o (for example, when E # () and I = 0, ©/ (z,;h) = 0 for any h in
the space tangent to the constraint manifold). Therefore, we shall use either
a technical detour (for convex problems) or a direct proof like the one of
proposition 16.3 (for nonconvex problems).

In proposition 16.7 below, we consider the case of convex problems and in
proposition 16.8 the case of nonconvex problems. To prove the exactness of
the nondifferentiable function @, for convex problems, we simply use the fact
that, if o is large enough, O, is above the differentiable Lagrangian (16.4)
(lemma 16.6), which is known to be exact at x, (proposition 16.1). Observe
that lemma 16.6 does not assume convexity.

Lemma 16.6. If o > ||A||, and A\; > 0, then £(-,A) < O,(-) on R™.
Proof. First observe that A; > 0 implies AJcr(z) < AJcr(z)T. Then, for all
r € R™,
U, A) < flaz) + A e(@)® < fa) + A e(@) ] < O ().
O

Proposition 16.7 (sufficient conditions of exactness, convex prob-
lems). Suppose that problem (Pgr) is convex and that f and ¢ are differen-
tiable at a solution x, to (Pgr) with an associated multiplier \.. Then O,
has a global minimum at z. as soon as o > || A, -

Proof. According to proposition 16.1, ¢(-, A.) is minimized by x, and, by
lemma 16.6, it is dominated by O, (o > |||, and (A.)r > 0). Therefore
O, (s.) = f(x.)
= l(xs, As)
</{l(z,A), forallzeR"
< Oy(x), forallzeR"
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The same technical detour could be used for highlighting sufficient condi-
tions of exactness of @, for nonconvex problems: if o > ||A.||,, O is above
the augmented Lagrangian (16.6) in some neighborhood of z., so that the
exactness of O, follows that of the augmented Lagrangian (proposition 16.3).
This strategy is proposed in exercise 16.7. The direct proof given below has
the advantage of being valid even when only the weak second order suffi-
cient condition of optimality (13.8) holds at x, (in contrast, the semi-strong
condition (13.9) is assumed in proposition 16.3 and exercise 16.7).

Proposition 16.8 (sufficient conditions of exactness). Suppose that f
and cgpyro are twice differentiable at a local minimum x. of (Pgr) at which
the KKT conditions hold, that the weak second-order sufficient condition of
optimality (13.8) is satisfied, and that

o> sup [[Alp,
A EAL

where Ay is the nonempty set of multipliers associated with x.. Then O, has
a strict local minimum at .

Proof. We prove the result by contradiction, assuming that z, is not a strict
minimum of @,. Then, there exists a sequence {zj} such that zp # .,
T — T and

Oy (xk) < Op(x4), VEk>1. (16.17)
Since the sequence {(zx — x«)/||zx — x«||} is bounded (here || - || denotes an
arbitrary norm), it has a subsequence such that (z; — z.)/||zr — 2| — 4,
where ||d|| = 1. Denoting a, = ||xx — z.||, one has

Tk = Ty + apd + o(ag).
Because O, is Lipschitzian in a neighborhood of x,:
O (1) = O (T4 + ard) + o(ay).
Now (16.17) shows that @ (z,;d) < 0. Then, from lemma 16.4, one can write
F(@) - dt 0| Puay (¢ a2) - d)], < 0. (16.18)
This certainly implies that
f(ze)-d <0. (16.19)

On the other hand, from the assumptions, there is an optimal multi-
plier A, such that o > |[A.]|,. Using the first order optimality conditions,
including the nonnegativity of (M.); and the complementarity conditions
(M) jer(z«) = 0, one has
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—f'(z.) - d=N((z.) - d)
S AN Py () - d)
< Al 1Py (¢ () - d)] -

Then (16.18) and o > [|A.|[, imply that P, y(c'(z«)-d) =0, ie.,

ci(xy)-d=0forie E
ci(zy)-d<0forie Il

These and (16.19) show that d is a nonzero critical direction.
Now, let A\, be the multiplier depending on d, determined by the weak
second-order sufficient condition of optimality (13.8). According to theo-

rem 13.4, one has
d"V2 (e, \)d > 0.

The following Taylor expansion (use V 4(x., As) = 0)

Uzp, M) = (x4, M) + %szmeé(x*? A)d + o(ai)
allows us to see that, for k large enough,
U(p, Ax) > U@, Ai). (16.20)
Then, for large indices k, there holds

Oy (z1) < Of(x4) [by (16.17)]
= flz)
= l(z4, \s)
< l(zi,N)  [by (16.20)]
< O, (xk) [by lemma 16.6 and o > ||\l ],

which is the expected contradiction. O

Notes

The augmented Lagrangian (16.2) for equality constrained problems was first
proposed by Arrow and Solow [14; 1958]. Hestenes [191; 1969] and Powell [288;
1969] both used this function to introduce the so-called method of multipliers,
which has popularized this type of penalization. The augmented Lagrangian
(16.3) or (16.6), adapted to inequality constrained problems, was proposed by
Rockafellar [310, 311; 1971-74] and Buys [62; 1972]. It was further extended
to constraints of the form ¢(z) € K, where ¢ is a vector-valued function and
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K is a closed convex cone, by Shapiro and Sun [330; 2004]. This penalty func-
tion is usually no more than continuously differentiable, even if the problem
data are infinitely differentiable. Many developments have been carried out
to overcome this drawback, proposing augmentation terms with a different
structure (for entry points see [17, 16; 1999-2000], which deal with primal
penalty functions, and [109, 110, 111; 1999-2001], which consider primal-dual
penalty functions). Surveys on the augmented Lagrangian can be found in
(26, 169].

The exact penalty function (16.13) goes back at least to Eremin [119; 1966]
and Zangwill [374; 1967]. Its connection with problem (Pgr) has been studied
by many authors, see Pietrzykowski [284], Charalambous [74], Toffe [198],
Han and Mangasarian [186], Bertsekas [26], Fletcher [126], Bonnans [39, 41],
Facchinei [120], Burke [60], Pshenichny;j [301], Bonnans and Shapiro [50], and
the references therein.

Exercises

16.1. Finsler’s lemma [123] and its limit case [9]. Let M be an n X n symmet-
ric matrix that is positive definite on the null space of a matrix A (i.e.,
u' Mu > 0 for all nonzero u € N(A)). Show that there exists an ro € R
such that, for all » > ro, M + rAT A is positive definite.

[Hint: Use an argument by contradiction.]

Suppose now that the symmetric matrix M is only positive semidefinite
on the null space of A (i.e., ' Mu > 0 for all u € N(A)). Show that the
following claims are equivalent: (i) v € N(A) and v Mv = 0 imply that
Mv = 0, and (4) there exists an ro € R such that, for all » > o, M +rATA
is positive semidefinite. Find a matrix M that is positive semidefinite on
the null space of A, for which these properties (¢) and (i7) are not satisfied.

[Hint: For (i) = (ii), use with care an argument by contradiction.]

Consequence: If M is nonsingular and positive semidefinite (but not positive
definite) on the null space of A, it cannot enjoy property (ii) (since (i) does
not hold).

16.2. Augmented Lagrangian for equality constrained problems. Consider problem
(Pg) with functions f and ¢ of class C? and the associated augmented
Lagrangian £,(z,\) = f(z) + A c(z) + 4|e(z)||3. By a direct computation
of Vol (s, A) and V2, £, (., Ax), show that, if r is large enough, £,-(-, \.)
has a strict local minimum at a point z. satisfying (SC2).

[Hint: Use Finsler’s lemma (exercise 16.1).]

16.3. Fletcher’s exact penalty function [124]. Consider problem (Pg), in which f
and ¢ are smooth, and ¢ is a submersion. Denote by A~ (x) a right inverse
of the constraint Jacobian A(z) := ¢'(x) and assume that A~ is a smooth
function of z. Let A5 () := —A~(z) TV f(x) be the associated least-squares
multiplier. For r € R, consider the function ¢, : R" — R defined by
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16.4.

16.5.

16.6.

16 Exact Penalization

pr(z) = f(@) + X (2) e(x) + gIIC(w)H%. (16.21)

Let (x4, A«) be a pair satisfying the second-order sufficient conditions of
optimality (SC2) of problem (Pg). Show that there exists an ro € R, such
that for r > 7o, ¢, has a strict local minimum at x..

[Hint: Prove the following claims, in which A, := A(z.), Ay = A™ (z4),
and L. := V2,€(xx, \), and conclude: (i) A"(z.) = As; (44) Vr(24) = 0
(#ii) (") (24) = —A; "L, and V2, (2.) = L. — (A] AT "L, + L. A;A*)+

rAlA.; (iv) V3, (z.) is positive definite if r is large enough.]
Counter-exzample for proposition 16.3. Consider the problem in R3:

ming 3

x3 > (21 + x2) (21 — 22)
x3 > (x2 + 321) (222 — 1)
T3 > (2%2 + :El)(:rg — 3:E1).

Show that: (i) . = 0 is the unique solution to the problem and that the
associated multiplier set is A, = {A € R% : A\i + A2+ A3 = 1}; (4) the weak
second order sufficient condition of optimality (13.8) is satisfied, but not
the semi-strong ones (13.9); (ii) for any A, € A, and r > 0, the augmented
Lagrangian (16.6) has not a minimum at z..

Consequence: When the semi-strong second order sufficient conditions of
optimality (13.9) do not hold at z., the augmented Lagrangian £, (-, As)
function may not have a local minimum at ., for any A« € A, and r > 0.

Dual norms. (i) The £, norm on R" is defined by

1
n P
<Z |ui|p> ifl1<p<oo
l[ullp == q \

max s | if p = oo.
Show that the dual norm of || - ||, is the norm || - ||,#, where p’ is uniquely
defined by
1 1
p p

(it) Let @ be a symmetric positive definite matrix and define the norm
Jull, = (uTQu)%. Show that its dual norm is given by |v||, = (vTQflv)%

Counter-ezample for proposition 16.5. Consider the problem
. 1 2 5
min § Sfefs iz € RY, @1 <0, 224+ 1<05.

Show that the unique primal-dual solution to this problem is z. = (0, —1)
and A\, = (0,1). Show that z + ||z||, = (2% 4+ 23 + V/3z122)"/? is a norm
that does not satisfy (16.15), and that [|[A.||, = 2. Show that O, (z) =
2|5 + o|l(z1,22 + 1) T[], has a minimum at z. when o > 1.

Consequence: The exactness of O, does not imply o > ||A«||, if the norm
|| - || does not satisfy (16.15).
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A wvariant of proposition 16.8. (i) Let z. be feasible for (Pgr) and A € R™
be such that A7 > 0 and AJecr(z.) = 0; let » > 0 and o > ||A|| ,. Show that
there exists a neighborhood V' of z, in {2 such that for all z € V|, there
holds ¢4, (z,\) < O5(x).

(4) Suppose that f and cg o are twice differentiable at a local minimum
x« of (Per) at which the KKT conditions hold, that the semi-strong second-
order sufficient condition of optimality (13.9) holds for some optimal mul-
tiplier A, and that o > ||A«]|,. Show, using (7), that ©, has a strict local
minimum at ..

{1 penalty function. Suppose that f and cpyro are twice differentiable at
a local minimum z. of (Pgr) at which the KKT conditions hold and that
the weak second-order sufficient condition of optimality (13.8) is satisfied.
Positive scalars o; (1 € EUI) are given and the following penalty function
is considered:

O, (z) = f(x) + Y ailei(x)| + Y _gici(x) ™.

i€E i€l

Show that, if o; > |(A«)i], for ¢ € EU I and all optimal multiplier A., then
T, is a strict local minimum of O%.

[Hint: Use the norm v — ||v||, := >_, oi|vi| and proposition 16.8.]

Remark: The ¢i-penalty function offers a natural way of controlling the
magnitude of penalty parameters o;, when one such parameter is associated
with each constraint.

Nondifferentiable augmented Lagrangian ([37] for equality constrained prob-
lems; [41] for an alternative to (16.22)). Suppose that f and cpuro are twice
differentiable at a local minimum z. of (Pgr) at which the KKT conditions
hold. Let be given p € R™ and o € Ry. Suppose one of the following:

(7) either the weak second-order sufficient condition of optimality (13.8)
is satisfied and o > sup{||A« — pl|p : A« € As},

(#) or the semi-strong second-order sufficient condition of optimality
(13.9) holds for some optimal multiplier A, and o > || — A« 5.

Then O, : R" — R defined by
Opo(2) := f(2) + ' c(@)® + ollc(@)®| (16.22)
has a strict local minimum at ..

[Hint: Under assumptions () use a technique similar to the one in the proof
of proposition 16.8; under assumptions (i) follow the same strategy as in
exercise 16.7.]



17 Globalization by Line-Search

There is no guarantee that the local algorithms in chapters 14 and 15 will
converge when they are started at a point x; far from a solution z, to problem
(Pg) or (Pgr). They can generate erratic sequences, which may by chance
enter the neighborhood of a solution and then converge to it; but most often,
the sequences will not converge. There exist several ways of damping this
uncoordinated behavior and modifying the computation of the iterates so as
to force their convergence. Two classes of techniques can be distinguished
among them: line-search and trust-region. The former is presented in this
chapter.

In methods with line-search, the iterates are generated by the recurrence

Tyl = T + odp,

where dy, is a direction in R™ and ay > 0 is a stepsize, computed by a line-
search technique (see chapter 3), whose aim is to decrease a merit function.
In this chapter, we consider algorithms in which dj solves or approximately
solves the osculating quadratic program (14.8)/(15.4) of the Newton/SQP
algorithm in chapters 14/15 and the merit function is the function @, in
chapter 16. For convenience, we recall the definition of 6,:

O (z) = f(2) + oflc(@)* ||, (17.1)

where || - ||, denotes an arbitrary norm and the notation (-)# was introduced
on page 194. Properties of function @, are studied in chapter 16; remember
that this function is usually nondifferentiable.

Let us stress the originality of this approach, which uses the solution to
the osculating quadratic program to minimize ©@,. If d; were an arbitrary
descent direction of the nondifferentiable merit function ©,, for example
the steepest-descent direction, the resulting algorithm would not necessarily
converge (see §9.2.1). We shall show, however, that the difficulty coming from
nonsmoothness does not occur if the search direction dj solves the osculating
quadratic problem (15.4). As for the stepsize, the value ay, = 1 is preferred,
in order to preserve the quadratic convergence of the local method. We shall
see that the unit stepsize is actually accepted when x is close to a strong
solution to (Pgr), provided some modifications of the search direction or the
merit function are made. Therefore, the final algorithm can also be viewed as
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a quadratically convergent method for minimizing the structured nonsmooth
function O, a speed of convergence that cannot be obtained with general
purpose nondifferentiable algorithms like those presented in part IT of this
book.

The concept of exactness plays an important part in the success of the
approach we have just outlined. Without this property, it might indeed have
been necessary to adapt ¢ continually to make the solution dj to the quadratic
problem a descent direction of the merit function ©,. This is illustrated for
an equality constraint problem in figure 17.1 (a single constraint and two

— \

JEE
D)

N\

Fig. 17.1. Importance of exactness: o too small (1), giving descent (m), giving
exactness (r)

variables). The figure provides three pictures showing the level curves of O,
for three increasing values of o (Z, is the minimizer of ©,). They also show
the constraint manifold (the bold curve at the bottom) and the Newton
direction at zj (the arrow). We assume that the current iterate xj is close
to z. (hence the figure gives greatly enlarged views) and that the multiplier Ay
is also close to A, so that the Newton direction dj points towards z. (this
is a consequence of the quadratic convergence result in chapter 14). We can
see that dj, is an ascent direction of O, if o is not large enough (left-hand
picture). In this case, there is no hope in finding a positive stepsize v, along dy,
that provides a decrease in @,. In the middle picture, ¢ is large enough to
make dj, a descent direction of @, although not large enough to make O,
exact at x,. In the right-hand picture, the penalty parameter o is large enough
to have Z, = x, (exactness of ©,) and this gives dj, a greater chance of being
a descent direction of ©,. As we shall see, other conditions must also be
satisfied. Observe finally that the nondifferentiability of ©, manifests itself
in the pictures by the lack of smoothness of its level curves when they cross
the constraint manifold.

To get descent property of dj, it will be necessary to increase o at some
iterations, but the exactness property of @, for a finite value of ¢ will allow
the algorithm to do this finitely often. This is a very desirable property,
which makes the proof of convergence possible. As soon as o is fixed, @,
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plays the role of an immutable reference, which is able to appreciate the
progress towards the solution, whatever may happen to the iterates.

This chapter describes and analyzes two classes of algorithms. Line-search
SQP algorithms (§17.1) are based on the SQP direction of chapter 15 and
use line-search on @, to enforce its convergence. We derive conditions that
ensure the descent property of the SQP direction on &, and study the global
convergence of the algorithm. This analysis assumes the strict convexity of
the osculating quadratic program defining the SQP direction (as well as its
feasibility), which may require not using the Hessian of the Lagrangian, but
a positive definite approximation thereof (chapter 18 explains how to gener-
ate quasi-Newton approximations). The truncated SQP algorithm of §17.2 is
presented as a line-search method that can use the exact Hessian of the La-
grangian (although we restrict the analysis to equality constrained problems).
In this case, it is the way to solve the quadratic program approximately (dis-
carding tangent negative curvature information) that allows the algorithm to
generate descent directions of the merit function ©,. The so-called Maratos
effect (nonadmissibility of the unit stepsize asymptotically) is discussed in
§17.3, and the most common remedies for this phenomenon are described.

17.1 Line-Search SQP Algorithms

The quadratic program (QP) considered in this section is slightly more gen-
eral than (15.4): the Hessian of the Lagrangian L(xzg, \x) is replaced by some
n x n symmetric matrix Mj. This allows us to include the Newton and the
quasi-Newton versions of SQP in the same framework. On the other hand,
the descent property of the QP solution and convergence of the line-search
SQP algorithm often require the positive definiteness of Mj. The osculating
quadratic problem in d becomes:

ming V f(zx) d+ 3d" Myd
cg(zg) + Ar(agp)d =0 (17.2)
cr(xg) + Ar(z)d < 0.

A stationary point dj, of this QP satisfies, for some multiplier A" € R™, the
optimality conditions:

Ve + Mpdi + AN =0
)(k—FAkdk)#—O
(A >
A7

;

b

17.3

(0) (17.3)
(d) (Ck + Akdk)[ =0.

For short, we have set V fi, = V f(xy), ¢k = c(xg), and Ay = A(zg) = (k).

Let us now outline the line-search SQP algorithm that uses @, as a merit

function. The description includes references to numerical techniques, whose
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sense will be clarified further in the section. The analysis of this algorithm is
the subject of this section.

LINE-SEARCH SQP:

Choose an initial iterate (z1, A1) € R™ x R™.
Compute f(x1), c(x1), Vf(z1), and Ay := ' (x1).
Set k= 1.

1. Stop if the KKT conditions (13.1) holds at (z., A«) = (zk, k)
(optimality is reached).

2. Compute a symmetric matrix M}, approximating the Hessian of
the Lagrangian, and find a primal-dual stationary point (dj, AZ")
of the quadratic problem (17.2) (i.e., a solution to the optimality
conditions (17.3)), which is assumed to be feasible.

3. Adapt oy if necessary (the update rule must satisfy (17.9) to ensure
convergence, but a rule similar to the one on page 295 is often
used).

4. Choose ap > 0 along di so as to obtain a “sufficient” de-
crease in O,, (for example, use the line-search technique given
on page 296).

5. Set zpy1 = o + axdr and update Ay — Ag41-

Compute V f(zrr+1) and Agy1 := ¢/ (Tp41).

7. Increase k by 1 and go to 1.

e

This algorithm does not specify how to update the dual variables A\g. Some
authors do a line-search on A with the help of a primal-dual merit function,
which therefore involves A-values. Others compute A1 from z4q as in the
primal algorithm of § 14.3. Another possibility is also to take

Akt+1 = A\ + Oék(/\gp — k), (17.4)

where «y, is the stepsize used for the primal variables. It has already been said
that the role of Ay is less important than that of zj, because it intervenes in
the algorithm only through the matrix M}, (for example the Hessian of the
Lagrangian) in (17.2). The few requirements on the way the new multiplier
is determined reflects in some way this fact.

General assumptions for this section. We assume throughout this sec-
tion that f and c are differentiable in an open set containing the segments
[k, k+1] that link the successive iterates. We also assume that the quadratic
problem (17.2) is always feasible (i.e., its constraints are compatible).

In practice, the last assumption on the feasibility of (17.2) is far from al-
ways being satisfied at each iteration. Therefore, carefully written codes
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use techniques and heuristics for dealing with infeasible quadratic programs.
For more computational efficiency, it is also often better to have a different
penalty factor associated with each constraint, as in exercise 16.8. For sim-
plicity, we keep a merit function with a single penalty parameter o, knowing
that an extension is possible without difficulty.

Decrease in ©, Along dj

The merit function @, decreases from x;, along dj, if di is a descent direction
of O, at xp (we saw in lemma 16.4 that ©, has directional derivatives),
meaning that

@L,(.’L‘k;dk) < 0.
We focus on this issue in this subsection.

The next proposition identifies three conditions that make dj a descent
direction of @,: o is large enough, M} is positive definite, and xj is not
a stationary point of (Pgr). Such a result is useful for the quasi-Newton
versions of SQP, where the positive definiteness of M}, is preserved. To hold,

the result needs the following assumption on the norm || - ||, used in 6,:

v |Jo#|, is convex. (17.5)
This hypothesis is weaker than (16.15) (see exercise 17.1).

Proposition 17.1 (descent property). If (di, \;") satisfies the optimality
conditions (17.3) and if || - ||, satisfies (17.5), then

O, (wx;di) < Vil dy = olicf ||, = —di Mydi + (AF) Tex = ollcf ||, (17.6)
If, in addition, o > |77l 5, we have
O (x; dy) < —dj Mydy.

Hence O/ (zi;d) <0, if o > ||\ ||, if My is positive definite, and if xy, is
not a stationary point of problem (Pgr).

Proof. Since a norm has directional derivatives and is Lipschitzian (like any
convex function), the function v — ||v# ||, has directional derivatives. From
(17.5) and (17.3)p, we have for ¢ € ]0, 1[:

[(ck + tArdi)#| . = [I[(1 — t)ex + t(er + Adi)]#]|,
@ =)l + ¢l (en + Axdi) |
(1

1)

<

Il

Therefore

.1
(1 # 11, (en; Axdi) = lim = (ll(ex + tAedi)#|], — llef 1) < = eIl
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Then, with (17.3),, (17.3)p and (17.3)4, we prove (17.6):

Ol (wr; di) < VI dy — allcf ],
= —d] Mydy, — (\F) T Apdy — ol|cf |
= —d} Midy, + (AF) Tex — allcf |-

If 0 > |AZ7]|,, using (17.3). and the generalized Cauchy-Schwarz inequality
(16.14), we have

W) Ter =l Il < ) Tef = allef 1l < NI, — o)l Il < 0.

Now, the second inequality of the proposition is obtained from (17.6). If
O! (xp;dr) = 0 and My is positive definite, then dp = 0. From (17.3), it
follows that xy, is stationary, with A7 as its associated multiplier. O

Note that equality holds in (17.6) if there are only equality constraints
(see the proof of lemma 17.4 below), but this is not necessarily the case when
I # () (this is the subject of exercise 17.2). Therefore, algorithms requiring
the computation of @, (xx;dy) often use the negative upper bound given by
the right-hand side of (17.6):

Ay = Vildy — gl ||, = —di Mydi + O) ey — on||cf],..  (17.7)

We have indexed o by k, since its value will have to be modified at some
iterations.

Update of the Penalty Parameter oy

A consequence of proposition 17.1 is that when zj is nonstationary, when
M. is positive definite, and when o}, satisfies

ok > | (17.8)

then A < 0 and the solution dj to the osculating quadratic problem is a
descent direction of O, at xy, meaning that O (xx;di) < 0. Inequality
(17.8) reminds us of the exactness condition o > ||A.]|, found for 6, in
chapter 16 and is therefore natural: by maintaining (17.8) at each iteration,
the algorithm ensures the exactness of ©, at convergence (o} = o for large k
and A" — \,).

To maintain (17.8) at each iteration, it is necessary to modify oy some-
times (the evolution of AZ" cannot be known when the algorithm is started).
Global convergence will show that this inequality has to be imposed with
some safeguard, given by the positive constant & below. To keep some gen-
erality, we shall just specify the properties that an adequate adaptation rule
for o must enjoy:
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(a) o), > |IAFF]|, + 0, forallk>1,
(b) there exists an index k7 such that:

if k> ky and op—1 > [|AZ7]|, + 7, then oy = op—1,
(¢) if {0k} is bounded, oy is modified finitely often.

(17.9)

Property (a) means that a little more than (17.8) must hold at each iteration.
With (b), we assume that, after finitely many steps, ox—1 is modified only
when necessary, to obtain (a). Finally, (¢) requires that each modification
of oy, is significant, so as to stabilize the sequence {oy}: asymptotically, the
merit function should no longer depend on the iteration index.

It can be checked that the following rule, proposed by Mayne and Po-
lak [250], satisfies these properties (the constant 1.5 is given to be specific;
actually, any constant > 1 is appropriate):

i oy > D, +o
then o =o0p_1
else o0, = max(1.50,_1, [|AZ" |, + 7).

Having a large parameter oy, is harmless for the theoretical convergence, but
can be disastrous in practice; so it must sometimes be decreased. In this case,
the properties in (17.9) may no longer be satisfied and convergence may no
longer be guaranteed. Nevertheless, an update rule like the one below is often
used (the constants 1.1 and 1.5 can be replaced by any constant > 1):

UPDATE RULE FOR 0}:
if op—1 > LI(INI, +9),
then oy, = (op—1 + A", +7)/2;
else if op_1 > ||A7]], + 7,
then o, =o05_1.
else o, = max(1.505,_1, [\, + 7);

In this rule, when the previous penalty factor o;_; exceeds 1.1 times the
minimal threshold [|A77]|, + &, the new factor oy, is set to the arithmetic
mean of this threshold and of o;_1.

It is often better to use a different penalty factor for each constraint
(in particular, when the constraints have very different orders of magnitude).
This is done by taking as a penalty function O, (x) = f(z)+|Sc(z)?||,, where
S = Diag(o1,...,0,). The case of the ¢; norm is considered in exercise 16.8.

Line-Search

The determination of the stepsize aj > 0 along dj, forcing the decrease
in ©,, , must be done in a precise manner (see § 3 for unconstrained problems).
We shall enforce satisfaction of the following Armijo condition [12]: w being
a fixed constant in ]0, 3[, one determines a > 0 such that
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xp +ady € 2 and O (v + ady) < O, (x) + waly. (17.10)

The requirement w < % comes from the necessity of having asymptotic admis-
sibility of the unit stepsize (see §17.3); it is essential neither for consistency
of (17.10) nor for global convergence (w € ]0,1[ would be sufficient). The
value of Ag in (17.10) should ideally be O (zx,d}), but since this direc-
tional derivative is not easy to compute, we take the negative upper bound
given by (17.7).

Since @ (xx;dr) < Ap < 0 and w < 1, one can easily verify that it is
possible to find aj > 0 satisfying (17.10). However, this Armijo condition
does not eliminate unduly small a’s, which might impair convergence of
the iterates to a stationary point. This explains the following line-search
algorithm. A constant 3 € ]0, 3] is chosen.

BACKTRACKING LINE-SEARCH:

Set 1 = 0, Q.0 = 1.

1. If (17.10) is satisfied with oo = a0, set ay, = o and exit.
2. Choose ay i1 € [Bak,, (1 — B)ag.].

3. Increase 7 by 1 and go to 1.

Taking for example 3 = %, the stepsize selected by this algorithm is the first
element encountered in the list {1, 1,4, 1 ...} satisfying (17.10). Taking the
first of these stepsizes does prevent « from being too small. The determination
of ag i+1 in the interval [Bay i, (1 — B)ay ;] should be done using interpolation

formulas.

Global Convergence with Positive Definite Hessian
Approximations

In this subsection, we analyze the global convergence of the line-search SQP
algorithm given on page 292, when o is adapted by a rule satisfying prop-
erties (17.9), the stepsize ay is determined by the line-search algorithm on
page 296, and the matrices M} used in the osculating quadratic program
(17.2) are maintained positive definite, in such a way that

{My} and {M, '} are bounded. (17.11)

This is a strong assumption. For example, it is not known whether it is satis-
fied in the quasi-Newton versions of SQP. Besides, if M}, = L(x, \x), positive
definiteness is not guaranteed. We shall, however, accept this assumption,
which allows a simple convergence proof.

Theorem 17.2 (global convergence of the line-search SQP algo-
rithm). Suppose that f and c are of class CY'! in 2 and that || -# ||, is
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convez. Consider the line-search SQP algorithm on page 292, using symmet-
ric positive definite matrices My, satisfying (17.11) and an update rule of o
satisfying (17.9). Then, starting the algorithm at a point x1 € §2, one of the
following situations occurs:
(i) the sequence {o}} is unbounded, in which case {\}"} is also unbounded;
(ii) there exists an index ko such that o, = o for k > ko, and at least one
of the following situations occurs:
(a) Og(zx) — —o0,
(b) dist(zg, 2°) — 0,
(€) Val(zr, \P") — 0, cf — 0, (AF); >0 and (\)] (er)1 — 0.

Proof. 1f {0} is unbounded, we see from rule (17.9); that {\Z" : 0% # ox_1}
is unbounded. If {o}} is bounded, rule (17.9). shows that there exists an
index ko such that o, = o for all k > ky. It remains to show that one of the
situations (éi-a), (ii-b), or (ii-c) occurs. For this, we suppose that (ii-a) and
(i4-b) do not hold and show (ii-c).

Each iteration after ko forces the decrease in the same function ©,. Since
O, (x) > C > —o0, Armijo’s condition (17.10) shows that

OzkAk — 0.

Then, if we show ap > a > 0, the result (ii-¢) will follow. Indeed, from
A — 0, (17.6) and (17.9),, we deduce

d,;erdk — 0 and ck# — 0.

Because My, is positive definite and has a bounded inverse, di — 0. Then,
from (17.3), and the boundedness of My, we see that V,0(zy, A7") — 0. On
the other hand, (17.3). shows that (Ag"); > 0. Finally, Ay = Vf/dy —
a||ck#|\P — 0 and ck# — 0 imply that V£ d, — 0 and, using (17.3),,
(AZ") TAgdy, — 0. Hence, from (17.3)4 and (17.3)p,

AR (er)r = —(AF) ] (Ardi) 1
= (A E(Adr)E + o(1)
= —(\")kla)e +o(1)
=o(1),
because {\Z"} is bounded and (cx)g — 0.
Therefore, it remains to prove that o > «a > 0, for all k¥ and some
constant «. We can consider the indices k of K := {k > ko : ap < 1}.

Then from the rule determining the stepsize, ay € [Bag, (1 — B)ay] for some
ay, €0, 1] satisfying

ap + agdy € 2 or @g(zk + O_ékdk) > @g(xk) 4+ wa Ay
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For large k, the first condition is impossible because dy, — 0 would then imply
that dist(zk, 2¢) — 0. Hence, for large k € K, we have

O, (zk + ardy) > Oy (z1) + way Ay (17.12)

Let us expand the left-hand side of (17.12). Using the smoothness of f and c,
ayp < 1, the convexity of || -# ||, (hence its Lipschitz continuity), (17.3), and
finally (17.6)—(17.7), we have successively

flag + ardy) = fi + @V fildy + O(ai || del|*)

c(wg + ardy) = cx + arArdy + O(az || dx||*)

= (1 — ap)er + ar(er + Apdy) + O(ag || de1?)
le(er + andi)# 1, < (1= @rllef ||, + il (cx + Axdi) |, + O(aRlldx]|?)
1—ap)lcf Il +O(aFdi]*)

O (wk + akdy) < O (w1) + ar Ay, + C167 |1 dx||.

Then (17.12) yields
—(1 —w)ar Ay < Crag||di||*.

But Ay = —d] Mydy,+(A\¢") Ten—ollcf ||, < —df Mydy < —Cal|di||? (bound-
edness of {M, '}), so that we deduce from the above inequality:

ap > (Cg/Cl)(l —w) > 0,

because w < 1. The positive lower bound on «y can therefore be taken as
a:= [(Cy/C1)(1 — w). This concludes the proof. O

Among the situations described in theorem 17.2, only situation (ii-c) is
satisfactory. In this case, every cluster point of {(zx, \?")} satisfies the op-
timality conditions (KKT). Unfortunately, any of the other situations may
occur. For example, (i) may occur in the example in figure 16.1 when {zj}
converges to x’,, a point where A, is not defined. Situation (ii-a) will occur if,
outside of the feasible set, f decreases more rapidly than ||c(-)#||, increases,
and if z; is taken far enough from the feasible set; the example

min{—z?: 2 = 0},

with || - ||, = |- |, is such. Finally, situation (ii-b) occurs if {2 contains no
stationary point.

17.2 Truncated SQP

In this section, we consider another globalization technique of the Newton
algorithm to solve the problem with only equality constraints:
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ey { e Y

The local algorithm was introduced in § 14.1 and we refer the reader to § 14.4
(in the subsection entitled “The reduced system approach”) for the notation.
In contrast to the approach used in the previous section, we do not replace
here the Hessian of the Lagrangian by a positive definite approximation. This
was useful to ensure the well-posedness of the osculating quadratic program
and the decrease in @, along the computed direction. Instead, we describe an
algorithm that directly exploits the curvature of the problem (i.e., the second
derivatives of f and ¢) gathered in the Hessian of the Lagrangian, even in the
presence of nonconvexity.

Here also, the computed direction will be a descent direction of the merit
function @, which allows global convergence. Therefore, it must differ from
Newton’s direction, but the modification only needs to be done at points
where the reduced Hessian of the Lagrangian is not positive definite. This
form of weak nonconvexity can therefore be detected by the algorithm, which
is a nice feature. The idea is similar to the truncated Newton algorithm
in unconstrained optimization (see §6.4): the truncated conjugate gradient
(CG) algorithm is used to solve, sometimes approximately, the reduced linear
system (see (14.32))

Hiuy = v, (17.13)

where
Hy =27, "Ly Z; and vy, = —gx + Z;, Ly Ap ck. (17.14)

Note that the reduced Hessian of the Lagrangian Hj is symmetric but may
be indefinite. By the truncated CG, the algorithm aims at collecting only the
“positive definite part” of Hy. This is obtained by stopping the CG iterations
certainly before a conjugate direction w is a negative curvature direction for
Hy, (more precisely, before w " Hw becomes less than an appropriate positive
threshold). Let us denote by 1y, the approximate solution to (17.13) computed
by the truncated CG algorithm. We shall show that the search direction

di = —A,;Ck + Zk_’&k (17.15)

is then a descent direction of ©, provided o is larger than an easily com-
putable threshold. Another interesting property of this approach is that, since
Hj, is positive definite around a strong solution to (Pg), the CG iterations can
be pursued up to completion close to such a solution, so that local quadratic
convergence is not prevented.

Let us look at this in more detail.

Truncated CG Iterations

The truncated conjugate gradient (TCG) algorithm to solve (17.13) is pre-
sented below. For clarity, we drop the index k of the Newton algorithm and
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denote by ¢ the CG iteration index (in superscript). For i« = 0,...,j, Al-
gorithm TCG generates iterates u’, approximating the solution to (17.13),
residuals 7' := Hu' — v, and conjugate directions w’. The algorithm can be
stopped at any iteration (global convergence of the truncated SQP method
will not be affected by this), but it must certainly be interrupted at u/ if
the next conjugate direction w’ is a quasi-negative curvature direction for H.
This means that the following inequality does not hold with i = j:

(w')THuw® > v|jw'|)3. (17.16)

The threshold v > 0 is assumed to be independent of the index k, although
an actual implementation would use a more sophisticated rule for setting
this parameter, allowing small values when approaching a solution. Hence,
Algorithm TCG simply discards quasi-negative directions. It is in this way
that nonconvexity is dealt with.

ALGORITHM TCG FOR (17.13):

1. Choose v > 0. Set u® = 0 and 7° = —v, where v is defined by
(17.14).

2. For i =0,1,... do the following:
2.1. If desired or if r* = 0, stop to iterate and go to step 3 with

j=1.
2.2. Compute a new conjugate direction:
; —rt ifi=0
wt = . )2 . .
—rt + —‘Iﬂf,llluz witifi > 1.

2.3. Compute p' = Huw".

2.4. If (17.16) does not hold, go to step 3 with j = .

2.5. C_ompute_z the new iterate ™t =yl +t'w’ and the new residual

ritl =t 4 ¢ipt with the stepsize
]2
(w') Tp?

3. Take as the approximate solution to (17.13):

v ifj=0
TlWifj > 1.

t =

Observe that, since the first iterate of Algorithm TCG is u® = 0, the first CG
direction is w® = —r% = v, the right-hand side of (17.13). This is important
for the analysis that follows. Another key point is that the directions w® are
conjugate: w'* Hw'? = 0 for i; # 4». Note finally that Algorithm TCG chooses
to output the approximate solution u’ currently obtained when j > 1 (it is
different from zero), but @ = w® = v when j = 0 (u® = 0 in this case).
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Lemma 17.3. The vector & computed by Algorithm TCG has the form
= Jv, (17.17)
where J is the identity matriz when j =0 and
Jj—1 1
J= ; - Tle (17.18)
when j > 1. Purthermore ||J||2 < max (1,2).

Proof. 1f i = 0, w = v and the result follows. Otherwise Algorithm TCG
generates conjugate directions w®, ..., wi!. By orthogonality of r* and
w'~!, by the fact that the algorithm starts with v = 0, and by conjugacy of
the directions w’, one has for 1 < i < j:

— _(wi)Tri

= —()(Hu' —v)

i—1
—(w)TH (Ztlwl> + (w) "
1=0

= (w') .

I

Also, [|7°||? = (w®) Tv. Therefore

-1 -l (wi)Tv j-1 w' .
=Yt = :
This proves (17.18).

The upper bound on ||.J||2 comes from the fact that |[vv |2 = ||v]|% and
(17.16). O

Tl

Note that, when j > 1, the matrix J is positive semi-definite with rank j.
In view of (17.13) and (17.17), this matrix appears as a kind of “pseudo-
inverse of the positive definite part” of H.

Descent Property

In the next lemma, we give conditions ensuring that the direction dj, given by
(17.15) is a descent direction of O, . For this, it is convenient to give another
expression of dj by introducing the following right inverse of Ay:

A= (I - Z; 2y L) Ay, (17.19)
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This is the right inverse E,; in (14.33), in which H, ! has been substituted
by its approximation J. Then

d = 7 + tg, (17.20)

where _
T = —Alzck and = —Z_ Jpgk.

We also use the multiplier associated with g,;
A = —A TV . (17.21)
How to compute this multiplier efficiently is dealt with in the next subsection.

Lemma 17.4 (descent property). Suppose that f and ¢ are differentiable
at xy. Let di be given by (17.15), where @y, is the approzimate solution to
(17.13) computed by Algorithm TCG. Then O, has a directional derivative
in the direction di, whose value is given by

O, (k; di) = —gi Jgi + M. ek — ollckl| .- (17.22)
It is negative if x, is nonstationary and op > | Mgl -

Proof. Since a norm is Lipschitz continuous and has directional deriva-

tives, || - ||, o ¢ has directional derivatives (see lemma 13.1). Using the fact
that dj satisfies the linearized constraints (i.e., Agdr = —ck), one has
(- 1lp o e) (wrsdi) = (Il [l ) (cr; —cx) = —llckll - Therefore

O, (zr;de) = VI di — onllck| -

Using (17.20) and (17.21), we get (17.22). .
Suppose now that o > || Ax||,- Since Al ex < || Mkl ekl , we obtain

O, (xr;di) < —gi Jugr + (IAkll, — on)llexll» < 0.

If O (zr;dy) = 0, it follows that ¢, = 0 and g, T Jrkgr = 0. If the number of CG
iterations jr = 0, then Jx = I, hence gx = 0 and xy, is stationary. It remains to
show that jj, cannot be > 1 when @, (x;dg) = 0. If ji, > 1, one would have
v 7 0 (see step 2.1 of Algorithm TCG) and therefore g # 0 (since ¢ = 0).
But with the structure of J; and the fact that wg = v = —gr when ¢, = 0,
one would have g Jygr > (g{wp)?/((w)) Hywp) = [lgll*/ (95 Hgr) > O,
which would contradict the fact that g/ Jigr = 0. O
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Computation of Xk

Let us drop the index k. From (17.21) and (17.19), the definition of A involves
the matrix J: ~
AN=—-A""(Vf—-LZ Jg).

We do not want to store this matrix, however. In fact, to compute A, one has
to evaluate u = Jg, which is the approximate solution to

Hi=g, (17.23)

obtained by using the same conjugate directions w® and the same products
p' = Hw', i = 0,...,j—1, as those used to compute the approximate solu-
tion @ to (17.13) by Algorithm TCG. The computation of & and 4 can be
made in parallel, hence avoiding the need to store the conjugate directions w?
(or J) or the need to compute twice the Hessian-vector products p’ = Huw'.
This is what Algorithm TCG2 below does. Its outputs are @ and 4.

ALGORITHM TCG2 FOR (17.13) AND (17.23):

1. Choose v > 0. Set u® = 0, r* = —v, @° = 0, and 7 = —g, where
v is defined by (17.14).
2. Fori=0,1,... do the following:
2.1. If desired or if »* = 0, stop to iterate and go to step 3 with
j=i.
2.2. Compute a new conjugate direction:

; —rt ifi=0

= . )12 .

YT e i i > 1

2.3. Compute p' = Huw'.

2.4. If (17.16) does not hold, go to step 3 with j = .

2.5. Compute the new iterates u'*! = u? 4 t'w' and @'t! = @' +
t'w?® and the new residuals ! = ri4-t'p? and 71 = 7 +£ip?,
with the stepsizes

s _ ™)
(w') Tp? (w?) Tp*

It may occur that the linear system (17.23) is solved before (17.13). In this
case, the stepsizes t* vanish and @* is no longer modified. It is easy to verify
that A is obtained from @ by:
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A=—A"N(Vf—-LZ a). (17.24)

Indeed, since @° = 0, one has for 1 <i < 7
(wi)TFi _ (’U}Z)T(H’u _g TH (Z o > w' Tg _ —(wi)Tg.

Jj—1

;E :Z wz Tsz :Jg

1=

The Truncated SQP Algorithm and its Global Convergence

The truncated SQP algorithm to solve problem (Pg) generates a sequence
{zk}r>1 by the recurrence

Tp+1 = Tk + agdg,

where the direction di, € R™ is determined by (17.15), with @j computed by
Algorithm TCG2, and the stepsize oy > 0 is determined by a line-search on
the merit function O, .

According to lemma 17.4, dj, is a descent direction of @, provided xy, is
nonstationary and oy > ||5\k||D This requires a modification of o, at some
iterations and we assume that a rule respecting conditions similar to (17.9)
is adopted: for some fixed constant & > 0, the following holds

(a) ox > | Mkll, +7, forallk>1,
(b) there exists an index k; such that:

if k> ky and op_1 > HS\kHD + 7, then o) = op_1,
(¢) if {or} is bounded, o}, is modified finitely often.

(17.25)

Since at a nonstationary iterate x, di is a descent direction of Oy, , one can
determine a stepsize oy > 0 such that the following Armijo inequality holds

Oy, (xr + ardy) < Oy, (k) + wak@;k (xk; di), (17.26)

where w is a constant chosen in ]0, 2[. As in the line-search SQP algorithm
on page 292, the stepsize is determlned in step 4 below by backtracking.
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We can now summarize the overall TSQP algorithm to solve the equality
constrained problem (Pg).

ALGORrITHM TSQP:

Choose an initial iterate (z1, A1) € R™ x R™.

Compute f(x1), c(x1), Vf(x1), and A(xy).

Set the constants v > 0 (quasi-negative curvature threshold), w €
10, 1[ (slope modifier in the Armijo condition), & > 0 (penalty
parameter threshold), and 8 € ]0, 3] (backtracking safeguard pa-
rameter).

Set k= 1.

1. Stopping test: Stop if ¢, = 0 and gx = 0.

2. Step computation:

e Compute the restoration step ry = —A; cy.
e Compute the reduced gradient g, = 7, TV fi and the right-hand
side of (1713) Vg = — 09k — Zk_TLk’I"k.
e Run Algorithm TCG2 to compute %y and . ~
e Compute the full step dy = 71 + Z s and the multiplier Ay by
(17.24).
3. Penalty parameter setting: Update o such that (17.25) holds.
4. Backtracking line-search:
e Set a=1.
e While a does not satisfy Armijo’s inequality (17.26), pick a new
stepsize « in [Ba, (1-3)a].
e Set a = a.
5. New iterates: Set w41 = ok + apdy and A\pp1 = Ap5 .
6. Increase k£ by 1 and go to 1.

Before proving the global convergence of this algorithm, let us make some
observations. In a practical algorithm, the stopping test in step 1 would be
replaced by a condition checking that ¢, and g, are sufficiently small. In
practice, in step 4, the new stepsize chosen in the interval [Ba, (1—f)«] during
the line-search should be obtained by interpolation. In step 5, we have set
the new multiplier Agx41 to the least-squares multiplier

NS = — ATV fy.

This makes Algorithm TSQP close to the primal version of Newton’s al-
gorithm analyzed in theorem 14.5. Another possibility would have been to
choose Agy1 = Ai. Observe however that, even if the CG iterations of Algo—
rithm TCG2 solve (17.13) and (17.23) exactly, Ay # A" (in this case Ay, = Mo
given by (14.36), compare with (14.35)), so that w1th that choice of Agy1,
Algorithm TSQP does not reduce to Newton’s algorithm in a neighborhood
of a strong solution.
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Theorem 17.5 (global convergence of the line-search truncated SQP
algorithm). Suppose that the functions f and ¢ are twice continuously dif-
ferentiable with Lipschitz continuous first derivatives. Suppose also that the
sequences {V fi}, {Li}, {A; }, and {Z,"} generated by Algorithm TSQP are
bounded. Then the sequence of penalty parameters {oy} is stationary for
sufficiently large k: o, = o. If furthermore {Oy(xk)} is bounded below, the
sequences {ci} and {gir} converge to 0.

Proof. We denote by C1, Cs, ... positive constants, independent of k. We can
assume that ||cg|| + [|gk|| > 0 for all k£ > 1, because otherwise the conclusion
is clear.

Note first, that the assumptions imply the boundedness of {Ax} (use
(17.24), the boundedness of {A; }, {Vfx}, {L«}, {Z, }, and that of {J;}
given by lemma 17.3). Then by (17.25)s, {0} is also bounded, hence sta-
tionary for large enough k (use (17.25).). From Armijo’s inequality (17.26),
O, (xy) is decreasing. It is also bounded below (by assumption), hence it
converges. This implies that ax©. (xk;di) tends to 0, or equivalently (use
lemma 17.4 and (17.25),)

argr Jegr — 0 and  agcp — 0. (17.27)

Let us now show that {aj} is bounded away from 0. From the line-
search (step 4), when ay < 1, there is a stepsize @; € ]0,1] such that
oy € [Ba, (1-3)a] and

Oy (x + @rdy) > O, (xk) + wak@g(xk; dk).

Using the smoothness of f and ¢ and the fact that dj satisfies the linearized
constraints, one has successively

flan +ardy) = fae) +anf (xr) - di + O@;]|1di||?),
c(zp +dy) = (1 —ag)e(zr) + O(@ || dil?),
O (xk + Ardy) < Oy (1) + WROL (21 di) + Crak?||d ||

Therefore (w — 1)0! (x1; dy) < Crag||dk||? or
an Tge + llexll, < Coarllde (17.28)

where Co = C1/((1-w)min(1,5)). With the boundedness of {A, }, {Z, },
{Ly}, and {Ji}, we have dj = O(||J,i/2vk|| + |lekll») and, due to the form
of vy, di = O(||.7Y* gkl + llck|l»). Then, inequality (17.28) becomes

9n Jegr + llekll > < Cstn(gi Jrgr + llekll?)-
From (17.27), aicr, — 0 and therefore for large k

9 Jkgr < C3019. Tk
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This inequality shows that g, Jygr # 0 when ax < 1 and k is large enough
and that {@g} is bounded away from zero. Since «y > fay, {a} is also
bounded away from zero.
From (17.27)
gnJegr — 0 and ¢ — 0. (17.29)

It remains to show that g — 0. Assume the opposite: there is a constant
~ > 0 and subsequence K such that ||gx|| > 7 for k € K. Using the first term
of the expression (17.18) of Ji when ji > 1, wg = vk, and the boundedness
of {Hj}, one can write

T, \2 T, \2

T : 5 (gxvr) . 2 (95 vk)
Jr k2m1n< E ,7)2mln< ,Cy .

9r Jkg g ll3 v,:Hkvk v [or] ]2

The numerator can be bounded below as follows:

(ghve)® = [=llgel® + Ol gkl llexl)]?
ligell* + OUlgrll® llekll) + OUlgrll? llekl®)

1
5 llgxll* = Csllgwll* e

v

1
> lgel*(57* = Csllexll®),

which is positive for large k£ in K. For the denominator, we use the upper
bound:
lorll? < 2llgell® + Collerll* < llgrl*(2 + Collexl? /7).

Therefore for large k in K:

1.2 2

T . 2 37 _C5||CkH

Ji kZmln( , .
kg T2 Coller P/

This is in contradiction with (17.29). O

17.3 From Global to Local

In this section, we analyze conditions under which the line-search algorithms
of the present chapter can transform themselves into the “local” algorithms
of chapter 14. In view of the quadratic convergence of the local methods,
this “mutation” is highly desirable. Because the direction generated by the
local algorithm is used as a descent direction of some merit function, this
transformation will occur if the line-search accepts the unit stepsize during
the last iterations. This property is referred to as the asymptotic admissibility
of the unit stepsize. We shall see that it is not guaranteed without certain
modifications of the algorithms, which are therefore crucial for their efficiency.



308 17 Globalization by Line-Search

For simplicity, we assume in this section that the problem has only equal-

ity constraints:
min, f(z)
(Pr) { c(x) =0.

Since our study is asymptotic, assuming convergence of the sequence {(zy,
Ak)} to a primal-dual solution (z., A.), this simplification amounts to assum-
ing that the active constraints are identified after finitely many iterations,
in which case problem (Pgr) reduces locally to a problem with only equality
constraints (theorem 15.2 tells us something about this).

The Maratos Effect
The merit function @, introduced in §16.4 and defined by
Oy (z) = f(z) + ollc(2)]]

does not necessarily accept unit stepsizes asymptotically. This is known as the
Maratos effect. We mean by this that when dj, solves the quadratic problem

ming V f(z) "d+ $d"Myd
{cm) + Ala)d =0, (17.30)
we may have
@g(xk + dk) > @g(xk), (17.31)

however close to (x,, L) the current pair (2, M)) may be.

The following counter-example demonstrates this fact. There, the con-
sidered iterate xj is on the constraint manifold: ¢(zx) = 0. We have seen
in proposition 17.1 that, if o > [|A7"]|, and My is positive definite, Oy,
decreases along the Newton direction dj, which means that, for small step-
sizes, the decrease in f along dj, compensates the increase in ||c||,. In the

counter-example, this compensation not longer holds for stepsizes close to 1.
Counter-example 17.6. Consider the problem on R?

min, —z1 + 7(2? + 23 — 1)
3423 —-1=0,

where 7 € R. Its unique solution is z. = (1,0) and the associated multiplier

is Ay = % — 7. The Hessian of the Lagrangian at the solution is L, = I.
Suppose now that the step d at z is given by the osculating quadratic

problem, defined at a feasible point x with the matrix M = L, = I:

mind —d1 + %”d”%
z'd = 0.

Its solution for x = (cos @, sin#) lying on the constraint is
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. 2
sin® 6
d= (— sin@cos@)

and c(z + ad) = a?sin? 0. Hence, if || - ||, = | - |,

O,(x) = —cosb
Oy (x + ad) = —cosf — asin? @ + (1 + o)a? sin? 4.

Then O, (z + d) > Oy(z) whenever 7+ o > 1 (and 6 # 0). Because o >
|A«] = |3 — 7| is needed to have an exact penalty, ©, increases for a unit
stepsize if 7 > %.

Figure 17.2 shows the level curves of @, around the solution for 7 = 1 and
o = 0.6, as well as the Newton step d from an x on the constraint manifold

(the bold curve), rather close to the solution (1,0). One clearly observes that
Oy(xz +d) > O, (). O

|

0.15¢
0.1+

0.05¢

' T

0.95 1 105 11 115

Fig. 17.2. Example with a Maratos effect

This phenomenon somehow reveals a discrepancy between @, and the
osculating quadratic problem used to compute dj. Since this model is good
(it yields local quadratic convergence), the blame must be put on the merit
function, or on the way in which it is used. In the rest of this section, we ana-
lyze different remedies for the Maratos effect and prove that they are effective
close to a solution. The Maratos effect can also occur far from a solution and
it is then more difficult to deal with. The first remedy consists in modifying
the step di by adding to it a small displacement, called a second order cor-
rection, that does not prevent quadratic convergence. Another possibility is
to modify the merit function, which is considered next.
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Modification of the Step: Second Order Correction

Example 17.6 has shown that there are situations in which, even close to the
solution, the increase in ||¢(+)||, from x to xp + dj is not compensated by
a decrease in f, resulting finally in an increase in ©,. The remedy for the
Maratos effect presented in this subsection consists in adding to di a small
correcting step e, € R™, whose aim is to decrease ||c()||,. This additional
step is defined by

e = —A;C(xk-i-dk), (17.32)

where A, is some right inverse of the Jacobian matrix A = ¢/(zy), which is
assumed to be surjective. Hence, ey, is a constraint-restoration step at xy +dj.
Figure 17.3 shows the second order correction for counter-example 17.6: the
small step e from z + d to =z + d + e.

|

0.15¢
0.1+

0.05¢

' Ateel [[1]]]]

0.95 1 105 11 115

Fig. 17.3. Second order correction

One speaks of second-order correction because c(zy+dy) = O(||dx||?) and
therefore e, = O(||dg||?) is of order 2 in dj. This modification of dj, preserves a
possible quadratic convergence since, assuming xy, +di — . = O(||zx —2.]|?),
we have

Tp 4 dy +er — o = (zp + dp — ) + e = O] — 2.]|?),

owing to the preceding estimate of e and to the fact that dy ~ (xp — x)
(lemma 13.5).

Because e is computed by evaluating ¢ at a point different from xy,
it cannot be guaranteed that dj + e is a descent direction of ©,, at zy.
Therefore, a line-search along this direction may be impossible. The least
expensive approach is then to determine a stepsize oy > 0 along the arc
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a i prp(a) = o + ady, + o?ey.

It has the descent direction dj as a tangent at a = 0 and visits xy + di + ex
for « = 1. The stepsize aj can be computed in the same way as along dj,
forcing at each iteration the inequality

Op,, (Tptordit+aier) < O, (2k) + wo®), (wy; d), (17.33)

for some «ay, € ]0,1]. It is easy to verify that this inequality can always be
satisfied, provided dj, is a descent direction of 6, at xj.

In the next proposition, we give conditions under which the unit stepsize
ay = 1 is accepted in (17.33) when xj is near a strong solution to (Pg). Part
of these conditions is related to the matrix M}, which must satisfy (17.34).
This condition is of the form t; > o(||d||?), for some real numbers tj, which
means that there must exist a sequence of real numbers {s;}, such that
tr > sk and s; = o(||d||?) when & — oco. Observe that this condition is
satisfied when Mj is “large enough”. This is not surprising, since then the
tangent step is small (see remark 2 on page 235) and the total step dj is
close to the restoration step, along which the unit stepsize is known to be
accepted by the norm of the constraints (see exercise 17.4). Observe also that
condition (17.34) is satisfied when Mj, is the Hessian of the Lagrangian (with
convergent multipliers), which corresponds to Newton’s method.

Proposition 17.7 (admissibility of the unit step-size with a second
order correction). Suppose that f and c are of class C? in a neighborhood
of a solution x, to (Pg) satisfying the second-order sufficient conditions of
optimality and at which A, = ¢/(x.) is surjective. Let {x}} be a sequence
converging to x., let d satisfy the first-order optimality conditions of the
osculating quadratic problem (17.30), and let ey, be defined by (17.32). Suppose
also that

o {A_} is bounded and dj, — 0,

o the matriz My used in the osculating quadratic problem (17.30) over-
estimates the Hessian of the augmented Lagrangian LT := L, +rA]A,,
in the sense that

a7 (M — LD)dy = of||dell?), (17.34)

where r > 0 is such that LT is positive definite (such an r always exists
under the assumptions already stated, see exercise 16.1),

o the penalty parameter oy, used in O, satisfies

N, < ok < 6, (17.35)

where A\ is a multiplier associated with the constraints of (17.30) and &
15 a constant.

Then, for w < % and large enough k, there holds
Oo (zr+drter) < Oo, (1) +wO, (T1;dy).
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Proof. Despite the nondifferentiability of ©,, , one can obtain an expansion of
O, (zr+di+er) with a precision of order o(||dx||?). This one follows from an
expansion of f(zp+di+er) and c(zi+di+eg) about xy. Using the smoothness
assumptions on f and ¢, the constraint in (17.30), the definition of ej in
(17.32), the boundedness of {A, }, and the optimality of (z.,A.), we have
successively

1
c(zp+di) = e + Apdy, + 50”(17*) ~di + o([|de 1),

1
= 3¢ (@) - di + o(lde ),
ex = O(||le(zk+dy)]))

= O([ldx1?),
c(zp+di+er) = c(xp+di) + Arer + o(||ex]])
= o([ldk|1*),
—A; V=M — ATV e+ AL
= X +0(1),

Vider = —(A7 "V fi) Te(wp+di)
= M c(zptdi) + ol||di]*)

1
= 5/\*T (" (@) - di) + o(||di|I*),
1
flapt+diter) = fi + Vi (di +ex) + §d2V2f(x*)dk + o(||dk )
1
= fr + Vfid, + §dZL*dk + o(|ldkl?).

With these estimates, the boundedness of {ox}, and the fact that, when
there are only equality constraints, the directional derivative of ©,, in the
direction dj, can be written O, (zx;dy) = Vfildy — ogllckll, (see the proof
of lemma 17.4), one gets

Op, (T +dyter) — O, (21) — WO, (x1; di)
1
= Vfide+ §d£L*dk — okllekll, — w6, (zr; di) + o([|di|?)

1
=(1- w)@é,k (zg;di) + id;—L*dk + O(||dk||2). (17.36)

We have to show that the right-hand side of (17.36) is nonpositive asymp-
totically.

Using the optimality conditions of (17.30), the Cauchy-Schwarz inequality
(16.14), and the bounds in (17.35), the directional derivative O, (xx;dy) =
Vfldy — okllck|l, can also be written

@;k (k; dk) = —d];erdk + (/\?P)Tck — UkHCkHP < —d];erdk. (17.37)



17.3 From Global to Local 313

Since d) L.dy < dj L%dj, for a nonnegative 7, (17.36) becomes with (17.37)
and (17.34):

Oy (vp+diter) — Ooy (21) — WO, (k3 dy,)

IN

1 1
(5 - w) (i Mydy) — 5l (My, — L2)d + o |d )

IN

(% - w) (~df M) + ol |di ).

For large k, the right-hand side is nonpositive since, by (17.34) and the pos-
itive definiteness of L%, d} Mydy, > d} L"dy + o(||dx||?) > C||dk]||?, for some
positive constant C' and large k. O

The result of proposition 17.7 has many variants. It is usually easy to
prove them by adapting the arguments used in the proof above (basically by
cleverly combining Taylor expansions of an appropriate order). For example,
one can avoid using the Hessian of the augmented Lagrangian by replacing
condition (17.34) by

di P./(My, — L) Pudy > o(||dic||) + olex ),

where P, denotes a projection operator on N(A.). The proof of this claim
has been left as an exercise.

Computing the correction step e can be time-consuming for some appli-
cations, since this requires a new evaluation of the constraints at =y + dj.
When xj is far from a solution, this step can also be very large, perturb-
ing uselessly the SQP step dj. Therefore meticulous implementations of the
line-search SQP algorithm usually have a test for deciding whether e, must
be computed and the arc-search detailed above must be substituted for the
less expensive line-search. Counter-example 17.6 has shown that the Maratos
effect occurs when zj is on the constraint manifold. On the other hand,
truncation of the unit stepsize is unlikely to occur in the neighborhood of a
solution when the transversal part of the step prevails. To see this, observe
that when c has its values in R™, the unit stepsize is accepted along Newton’s
direction to solve ¢(z) = 0 when one uses z — ||c(x)||, as a merit function
(see exercise 17.4). These observations suggest that there may be a danger
of small stepsize only when the restoration step is small with respect to the
tangent step. The next proposition confirms this viewpoint. It shows that
the unit stepsize is accepted asymptotically for the iterations satisfying the
inequality

7]l = Cuae |2l (17.38)

where Cyp; is a positive constant and || - || is an arbitrary norm. To write this
inequality, we have decomposed the full step dy into dy = ry + ti, where the
restoration step is written ry = —A; ¢y, for some right inverse A, of Ay, and
the tangent step t, € R(Z,, ) satisfies V f,/tx < 0.
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Proposition 17.8 (admissibility of the unit step-size at restoration
prevailing iterations). Suppose that f and c are of class C' in a neigh-
borhood of a stationary point x. of (Pg). Let {xr} be a sequence converg-
ing to x. and dp = ry + ty, where ry = —A;c(x) and t, € R(Z,)
satisfies V f(xx) 't < 0. Suppose that {A;} and {o}} are bounded, that

or > || Ay "V f(x)||, +& for some constant & > 0, and that w < 1. Then, for
large indices k for which (17.38) holds with a positive constant Cy, one has

O, (x+di) < Op, (x) + w@i,k (zg; dg).

Proof. Here, as we shall see, first-order expansions are sufficient. Using the
fact that d = O(||r]|) for the considered indices, one has

flaptdy) = fr+ VI di + o))
c(rrtdr) = cx + Ardi + o(||7x])

= o([lrx|)-

Therefore, using ), (zx;di) = Vf di — okllckl|, (see the proof of lemma
17.4), Vit <0, w <1, Vfilre < ATV full lexll -, and 7 = O(lfex| »):

Oo (zr+dy) — O, (x1) — WO, (xk; d)
(1= w)Vfildr — (1 = w)orllexll» + o(llre]])

< (1—w) (14, "V fill, = on) llexll +olllrell)
< —(1 = w)allexll» + olllerll ),
which is negative for large k. O

A consequence of this result is that, optimization codes implementing
the second order correction often decide to compute e; and to do an arc-
search, only at iterations where (17.38) does not hold. The constant Cyy is
determined by heuristics.

Modification of the Merit Function:
Nondifferentiable Augmented Lagrangian

Another way of getting the asymptotic admissibility of the unit stepsize is to
change the merit function. Remember that dj is obtained by minimizing a
quadratic model of the Lagrangian subject to linearized constraints. Hence,
taking

b (@) = f(2) + 1" e@) + olle(@)]]»

as a merit function should be convenient, insofar as pu is close enough to A,
and o is small enough. The validity of this intuition is confirmed by proposi-
tion 17.9 below.
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Beforehand, observe that the problem

{minz f(z)+p'e(z)
c(z) =0, z€n

is clearly equivalent to (Pg). Now, let z, be a solution to (Pg), with asso-
ciated multiplier A,. Then x, is still a solution to the problem above, with
associated multiplier A\, — p. Therefore, the results of §16.4 imply that £, »
is exact if

o> ”)‘* - /'I’HD'

On the other hand, one easily computes
0, o (wx; di) = —dg Mydy, + O — ) "ex — ollell
which is therefore negative if My is positive definite and
o = A = ullp-

Figure 17.4 shows the level curves of ¢, , for counter-example 17.6, with

i+
0\2\9\5\\\\ ! / Jm/51 ! HH/JE

Fig. 17.4. Nondifferentiable augmented Lagrangian

T=1, p=—-0.55 and ¢ = 0.1.

Proposition 17.9 (admissibility of the unit step-size with a nondif-
ferentiable augmented Lagrangian). Suppose that f and ¢ are of class
C? in a neighborhood of a solution . to (Pg), satisfying the second-order suf-
ficient conditions of optimality. Let {x1} be a sequence converging to x., and
di be a stationary point of the osculating quadratic problem (17.30). In this
last problem, suppose that the matriz My, over-estimates LT = L, + rA] A,
in the sense that
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A (My, — LT)dy, > o(||dx||?), (17.39)

where r > 0 is such that LY is positive definite (such an r always exists under
the assumptions already stated, see exercise 16.1). Assume also that dy, — 0,

that w < %, and that o > ||IA\R" — pll,. Then there exists e > 0 such that,

if |uk — M| < e and 0 < oy, < &, we have for large enough k
Cu.on (zrt+di) < Cupon (zk) + we, (zr; ).

HEs0k

Proof. The following expansions are easily obtained:

Flaictde) = fi+ Ve + 5aTV2 ()i + of|ldel?).

clantdi) = 3¢ () -+ of | di ).
We can then write
Cpgoi (@rtdr) = Ly o, (1) — W, (25 dr)
= VT + ATV () + gl () - &~ ule — ol
—wl, o (s di) + O(okdel|?) + ol di )
= (1 =w)l,, , (r;dy) + %d;L*dk
+ Ol = Ml + o)A ]12) + o(llde|2)
< (1= )l o (s i) + 5L L+ Crclld]? + ofde]?)

IN

1 1
<§ — w) %k,ak (xg; di) — §dg(Mk — L")dy, + Ciel|de||* + o(||dx||?)

IN

1
—CYy (5 a w) Hdk”2 + 015||dk”2 =+ 0(||dk||2)

<0,

if k is large enough and € > 0 is small enough. We have used the uniform
positive definiteness of M}, which comes from the positive definiteness of L7
and from (17.39). O

We refer the reader to the original paper [37] and to [146, 10] for exam-
ples of use of the nondifferentiable augmented Lagrangian in implementable
algorithms.

17.4 The Hanging Chain Project IV

This is the fourth session dealing with the problem of finding the static equi-
librium of chain made of rigid bars that stays above a given tilted floor. The
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problem was introduced in §13.8 and developed in §§14.7 and 15.4. We now
consider the implementation of the globalization technique presented in this
chapter. This will provide more robustness to the SQP solver and will give it
a tendency to avoid the stationary points that are not local minima.
We propose to use the merit function (17.1) in which || - ||, is the £; norm
ol = 3200 Juil:
Oy () = f(z) + olle(z) "] (17.40)

This norm satisfies the assumption (17.5) required by proposition 17.1 (see
exercise 17.1). The dual norm of the ¢; norm is the o, norm |w|e =
maxi<;<m |w;| (see exercise 16.5).

We assume that the osculating quadratic program has the form (17.2),
with a matrix M} that is symmetric positive definite. This property of My
is important in order to get a primal solution dj to (17.2) that is a descent
direction of the exact merit function @, defined by (17.40) (see proposi-
tion 17.1). Since the Hessian of the Lagrangian Ly := V2_{(zy, \;) is not
necessarily positive definite, we propose to take for M} a modification of Ly
obtained by adding to it a small positive diagonal matrix (using, for example,
a modified Cholesky factorization [154, 201]). Using a positive definite quasi-
Newton approximation to Ly is another possibility that will be examined in
chapter 18.

Modifications to Bring to the sqp Function

It is interesting to keep the possibility of using the algorithms defined in the
previous sessions by introducing flags. In our code, we use options.imode
(1:2), which has the following meanings:

e imode(1): 0 (M} is a quasi-Newton approximation to L), 1 (M}, = L),
2 (My = Li+ E), where Ej, is a small positive diagonal matrix that makes
My, positive definite),

e imode(2): 0 (with line-search), 1 (with unit stepsize).

If we compare the local SQP algorithm on page 257, implemented in the
previous sessions, and the version with line-search on page 292, we see that
we essentially have to add the steps 3, 4, and 5 of the latter algorithm to the
sqp function.

e The determination of the penalty parameter o in step 3 can be done by
the update rule of page 295. At the first iteration, we take oy = ||A}"|| , +6
and set the constant & to max(,/eps, [|AF"],/100).

e The determination of a stepsize oy along dj in step 4 can be done like
in the backtracking line-search of page 296, with 8 = 0.1 and g +1
determined by interpolation, i.e., as the minimizer of the quadratic func-
tion @ — £(a) satisfying £(0) = O, (xk), £(0) = Ak, and (ak,;) =
Oo, (T + g idy).
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e We set the new multiplier \xy; by (17.4).

It is better not to limit the number of stepsize trials in the line-search,
since this number, which is most often 1, can be large at some difficult itera-
tion. However, the line-search algorithm may cycle when there is an error in
the simulator or when rounding errors occur at the end of a minimization.
Therefore, some arrangements have to be implemented to prevent this cy-
cling. In our code, the line-search is interrupted when the norm of the step
ki ||di | oo to get improvement in the merit function becomes smaller than a
prescribed value options.dxmin given on entry in the solver.

It is important to take care over the output printed by the code, since
it provides meaningful information on the course of the optimization. Here
is the text, in connection with the line-search, that our code prints at each
iteration.

iter 11, simul 14, merit -1.47914e+00, slope -7.59338e-02
Armijo’s line-search
1.0000e+00 8.47489e-01 8.47489e-01
1.0000e-01 1.49986e-03 1.49986e-02
4.1753e-02 -1.60114e-03 -3.83479e-02

The value of Ay defined by (17.7), which approximates O, (xx;dg), is given
after the keyword slope, and should always be negative. Each line of the
table below the phrase “Armijo’s line-search” corresponds to a stepsize
trial: o ; is in the first column, Oy, (2 + ok idk) — O, (zk) in the second, and
(Op, (ks + ag,idi) — Op, (xk))/ ki in the last one. We see in the first column
that the unit stepsize o1 = 1 is tried first and that it is determined next by
interpolation with the safeguard 8 = 0.1. The last column is useful to detect
a possible inconsistency in the simulator (or in the sgp function). If dy, is not
a descent direction of the merit function ©,, (it should be a descent direction
if M}, is positive definite and if nothing is wrong in the simulator and in the
sqp function, see proposition 17.1), there is a large number of stepsize trials
oy, tending to zero. Then, the value in the last column should tend to Ay
(this is actually certainly correct if there is no inequality constraint, since
then Ay, = O, (z;dy), see the comment after proposition 17.1).

Question: Tell why the last value in the third column of the table after
the phrase “Armijo’s line-search” above is often approximately half that
of A (like here: 3.83479/7.59338 ~ 0.505).

Experimenting with the SQP Algorithm

The first observation is good news: line-search really helps to force conver-
gence. For example, test case 1d (page 249), which diverges without line-
search, now converges to the global minimum. Figure 17.5 shows the result
with the usual convention: the thin solid bars represent the initial position of
the chain, the dashed bars correspond to the intermediate positions, and the
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Fig. 17.5. Test case 1d with line-search

bold solid bars are those of the final optimal position. For clarity, we have
not represented all the intermediate positions of the 10 iterations required to
get convergence, but 1 out of 2.

The second observation is that line-search helps the SQP algorithm to
avoid stationary points that are not local minima. For example if we apply the
present algorithm with line-search to test case 1b (page 249), the generated
sequence now converges to the global minimum of the problem, not to the
global maximum as before. The left picture in figure 17.6 shows the result (1

Fig. 17.6. Test cases 1b (left) and lc (right) with line-search

iteration out of 3). The same phenomenon occurs with test case 1c (page 249),
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whose convergence to the global minimum is shown in the right hand side
picture of figure 17.6.

A third observation: the convergence is smoother with line-search. This is
not a very precise concept, but we mean by this that the behavior of the gen-
erated sequence is less erratic. Consider for example test case 1f (page 269).
The result is shown in figure 17.7. If we compare with figure 15.3, we see that

Fig. 17.7. Test case 1f with line-search

the second iterate is now closer the the initial one: the stepsize is actually
less than 1 (a3 = 0.1) only at the first iteration. This additional function
evaluation is beneficial since the total number of function evaluations is less
than the one without line-search (10 instead of 11, not a major improvement,
admittedly).

Notes

The use of the exact penalty function (17.1) to globalize the SQP algorithm
was proposed by Pshenichnyj (see for example [302]), Han [185; 1977] (with
the ¢1 norm), and others. The TSQP algorithm described in §17.2 is taken
from [75; 2003]. Another way of dealing with nonconvex problems is to modify
the Hessian of the Lagrangian, using a modified Cholesky factorization (see
for example [133] and the references therein).

The “effect” described in § 17.3 was discovered by Maratos [247; 1978] and
counter-example 17.6 is adapted from [73]. Second-order correction strate-
gies were proposed by Boggs, Tolle, and Wang [36], Coleman and Conn [82],
Fletcher [127], Gabay [138], Mayne and Polak [250]. The use of the non-
differentiable augmented Lagrangian was proposed by Bonnans [37]. Note
that Fletcher’s exact penalty function (16.21) also accepts the unit stepsize
asymptotically, but it involves first derivatives, so that its use may lead to
expensive algorithms if a number of different stepsizes are required during
the line-search or to algorithmic remedies for avoiding expensive operations;
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see [299, 33, 34]. Other approaches include the “watchdog” technique [73]
and the nonmonotone line-search [281, 46].

To conclude this chapter let us briefly mention and/or review other contri-
butions dealing with the use of second derivatives within SQP, techniques for
solving the QP, and algorithmic modifications for tackling large-scale prob-
lems: Betts and Frank [29] add a positive multiple of the identity matrix
to the full Hessian of the Lagrangian when the factorization of the KKT
matrix reveals nonpositive definiteness of the reduced Hessian of the La-
grangian; Bonnans and Launay [45]; Murray and Prieto [270]; Gill, Murray,
and Saunders [155]; Leibfritz and Sachs [225]; Facchinei and Lucidi [121];
Boggs, Kearsley, and Tolle [32, 31] propose solving the QP by an interior
point method that can be prematurely halted by a pseudo-trust-region con-
straint, although their method uses line-search for its globalization; Sargent
and Ding [321] also use an interior point method to solve the QP inexactly
within a line-search approach, but discard the Hessian of the Lagrangian if
it fails to yield a descent direction of the merit function; Byrd, Gilbert, and
Nocedal [65] combine SQP with an interior point approach on the nonlinear
problem and use trust regions for the globalization.

Exercises
17.1. Norm assumptions. Let || - || be an arbitrary norm on R™ and consider the
following properties (the operators | - | and (-)™ act componentwise; the
statements are valid for all v and v € R™ when this makes sense):
(@) [ ful I = flull;
i) |ul <fo| = lull < lvli;
(79) ui =vior 0 = |lul| < |v||;
(i) 0<u<v = |luf <|vff;
W u<v = |u’] <ot

(vi) v |lvt] is convex.
Show that (i) < (it) = (i) = (iv) < (v) < (vi), but that none of the
other implications holds in general. Show that (vi) may not hold for an
arbitrary norm.

Remark: These implications show that assumptions (16.15) and (17.5) on
the norm || - ||, are satisfied with the £, norms, 1 < p < oo, since £, norms
satisfy (¢). They also show that (16.15) is more restrictive than (17.5).

17.2. On the directional derivative of ©,. Find a one-dimensional example, in
which 6 (z;d) < Vf(z)'d — o|c(x)*|,, where d is the solution to the
osculating quadratic problem (17.2) (hence the inequality in (17.6) may be
strict).

[Hint: Equality holds if I = (.]

17.3. Descent direction for the exact penalization of the Lagrangian. Consider the
exact penalty function @, : R" — R defined for p € R™ and ¢ > 0 by
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Oua(x) = f(z) + n' (@) +olle(@)” ],

where the norm || - ||,, satisfies (17.5) (see also exercise 16.9). Let (dk, AZ")
satisfy the optimality conditions (17.3). Show that dj is a descent direction
of O, at x, provided xy is not a stationary point of (Pgr), My is positive
definite, o > ||AZ" — pll,, and pr > 0.

Admissibility of the unit stepsize for Newton’s method. Consider the problem
of finding a root z. of the equation F(x) = 0, where F' : R® — R" is a
smooth function. Newton’s method consists in updating x by z+ =z + d,
where d solves F'(z)d = —F(x) (see §13.7). Let || - || be an arbitrary norm
and consider ¢(z) = ||F(x)|| as a merit function for this problem. Suppose
that F’(x.) is nonsingular. Show that, for any constant w € ]0, 1], there is
a neighborhood V of z., such that if z € V, p(x + d) < o(z) + we'(z;d).



18 Quasi-Newton Versions

In this chapter we discuss the quasi-Newton versions of the algorithms pre-
sented in chapters 14, 15 and 17. Just as in the case of unconstrained problems
(see §4.4), the quasi-Newton approach is useful when one does not want to
compute second order derivatives of the functions defining the optimization
problem to solve. This may be motivated by various reasons, which are actu-
ally the same as in unconstrained optimization: computing second derivatives
may demand too much human investment, or their computing time may be
too important, or the problem dimensions may not allow the storage of Hes-
sian matrices (in the latter case, limited-memory quasi-Newton methods will
be appropriate). Generally speaking, quasi-Newton methods require more
iterations to converge, but each iteration is faster (at least for equality con-
strained problems).

An exhaustive study of quasi-Newton versions is impossible here. Actually,
the abundance of proposed algorithms reflects the difficulty of the problem:;
a fully satisfactory solution to which, if any, has not been found yet. Thus,
after outlining the way quasi-Newton methods are used for problems with
constraints (§18.1), we shall limit ourselves to two approaches. In §18.2, we
describe the one most often implemented so far. It is due to M.J.D. Powell
[293] and can be used for problems with inequality constraints. It has the
advantage of simplicity, but it is not completely satisfactory conceptually.
After having justified this claim, we give in § 18.3 another approach, reflecting
the works and concerns of the author. It has several variants and is presently
only applicable to equality constraints. The one presented here is safe, in
that it extends a well-established technique in unconstrained optimization:
Wolfe’s line-search (see chapter 3 and its § 3.4). However, its two constraint-
linearizations per iteration can reveal expensive for some problems. We then
outline some extensions less greedy in computing time.

18.1 Principles

Let us recall some principles underlying quasi-Newton techniques (see also
chapter 4) and see how these can be applied to problems with constraints.
As mentioned above, one seeks rapidly convergent algorithms, without com-
puting second derivatives of the objective and constraint functions f and c.
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Typically, if superlinear convergence is impossible, the algorithm is considered
as badly designed.

To derive these algorithms, one starts from Newton’s version and one
observes that the second-order information is entirely contained in one sin-
gle matrix. In our case it will be the Hessian of the Lagrangian or the re-
duced Hessian, depending on the considered algorithm. One then defines the
quasi-Newton algorithm, using the same quadratic problems as in Newton’s
method, but replacing the second-order derivatives by a matrix appropri-
ately updated at each iteration. The role of this update is to build up the
second-order information, upon observation of the variation of certain quan-
tities computed from the first derivatives of f and c¢. The change in these first
derivatives give indeed information on the second-order derivatives.

To be more concrete, let us consider equality constrained problems:

min, f(z)
(Pr) {c(:c) =0, zell

In Newton’s method (§14.1), the direction di € R"™, giving the change in

the current primal iterate xy, is computed by solving the problem for d (see
(14.8))

ming Vf];rd + % dTLkd
cp + Ard=0.

In this problem, the Hessian of the Lagrangian Ly := V2_{(xk, A\x) comes into
play: it is the n x n matrix gathering all the second-order derivatives. Since
the computation of L is undesired, it is approximated by an n xn matrix My.
We then have to solve at each iteration a problem formally identical to the
above:

(18.1)

ming Vf,;rd + % dTMkd
¢ + Ard = 0.

A new iterate (zp41,Agt+1) is computed as explained in §14.1 and My, is
updated to obtain My41. Two sequences are thus generated: {(zx, A\x)} con-
verging to the solution (., A«) to the problem, and {M}} approximating the
Hessian of the Lagrangian. In general, this latter sequence does not converge
to L, but is a sufficiently good approximation of it in certain directions, so
as to ensure the algorithm’s superlinear convergence.

The process is analogous for deriving the quasi-Newton version of the
reduced Hessian algorithm (§14.5). We know that, locally (see (14.40)), the
algorithm generates a sequence {xy} by the recurrence

Th41 = T + 1k — A;c(xk + tk),

where t, = —Z, H, Lgi is the tangential component of the displacement,
and gr = Z TV fi is the reduced gradient. Here, the only matrix involving
second derivatives is the reduced Hessian of the Lagrangian Hy = Z, TLeZ -
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As before, this matrix is approximated by an (n—m) X (n—m) matrix My,
which results in an algorithm generating {z} by

Tht1 :xk—i—tk—A;C(CEk—l—tk), with ¢, = —Z,;Mk_lg;“

the sequence { My} being generated by an appropriate formula.
The question is now how to update the matrices M. Two properties are
important in the choice of the update formula.

1. First, symmetry is a natural requirement. In fact, M} must approximate
a Hessian, or a reduced Hessian; both are symmetric matrices. Imposing
symmetry to the matrices M}, therefore increases their chance of getting
correct values.

2. Second, it is recommended to have matrices M}, positive definite.

This property is better justified for the reduced Hessian method, where
M}, approximates the reduced Hessian of the Lagrangian. Indeed, from the
second-order optimality conditions, this matrix is positive semi-definite at
a solution; it is normal to require the same property to Mj. Besides, if
the approximation My of Hj is positive definite, the tangent direction
ty = —Z, M, Lk is a descent direction of f or of @, (the exact penalty
function of § 16.4) at xj. Globalization of the algorithm will be facilitated
(see chapter 17).

In the quasi-Newton method (18.1), imposing positive definiteness of the
approximation My of Ly is more questionable (see §18.2). In fact, the
Hessian of the Lagrangian may not be positive definite at a solution.
However, just as for the reduced Hessian method, positive definiteness
of M}, produces a dy, that is a descent direction of @, (see proposition 17.1)
and thus facilitates globalization of the algorithm.

Because of these two arguments, the update of My is often done using the
BFGS formula (see chapter 4), which defines My by

Midkéy My, ey
5;Mk5k 7;5]{ '

My = M, — (18.2)

In this formula, 7% and d; are two vectors of appropriate dimension, supposed
to gather information on the Hessian approximated by the matrices M.
Observe that this formula does yield the desired properties. First, My is
symmetric if M}, is such. Second, it is easy to check that, if M} is symmetric
positive definite, so is My if and only if the following curvature condition
is satisfied
Y 0 > 0. (18.3)

Condition (18.3) is clearly necessary because Mjy; satisfies the so-called
quasi-Newton equation:
Yk = Mi410k. (18.4)
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The sufficiency of (18.3) is shown in theorem 4.5. The BFGS formula, there-
fore, makes it easy to generate symmetric positive definite matrices. If M,
has these properties (most often M; is chosen as a multiple of the identity
matrix), it is sufficient to have (18.3) at each iteration. As we shall see, the ne-
cessity of satisfying (18.3) is actually a source of difficulties; but the qualities
of BFGS have been a strong incentive for researchers to overcome them.

In unconstrained optimization, the choice of the vectors v, and d; comes
naturally: 0 = zp+1 — xk is the change in x and v = V fra1 — V fi is the
corresponding change in the gradient of f. In constrained optimization, the
situation is not so simple. These two vectors will be chosen according to two
criteria.

Let M, be the matrix that M} should approximate (M, is the Hessian
of the Lagrangian at a solution L, for SQP and the reduced Hessian of the
Lagrangian at a solution H, = Z_ "L.Z_ for the reduced Hessian algorithm).
Since Mj41 satisfies the quasi-Newton equation (18.4), M, should satisfy this
equation as well, at least to first order. This requires from 7 and & that
they collect information on the matrix M, we want to approximate. Actually,
an asymptotic analysis shows that an estimate of the type

Yk — M*(Sk
[0l

is necessary. Anyway, it is easy to show that this estimate holds in uncon-
strained optimization when v, = Vfiir1 — Vi, 0x = Tpp1 — zp, M, =
V2 f(z«) and zy — x,. The asymptotic criterion (18.5) is the first condition
guiding the search for good vectors 7, and dy.

The second criterion is to give the possibility to realize the curvature con-
dition (18.3). Remember that, in unconstrained optimization, this condition
is a consequence of the Wolfe line-search: we seek a stepsize ay, > 0 along a
descent direction dj of the objective f, so as to satisfy

— 0, when k — o0 (18.5)

f(or + ardy) < fzy) +wiapVf(xg) Tdy

and
V f(zn + opdr) Tdy > woV f (1) " di.

The constants wy and wy must satisfy 0 < w; < wg < 1. The first inequality
forces a decrease in the objective function and the second, besides preventing
too small stepsizes oy, implies the curvature condition (18.3) for the vectors
Ye = Vi1 — Ve and 0 = zpy1 — ox (just subtract Vf(zg)'d) from
both sides and use —(1—w2)V f(xy) 'dr, > 0). It is this approach that will
be adopted in the reduced Hessian method (§18.3). It is more clumsy for
Newton’s method (see [10]) and will be only sketched here (and also in § 18.3).
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18.2 Quasi-Newton SQP

Recall that, locally, SQP computes a displacement dj at xx by solving the
quadratic program for d

ming Vf(xk)Td + % dTMkd
ce(zy) + Ap(zg)d =0 (18.6)
cr(xg) + Ar(zg)d < 0.

In the quasi-Newton version of the algorithm [184, 293], M}, becomes a sym-
metric positive definite matrix, updated at each iteration by the BFGS for-
mula (18.2) using two vectors 7, and Jj of R™. Let us specify these vectors.

As shown in the local analysis of chapter 15, M) should approximate
the Hessian of the Lagrangian. It therefore appears to be reasonable to take
Yk = 5, the variation of the gradient of the Lagrangian when x varies by dy:

'yf; = Vzé(xk_Fl, /\k+1) — Vz€($k, /\k+1) and 5k = Tk+1 — Tk (18.7)

In fyf;, we have fixed the multiplier to the value Ag41, supposed to be closer
to A, than its current estimation ;. With the above values of v, and 0, we
have the estimate (18.5) where M, = L., as soon as f and c are of class C?
and (g, Ag+1) — (T«, A). Indeed

1
'yé = L0 + </ (szé(wk + 0k, A1) — L*) dt) Or = Lok + o(||0k])-
0

This shows that the first selection criterion of the pair (yx,dx) is satisfied
with v, = 'yf;.

According to the second selection criterion, the curvature condition
(v£) "6, > 0 should be feasible with an appropriate choice of xj41. It is nat-
ural to seek x11 along dj by a line-search decreasing a merit function (see
chapter 17). As a matter of fact, this is what Wolfe’s line-search does when
there are no constraints. Here, however, the Lagrangian may have a negative
curvature at z along the line {zx + adi : @ € R} and be unbounded from
below on this affine manifold. As a result, the curvature condition might
be impossible to satisfy with the above strategy: it may well happen that
(Wf;)—r&k < 0 with zx+1 = =k + agdy, for any stepsize ai > 0. The situa-
tion is therefore different from that in unconstrained optimization. Wolfe’s
line-search cannot be extended to constrained problems in a straightforward
manner.

To overcome this difficulty, M.J.D. Powell proposed in [293] computing
the vector ~y; by modifying 7,‘; when the scalar product ('yf;)—'—ék is not positive
enough. In a first phase, a stepsize aj is computed along dj to decrease a
merit function (for example the exact penalty function of § 16.4), which gives
the next iterate zy+1 = z + agdy. Then vf and &), are defined by (18.7) and
one takes vf € R" as a convex combination of vf and Mjdy:
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E = Ovp + (1—0) My, 6. (18.8)

The choice of My, as “emergency” vector obtained with § = 0 in (18.8),
comes from the facts that 5,;er5k > 0 and Mgy, = My if v = Midy (see
formula (18.2)). In order to modify 5 the least possible, to preserve the most
possible information from the problem data, the parameter 6 is taken as large
as possible in [0, 1] while satisfying

(v8) "0k > K 6 My,

where the constant x € ]0, 1] is suggested to be set to 0.2 in [293, 292]. Since
Mj, is assumed to be positive definite, this inequality is satisfied for § = 0. A
simple computation gives

1 if (’yﬁ)T(Sk > H5;Mk5k
0= 51;er5k

(18.9)
1—
( Ii) 5;Mk5k — (’yf;)T(Sk

otherwise.

Then My, is updated by the BFGS formula using i = +j,. This technique is
known as Powell’s correction.

An algorithm combining this technique with those of the preceding chap-
ters is given below.

QUASI-NEWTON SQP:

Choose an initial iterate (z1, A1) € R™ x R™.

Compute f(x1), c(x1), Vf(z1), and A(z1) = ' (x1).

Set the constants w € ]0, 1[ (slope modifier in the Armijo condition),
& > 0 (penalty parameter threshold), and 3 € ]0, 4] (backtracking
safeguard parameter).

Set k= 1.

1. Stopping test: Stop if Vl(x, A;) = 0 and c(zx) = 0 (optimality is
reached).

2. Matriz update:

e If k = 1, initialize M; to an n X n symmetric positive definite
matrix.

e If £ > 1, compute v4,_1 = ~;_; and dx—1 by formulas (18.7),
(18.8) and (18.9); update My, from Mj_1 by the BFGS formula
(18.2).

3. Step computation: Find the unique primal-dual solution (dj, AZ")
to (18.6), which is supposed feasible.

4. Penalty parameter setting: Update the penalty parameter o, so as
to satisfy (17.9).
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5. Backtracking line-search on the exact penalty function O, :
e Set a=1.
e While a does not satisfy Armijo’s inequality (17.26), pick a new
stepsize « in [Ba, (1-5)a].
e Set ap = a.
6. New iterates: xx4+1 = g + ardy and update A\ — Agy1.
7. Increase k by 1 and go to 1.

In step 3, the constraints of the quadratic problem are assumed consistent
(nonempty feasible set). If such is not the case, techniques can be used to
modify this problem so as to increase its chances of being consistent (see for
example [293, 322, 351, 61]). To be complete, this algorithm should also in-
clude some technique described in §17.3 to avoid the Maratos effect (undue
shortening of the stepsize). This point is fairly important for practical effi-
ciency of the algorithm; we omit these aspects to alleviate the presentation.
For the update of )\ in step 6, see the comments after the line-search SQP
algorithm on page 292.

No strong convergence result can be given for the above algorithm. In
fact, even for unconstrained problems, global convergence cannot be proven
without assuming convexity; see §4.5 and also [290, 66]. Nevertheless, the
speed of convergence can be analyzed, global convergence being assumed to
hold. Some assumptions on the problem’s data are necessary for this analysis:
the functions f and ¢ must be of class C%!, strict complementarity must hold,
the Jacobian of the active constraints at the solution must be surjective, and
the second-order sufficient conditions of optimality must be satisfied. This list
of assumptions is long but acceptable. In contrast, less attractive hypotheses
must be made on the behavior of the algorithm: if, in addition to the above,
one assumes

e the unit stepsize ay, = 1 is asymptotically accepted by the line-search (no
Maratos effect),

e the sequence of matrices {M}} is bounded,

e these matrices M} are uniformly positive definite in the subspace tangent
to the active constraints at the solution,

then the sequence {x} converges (locally) R-superlinearly to z. [292].

Even though this result implies a fairly elaborate analysis, it is certainly
not satisfactory; among other things, R-superlinear convergence is not so
strong as (Q-superlinear convergence, which can be reasonably expected from
a quasi-Newton method (see §4.7). Generally speaking, the algorithm works
well, though; it is implemented in many software libraries. Its robustness is
not completely above suspicion, since some convergence difficulties may be
encountered (see [297], [298; p. 125], and the example given at the end of
§18.4). These observations led various authors to tackle the problem again;
many other approaches have been, and are still, proposed.
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An apparently promising approach is the following. It was explored by
many authors [184, 346, 347, 69, 10]. To simplify the analysis, we assume
only equality constraints. Problem (Pg) can then be rewritten

{minz f(@) + 5lle(@)|13
clx) =0, =zl

The Lagrangian of this problem is the augmented Lagrangian £, of §16.3. We
know that, if the augmentation factor r is taken large enough, the resulting
Hessian is positive definite at a point satisfying the second-order sufficient
conditions of optimality (see exercise 16.2). Applying the quasi-Newton ver-
sion of SQP to this problem involves matrices M} that are now supposed
to approximate the Hessian of the augmented Lagrangian; positive definite-
ness of M} becomes a natural requirement. In the first studies of this ap-
proach [184, 346, 161], M} was updated with the pair (yx,dx) = (75, 0k)
defined by

Ve = Valy (21, AFT) — Vole (2, AFY)  and 6 = Tpq1 — T

This vector choice suffers from serious shortcomings, though: (i) one does not
know the threshold 7 from which the Hessian of ¢, at the solution becomes
positive definite; (i¢) yet, a too big r-value raises important numerical diffi-
culties [346, 276], and (iii) far from the solution, there may exist no r-value
for which (y5) g > 0.

Some difficulties of this approach can be remedied, using the structure of
the Hessian of /,. at the solution:

V2 lr(ze, M) = Lo+ 1A A,

This formula suggests that we take a pair (yx,dx), where v, = 77 is the
variation of the gradient of the Lagrangian, to which is added a term taking
the augmentation into account [347]:

P =k +TAL ARG, and O = xpp1 — Tk (18.10)
The scalar product of v}, and Jy is
(%) "ok = (i) 0k + 7| Awill3,

so that we obtain (v;) 6, > 0 for r large enough, providing that Adx # 0.
Clearly, this strategy will fail if Axdx is zero within roundoff errors, with
(v£) "6 < 0. Byrd, Tapia and Zhang [69] introduced a safeguard in this
strategy, replacing A/} Aydy, by 0k in 7§ when Agdy is small and (vf) "0 is
not positive enough. Then positivity of (v;)d, can be recovered as above
with 7 large enough. The numerical experiments of [69] have shown that the
approach is numerically competitive with Powell’s correction. Besides, it en-
joys a nice local convergence property: if the sequence {z, A"} converges to
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a primal-dual solution (z., \«) satisfying (SC2) and such that A, is surjec-
tive, and if the unit stepsize is asymptotically accepted, then the convergence
of {zx} is R-superlinear; it is even @-superlinear if the augmentation param-
eter r stabilizes to a large enough value. However, this result is still not quite
satisfactory because, once again, the threshold on r is not known and the
rules updating r given in [69] do not guarantee that the assumptions of this
theorem are satisfied.

An interesting aspect in the approach by Byrd, Tapia and Zhang [69] is
to give an update rule of the augmentation parameter r. This rule allows a
convenient management of the transversal component of the matrix My, (i.e.,
its action on the range space of Ag) However, the safeguard needed when the
displacement dy, is tangent to the constraint manifold (Axdr = 0) reveals that
the algorithm does not completely master the longitudinal component of My,
(its action on the null space of Ay). This observation motivated the study
n [10]. Tt is suggested there using the line-search to adapt the longitudinal
displacement, so as to ensure the curvature condition (18.3), without any
need for a safeguard. The resulting algorithm can be viewed as an extension
of Wolfe’s line-search to equality constrained problems. Actually, the search
is no longer done along a half-line but along a piecewise-linear path, as in the
algorithm described in §18.3 below. The numerical experiments reported in
[10] show that this technique is more robust than the one described above.

18.3 Reduced Quasi-Newton Algorithm

Consider the problem with only equality constraints

min, f(z)
(Pr) {c(:c) =0, zen

and apply to it the reduced Hessian algorithm introduced in §14.5. We shall
give a quasi-Newton version of the algorithm, which locally (i.e., close to
a solution) is purely primal: it requires no multiplier. When the line-search
comes into play, a multiplier is necessary to adapt the penalty parameter of
the merit function.

Recall that the reduced Hessian algorithm generates the sequence of iter-
ates {zx} by the recurrence

Thal =$k+tk_A;;C($k+tk)7 with th—Zk_Mk_lgk,

where g is the reduced gradient at x; and My approximates the reduced
Hessian of the Lagrangian. We choose to generate the sequence of matrices
{M}} by the BFGS formula, in accordance with the motivations given in
§18.1. Note that these matrices are here (n—m) x (n—m). The question now
is to determine the vectors 7, and d; of R™™™ that are used in the BFGS
formula, such that Mj approximates correctly the reduced Hessian of the
Lagrangian H, := Z7 L. Z_.
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Choosing the Pair (g, %)

We already observed in (14.38) that the derivative of the reduced gradient g
at a stationary point x. is

g'(¢.) = Z; L.

The reduced Hessian of the Lagrangian is therefore a part of g'(x,), namely
its restriction to the directions h € R(Z"), tangent to the constraint manifold
at z,. One then understands that variations of g along directions tangent to
the constraint manifold

M :={y € 2:cly) =c(zr)}

are convenient to collect information on Hy.
Let us show that, locally, the following pair (v, dx) can be used:

Ye = g(ag +tx) — g(zr) and O = Zity. (18.11)

In this formula, Z;, € R("~")X" is the unique operator associated with Zy
and A, by lemma 14.3. Observe first that 6, gives the components of ¢ €
R(Z, ) in the tangent basis formed by the columns of Z, : t;, = Z, ;. Then,
if Z~ is continuous and g is C!, we find when 3, — x, and t; — 0:

1
e = (/ g (zr + atk)da) ty
0

1
= Z*_TL*tk + (A (g’(wk + aty) — g'(x*)) da) tr
= H.,.0r + o(||6k]))- (18.12)

The asymptotic criterion (18.5) is therefore satisfied with (yx,dx) given by
(18.11) and M, = H,.

The second selection criterion of the pair (7, dx), the curvature condition
Y6, > 0, comes much less easily when wj, is far from a solution, even if
this one satisfies (SC2) (i.e., H, is positive definite). Of course, Powell’s
correction introduced in § 18.2 could also be used; but our aim in this section
is to show that, just as in unconstrained optimization, line-searches are able
to provide the curvature condition, and thus to extract from the problem
data more accurate information on the reduced Hessian of the Lagrangian.
The eventual hope is to obtain an algorithm converging more rapidly.

Before proceeding, we mention that other pairs (7, dx) than (18.11) can
also be chosen (a list of such pairs is given by Nocedal and Overton in [276]).
Here is another possibility, often used:

Ve = Z;T(Vzé(zk + 1k, /\k) — Vz€($k, /\k)) and 0, = Zitg. (18.13)
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In the expression of 5 above, Ay is a certain multiplier (for example, the
least-squares multiplier Az®, X;ﬁ or A?"; see §14.1). If f and ¢ are C? and if
Z~ is continuous, the asymptotic criterion (18.5) is satisfied with M, = H,,
when (zg, A\g) converges to (x4, \«) and ¢t — 0.

As far as local properties are concerned, all these pairs are asymptotically
equivalent. In contrast, it really seems that the global behavior of algorithms,
far from the solution, is strongly influenced by the choice of these pairs [148].
In [149], a geometric argument is developed, revealing a relationship to be
respected between the structure of (7, dx) and the choice of basis Z, . With
the basis (14.15) obtained by variable partitioning (see §14.2), for example,
the pair (18.11) can be used. On the other hand, if one insists on using
orthonormal bases (for example because the bases (14.15) are ill conditioned),
the pair (18.13) is better. In this section, we only consider the pair (18.11).

Curvilinear Search

Now, the question at stake is whether the curvature condition 7,35;.3 > 0,
with v and Jj given by (18.11), can be obtained with a line-search from xy,
along t;. The answer is positive, if 2 is close to a solution satisfying (SC2);
this is an easy consequence of (18.12), because H, is positive definite. How-
ever, the answer is negative in general, as shown by the following counter-
example [146].

Counter-example 18.1. Consider the minimization of a linear function on
the unit circle of R? (z(;) denotes the ith component of z € R?):

{minw x(2)
clz)=1(|lzl3-1) =0, zeR

With x = (2(1),2(2)), associate the vector Z := (x(2), —2(1)). Suppose that =
is in the positive orthant (z(;y > 0 and w3y > 0) and that the matrix M
(a scalar in this example because n—m = 1) is 1. Then the Jacobian of
the constraint A, = 27 is surjective and we can take as a basis of R
(Z7,A7) = (&,2/|z||2). We then have Z, = #'/||z||3. The reduced gra-
dient can be written g(x) = —x(q), the tangent displacement is ¢t = x(1)T
and thus g(z + at) = —(2(1) + ax(1)7(2)). Since § = x(1) > 0, the curvature
condition v T§ > 0 is equivalent to g(z +at) > g(z), i.e., —ax()T(2) > 0; this
holds for no a > 0. |

Although the curvature condition may not be obtained from a line-search
along tg, it can be realized by moving along the path a — py () defined by the
differential equation in figure 18.1. Note that the derivative of o — ¢(pi(v))
vanishes since, by (14.10), there holds

(copr)'(a) = Alpr(a) Z~ (pr(a))dr = 0.



334 18 Quasi-Newton Versions

{pﬂa) = Z~ (pr(a))d Pr(er)

T

Fig. 18.1. Curvilinear search

Therefore, ¢ is constant along the path: for all «

c(pr(a)) = c(zr),

which means that this path lies in the manifold My, which is “parallel” to
the constraint manifold (c(zy) is usually nonzero). The next result shows
that, not only the curvature condition can be obtained along pg, but f can
be decreased significantly.

Proposition 18.2 (Wolfe conditions along a curvilinear path). Sup-
pose that the path « — pi(a) exists for a > 0 large enough. Suppose also
that f and pr are continuously differentiable, that f is bounded from below
along the path py, and that g,;rzsk < 0. Take 0 < w1 < wo < 1. Then the
following inequalities

for(ar)) < flax) +wrargi s and  g(pr(ar)) "0, > wog o, (18.14)
hold for some ay, > 0.

Proof. Set & = f o pg. Then, inequalities (18.14) can be written

Er(ar) < &(0) +wiargy,(0) and & (ax) > w2y (0).

These are precisely the Wolfe conditions on the function @ € Ry — & (). Be-
cause this function is C1, bounded from below on R, and &,(0) = g §; < 0,
the result follows from theorem 3.7. O

In the generalized Wolfe conditions (18.14), f can be replaced by the
nondifferentiable augmented Lagrangian (see exercise 16.9 and the end of
§17.3)

byo (@) = f(2) + ' e(2) + ol e(z)]] .- (18.15)

Indeed we have f(pr(a)) = €,.0(pr()) for all a, since ¢ stays constant along
the path p. Note, however, that the displacement along pj only takes care
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of the decrease in f and neglects the second objective of (Pg): to satisfy
the constraints. It is therefore necessary to add to this displacement a step
restoring the constraints. We shall see below how to do this in a more realistic
algorithm. Using the merit function (18.15), a step satisfying the generalized
Cauchy-Schwarz conditions along the curvilinear path pg(-), and an addi-
tional constraint restoration step, it is then possible to show a convergence
result.

Except in very special cases, a curvilinear search along the path py is out
of question. With really nonlinear constraints, this would imply prohibitive
computation costs. One may then ask whether similar conditions could be
satisfied along a piecewise-linear path approximating px and simpler to com-
pute. This is the subject of the next subsection.

Piecewise Line-Search

A simple approximation of py is obtained by taking an integration scheme
of the differential equation defining pyg, like the explicit Euler scheme for
example (see figure 18.2). Denote by

Fig. 18.2. Piecewise linear search

a2:=O<a,1€<---<aZ =y

the discretization stepsizes. As we shall see below, to obtain the curvature
condition 7,2— 0, > 0, these stepsizes cannot be given a priori, but must satisfy
a simple rule. Denote by x! the point approximating pi(al) (with 2 =
and ;" = yi+1). The explicit Euler scheme can be written

it =2l 4+ (it —ai)th, i=0,... 0 — 1, where ti = Z~(z1)dy.

Since the points zi may no longer lie on the manifold My, the variation
of ¢ must be taken into account in the search for the stepsize. We shall do so
by forcing the decrease in a rather general penalty function, of the form
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O(x) = f(x) + ¢(c(x)), (18.16)

where ¢ : R™ — R, is a continuous convex function, satisfying ¢(0) = 0. For
example, the exact penalty function @, of §16.4 or the function ¢, , defined
by (18.15) can be taken. With these assumptions, ¢ is Lipschitzian and has
directional derivatives. Then © enjoys the same properties when c¢ is smooth
(lemma 13.1). In particular,

' (3 th,) = g(xh) "on + ¢ (cla}); Alzp)ty) = g(a}) 6.

Setting 4 = 0 in this relation and assuming g # 0, we see that t; is a descent
direction of @ at xj.

The rule determining the stepsizes i can now be specified. We refer to
it as a piecewise line-search (PLS) technique.

PIECEWISE LINE-SEARCH (PLS):

We have at hand the current iterate 29 = zy.
Set i = 0 and af = 0.
1. A stepsize oafjl > a} is computed so as to decrease © well enough,
by satisfying
O(xj, + (a —ap)t}) < O(x}) + wi (g™ —a )0 (}; 17.).

2. Set 21t = ai + (ait —ad ). ‘
3. Test the curvature condition at the new point x?l: if

g(@™) 161 > wag)l ok

holds, stop the PLS.
4. Increase ¢ by 1 and go to 1.

Let us just check that it is always possible to find a stepsize a}ljl > ab
such that the inequality in step 1 holds. For this, it is sufficient to show that
ti is a descent direction for © at . Such is indeed the case: @ (z%;t}) =
g(x8) "0k < wag) &) (by construction, the curvature condition is not satisfied),
and g 0 < 0.

Under natural assumptions [146, 10] (for example, o' should not be
arbitrarily close to o), this PLS can be shown to stop after a finite number
ir, of cycles. A point yr41 = x}F is then produced, which satisfies

O(Yr+1) < O(xk) + wivp  and g(ka)Ték > Wle;r(Sk. (18.17)

The quantity v < 0 collects the contributions of all previous steps 1 to the
decrease in ©:
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ip—1
=Y (! —al)@ (e 1h).
i=0

As explained in §17.3, it is desirable that this search accepts asymp-
totically the unit stepsize, i.e., when xj is close to z., one would like
Yk+1 = Tk + g to satisfy inequalities (18.17). Such a property would spare
time in the computation of the tangential displacement oy, since trying
ap = 1 first would have some chance of success. Since M} approximates
the reduced Hessian of the Lagrangian, xy + tx will be an approximation
of the minimum point of the Lagrangian on zj + R(Z, ). In order to ac-
cept the unit stepsize, © must therefore be a correct approximation of the
Lagrangian and, for the same reasons as in unconstrained optimization and
§17.3, wy should be taken in ]0, %[ A merit function enjoying the above prop-
erties is the nondifferentiable augmented Lagrangian (18.15), providing that
u = pr € R™ is chosen so as to tend to the optimal multiplier. Note that this
penalty function is exact if

o> ”)‘* - /'I’HD'

A Reduced Quasi-Newton Algorithm

The PLS described above is essentially in charge of managing the longitudinal
displacement of the iterate; it disregards the transversal displacement, the one
decreasing the norm of the constraints. After the PLS has produced y1, the
algorithm needs therefore a restoration step of the constraints, with a line-
search to find the new iterate xjy1. If this restoration is performed along the
direction

Te = — A" (Yrt1)c(Yrt1),

the merit function must decrease along that direction. But we have

O on Wra1578) = (A (Wrg1) — ix) "e(Wr1) — oklle(ien) |

where A" is the least-squares multiplier defined by (14.24). This computation
suggests taking an update rule for oj, such that, for some constant ¢ > 0,
there holds:

ok 2 [N (Yrt1) — pll, + 0

In this case, we have ¢, . (yx+1;7k) < —0lc(yr+1)|l, which is negative if
Yk+1 1s not feasible.

When checking the above inequality, a transversal stepsize 8 > 0 along
71, can be determined by a backtracking technique: 8j has the form 3%, where
B €]0,1] and by, is the smallest nonnegative integer such that

Eukﬂk (yk-i-l + ﬁkfk) < gﬂkya'k (yk+1) + wlﬁkéLk,ak (yk+1 ; fk>'
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Altogether, one obtains the following algorithm, which summarizes the tech-
niques described in this section.

REDUCED QUASI-NEWTON ALGORITHM:

Choose an initial iterate z; € R".

Compute f(x1), c(x1), Vf(z1), and A(z1) = ' (x1).

Set the constants wy € ]0, 5[ and wy € Jwi, 1[ (constants for the PLS),
& > 0 (penalty parameter threshold), and 3 € ]0, 4] (backtracking
safeguard parameter).

Set k=1, 01, =0, and u; = 0.

0. Initialize My to an (n—m) X (n—m) symmetric positive definite
matrix, approximating the reduced Hessian of the Lagrangian.
1. Longitudinal (or tangent) displacement:
1.1. Compute the tangent direction tj = —Zk_Mk_lgk.
1.2. Compute the intermediate iterate yiy1 by PLS, started with
aj, = 1 and using the penalty function © = ¢, ,,.
2. Transversal (or restoration) displacement:
2.1. If necessary, adapt the multiplier u; and the penalty param-
eter oy.
2.2. Find a stepsize [ > 0 along 7 as described above; this gives
the next iterate zpy1.
3. Stopping test: Stop if g(zk11) = 0 and ¢(yr+1) = 0 (optimality is
reached).
4. Matriz update: Update My — M1 by the BFGS formula (18.2),
using v, = g(yr+1) — g(wx) and 6 = ag Zyty.
5. Increase k by 1 and go to 1.

A more detailed version of this algorithm can be found in [146], as well as a
study of some of its properties.

Update Criterion

Even if ap = 1 is accepted by the PLS, step 1.2 of the above reduced
quasi-Newton algorithm needs to linearize the constraints at the interme-
diate point yr4+1. This makes a total of at least two constraint linearizations
per iteration: one at xj and one at yr41. A linearization means the compu-
tation of the constraint Jacobian A and sometimes the computation of the
operator Z~ driving the reduced gradient. This can be very costly in certain
problems. Therefore reduced quasi-Newton algorithms have been sought that
do not require these two linearizations.

In these algorithms, one strives to update the reduced matrix from the
pair (y,0x) defined by
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Ve = g($k+1) — g(:ck) and O = Ziti. (18.18)
A variant can be used for i, corresponding to the choice (18.13):
W= 25 (Val(@rgn, M) = Vol (i, Av)).

Because the reduced gradient at xx +1j is no longer necessary, the constraints
no longer need to be linearized at this point, as in the reduced Hessian method
(§14.5).

Using without precautions the pair (18.18) to update the matrix My may
result in an algorithm with poor efficiency. In fact, the asymptotic criterion
(18.5) selecting good pairs (yx,dx) may no longer hold. Assume that the
new iterate is computed as in the reduced Hessian method of §14.5: x4 =
T+t +1k, where t, = —Z,C_Mk_lgk and 1y, := — A, ¢(xr +1). An expansion
similar to (18.12) gives for vj, defined by (18.18) and appropriate smoothness
hypotheses:

Y = Z; " Lu(ri1—ak)
1
+ </0 (¢ (xr + (Tpp1—a1)) — g (24)) da) (Ths1—Tk)

= Z*_TL*tk + Z*_TL*’I"k + O(Htk + ?"kH)
= H.b + 27 " Lary + o([|6k]]) + o([[7x)-

To obtain the desired estimate, one should have
i = o([[tkl)-

One calls update criterion a condition having the form of the above esti-
mate, which is therefore used to measure the appropriateness of an update.
In this spirit, Nocedal and Overton [276] and Gilbert [144] have indepen-
dently proposed comparing the length of the tangential displacement ¢; and
the transversal one r. The matrix M, is then updated if the following update
criterion is satisfied:

il < et (18.19)

According to the previous estimate of g, it is desirable to have pux — 0 in
(18.19). In principle, the sequence {p} can be given a priori if the algorithm
is started close to a solution [276]. But with an arbitrary initial iterate, it is
a good idea to let the algorithm itself manage the parameter uy [144, 147].
The update criterion (18.19) can also be seen as a means of selecting those
iterations where the cheap ~; of (18.18), and the safe v, of (18.11), are
similar because xj + t; and xg11 are closer and closer together, in terms of
the distance ||t|| separating zj + ¢ and zy.

The update criterion (18.19) works well in theory [276, 144, 147, 182], but
gives sometimes disappointing numerical results. This seems due to the fact
that M}, is not updated often enough.

Research on this subject is not closed and other approaches are still pro-
posed [30, 368, 357].
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18.4 The Hanging Chain Project V

This is the fifth and last session on the implementation of the SQP algorithm
and its application to the problem of determining the static equilibrium of
a hanging chain staying above a tilted flat floor. This MATLAB project has
been developed in §§ 13.8, 14.7, 15.4, and 17.4. This session is dedicated to the
implementation of a quasi-Newton version of the algorithm along the lines of
§18.2. We shall also introduce the concept of performance profile, which will
help us to compare the numerical efficiency of the Newton and quasi-Newton
SQP approaches.

Modifications to Bring to the sqp Function

The method we focus on is summarized on page 328. This algorithm is ba-
sically the same as the one that has been implemented so far, except that,
instead of computing the Hessian of the Lagrangian Ly := V2 _{(zk, \x) in
the simulator, it uses a BFGS approximation My to it. This is the mech-
anism that has to be added to the sqp function (we make it active when
options.imode(1) is set to 0, see §17.4). Here are some more details.

In our implementation, we set the initial matrix M; used at the first
iteration to the identity matrix. At the second iteration, instead of updating
M, = I by the BFGS formula to obtain My, we update M; := n;I, where
the positive number 7; aims at giving to M; a good scaling. It is standard
to choose 71 by forcing M/ to verify a scalar version of the quasi-Newton
equation y; = M{d1, where d; := x3 — x1 and ~; reflects the change in the
gradient of the Lagrangian from (x1,A2) to (z2,A2) (see below). Taking the
scalar product of this equation with é; and 7; yields the following possible
values for 7;:

,r]/ o 7;51 d "o._ HFHH%
1= 1= =
16113 V{01

It is assumed here that v{6; > 0 (see below). It is difficult to give good
reasons to favor one of these formula. In our code, we choose 71 = 7}, since
this value is larger that 7} (by the Cauchy-Schwarz inequality) and that a
larger matrix M; gives more chance to the unit stepsize to be accepted (since
the step is usually smaller; this argument is taken from a discussion in [152]).

For k > 1, the pair of vectors (v, %), used to update My, (or M7 if k = 1)
into My41 by the BFGS formula (18.2), is formed of ~y; := ~y;, the Powell
correction of vf (see (18.7), (18.8), and (18.9), in which & is set to 0.2), and
0k := Tr41 — xk. Note that + is defined by (18.8) with M; = I, not with
My = n{'I, which depends on ;.

Performance Profiles

Even though the number of test cases we have proposed is very small, we
can draw some conclusions from the performance profiles a la Dolan and
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Moré [113] of two SQP algorithms with line-search: the one with the modified
Hessian of the Lagrangian tested in §17.4 and the one with a quasi-Newton
approximation to this Hessian considered in this section.

Performance profiles are used to compare the efficiency of a collection S
of solvers on a set P of test problems. The comparison is summarized by one
curve per solver, which is definitely easier to read than a table of values. The
idea is the following. Let

Tp,s := performance of the solver s on the problem p.

Here, a performance refers to a positive value that reflects an aspect of the
efficiency of a solver, such as the number of function evaluations or the com-
puting time that it requires to solve a particular problem to a given precision.
This value has to be smaller when the solver is more efficient. The relative
performance of a solver s (with respect to the other solvers) on a problem p

is the ratio
Tp,s

min{7, s : s € S}’

Pp,s =

Of course pp s > 1. On the other hand, it is assumed that p, . < p for all
problems p and solvers s, which can be ensured only by setting p, s to the
large number p if the solver s cannot solve the problem p. Actually, we shall
consider that s fails to solve p if and only if p,, s = p. The performance profile
of the solver s (relative to the other solvers) is then the function

_ peEP:ipys <t
e

€10,1],

where | - | is used to denote the number of elements of a set (its cardinality).
Only three facts need to be kept in mind to have a good interpretation of
these upper-semi-continuous piecewise-constant nondecreasing functions:

e os(1) gives the fraction of problems on which the solver s is the best;
note that two solvers may have an even score and that all the solvers
may fail to solve a given problem, so that it is not guaranteed to have

ZSGS @5(1) = 1;

e by definition of p, ps(p) = 1; on the other hand, for small € > 0, ps(p—¢)
gives the fraction of problems that the solver s can solve; this value is
independent of the performance under consideration;

e the value p,(t) may be given an interpretation by inverting the function
t — ps(t): for the fraction p4(t) of problems in P, the performance of
the solver s is never worse than ¢ times that of the best solver (this one
usually depends on the considered problem); in this respect the argument
at which g4 reaches its “almost maximal” value ps(p — €) is meaningful.

With performance profiles, the relative efficiency of each solver appears at a
glance: the higher is the graph of p, the better is the solver s.



342 18 Quasi-Newton Versions
Experimenting with the SQP Algorithm

We have discussed in the introduction of this chapter the reasons why a quasi-
Newton method can be advantageous, and they are numerous. However, this
technique is often less precise than an algorithm using the Hessian of the
Lagrangian. For example, among the 10 test cases we have defined in the
previous sessions (labeled 1a-1g, 2a, 2b, and 3), the quasi-Newton-SQP algo-
rithm is only able to solve one of them (test case 2b) with options.tol(1:4)
set to 10719, while the modified-Newton-SQP algorithm solves 8 of them. For
this reason, we set options.tol(1:4) to 107% in the numerical experiments
of this section.

We have plotted in figure 18.3 performance profiles of two solvers on

) Number of function evaluations X CPU time
o 0.8
o ----- 0.6} """ |
e |
0ol i e .

o) 15 2 o] S

Fig. 18.3. Performance profiles for two versions of the SQP algorithm with line-
search: SQP-mn (with modified Hessian, solid line) and SQP-qn (with a quasi-Newton
approximation, dashed line)

the collection of 10 test cases presented in this hanging chain project. Both
solvers globalize the SQP algorithm by line-search. The first one (solid line),
say SQP-mn, takes a positive definite modification of the Hessian of the La-
grangian in its osculating QP’s (see §17.4) and the second one (dashed line),
say SQP-qn, is based on the BFGS approximation to this Hessian, as discussed
above.

The first considered performance (left picture in figure 18.3) is the number
of function evaluations, which is identical to the number of stepsize trials
in the line-search (gradients for both solvers and Hessians for SQP-mn are
evaluated at each iteration, that is to say each time a stepsize is accepted
by the line-search). The value p at which both curves take the value 1 is
set slightly above 2.3, beyond the rightmost abscissa shown in the picture.
We see that SQP-mn fails on 20 % of the problems (hence on 2 problems: 1g
because of an infeasible QP and 3a) and that SQP-qn fails on three problems
(1c because the updated matrices and their inverses blow up — this is further
discussed below, 1g, and 3a). When it does not fail, SQP-mn is always the
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winner (because its performance profile is constant). This is not surprising
since the solver uses the Hessian of the Lagrangian, which contains much more
information than its quasi-Newton approximation used in SQP-gn. However,
looking at abscissa 1, we see that the two solvers have an even score on 2
problems (20 % of them), which is a good result for SQP-qgn since this solver
does not take advantage of the second derivatives.

If we consider the CPU time as the performance criterion (right hand side
picture in figure 18.3), we see that the solver SQP-qn improves with respect to
SQP-mn. It becomes the best solver on 30 % of the problems (there is no even
CPU time scores, since the time is measured with many digits of precision).
It does not beat SQP-mn, however (we see in the picture that the CPU time
spent by SQP-mn is never worse than approximately 1.2 times the one spent by
SQP-qn). This is very likely due to the small dimension of the test cases and
to the fact that the Hessian of the Lagrangian of the hanging chain problem
is very sparse and therefore not time consuming to compute in SQP-mn.

Let us now consider the test case 1c (page 249), on which the quasi-
Newton SQP solver SQP-qn fails. The final position of the chain is shown
in the left picture of figure 18.4 (we have selected one out of 3 intermedi-

Fig. 18.4. Test case 1c with quasi-Newton Hessian approximations: the final posi-
tion of the chain (left), Powell’s 0y (right, above), eigenvalues of M}, (right, below)

ate positions). This is not at all a stationary point of the problem: neither
optimality nor feasibility are reached. Actually, as shown by the right hand
side plot (the one below) in figure 18.4, the generated matrices M} have
their smallest eigenvalue that tends to zero and their largest that blows up.
We have also plotted (the picture above in the right hand side) the value of
the parameter 6 in (18.8) along the iterations: it is never equal to 1, which
means that (v1)'d is never considered to be sufficiently large (it is most
often negative). Close to the final position, the algorithm enters a vicious
circle: the bad quality of M} induces an unsatisfactory search direction dy;
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then the line-search determines a very small step-size «y along dj, so that
the next iterate is close to the previous one; repetitive application of formula
(18.8) then produces a sequence of v£ with (v7) "8y tending to zero; this de-
teriorates again the matrix M. It is amusing to note that by taking the more
conservative value k = 0.23 (or a larger one) instead of the classical x = 0.2
in (18.9), the generated sequence converges to the global minimum. It is a
matter of chance. We hope that this example may serve as a motivation for
the algorithms developed in §18.3.
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Khachiyan [207] proved in 1979 that a linear program (optimization problem
with linear objective and constraints) could be solved in polynomial time,
thus resolving a dozens year old conjecture. It is only after Karmarkar’s
works [204] on interior-point methods, in 1984, that polynomial algorithms
became competitive with the method used until then, the simplex algorithm
of Dantzig [94], which was shown in 1970 to be non-polynomial, by Klee and
Minty [216].

More recently, the attention focused on a family of primal-dual interior-
point algorithms, called central-path algorithms. They enjoy at the same time
the best complexity estimate known so far, namely O(y/nL) (see below for
the meaning of this quantity) and quadratic convergence. Most efficient codes
these days are based on this type of algorithm. In spite of recent progress in
the theoretical analysis of algorithms, there is a substantial gap between
theoretical estimates of speeds of convergence and practical performances. In
fact, interior-point algorithms have the remarkable property of converging in
a few iterations on most practical examples.

The aim of these notes is to give an introduction to the simplex method,
still frequently used, and to primal-dual path-following methods. The lat-
ter will be stated in the framework of monotone linear complementarity
problems; this allows the treatment of convex linear-quadratic problems by
interior-point methods. We will also give some complements on the largest-
step algorithm, the complexity theory for problems with integer data, and on
the Karmakar algorithm.

Linear and Linear-Quadratic Optimization

Consider an optimization problem with quadratic objective and linear con-
straints, of the type

i\gg c'e+3x"Hry Az=b, x>0, (QP)
where H is an n X n symmetric positive semidefinite matrix, A is a p X n
matrix, and b € RP. The above format for the constraints is called standard
form. The problem is said to be linear if the objective is linear, i.e. if H = 0.
Define the wvalue of the problem to be the infimum value of the objective on
the feasible set. With the preceding problem, which we will call primal, is
associated the dual problem,

Mixx—bT)\— %JzTHx; c+Hez+A"X=ss>0. (QD)
The primal and dual values are equal, except in the singular case where
neither the primal nor the dual have feasible points (Corollary 19.13). In case
the primal and dual values are finite (hence equal), the primal and dual
problems do have optimal solutions (Theorems 19.1 and 19.12) and a point z
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is a primal solution if and only if there exists (s, A) such that (z,s, \) solves
the following optimality system

xzs =0,
Az =b, c+Hx+AT\=s, (095)
x>0, s2>0.

We use in the above display the componentwise multiplication of vectors: zs
is defined as the vector with ith components x;s;.

For linear problems, a key concept is that of basic point, defined as being
a feasible point having at most p nonzero components. Indeed, if a linear
problem has optimal solutions at all, one of them is basic (Proposition 19.2).
The simplex algorithm, presented in Chap. 19, generates a sequence of basic
points and, after finitely many iterations, obtains an optimal one.

A solution (z, A, s) of the optimality system is strictly complementary if
x4+ s > 0, or equivalently max(z;,s;) > 0, for all ¢ € {1,--- ,n}. If a linear
problem has a finite value, a strictly complementary optimal solution (non-
basic in general) can be shown to exist (Proposition19.16).

Central-Path Algorithms

Let 1 be the vector with all components equal to 1, its dimension depending
on the context. The central trajectory is the set of points (z, s, \) satisfying,
for a certain p > 0, the relations

rs = pul,
Az =b, c+Hr+AT)\=s, (CT)
x>0, s>0.

For p = 0 we find back the optimality system (O.S). Central-path algorithms
(also said “path-following” algorithms) generate a sequence of points sat-
isfying approximately the equations of the central path, for a sequence of
p-values tending to 0. To compute the directions of move of x and s, New-
ton’s method is applied to the central-path equations. One speaks of affine
direction if one takes p = 0 in the linearized equation of the central trajectory,
and of centralization (or restoration) if u is set to its current value.

In order to control the effects of the nonlinear term xs, the successive
iterates are imposed to stay in a neighborhood of the central path. A point
(x,s,) is said to be admissible if it satisfies the linear constraints in (CT).
The small neighborhood, parameterized by « € (0,1), and the large neighbor-
hood, parameterized by € € (0,1), are defined respectively by

Vy = {(x,s,)\,u); u > 0;

— = IH <a; (x,8 N admissible} ,
]

N, = {(%Sv)hﬂ); w>0; el < ? <e'1; (x,8,N) admissible} .
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Let (29,59 Ao, t0) € Va be the initial point. The small neighborhood algo-
rithm stops when a point (z, s, u) is found in V,, such that p < po, where
lhoo 18 @ given parameter. All interior-point algorithms presented here require
O(n?) operations per iteration (if the data are dense). Given an initial point
in the current neighborhood, with the initial value po of the parameter p,
the complexity of each algorithm is measured by the number of iterations
necessary to compute a point in the neighborhood associated with p < peo-
Set L :=log(po/ oo )-

The predictor-corrector method studied in Chap. 21 performs at each it-
eration a restoration step (centralization), followed by an affine move. In the
small neighborhood case, used with o < 1/2, the restoration step sends a
point of V, into V, /2, while the affine step reduces the optimality measure
by a term of the order 1/4/n. The complexity is therefore O(y/nL). Besides,
the asymptotic analysis shows that limsup ppy1/pr < 1 — a/2|T|71/4/2,
where T is the set of indices for which strict complementarity is not sat-
isfied. Finally, under the strict complementarity assumption, uj; converges
quadratically to 0.

A variant of this algorithm, based on the modified field introduced
in Chap. 20, preserves the same complexity while converging superlinearly
without the strict complementarity assumption. More precisely, there holds
prer = 0( ).

Then, we study a large neighborhood algorithm, theoretically less effi-
cient, but numerically better and closer to present implementations. Its the-
oretical complexity is as follows: a centralization step of order 1/n allows a
relative reduction of the optimality measure p, in the affine move, of the or-
der 1/n. Convergence therefore occurs in O(nL) iterations. The asymptotic
analysis is similar to that of the small neighborhood algorithm: convergence
is quadratic under the strict complementarity hypothesis, and a modification
of the algorithm using the modified field results in an algorithm enjoying the
same complexity, satisfying prr1 = O(,ui/ 4) without strict complementarity
hypothesis.

A drawback of the above methods is to require the knowledge of an initial
point in the small or large neighborhood of the central path. This assumption,
made to facilitate the statement of the algorithms only, is not satisfied in
general. We present two classes of algorithms alleviating this requirement.

The small neighborhood non-feasible algorithm, presented in Chap. 22, is
very similar to the small neighborhood feasible algorithm: it computes the
directions of move by applying Newton’s method to the central-path equation.
Its complexity is O(nL) (compared to O(y/nL) in the feasible case). The
asymptotic analysis is close to that of the feasible algorithm.

The second approach, presented mainly in the framework of linear pro-
gramming, is based on the properties of self-dual problems, i.e. those such
that the primal and dual formulations coincide. Any linear program can be
cast into a self-dual problem, for which one knows a point on the central
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path. Solving the self-dual problem by an interior-point (feasible) algorithm
yields a strictly complementary solution (of the self-dual problem). Once this
solution is computed, it is easy (in exact arithmetic) to compute a solution
of the original problem, or to conclude infeasibility of the latter.

Chapter 24 states the long-step algorithm, which is of the path-following
type with only one displacement per iteration (while the predictor-corrector
algorithm performs two displacements). The direction of displacement is a
combination of the affine and centralization directions. The analysis, limited
to the small neighborhood, shows that complexity is O(y/nL). The conver-
gence of py, is superlinear in the neighborhood V; /4. A variant of the al-
gorithm, with restoration steps inserted at some iterations, enjoys similar
properties in the neighborhood Vy /5.

Complexity Theory and Karmarkar’s Algorithm

For problems with integer data, complexity theory gives estimates of the
number of operations allowing the computation of a solution. Chapter 25
states this theory in the case of linear programming. Let L be the size of
the problem; it can be defined as the amount of memory necessary to store
(A,b,¢). The key result is that, if the feasible set is nonempty and bounded,
and if = is a basic point, then: either x is optimal, or there exists an optimal
such that ¢'Z < ¢ 2—272F. Now, interior-point methods compute rapidly an
approximate solution of the problem. Combined with a purification algorithm
which computes a basic point via simplex-type computations, they yield the
best complexity estimate known so far for linear programming problems.

Finally, we present Karmarkar’s algorithm. Even though it is no longer
much used, its statement shows how original it is. Motivated by the com-
plexity of problems with integer data, this algorithm uses a projective trans-
formation to minimize efficiently a potential function having a singularity at
its optimum point. Undoubtedly, the works that followed it owe a lot to the
impulse given by Karmarkar’s pioneering contribution.

Other Monographs on Interior-Point Methods

Among other works devoted to interior-point algorithms, let us mention those
of Saigal [319], who analyzes in detail affine algorithms, Den Hertog [103],
who also discusses convex nonlinear or quadratic problems, Terlaky, Vial, and
Roos [349], Vanderbei [353], Wright [366], and Ye [370]. A technical discussion
of interior-point algorithms in the framework of monotone linear complemen-
tarity is given in Kojima et al. [217]. Nesterov and Nemirovski [273] present a
general complexity theory of interior-point algorithms for nonlinear problems.
One finds in Terlaky [348] a useful synthesis of various points of view and
applications. The classical aspects of linear programming are discussed by
Goldfarb and Todd [166]. Extensions to semidefinite programming problems
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are presented in Saigal, Vandenberghe, and Wolkowicz [363] and Ben-Tal and
Nemirovski [23].

Notation

B,N,T
dist(z, X)
F(P)

Lz, N, s)
(LCP)
(LP),(LD)
N(A),R(A)

Partition of {1,--- ,n} associated with solutions of (LC'P).
Distance from the point x to the set X.

Feasible or admissible set of problem (P).

Lagrangian of problem (P).

Monotone linear complementarity problem.

Linear problem in standard form and its dual.

Kernel and Range of A.

Vf(x), V2 f(z) Gradient and Hessian of f(z).

Py g, Pa
7(x)
(QP),(QD)
R, R-i—v R++
R_,R__
S(P),v(P)

uc7 Uc7 ua7 0@
w

d(w)

1
[IPRRIES

Orthogonal projection onto {z : Az + ¢ = 0} and N'(A).
Logarithmic potential: w(z) := — . log x;.

Quadratic problem in standard form and its dual.

Sets of real, nonnegative, positive real numbers.

Sets of nonpositive, negative real numbers.

Solution set, value (optimal cost) of (P).

If F(P) =0, then v(P) = +oc and S(P) = 0.
Centralization and affine displacements.

Triple (z, s, u).

R |
I
Vector whose coordinates are all 1.

Fuclidean norm, max-norm.




19 Linearly Constrained Optimization
and Simplex Algorithm

Overview

This chapter recalls some theoretical results on linearly constrained opti-
mization with convex objective function. In the case of a linear or quadratic
objective, we show existence of an optimal solution whenever the value of
the problem is finite, as well as existence of a basic solution in the linear
case. Lagrangian duality theory is presented. In the linear case, existence of
a strictly complementary solutions is obtained whenever the optimal value of
the problem is finite. Finally, the simplex algorithm is introduced in the last
part of the chapter.

19.1 Existence of Solutions

19.1.1 Existence Result

Consider a linearly constrained optimization problem of the type

Min f(x); Az =0, x>0, (P)
TER™
where f is a convex function R” — R, A is a p X n matrix and b € RP.
Constraints written in this way are said to be in standard form. Any linearly
constrained problem can be cast into an equivalent problem in standard form.
This transformation is rarely advantageous from a numerical point of view.
The interest of the standard form is to allow a simple statement of algo-
rithms, which can be formulated in a more general format when coming to
implementations.
We denote the feasible set, the value and the solution set of problem (P)
respectively by

F(P):={zeR" Ax=b, x>0},
o(P) == inf{f(z); z€F(P)},
S(P)={z e F(P); f(z)=v(P)}.

By convention, the infimum on the empty set is +oo. Thus, if F/(P) is empty,
then v(P) = 400 and S(P) is empty. A linearly constrained optimization
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problem is said to be linear (resp. quadratic) if the objective function f is
linear (resp. quadratic). Linear and convex quadratic problems in standard
form are therefore written respectively as

M}%n c'w; Az=b, x>0, (LP)
zeR™
Min ¢’z + %xTHx; Ar=0b; x>0, (QP)

rER™

where H is an n x n symmetric positive semidefinite matrix. Of course, linear
problems are particular cases of quadratic problems.

Theorem 19.1. The solution set S(P) is convex. When f is convex quadra-
tic, this set is nonempty iff v(P) € R.

Proof. Convexity of S(P) follows from that of F(P) and f. Clearly, if S(P)
is nonempty, then v(P) € R. Let us show the converse inclusion, assuming
that f is quadratic.

(a) First, we prove the property for a linear objective. Denote the active
constraint set at x by

N(z):={1<i<n; x =0}

If v(LP) € R, consider a minimizing sequence; extracting a subsequence,
there exists a minimizing sequence {x*} such that N(z*) is constant. Let
{z*} be a minimizing sequence such that N(z*) is constant and maximal
(i.e., there exists no other minimizing sequence whose active constraint set
is constant and contains N (z¥) strictly). If {z*} stays out of S(LP), extract
again a subsequence: we can assume that ¢ ' z*+1 < ¢Tz*. Set dF := P+ —2*.
Then ¢"d¥ = T (2% — 2F) < 0.

Set t*F := sup{t > 0;2% + td* € F(P)}. Since N(z**1) = N(z*), we
have t* > 0. Since v(LP) € R and ¢'d* < 0, we have t* < +oc0 and a
nonnegativity constraint becomes active at t*. Then 2% := z* + t*d* satisfies
N(2¥) ¢ N(2*), with strict inclusion. Since ¢' 2% = T (2F + tFd¥) < cTa¥,
the sequence {#*} is minimizing. We can extract a minimizing sequence,
whose active constraint set is constant, which contradicts the definition of
{x*}. An element of the sequence {z*} therefore lies in S(LP). In particular,
S(LP) # 0.

(b) In the case of a quadratic objective, let us check first the property for
an unconstrained problem of the type

i\é[}g}z f(z):=c'a+ %xTHx.
If this problem has a finite value, then ¢ 1 N'(H) (otherwise, let ¢ be the
projection of ¢ onto N(H); then the sequence z* := —ké satisfies f(2*) =
—k|[é||? | —o00). Decomposing = as x = ! + 2%, 2t € N(H), 22 € N(H)*,
and likewise for ¢, we check that
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f@) = cTa+ daT Ho = ()Ta® + $(2?) T H?a?,

where H?? is positive definite. The set of minima of f is therefore nonempty
and is given by

N(H) x {—(H**)71?}.
Consider now a constrained quadratic problem (QP). As in the case of linear

problems, we form a minimizing sequence {*} such that N(z*) is constant
and maximal. Set N* := N(z*), and consider the problem

Min f(x); Ax=0b;, x;,=0, i€ N™ (P*)
Since {z*} C F(P*), we have
v(P) = lim f(z*) > v(P).

Let us show that v(P) = v(P*). Otherwise there exists * € F(P*) such
that f(z*) < v(P), and hence, z* ¢ F(P). Move from z* towards z* on the
segment

[z% 2*] := {az® + (1 — a)2z*; € [0,1]}.

Call 2% the point obtained when a first nonnegativity constraint is hit. Then
ik € F(P), N* C N(2%) with strict inclusion, and by convexity of f,

F(@") < max{f(a"), f(2")} = f(a"),

and hence, {#*} is a minimizing sequence of (P) contradicting the definition
of {z*} (extract from it a subsequence whose active set is constant), so that
v(P) = v(P*).
Note that (P*) reduces to an unconstrained problem, expressing z in a
basis of
NA)N{zeR", z,=0, i€ N*}.

Since v(P*) = v(P) € R, problem (P*) has a solution z. If £ € F(P), this is
the desired solution since f(Z) = v(P*) = v(P). Otherwise, a contradiction
is obtained by constructing a sequence {#*} as before, replacing z* by Z.

O

19.1.2 Basic Points and Extensions

Let us introduce a fundamental concept for the analysis of linear problems.
We will say that x is a basic point if x € F(LP) and z; # 0 for at most p
components.

Proposition 19.2. If (LP) has solutions at all, one of them is basic.
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Proof. Let x € S(LP), having a minimal number of nonzero components, say
q. We prove a contradiction if ¢ > p.

We can assume x; > 0,4 € B := {1,...,q}. Since A is p X n, and hence,
of rank at most p, the kernel of Ap has dimension at least ¢ — p. Thus, let
d € R" be such that d # 0, Ad = 0 and d; = 0, ¢ > ¢. Note that, for
|p| small enough, x + pd € F(LP), hence c¢' (z + pd) > v(LP) = ¢'x and
therefore ¢"d = 0. Changing d in —d if necessary, we can assume min{d;} < 0.
Then there exists a maximal value of p such that x + pd € F(LP), call it
p := min{z;/|d;|; d; < 0}. The point 2 := x + pd is feasible, lies in S(LP)
and has at most ¢ — 1 nonzero components. This contradicts the definition
of z.

([l

This type of result extends to problems depending linearly only on some
variables. In fact, if f is linear with respect to the first n; variables, and if =
minimizes f on F(P), we can consider the minimization with respect to the
first nq variables, the others being fixed. The following result is a consequence
of Proposition 19.2:

Corollary 19.3. If f is linear with respect to the first ni variables, with
ny > p, then the set S(P), if nonempty, contains a point with at most p
among its first ny components that are nonzero.

Here is another extension of Proposition19.2 to the case of a quadratic
objective.

Lemma 19.4. Suppose that [ is quadratic with Hessian H positive semidef-
inite, and n® := |[N(H)| — p is positive. If nonempty, S(QP) contains a
solution with at least n® zero components.

Proof. Let £ € S(QP) have the maximum number of zero components, say
n®. Suppose n® < n® Let X be the space of dimension n — n® spanned
by the nonzero components of . Then X N N(A) has dimension at least
n—(nb+p); therefore, the quadratic form d — d " Hd has on XNN(A) a kernel
of dimension at least [N (H)| — (n® + p) = n® — n® > 0. Consequently, there
exists d # 0, d € X NN(A) NN (H). We can assume min{d;;1 <i <n} <0,
which gives & € S(QP) in the form & = Z + od, where ¢ > 0 has at least one
more nonzero component than Z; this is the desired contradiction.

O

19.2 Duality

Let us now introduce some elements of Lagrangian duality theory.
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19.2.1 Introducing the Dual Problem

With problem (P) is associated the Lagrangian
Lz, s):=f(x)+ A (Az —b) — s z.

Since

Max  L(z, ), s) = fl) if z € F(LP),
AERP, sERT 400 otherwise,

problem (P) can be interpreted as

Min  sup L(z, A s).
TER™ XeRP,s€R?

The dual problem is obtained by inverting the min and max operations:

Max  inf L(x, A, s).
AERP,s€R" zER™

Example 19.5. Linear Optimization. In the linear case f(r) = c¢'x, the
dual problem appears after some computations to be linear and to have the

expression
I\/A[ax —b'X\; c+ATA=s s>0. (LD)

Remark 19.6. The same dual is obtained if only equality constraints are
dualized. The Lagrangian is then ¢' 2 4+ AT (Ax —b), and (LP) is interpreted
as

Min sup ¢’z + A" (Az —b).
2€RY \ecRrr

The dual problem, obtained by inverting the min and max, is

Max—b"X; ¢+ ATA>0.
AERP

This problem is equivalent to (LD). O

Example 19.7. Quadratic Optimization. When f(z) = ¢'z + %ZUTHLC,
minimizing the Lagrangian with respect to z is an unconstrained optimiza-
tion problem. From Theorem 19.1, the minimum is attained iff there exists a
solution, otherwise it is —oo. The Lagrangian is convex, its minima are the
zeros of its gradient, and are therefore characterized by

c+Hr+A"X=s,
where the Lagrangian has the value

Lz, N s)=f(z)+ AT (Az —b) — sz,
=(c+Hr+ATXN—s)Tx—b"X— %xTHx,
=—b'A— iz Hz.
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An expression of the dual problem is therefore

Max —b' A — %xTHx; c+Hz+ATXA=s s>0. (QD)
z,\, s
In the case H = 0, the variable x disappears from this problem and we find
back the expression of the dual problem (LD).

An Interpretation Extracted from Economics Let b € RP be a stock of nuclear
waste (b; is the quantity of product 7). One wants to eliminate them by n
different processes. Process j consumes a quantity a;; of waste ¢, and has a
unit cost ¢;. Let 2; measure the use of process j. The least-cost solution is
obtained by solving the linear problem in standard form. To interpret the
dual problem, write it as (with A = —))

Maxb'}; ATA<e.
AERP

Then \; represents a price associated with refusal ¢, while AT\ is the value
associated with the process {1,---,n}. The dual problem is interpreted as
the optimal assessment of the stock, under the constraint that ¢ is an upper
bound for the process values.

As suggested by this example, the dual problem has in general a practical
interpretation, which is often useful.

19.2.2 Concept of Saddle-Point

The above duality scheme fits with the following abstract framework. Con-
sider ¢ : X XY — R, where X and Y are two arbitrary sets. Introduce the
primal and dual problems

Min sup p(z, y), p¥
zeX ye)p/ ( y) ( )
Max inf ® D¥
yey gcleX (;C, y)7 ( )

as well as the saddle-point problem: find (Z,y) € X x Y satisfying

V(z,y) € X XY, »(@,y) <p(T,9) < ¢(z,7).

Lemma 19.8. There always holds that v(D?) < v(P?). A saddle-point ex-
ists iff problems (D?) and (P?) have the same value and admit an optimal
solution (at least); the set of saddle-points is then S(P¥) x S(D%). In this
case, we denote by v(p) the common value of (D¥) and (P¥), and the set of
saddle-points is equal to S(P¥) x S(D¥).
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Proof. Let (Z,9) € X x Y. Then

inf @(z,79) < @(2,79) < sup o(2,y),
rxeX yey

and thus

sup inf op(z,9) < inf sup o(,y),
JeEY reX zeX yey

which establishes the inequality v(D¥) < v(P¢?). Let us show that existence
of a saddle-point (Z,y) implies the condition in the Lemma. By definition of
a saddle-point, we have

sup ¢(7,y) < ¢(2,9) < inf (z,7)

yey
and the above inequalities actually hold as equalities, since the sup and inf
are obtained respectively for § and z, and hence,

v(P?) < sup o(Z,y) = ¢(Z,9) = inf o(z,7) <v(D¥).
yey zeX

But v(D?) < v(P¥), and hence, v(D?¥) = ¢(Z,7) = v(P?) = v(p). Moreover

v(P?) = ¢(@,5) = sup (7, y)
y
which indicates that & € S(P¥), and likewise § € S(D¥).
To finish the proof we check that, if v(P¥) = v(D¥), and if Z € S(P¥) and
g € S(D¥), then (Z,7) is a saddle-point of o: this will show that the condition
is sufficient and will imply that the set of saddle-points is S(P¥) x S(D%).
We have

v(e) = fnf o(z,9) < ¢(3,9) < sup (7, 9) = v(p),
y
so that ¢(Z,7) = infyex o(x,7) < ¢(z,7),Vz € X, the other saddle-point
inequality being proved likewise.
O

Now suppose that X, Y are convex subsets of R"™ and R™, respectively,
and that ¢ is of class C'. We will say that (Z,9) is a critical point of ¢ in
(X,Y) when

(z,9) € X XY,
0 (Z,9)(x — %) >0, foralze X,
¢, (Z,9)(y—y) <0, forallyecY.

The function ¢ is said to be convez-concave if © — ¢(z,§) and y — o(Z,y)
are convex and concave, respectively, for all (Z,9) € X x Y.

Lemma 19.9. Suppose X and Y are convex. Then the set of saddle-points
of y 1is contained in the set of its critical points, and the two sets coincide if
© is convez-concave.
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Proof. Let (Z,7) be a saddle-point of ¢, z € X, y € Y and o €]0, 1[. Since X
and Y are convex, we have T + o(z — %) = (1 — 0)Z + ox € X, and likewise
g+ o(y —g) € Y. Therefore

<p(5c,gj+a(y B Zj)) — w(i,ﬂ) <0< 90(‘% -‘rO’(l‘ — 'i‘)ﬂlj) — Sp(jvg)

Letting o tend to 0, we obtain the characterization of a critical point.

If (Z,7) is a critical point of ¢, and if ¢ is convex-concave, use the fact
that a convex (resp. concave) function bounds its affine approximation from
above (resp. from below); we have for all (z,y) € X x Y

which proves that (Z,7) is a saddle-point of ¢. The conclusion follows.
|

In our present linearly constrained optimization of a convex objective, we
have X =R", Y = RPxRY, ¢ = £, and the Lagrangian £ is a convex-concave
function of (z, )\, s). A saddle-point (Z, A, 5) is therefore characterized by

L;(jvxv_g)(x_j)_z 0, Vo € R™,
L, (7 A5\ —As—5 <0,VAER?, s €RY,

which, after some computations, appears to be equivalent to

L' (7, \,5) = Vf()+AT5\—§=O,
L4 (7, N, ) Az—b—
20&

here again, the product of two vectors is understood as componentwise. Al-
together, we have shown

Theorem 19.10. A saddle-point of L is characterized by what we will call
the optimality system

If (Z,\,5) is a saddle-point of the Lagrangian, we will say that (X, 5) is
a Lagrange multiplier associated with z. This terminology suggests that the
multiplier appears in the Lagrangian through its product with the constraint.
The set of Lagrange multipliers associated with a solution of (P) is the same
for all solutions, since it is just S(D).

Example 19.11. Consider the convex problem Min{e~*;z > 0}. It has no
solution. The primal and dual values are equal and the dual problem has the
unique solution A = 0, which is therefore not a Lagrange multiplier.
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Theorem 19.12. If S(P) # 0, the set of Lagrange multipliers is nonempty.
Proof. Take & € S(P) and « € F(P). Then, for o €]0,1]

f@+o(e =) - f@)

ag

0<

Pass to the limit; setting ¢ := Vf(z), we obtain &' (z — ) > 0, for all
x € F(P). This means that Z solves the linear problem

Miné'z; Az =b; z>0. (%)

Thus, it suffices to show the existence of Lagrange multipliers for a linear
problem. At x € F(P), denote the set of active constraints and the tangent
cone to F'(P) respectively by

N(z):={i=1,---,n; xz; =0},
T(z) :={deN(A); d;,>0, Vie N(x)}.

Let d € T(Z). Then Z + od € F(P) for o > 0 small enough, so that
¢'d>0,vdeT(z).
We will obtain the multiplier as solving the quadratic problem

1\)/\Iing(/\,s) =1ile+ATA—s|% s>0, s;,=0,i¢N(z).

This problem is feasible. Its objective function is everywhere nonnegative, so
its value is finite. Being quadratic and convex, the problem has an optimal
solution (A, 5) (Theorem 19.1). Let us show that

ri=c+A'A—3

is zero. The point (), 5) minimizing g, it satisfies the optimality system

0<g (X,sf)(s:— §), Vs>0, s —=0,i¢N(). ()
The second relation is equivalent to 7#; < 0,7 € N(Z) and 7' 5 = 0, and hence,
0<|F|>=F"F=c 7+ ATAF—5 F=c'7. (s % %)
Set z(0) := T — oF. Using (xx*), we get
Azx(o) = AT — 0 AF = b,

and for o > 0 small enough we have z;(c) > 0, i € N(x), and z;(c) > 0,
i € N(x) (since 7; <0, i € N(x)), and hence, z(c) € F(P). By (x * %),
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Since 7 solves (%), this implies 7 = 0. The point (), 3) therefore satisfies
c+A'N=5>0,

and if Z; # 0, then i ¢ N(x) = 5 = 0, and hence, 75 = 0, so that (), 5) is a
Lagrange multiplier.
O

If S(P) is nonempty, the above result tells us that there exists a Lagrange
multiplier; hence the Lagrangian has a saddle-point and the primal and dual
values are equal. In the case of linear or quadratic optimization, we know
that S(QP) is nonempty iff v(QP) € R. Being a concave quadratic problem,
the dual (@ D) is equivalent to a convex quadratic problem whose dual is (P).
Hence S(QD) # 0 iff v(QD) € R; in this case it can be shown that, with the
solutions of (D) are associated Lagrange multipliers, which solve (P). Since
we always have v(D) < v(P), we deduce

Corollary 19.13. There holds v(QP) = v(QD) € R, except when
v(QP) = +o00 and v(QD) = —c0.

Example 19.14. The linear problem Min,{—z;0 x x = —1; € R} is not
feasible; neither is its dual Maxy s{A\; =1 4+0x A =s; s € Ry}. We are in
the situation where —oco = v(LD) < v(LP) = 0.

19.2.3 Other Formulations

With the primal and dual problems, can be associated the primal-dual or
mixed formulation

g/I/\ir;sz; Ar=b, x>0, Vf(z)+ A" A=5 5>0. (MP)
Its constraints are those appearing in the optimality conditions, and the
complementarity condition is taken care of by the objective function. Since
x > 0 and s > 0, the objective is nonnegative and therefore v(MP) > 0. If
(z,\,8) € S(MP), then #, (), 3) is a primal-dual solution iff v(MP) = 0:
indeed, the optimality system is satisfied iff 2 "s = 0.
In the linear or convex quadratic case, problem (M P) writes

MAina:Ts; Az =b, >0, c+Hr+ AT =5, s >0, (MQ)
and we have: (i) the constraints of (M Q) are linear, and (M Q) is therefore a
quadratic problem; (ii) if (M Q) is feasible, then v(MQ) = 0 and S(MQ) # 0
by virtue of Corollary 19.13.
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Another approach to duality, called Wolfe duality [360], consists in intro-
ducing the dual problem

M)e\mx/i(a:, N\s); Vi) +ATA=s, s>0. (D*)

Said otherwise, the Lagrangian is maximized under the “dual constraint”.
For a quadratic problem, the classical dual (QD) is recovered. More generally,
v(D*) <wv(D), and v(D*) = v(D) = v(P) if S(P) is nonempty (since in this
case, L has a solution which solves (D*)).

Remark 19.15. Let (x, A, s), feasible for Wolfe’s dual, be such that z is fea-
sible for (P). The difference between the associated costs is f(z)—L(x, A, s) =
x " s. Problem (M P) is therefore interpreted as the minimization of the differ-
ence between primal and dual costs, under the primal feasibility and (Wolfe)
dual constraints. |

19.2.4 Strict Complementarity

A primal-dual solution (z, A, s) is called strictly complementary when x + s >
0, or equivalently max(z;,s;) > 0,Vi € {1,--- ,n}. This property plays an
important role in the analysis of the asymptotic behavior of interior-point
algorithms. A quadratic problem need not have any complementary solution,
even when a solution exists; a counter-example is Min{z?; > 0}. The
situation is different for linear optimization.

Proposition 19.16. (Goldman-Tucker, [167]) If (LP) has a finite value,
then it has a strictly complementary solution. More precisely, there exist a
partition B and N of {1,--- ,n}, and a primal-dual solution (T, \,3), such
that Tg > 0 and 55 > 0, and if (z, X\, s) is a primal-dual solution, then
ry =0 and sg =
Proof. Define

B:={ic{l,---,n}; 32" € S(LP); 2} >0}; N :={1,--- ,n}\B.

Since S(LP) is convex, the point Z := |B|7' Y, 52’ lies in S(LP) and
satisfies Z5 > 0. Consider the linear problem

Min —in ; Az =b; ¢' 2 <v(LP); x > 0. (%)
! ieN
Its feasible set is F'(¥) = S(LP). By definition of N, if x € S(LP), then
xxy =0, hence v(x) = 0 and S(x) = F(x) = S(LP).
The dual problem writes

Max —ATb—Bu(LP); = e+ A" A+Bc=5>0, >0,
Max Bo(LP); =Y B 3

( iEN
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where e’ is the ith basis vector and (A, 3,5) € RP x Ry x R? is the multiplier.
Since v(x) = 0, there exists a dual solution (X, 3, 8). Take (A, s) € S(LD);
then
L+ B c+ATA+N) =8+s+) €.
ieN
Set

Then
c+ATA=5>0; 5y>1+0) " Texe >0.

Besides, § > 0 and Z5 = 0 (indeed Z € S(x), hence Z'§ = 0); we deduce
(A\,5) € S(LD). Finally, if (z,A,s) is a primal-dual solution of (LP), the
complementarity relation with  and 5§ imply 2y =0 and sz = 0.

(|

We will call (B, N) given above the optimal partition of the problem.

19.3 The Simplex Algorithm

The classical method for solving linear problems is the so-called simplex
method, which we now present. Despite the importance of interior-point al-
gorithms, a study of the simplex method is useful for three reasons. First,
this method is competitive in many cases, and gives a benchmark to assess
the performances of other methods. Second, to compute an exact solution
— which is on the boundary of the domain — interior-point methods need a
so-called purification process, which is a variant of the simplex method. Fi-
nally, stating the simplex algorithm allows an illustration of various concepts
intrinsically linked to linear problems themselves, and not to the techniques
used for solving them, as is the case for the existence of basic points.

19.3.1 Computing the Descent Direction
Let Z be a basic point. Denote by
B(z):={1<i<n; & >0}

the set of non-active positivity constraints; B(Z) is called the basis. The set
of columns of A, indexed in a set I, will be denoted by A;. Set

B:=B(z); N:={1,---,n}\B.

We assume |B| = p. Without loss of generality, we can assume B =
{1,---,p}. Partition z € R™ and A according to their indices and columns,
so that
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= (rp,zNn); A= (Ap,AN); Ax = Apxp+ Anzn.

We call Ap the basis matriz. Suppose Ap invertible. Then, from the relation
Az = b, we can extract zg as a function of xn:

LL‘B({EN) = Agl(b — ANLL'N).
To compute a descent direction, the constraints xp > 0 which are not active

at the current point z can be ignored. Locally, our problem therefore writes

(using ¢z = chop + chan):

l\g/aljivnc;Agl(b — Ayzn) +chan;  xy >0,

or equivalently

Min (eny — A}AgtcB)TxN; zy > 0.
TN

We call reduced cost the quantity r := cy — AJ—'\—,A;CB. Decomposing its
expression so as to disclose the multiplier estimate X\, we obtain

ALA = —cp; r=cn+ AJ\

Combining the above two equalities, we observe that
T 0 T
c+A' ' X=s where s:= <r>’ and z's=0.

In case r > 0, the optimality system is satisfied: (z, A, s) is therefore a solution
of (M P). From Theorem 19.10, x solves (LP). We can thus detect optimality.

By contrast, if there exists j such that r; < 0, let e/ be the jth basis
vector, and let d € R™ be given by

dN = ej; dB = —A]_glANdN = —AglAlj.
Then
Ad=0; dy > 0; dTCZdTrzrj <0,

and thus, for small p > 0, the point x(p) := = + pd is feasible and ¢ z(p) :=
c'z+ pc'd < ¢"x. Since  has p nonzero components, and since dy = e,
x(p) has at most p + 1 nonzero components. Consider the largest feasible
step. If it is +o0, we deduce v(LP) = —oo since ¢ d < 0. If this step is finite,
it cancels one component (at least). A new basic point is thus obtained.

19.3.2 Stating the algorithm

Summing up the set of operations, we obtain the simplex algorithm:
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Algorithm 19.17. (Simplex algorithm)
Data: choose a basic point 2°; k « 0.

REPEAT
e Compute the multiplier, solving AL\ = —cp.
e Compute the reduced cost 7 — cx + AR\
e If r > 0, stop: x solves (LP).
o Direction of move: j such that r; <0, dy «— el dp — —Ag,lANdN.
o If d > 0, stop: v(LP) = —oc.
e Stepsize: 1 + argmln{ |d ; ; d; <0}, and p — %
e New point #f « x + pd. B «— (BU{j})\{i}; N «— (N U{iDH\{j}.

o k—k+1.

Remark 19.18. Call j the variable index entering the basis, and i the one
exiting the basis. A classical choice is j = argmin{r;}. Note that this choice
depends on the scaling of the variables. O

The basic point x will be called a regular basic point when
|B(x)| = p and Ap(, has rank p.

As long as the basic points generated by the algorithm are regular, this algo-
rithm is well-defined. A singularity may appear if several basic variables reach
their bound simultaneously. On the other hand, the following lemma shows
that the basis matrix never becomes singular (at least in exact arithmetic;
if the computations are performed in finite arithmetic, a singularity may of
course appear).

Lemma 19.19. The basis matriz cannot become singular along the algorithm
iterations.

Proof. Let A” and A! be the basis matrix at the beginning and at the end
of an iteration. We have to show that Af is invertible if A° is such. We can
assume that the changed column is the last one. Let A% bet the last column
of Af, and d # 0 be such that A*d = 0. Set d := (d1,--+ ,dn—1,0). Then

Afd = Ad+ Add, = 0.
Since A is invertible, this implies d,, # 0; we can assume d,, = 1, so
0=Afd = A°d + A,

During one simplex iteration, we have computed a direction of move d solving
A’d = —A! . Since A is invertible, this implies d = d, hence d,, = 0, which
is impossible: the component of displacement associated with the variable
exiting the basis cannot be zero.

O
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Theorem 19.20. If the basic point x° is reqular, and if the variable exiting
the basis is defined unambiguously, then the simplex algorithm stops after
finitely many iterations.

Proof. In view of the above lemma, {z*} is a sequence of regular basic points.
Then it suffices to show that the number of regular basic points is finite. If
they are infinitely many, two of them are different, say ! and z”, associated
with the same basis B. Hence AB:Z:% = Azt = b = Az’ = ABxfg, so that
AB(xﬁB—x%) = 0, hence xﬁB =a%. Set N := {1,--- ,n}\B. Since xgv =y =
0, it follows that z = 2°, a contradiction with the initial hypothesis.

O

In general, no basic point of the problem to solve is available. Actually, it
is not even known whether this problem is feasible! Nevertheless, computing
a basic point can be formulated as an auxiliary problem, of which a basic
point is known. For example, consider the linear problem

P
hg/C[iZnZzi; Ar+wz=b; x>0; z2>0, (*)
=1

and take
2 eRY; wi=b—Az% %=1 (inRP).

Then the point (29, 2°) is feasible for (x). In particular, chosing z° = 0,
this point is basic. Finally, it is clear that v(x) > 0, and that v(x) = 0 iff
(P) is feasible. Moreover, the simplex algorithm yields a basic point for (P),
which allows the initialization of a simplex algorithm to solve (LP). We call
Phase I and Phase II the successive steps, seeking a feasible point, and then
minimizing the objective function.

19.3.3 Dual simplex

Sometimes one has to solve a sequence of linear programs, the kth problem
being identical to the (k— 1)th except for some additional linear inequalities.
This happens for instance when integer linear programming problems are
solved by using continuous relaxations and integrality cuts. Then a (primal-
dual) solution of the (k — 1)th problem is dual feasible for the kth problem.
It is therefore useful to have a version of the simplex algorithm for the dual
problem, since we already know a feasible starting point. We briefly give the
main ideas of the dual simplex algorithm, and show that the implementation
is again based on a primal (B, N) partition. The dual program

l\é\[ax —b'X; c+ATA=s s>0

has n + p variables and n constraints. The multiplier A\ will be in the dual
basis, and cannot leave it since it is unbounded. There are n — p components
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of s in the dual basis. For reasons that will appear soon, denote by N (resp.
B) the set of basic (resp. nonbasic) components of s. Observe that |B| = p
and |N| = n — p. With a dual feasible (), s), the dual simplex algorithm
associates the estimate x of the multiplier of the affine constraint, obtained
by expressing that the Lagrangian

Lz, A\s)=-b-A+x-(c+ATA—s)=c-z+ ) - (Az—b) —s-x

has zero partial derivatives with respect to basic variables, i.e., Ax = b and
xy = 0. In other words, x is the (primal, not necessarily feasible) basic
solution of Apxp = b. The reduced gradient with respect to the nonbasic
variables sp is nothing but —xp. So the entering variable may be the most
negative component of z .

The next step is to compute the direction of move of basic variables when
(nonbasic) component i € B enters the basis. We have to solve in (d*,d%)
the equations ATd» = d% + e;, where here we identify d3, and its extension
by zero over R™, and e; is the ith basis vector in R™. For that, compute first
d* solution of ALd* = e;, from which d3 = AL d* follows. The algorithm
performs then the greatest move in direction (d*,d%); it stops when the
primal estimate is feasible.

We see that, as for the primal simplex method, the main operations are the
factorization and the update of the (primal) basis matrix Ap, and that the
dual simplex method can be interpreted as computing a sequence of “non
feasible basic points”, and trying to reduce the primal infeasibility while
keeping dual feasibility.

19.4 Comments

The (small) part of Lagrangian duality theory exposed here, also called min-
max duality, was developed by Von Neumann (see von Neumann and Morgen-
stein [274]). Another approach, based on perturbations of the optimization
problem can be found in Rockafellar [309] and Ekeland and Temam [117].
Bonnans and Shapiro [50] give an overview of some generalizations of linear
programming to infinite dimensional spaces.

The simplex algorithm is due to Dantzig [94]. Often, A is sparse, and
a sparse LU decomposition (Gauss method) of the basis matrix is used to
compute A and dp. The operation of updating the factors from one iteration
to the next one is called pivoting. As only one column is changed at each
iteration, this can be done in O(p?) operations (compared to O(p?) for the
factorization). A whole literature is devoted to this subject (Reid [304]).

The process of updating the LU factors of the basis has two shortcomings:
an increase of the memory requirement to store the factorization of the basis
matrix, and a degradation of their numerical stability. After some tens or
hundreds of pivotings, it may therefore become necessary to re-factorize the
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basis matrix. It is important to control at each iteration the accuracy of the
direction and multipliers, in order to re-factor at appropriate times.

Most softwares perform their computations with floating-point numbers,
of length apriori fixed in the computer. In these conditions, everything can
happen! In particular, a certain basic variable (other than the one exiting the
basis) may take a slightly negative value. To remedy this situation, one can
either decide to get this variable off the basis, or to continue the algorithm,
after including in the objective a penalty term of the negative part of the
basic variables.

A natural extension of the simplex algorithm to quadratic problems, or
more generally linearly constrained problems, is the reduced-gradient method
(Luenberger [239]), which partitions the variables in three sets: a basis, guar-
anteeing satisfaction of the linear constraints, the variables called nonbasic,
stuck to their bound, and the remaining variables, called superbasic. Just as
the simplex method, this type of algorithm has the advantage of factoring the
basis matrix only, and the drawback of requiring many iterations, in order
to identify the active constraints at the optimum. In applications, one may
have to solve a sequence of optimization problems slightly different from each
other: such is the case, for example, in the study of the sensitivity of the so-
lution with respect to a small variation of the data. Then, reduced-gradient
methods can be very efficient.



20 Linear Monotone Complementarity
and Associated Vector Fields

Overview

We develop the theoretical tools necessary for the algorithms to follow. The
logarithmic penalty technique allows the introduction of the central path.
In the case of linear or quadratic optimization, the optimality system and
the central path are suitably cast into the framework of linear monotone
complementarity problems.

The analysis of linear monotone complementarity problems starts with
some results of global nature, involving the partition of variables, standard
and canonical forms. Then comes a discussion on the magnitude of the vari-
ables in a neighborhood of the central path. We introduce two families of
vector fields associated with the central path: the affine and centralization
directions. The magnitude of the components of these fields are analyzed in
detail. We also discuss the convergence of the differential system obtained by
a convex combination of the affine and centralization directions.

Since the results stated here are motivated by the analysis of algorithms
presented afterwards, a quick reading is sufficient for a first step. Besides,
a large part of the technical difficulties are due to the modified field the-
ory, useful for problems without strict complementarity. A reader interested
mainly by linear optimization (where strict complementarity always holds)
can therefore skip this part.

20.1 Logarithmic Penalty and Central Path

20.1.1 Logarithmic Penalty

We call logarithmic potential the strictly convex function
n
m(x) == — Zlogmi
i=1

defined on {z € R™; x > 0}. Consider the linearly constrained minimization
problem
Min f(z); Ax=0b, x>0, (P)
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with f : R® — R convex and C', and A a p x n matrix of rank p. When
f(z) =c"z+ 32T Ha, we find again a quadratic program in standard form.
The problem with logarithmic penalty associated with (P) is

Min f(x) +pun(z); Az =b, x>0, (Pn)

where p > 0 is the penalty parameter. Under certain assumptions (not spec-
ified here), problem (P,) can be shown to have a unique solution, which
converges to a solution of (P) when p | 0. Solving approximately a sequence
of problems (P,), with p | 0, therefore yields a means of solving (P) approx-
imately.

20.1.2 Central Path

Since (P,) is a linearly constrained convex problem, x solves (P,) iff
there exists A € RP such that (x, \) solves the first-order optimality system

Vf(x) —pr '+ ATA=0,
{Ax —b, >0, (20.1)

with 2= = (27%, - 2 Y)T

rrn

ity system is equivalent to

. Set s := px~ ', then xs = pul and the optimal-

zs = ul,
Vi) + ATA=s,
Ax = b,

x>0, s>0.

(20.2)

For ;1 = 0 we obtain the optimality system associated with (P). Note that
m(z) is strictly convex: (P,) has therefore one solution z* at most. The so-
lution set of (20.2) has the form (z#, s*, \*) with s# = pu(z*)~1. Moreover A
has rank p, is therefore onto and N (A7) = R(A)+ = {0}, so (20.2) defines
AP in a unique way.

In the sequel, our analysis will involve (z#,s*). A way of eliminating A
consists in noting that the second relation of (20.2) is equivalent to

Vi) —s e R(AT) = N(A) .

Since A has rank p, N(A) has dimension n — p. Let M be an n X (n — p)
matrix, whose columns form a basis of A/(A4); then

Vfx)—seR(AT) & M (Vf(z)—s)=0.

Relation (20.2) is therefore equivalent to

zs = ul,
MT(Vf(z)—s) =0,
Az = b, (20.3)

x>0, s>0.
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Note that, in the case of a quadratic objective, the second relation of
(20.2) writes ¢ + Hx + AT XA = s. Then (20.3) reduces to

zs = pl,

MT(c+ Hz—s)=0,
Ax =0,

>0, s>0.

(20.4)

The lemma below makes precise to which extent a solution of (20.3) ap-
proximates a solution of the associated minimization problem.

Lemma 20.1. If (z,s) solves (20.3), then f(x) < v(P)+nu. More generally,
if (z,s) only satisfies the last three relations of (20.3), then f(z) < v(P) +
x's.

Proof. The dual problem of (P) is written in terms of the Lagrangian

Mjixirgglf f@) + AT (Ax —b) —sTa. (D)

s>0

This Lagrangian is convex, it is minimal when V f(z) + AT\ = s, a relation
satisfied by any triple (z, s, A) for which the last three relations of (20.3) hold;
S0

f@)+ N (Az —b) — (s) T2 < v(D) < v(P).

Since Az — b = 0, we have that f(z) — v(P) < z's. If, in addition, the first
relation of (20.3) is satisfied, then o " s = nyu, and the conclusion follows.
O

We call primal central path (resp. primal-dual, dual), the set of primal
(resp. primal-dual, dual) solutions x* (resp. (", s*), s*) to (20.3).

In figure 20.1 we represent the primal central path for the problem of
minimizing xs 4+ ex; subject to x; € [0,1] and x5 > 0, both for £ = 0 (half-
line 3 = 1/2 and 23 > 0) and for ¢ = 0.04. When ¢ > 0 the primal central
path converges to the point (0,0). Therefore, when & > 0 is small, there
is a sharp turn close to the point (3,0). We will see that efficient (central)
path-following algorithms exist, despite the existence of such sharp turns.

20.2 Linear Monotone Complementarity

We introduce a structure generalizing optimality systems of quadratic prob-
lems. It will ease our study of the algorithms to come.
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Central Path

Fig. 20.1. A central path with sharp turn

20.2.1 General Framework

We call linear complementarity problem the following set of relations:

xzs =0,
Qr+ Rs = h, (LCP)
x>0, s>0,

with @ and R matrices nxn and h € R™. The problem is said to be monotone
if

Qu+Rv=0=u"v>0.
In what follows, we will always suppose that (Q, R) satisfies this property.
The feasible set of (LCP) is

F(LCP):={zx €RY, seR}; Qz+ Rs=h},
and its solution set is
S(LCP) := {z € F(LCP); xs = 0}.

We will say that (z,s) is an interior point if (z,s) € F(LCP), x € R and
S € R++.

Let us show that a convex quadratic problem is a particular case of linear
monotone complementarity. Relation (20.4) does include n inequality rela-
tions. Moreover, the associated homogeneous relation
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MT(Hu—v)=0; Au=0

is equivalent to (Hu—v L N'(A); Au = 0), hence it implies 0 = u " (Hu—v),
ie. v = w"Hu > 0, and monotonicity follows. Note that in the case

of linear optimization, u and v are orthogonal: indeed u € N(A) and v €
R(AT) = N(A)*L.

Lemma 20.2. The solution set of a linear monotone complementarity prob-
lem is convex.

Proof. Let (zf,s*) and (2°, s”) be two solutions, a €]0, 1[, and
(z,5) == a(zf, s*) + (1 — a) (2", ).

We have to show (x,s) € S(LCP). We obtain easily Qz+ Rs = h, x > 0 and
s > 0, there remains to show xs = 0. From

Q(zf — ") + R(s* — s”) = 0,
we deduce (zf — 2°) T (s* — s”) > 0, or equivalently
(29)Ts" + () Ts* < (") TsP + (") 7",
Since (zf,s!) and (2°, s”) solve (LCP), the right-hand side is zero. Because
the left-hand side is a sum of nonnegative terms, each term is zero; thus
2ts’ = 2”s* = 0. Developing s and using the expressions of = and s, we do

obtain zs = 0.
O

The central path for (LCP) is defined as the set of (z,s) such that, for
some p > 0,

zs = ul,
Qx+ Rs=h,
x>0, s>0.

It is easy to check that this definition extends the one given previously for
convex optimization problems. We define the proximity or centrality measure
as being
=1
I
where || || is the Euclidean norm. The central path is therefore the set of points
(x, 8) feasible for (LC P), of zero proximity for some p. The (Euclidean) small
neighborhood of size a > 0 is defined as being

8(x, 8, 1) =

Vo 1= {(:1:, s,1);  (x,5) € F(LCP), i > 0; H% - 1” < a} . (205)

It is also useful to consider large neighborhoods of the type
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N = {(a:,s,u); (z,s) e F(LCP); u>0; 1< m < 5_11}, (20.6)

with 0 < ¢ < 1/2. The next proposition shows that the central path of a
linear complementarity problem can be interpreted as the locus of minima of
the mixed potential

H(:z:, s)i=x's— uZlogzisi =z s+ pr(x) + pr(s)

i=1
on the interior of the feasible set.

Proposition 20.3. Every point (x*, s, u) of the central path is the unique
solution of the mized centralization problem

MinH(x,s); Qr+Rs=h, x>0, s>0.

Proof. a) We claim that the above mixed centralization problem has at least
one solution whenever it is feasible (if not, then obviously the central path
is empty). Indeed, we have that [[(z,s) = > i (@;s; — plog(z;s;)), while
the function t — t — plogt is bounded from below, and goes to +0co when
t ] 0ort T 4+oo. It is then a simple exercise to prove that a minimizing
sequence (z¥,s*) is bounded and none of the components of zj or s has a
zero limit-point. Therefore, by standard arguments, (z¥, s¥) has at least one
limit-point, and the latter is solution of the mixed centralization problem.
b) Let (z, s) be solution of the mixed centralization problem. We claim that
xs = pl. Indeed,there exists A such that the following optimality system is
satisfied:

Vst QRT)\—O Qr+Rs=h, >0, s>0,

and therefore

(%) s—pz '+ QTA=0,

z—pus '+ RTA=0.
If A =0, we have s = pz ™!, i.e. s = ul, and we are done. We now show
that A = 0. Multiplying the first (resp. second) relation of (x) by d = \/xz/s

(resp. d=t = \/s/x) and setting D = diag(d), we get:

_ T _
(2 =) oo

Then it suffices to show that (QD — RD~1) is invertible. Take i € N (QD —
RD™Y). Set u := dii, v := —d~ 4. Then Qu + Rv = 0, hence 0 < u'v =
—||a||?, so @ = 0; the claim follows.
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¢) We know that there exists (Z, §), solution of the mixed centralization prob-
lem, that satisfies 25§ = 1. We end the proof of the lemma by checking that,
if (z, s, ) satisfies the equation of the central path, then x = & and s = §.
Indeed, we have that

0<(t—x2)"(5—5)=2npu—x'5—5' 47,
or equivalently, eliminating § and s from the central path relations,
" (x &
> (% - J) = 2n.
=1

Since (¢,t') — t/t' +t'/t is, if t and ¢’ are positive, always greater or equal 2,
with equality only if t = ¢/, we deduce that x = %, and hence, s = §.
O

Remark 20.4. Solving a linear complementarity problem amounts to solving
the quadratic problem

Minz's; Qz+Rs=h, >0, s> 0.

x,s

The potential [] is interpreted as the objective with logarithmic penalty
associated with the above problem. [l

Remark 20.5. If a linear complementarity problem corresponds to the op-
timality conditions of the quadratic problem

Mine'z + %xTHa:; r=0b, x>0,
then from Remark 19.15,
H(w, s)=c'z+iz"He — (=b"\ - ia" Hz) + pr(z) + pr(s)
(c"w+ 32 Ha+ pr(z)) + (6" A+ 32" Ha + pn(s))

is interpreted as the difference between the primal and dual objective with
logarithmic penalty. In the linear case (H = 0), the primal and dual penalized
objectives are uncoupled. [l

20.2.2 A Group of Transformations

Let M be an invertible matrix. Clearly, (LCP) is not changed if it is rewritten
as
xzs =0,
MQxz+ MRs = Mh,
z,s > 0.
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Nothing is changed either when permuting rows (same permutation applied
to the rows of @ and R, and to the components of h) or columns (same
permutation applied to the columns of @ and R, and to the components
of  and s). Let us introduce another family of transformations, consisting
in permuting some components of x and s. More precisely, let (I,J) be a
partition of {1,---,n}. We study the mapping (z,s) — (z’,s’), defined by
permuting the components of x and s indexed in J; said otherwise,

=z, 2 =55 st =sr, 85 =x;.
Partition Q and R according to their columns in Q;,Q; and R, Ry, so that
Qr =Qrzr+Quzy; Rs=Risi+ Rysy.
Let Q' and R’ be two n x n matrices, defined by the relation
Q'x' = Qray + Ryaly;  R's' = Rysp + Qs

Consider the problem

7's’ =0,
Q'z' + R's' =h, (LCP)
z' s > 0.

Then (LCP’) is the image of (LC'P) under the above component permu-
tation, in the sense that (z, s) is feasible (resp. solution) of (LCP) iff its image
is feasible (resp. solution) for (LC'P’). Besides, the small and large neighbor-
hoods of the central path (LCP’) are the images of the neighborhood of size
a >0 of (LCP).

On the set of linear monotone complementarity problems of dimension n,
parameterized by (Q, R, h), consider the transformations obtained by per-
muting rows, columns, component-exchanges of x and s, and constraint-
composition by an invertible matrix. These transformations form a group,
which we will denote by 7.

In Chapter 21, we study algorithm families that are invariant under this
type of transformation: more precisely, the algorithms applied to one form
or the other generate directions of move and sequences of points which are
invariant. These algorithms are therefore invariants of the group, and they
can be seen as defined on equivalence classes of the group (sets of problems
in mutual correspondence through a transformation).

20.2.3 Standard Form

The standard form of a linear complementarity problem (which has nothing
to do with the standard form of linear constraints) is defined as follows:

zs = 0,
s=Mz+q, (SLCP)
z,s > 0.
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We will say that a transformation 7 € 7 reduces an (LCP) problem in
standard form if the image of (LCP) by 7 is in standard form. We will check
that any problem of the type (LCP) can be reduced to standard form.

Lemma 20.6. With any problem of the type (LCP) is associated a transfor-
mation T € T which reduces this problem to standard form.

Proof. If R is invertible, reducing (LCP) to standard form is done by taking
M := —R7'Q and q := R~ 'h. To obtain the conclusion, it therefore suffices
to prove that appropriate transformations in 7 can make R invertible.

Let 7 be the rank of Q). Reordering row and columns if necessary, ) can
be factored to Q = LU, with L invertible and U made as follows: its last
n — r rows are identically zero, and its r first contain an invertible block U;

of size r x r:
B U, U
Q_L(O O).

Set D := L~'R. We denote by u! and u? the first  and last n —r components
of u, and likewise for v. The relation Qu + Rv = 0 is equivalent to:

Ulul + UQUQ + Dll’l}l + D12U2 =0,
Dayvt + Dagv? = 0,

where D has been partitioned in blocks. Let us check that D5 is invertible.
Take arbitrary v! = 0, v? in N (Da2), and u? = —v?2. Since U; is invertible,
there exists u! such that Qu + Rv = 0. The monotonicity relation gives
0 <u'v=—[v?||% hence v? = 0. Because the square matrix Day is invertible,
the relation Qu + Rv = 0 is equivalent to

Ul _ U1 D12 -t UQ’LL2 + Dllvl
’U2 o 0 D22 Dgl’l}l ’
Taking the new s as (z!,s?), the result is obtained.
([l

If an algorithm is invariant with respect to the transformations of 7, its
study can therefore be limited to the standard form.

20.2.4 Partition of Variables and Canonical Form

We now introduce the notion of optimal partition for a monotone linear
complementarity problem.

Lemma 20.7. If S(LCP) # 0, then there exists a partition (B,N,T) of
{1,---,n} such that, for all (x,s) € S(LCP), the following holds:

2;=0,1€ NUT, ands; =0, € BUT.
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In addition, there exists (%,8) € S(LCP) such that Tp >0 and 5 > 0.
Proof. Define (B, N, T) by

B:={ie{l,---,n}; 3I(x,s) € S(LCP); z; >0},
N:={je{l,---,n}; 3(x,s) € S(LCP); s; >0},
T:={1,---,n}\(BUN).

With each i € B is associated (z?,s%) € S(LCP) such that z¢ > 0. With

each j € N is associated likewise (27,57) € S(LCP) such that s; > 0. Since
S(LCP) is convex (Lemma 20.2), it contains the point

T,5):= 71 zt, st Py

i€eB jEN

This point satisfies Zg > 0 and 5 > 0. From 5 = 0 we deduce BN N = ),
which implies that (B, N,T) is a partition of {1,--- ,n}. If (x,s) € S(LCP),
we have by definition of B, N and T, that x; = 0,i ¢ B, and s; = 0,5 ¢ N;
the result follows.

O

We will say that the problem is in canonical form if N = (). A permutation
of components of z and s in NV can reduce the problem to this form. Note
that a problem in canonical form need not be in standard form!

We say that (LCP) satisfies the strict complementarity assumption if
T = (). In view or Lemma 20.7, this is equivalent to the existence of a strictly
complementary solution, i.e. an (Z,5) € S(LCP) such that Z; > 0 or 5; > 0,
for all i € {1,--- ,n}, or also T 4+ § > 0. In the case of linear optimization,
this hypothesis always holds (Goldman-Tucker Theorem 19.16).

20.2.5 Magnitudes in a Neighborhood of the Central Path

Let us start with a compactness result. Recall that (z, s) is an interior point
of (LCP) when (x,s) € F(LCP), z >0 and s > 0.

Theorem 20.8. Suppose (LCP) has an interior point. Then

(i) for all m > 0, the set {(x,s) € F(LCP); x"s <n} is bounded;
(ii) S(LCP) is nonempty and bounded.

Proof. (i) Call (&, 5) the interior point, and

B :=min{&;, §;,1 <1i,j <n}.

If (x,s) € F(LCP), we deduce from (z — 2)" (s — §) > 0 that
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n n
AT AT T AT 4
I6] Zwi—l—Zsj <zg's+sz<z' s+z's.
i=1 j=1

But 2 > 0 and s > 0, and hence, the set {(z,s) € F(LCP); z's < n} is
bounded.

(ii) Taking n = 0, it follows from (i) that S(LCP) is bounded. Let us show
that it is nonempty. Set

po=1inf{pu >0; 3I(z,s) € F(LCP); xs= uzs}.

Then 0 < it < 1, since from i = 1, the point (&, §) lies in the above set. From
(i), if pux | o and (2%, s%) € F(LOP) satisfies 2¥s* = p;#3, then (2%, s*)
is bounded, and therefore has a cluster point (z,5) € F(LCP) satisfying
75 = [if3.

If i = 0, then 5 = 0, hence (Z,5) € S(LCP). To show nonemptiness
of S(LCP) it therefore suffices to check that i cannot be positive. If so, we
would have £ > 0 and 5§ > 0. Apply the implicit function theorem to the
system

Ts = uIs,
{ Qx + Rs = h.
Its Jacobian with respect to (x, s) is invertible. Indeed, let (u, v) be a nonzero

element of the kernel:
su+ zv =0,
Qu+ Rv =0.

Dividing the first relation by 1/zs, and because (u,v) # 0, it follows that

oo () ()

this contradicts the monotonicity property implied by the second relation.
The implicit function theorem thus allows the local expression of (x,s) as a
function of u. In particular, the system has a solution in F'(LCP) for u-values
smaller than i, which is a contradiction.

O

We will say that n = d, where  and ¢ are two scalars, when n = O(d) and
0 =0(n). If x € R", we will say that x &~ § when x; = ¢, forall¢ € {1,--- ,n}.
The estimates of order of magnitude are understood for u close to 0. If y is
a vector, O(y) means O(||y||).

Lemma 20.9. Suppose that (LC'P) (in canonical form: N = () has an inte-
rior point. Let € > 0. If (z,s, 1) € N, then

:Z:Bxla SB =~ I, xT%\/ﬁa ST%\/E'
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Proof. From Theorem 20.8 and Lemma20.7, there exists (z,3) € S(LCP)
with Zp > 0. Let (x,s) € Ng; then (z — Z)" (s — 5) > 0. Since Z7 and 5 are
zero, we deduce T5sp < o' s < ¢ 'npu. Since Zp > 0, this implies sp = O(u).
But xs & p by definition of A, and = O(1) by Theorem 20.8, hence zp ~ 1
and sp = (.

There remains to show that z7 ~ ,/p and st ~ /i From Theorem 20.8,
there exists (z,35) € S(LCP). Then, since N = (),

@Qprp + Qrrr + Rs =h = QpTB,

hence
QT:,ET + Rs € R(QB)

Set 1 := |lzr| + ||s]|. If n = O(y/;), then 7 = O(/i) and st = O(\/11).
Since xrsT ~ u, the conclusion follows.

Otherwise, since xpsr = u, we have that the upper limit of {n/\/u},
when g | 0, is 400, the supremum being attained when p — 0. Let (ur,v)
be a cluster point of n~!(zr,s) corresponding to a sequence py | 0 such
that limny/pur = +o0o. Then (ur,v) # 0 and sp &~ p implies vp = 0, hence
(ur,vr) # 0. Passing to the limit in the relation

n_l(QTLL'T + RS) S R(QB>,

and since R(Q p) is closed, we obtain the relation

Qrur + Rv = —Qup

for a certain up. Let u be the vector formed by up and up. Let us show
that (z¢,5°%) := (z,8) + e(u,v) € S(LCP) if ¢ > 0 is small. Since (ur,v)
is nonnegative, this point lies in R’} x R’} (for € > 0 small enough) and
it satisfies the linear constraints. Moreover, 55 = 0. Finally, if ¢ € T, then
u; >0 = v; = 0 (because xpsr ~ p and limny /\/fir = 00); the converse is
also true, therefore urvr = 0, so

5 =e(@+eu)v=0.
We have shown (z¢,5°) € S(LCP). However, (T5,55) = £2(ur,vr) # 0,

which contradicts the definition of T'.
O

20.3 Vector Fields Associated with the Central Path

In what follows, we study algorithms solving the central path equations by
Newton’s method. We analyze here the vector fields associated with the dis-
placements in Newton’s method.



20.3 Vector Fields Associated with the Central Path 383
20.3.1 General Framework

Let us analyze the directions obtained by linearizing the central path equation
at a point (z,s,u) of R | X R} X Ry :

s = pl

Qx+ Rs = h.
Said otherwise, let us compute the displacement used in Newton’s method.
We will call

w:= (z, 8, @)
the current point, supposed feasible. We aim at a new value of p with value

Y, v € [0,1]. Denoting by (u,v) the displacement, the linearization at
(x,s) € F(LCP) writes:

{su—l—xv:wﬂ—xs, (20.7)

Qu+ Rs = 0.

We will speak of centralization direction when we aim at the same p (then
v =1) and of affine direction when v = 0 (maximal reduction of u). These
directions are therefore defined by

su€ + xv¢ = pl — xs, su® + zv® = —xs,
Qu°+ Rv® =0, Qu® + Rv® = 0.
‘We note the relation
u=yu’+ (1 —7y)u,

a

v ="+ (1 — )

20.3.2 Scaling the Problem

In the remainder of this chapter except otherwise stated, we use the canonical
form N = (. We assume (x,s) € N,. Set

- o B

Note that dp ~ 1/\/p and dr ~ 1 (Lemma20.9) and ¢ ~ 1 (¢ = 1 on
the central path). We scale the problem by multiplying the first equation of

(20.7) by 1/+/xs, hence

d™ u+dv = \Ju(yo~" = ¢),
{ Qu+ Rv = 0. (208)

Set D = diag(d). The first equation suggests to consider the change of vari-
ables

w:=d u, v := dv, Q:=QD, R:=RD™!, (20.9)
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which corresponds to a change of variables in the (z, s)-space, mapping the
current points  and s onto the same image

T=d 'z =\rs=ds=5.
We obtain the scaled equations

i+7 = /(o' = 9),
{Qﬂ+ . (20.10)

Ry =0,

and @'9 > 0 when %, satisfies the second relation of (20.10). This for-
mulation allows a first estimate of the magnitude of the components of the
directions:

Lemma 20.10. Let (x, s, ) € Ne. The solution of equation (20.10) satisfies

u=0(yp); up=0(); ur=0(/p);
v=0(yR); ve=0(); vr=0(/n).

Proof. From (20.10), we deduce
|all? + [1]1* + 22" = pllye~" = ¢]1* = O(w).

Since @'v = u'v > 0, it follows ||a| = O(/f) and [|v]| = O(,/R). Using
dp =~ 1/\/p and dr =~ 1, as well as v = du and v = d~'0, we obtain the
conclusion.

O

20.3.3 Analysis of the Directions

The following lemmas will be useful in the asymptotic analysis of the algo-
rithms, and will allow an accurate analysis of the affine direction. First, let
us show that the move of the large variables is interpreted as perturbing a
certain projection. This requires a preliminary lemma.

Lemma 20.11. If (u,v) is such that Qu + Rv = 0, then v € N(Q)* =
R(QT). Moreover, Qp denoting the columns of Q indeved in B:

vp € N(QB)" = R(Qp).

Proof. Take ' € N(Q). Then Q(u+u')+ Rv = 0, hence (u-+u") "v > 0. Since
u' is arbitrary in A(Q), this implies v'u’ = 0, i.e. v € N(Q)+ = R(QT).
In particular, let u/y be arbitrary in N (Qp). Set uf = 0. Then 0 = v v’ =
vpu'p, hence vg € N(Qp)t = R(QE).

|
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Define P4 4x to be the solution of the projection problem
Min ||z — z|*; Az+q =0,
and set Pax := P4 ox. It is easily checked (for example by writing the opti-
mality system of the projection problem) that
Py qx = Pax + Py 40.

Lemma 20.12. Let (z,s,pu) € Ne and (u,v) solve (20.10). Set z := Rv +
Qrur. Then

up = Pg, .(0V/iég') = WiPs, 05 + Pa, .0, (20.11)
up = 1/ids Py, 65 + O/i) = 0() + OV, (20.12)

If, in addition, T = (), then
u=y/pdPs¢~" +O0(n) = O(y) + O(p). (20.13)

In particular, u® = O(p) if T =0, and u® = O(\/i) in the general case.
Proof. The optimality conditions of the least-square problem

hg;nél\ﬂB —vuop'll?  Qpup +z=0, (*)
are

up —7V/ies' € R(Qp); Qpiup+z=0.

The second relation is obviously satisfied. In order to check the first one, note
that from (20.10),

up —YHi$p = —/Hbp — Up.

By the previous lemma, vg € R(QJ); therefore o5 € R(Q}). Moreover,
let (z*,5*) € S(LCP). Then 0 = Q(x — z*) + R(s — s*), hence R(Qf) >
(s —s*)p = sp. It follows ¢p = dpsp/u € R(Qg) Problem (x) is therefore
solved by @p, and (20.11) follows.

Now let us show that dpPp, .0 = O(||z||). Indeed, let Q5 be a right
inverse of @ p: a linear mapping from R(Qp) to R™ such that QpQzy =y,
Vy € R(Qp). Then Qp(D5'Qz2) = z, hence

1P, -0l < || = D' Qpzll < IDE QB2 = O(allzl). (=)

Since dp = O(1/y/;t), we do have dpPp, .0 = O(||z|). Combining with
(20.11), we obtain

up = dpip = v/udpPg, 05" + O(|2]).

The conclusion is obtained by noting that, from Lemma 20.10, z = Rv = O(u)
if T'=0, and z = Rv + Qrur = O(\/n) otherwise.
O



386 20 Linear Monotone Complementarity and Associated Vector Fields

Lemma 20.13. Take (z,s, ) € N, and let (z*, s*) be the element of S(LCP)
closest to (x,s) (for the Euclidean norm). Then

(x*,s%) = (x,s) + O(VI). (20.14)
If strict complementarity holds, then
(x*,s%) = (x,8) + O(p). (20.15)

Proof. One can check that, for u small enough, the projection of (x,s) onto
S(LCP) coincides with the projection onto

Vi={(z,s) eR" xp=0; s=0; Qz=h}.
Indeed, let (z*, s*) be the projection of (x,s) onto V. Then the amount
(@7,8") = (z,5) = O(||lzz[| + [Is]) (%)

converges towards 0 when p | 0, while g ~ 1; hence 23 ~ 1, which allows
to check (x*,s*) € S(LCP). Because S(LCP) C V it is clear that (x*,s*)
is the projection of (x,s) onto S(LCP). The conclusion is deduced from ()
and from Lemma 20.9.

O
The next theorem estimates the result of an affine move.
Theorem 20.14. Let (x,s, 1) € N.. Then
(1) If strict complementarity holds, then
s+v% = O0(u?). (20.16)
(ii) If, on the contrary, T # 0, then
sp+ v =0(u*?) (20.17)
and
zp +2uf = O/, sp+ 209 = O(u®/4). (20.18)
Proof. From the affine step equation, we deduce s+ v* = —sz~'u®. Combin-

ing with Lemma20.9, it follows that sp + v = O(ul|u®||). We then obtain
(20.16)—(20.17) with Lemma 20.12.

Now let us establish (20.18). Call (xf, s?) the point obtained after a move
twice as long as the affine direction:

=2+ 2u% s i=s+ 20

Let (2*,s*) be the point of S(LCP) closest to (x,s). Then, from Lem-
mas 20.10, 20.12 and 20.13,
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(a*,s) = (&', N < [I(z*,s%) = (2, 8)|| +2]|(u,0)[| = O(V/R).
But Q(x! —2*) + Rs’ =0, hence (zf —2*)Ts! >0, i.e.
(e1) " (s7) 2 (2 — 255) T s = O(U*?). ()
Now
d7ra! +ds! =dre + ds + 2(d"u® + dv?) = 2y/zs — 2v/zs = 0.
As a result, for all i € {1,--- ,n} we have

0= (d'a! +dish)?* > 2als!, (x%)
and the relation 0 > x!s! > (2£)T (s}) > O(u%/?), for all i € T, follows from
(*). Combining with (xx), we have for alli € T

(di ') + (dis])? = —2a{s] = O(u*"?).

Since dr ~ 1, we deduce (z!)%+(s])? = O(%/?), and the conclusion follows.

O
Remark 20.15. The affine move does not preserve positivity of variables in
general: (z + u®)(s + v%) = u®v® has no reason to be positive. O

20.3.4 Modified Field

Theorem 20.14 shows that, if T" is empty, the affine move yields a new point
very close to S(LCP). In fact, take again the proof of Lemma 20.13: we see
that the estimate of the distance to S(LCP) passes from O(u) to O(]|s +
v?||) = O(?). On the other hand, if T # (), the estimate of the distance
remains ,/p: this is due to the components of = and s in T" which, because
(zr,s7) ~ /11, are roughly divided by 2 (for small x). We will see how to
construct a modified field which, added to the affine field, yields a point closer
to S(LCP). This field uses explicitly the set T', which is of course unknown.
Let us check that it is possible to construct an estimate of 7', which is exact
for p small enough. The following lemma does not require N = ().

Lemma 20.16. (i) For (z,s,u) € Ne and p | 0, we have

ul/z; — 0 and vi/s; — —1, Vi€ B,
ul/x; — =1  andvd/s; — 0, Vi e N,
ul/x; — —1/2 and v{/s; — —1/2, Vi€ T.

(ii) Let T'(x, s, ) be the estimate of T defined as follows:

T(x,s,p) == {i=1,---,n; wuf/w;e[-3,—1] and vi/sie -3, —

N
[
——

Then T(x, s, 1) =T if (z,s, 1) € Ne and p is small enough.
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Proof. Tt suffices to consider the case N = 0, T # . Combining Lem-
mas 20.9, 20.12 and Theorem 20.14, we get

zp ~1land up = O(Vp) = up/rp = O(/1),
sp~pand sg 4+ vh = O0(u?) = vy /sp = -1+ O(V7),
xr = /i and 27 + 2ub = O(p*/*) = ub /o = -1+ O(u'"),
and an estimate similar to the last one holds for v$./sr, hence (i); as for (ii),

it is an immediate consequence of (i).
g

For M C {1,---,n}, let us introduce the modified field (u™,v™) defined
as solving
suM —l—va = —TpmSM,
QuM + RoM = 0.

Here s (resp. syr) is the extension to R™ of the restriction of x (resp. s) to
M ; said otherwise

(@rr)i = (sm)i =0, 1€ M;  (xam)i = x4, (Sm)i =83, 1 € M.

If M = (), then x5 = sp; = 0 and the modified field is zero. In the general

case, we will see that, when M = T, then (u}!,v2!) is close to —%(xT, sT),

while v} and v} are small enough to guarantee that the sum of the affine
and modified fields yield a move substantially closer to S(LCP).

Theorem 20.17. Let (z, s, ) € N and suppose M =T. Then
(i) the modified field has the following magnitude:

ug] :O(\/ﬁ)v ’U]];[ = O(:u'3/2>7 u%/[ = O(\//_L), Ué\! = O(\/ﬁ)v
(ii) there holds that
vr 4+ 2 = OGP, s+ 20 = O(¥/%),

Proof. Set @M := d~'u™ and 3 := dvM. Proceeding as in the proof of
Lemma 20.10, we first check that

uM =O0(/m); up=0(1); ur=O0(/p);
oM =0(y/n); ve=0(n); vr=O0(/h).

For M =T, we have with Lemma 20.11
uy = —vy € DpR(QE) = R(Qp)-

Using the technique of proof of Lemma 20.10, we deduce that up = Py, ,n0,
where zM = Qru}f + RvM = O(\/p), and that ||[u| = |dpul| =
O(y/p). Finally, from (su™ + zv™)p = 0 we deduce with Lemma20.10
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vM = —spu Jrp = O(u3/?); (i) follows. To prove (ii), we follow the proof
of Theorem 20.14. Set

el =z 420, s i=s+20M,

and let (z*,s*) be the point of S(LCP) closest to (x,s). By Lemma 20.13,
we have z* = x 4+ O(,/zt). From monotonicity,

0< (1‘1 —;L'*)T(SI _ S*) — (1‘1 —;L'*)TSI,

hence, with (20.14): (z5)Tsh. > (2% — 25)Tsh > O(1%/?). Because dy'ak +
drsk =0, we have

ldp ahl|? + [[drsh]® < —2(ah) T sk = O(u®/?).

With dr = 1, we deduce that x1. and si. are of order y*/4, hence the conclu-
sion.

O
Combining Theorems 20.14 and 20.17, we deduce
Corollary 20.18. Let (x,s, 1) € N.. The point
(#, 5%) = (2, 5) + (u®, 0%) + (M, M)
satisfies
dist ((z**, s%), S(LCP)) = O’ and (z)Ts% = O(u%/?).

Remark 20.19. The point thus obtained need not be feasible. In Chap. 21,
we will construct algorithms using the modified field, in which the sequence
of points is kept in a neighborhood of the central path. The new p is then of
order 1%/ only. O

20.4 Continuous Trajectories

20.4.1 Limit Points of Continuous Trajectories

This section is devoted to the differential equations associated with the vector
fields studied previously. We will see that it “suffices” to integrate these dif-
ferential equations to obtain, depending on the value of a control parameter
~(t), either a point on the central path, or a solution of (LC'P) whose distance
to the central path can be controlled. Of course, the numerical resolution of
the differential equation induces discretization errors which will have to be
coped with, to obtain an implementable algorithm; especially as one is inter-
ested by long steps, so as to converge more rapidly to a solution of (LCP).
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The whole difficulty of “discretized” algorithms studied below is precisely to
take these various aspects into account. Studying continuous trajectories is
therefore only a first approach, which gives a hint of what can be hoped for
from discrete algorithms.

So we study the differential equation

% (CL‘, SvM) = (u(ac, S), U(:L‘, 5)7 _(1 - 7)”) )
where (u(z, s), v(zx,s)) solves

su+xv = yul — s,
Qu+ Rv =0,

and ~ takes its values in [0, 1], as a function of (z,s, u,t) (smooth enough
so that the differential equation is well-defined). We will use the notation

Y(t) = y(x(t), s(t), u(t), ).
Proposition 20.20. There holds
(x5 — p1)(t) = e~ "(ws — u1)(0),

(= = 1)(t) = e o2 7(= —1)(0).

1 7

Proof. Using the derivative formulae of (z, s, 1), we obtain

i(gcs —p)t) =av+su+ (1 —y)p=—(xs — pul),

at
%(% — 1)) = —i(ws — 1) - IS;QMI% = (0~ 1)),

and the result follows.

Set - -
o = / (1—~()dt and cp = / ~(t)dt. (20.19)
0 0

Corollary 20.21. If ¢; < oo, then u(t) | poo := e 1u(0) and (x(t), s(t))
converges to the point of the central path associated with pso. If c1 = 0o, then
pu(t) 1 0.

The trajectories obtained by integrating the above system when v = 0
are called affine. When v = 1 we will speak of the centering trajectory. For
the affine trajectory, we obtain

z(t)s(t) = e '2(0)s(0) and p(t) = e u(0).

Let R be the vector space spanned by the components in B of the elements
of R (R is isomorphic to RIZ!). The logarithmic potential in R? is 7(z ) :=
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— > e logz;. We call analytic center of S(LCP), denoted by (z*,5*), the
point of components 5% =0, 7 = 5, = 0, and Z}; solving

g}\}/gIglOW(xB); Qpxp = h.

The above problem is convex, with a strictly convex objective; it has at most
one solution, characterized by the optimality system

Ty eRY Qpzp=h; Vr(Tp)=—(Tp) ' € R(Qp).

More generally, let n € R’ , be a weighting vector; the associated weighted
analytic center, solving

n
Min — S " n; log 2;: S
Min ;?m ogzi; Qprp=h,
7

is characterized by
vheRY; Qpal=h; ne(h)”t € R(Qp).

Theorem 20.22. Let co be defined by (20.19). Set

= e (% - 1) (0) + 1.

Then xp(t) — ', the weighted analytic center associated with n. In partic-
ular, if co = oo, then (x(t), s(t)) converges to the analytic center of S(LCP).

Proof. From Theorem 20.8, x(t) is bounded. Take a cluster point z* of x(t)
when g | 0: we know that 273, > 0 (Lemma20.9). Let dg € N(Qp). Set
d := (dp,dr = 0). Then, for § > 0 small enough, the point z(0) := z* + 0d
lies in S(LCP) and Q(x — z(f)) + Rs = 0, hence (z — z(A))'s > 0. By
Proposition 20.20, we have that (zs/pu — 1)(t) — e °2(as/p — 1)(0), and
hence, xs/u — 1, so that (z%) ™7 is a cluster point of sg/u. As a result, for
the subsequence corresponding to this cluster point x*,

0<lim(z—=z(0)s/p=1lim(zp —zp()) sp/u==0d" (%) n.

Since dp is arbitrary in N(Qp), we deduce (2%)~tn € N(Qp)*+ = R(Q}),
hence x5 = 2’} If ¢; = 0o, then 7 = 1, hence the result.
O

20.4.2 Developing Affine Trajectories and Directions

The next theorem expresses the development of the small variables and of
the affine field along an affine trajectory. It gives a motivation of the form of
line-search for modified-field algorithms to follow.
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Theorem 20.23. Let (xz, s, 1) lie on the affine trajectory of weight y = xs/u
and with end point (x¥,0,0); let (u®,v*) be the associated affine field. Then

(i) sp = pys(E%) ™" + o(u),
(i) v% = —pys (%)~ + o(w),

(iii) We have that
{.’,ET = \/,L_L:iT + O(ﬁ)v
ST = \/ﬁéT + 0(\//7)7

where (T, 8T) is the unique solution of
ir €RY,, s7 €RY drér =pyr; Qrir + Rrér € R(Qp). (20.20)
Moreover, set 3 := Qrir + Rpér and Q := QBYgl/QX%. Then
uly = iy 20+ o( i),
(iv) If T =0, set Z:= RY(XY)~'. Then u® = uY ~*/2X¥ P 0+ o).

Proof. Relation (i) is a consequence of the previous theorem and of the rela-
tion spxp = pyp; combined with Theorem 20.14, we deduce (ii).
Another consequence of (i) is that

dp = Vap/sp = (V5 &% + (1) Vi

Set d := \/uzp/sp = Vidp and z := Rs+Qrxr. Then d= YB_l/Qx%—i—o(l).
From Lemma 20.12, we have

a = —1/2
uh = DpPosps.0=DFPo,p.0=Y5 *X}P, o vag, 0+o(l2l]). (+)

If T=0, then z = Rs = uRYg(z¥)~* + o(p), hence (iv).

Let us prove (iii). From Lemma 20.9 we know that xr ~ /i and s7 ~ /[,
hence (27, s7)/\/ft has at least one cluster point (27, 87) and Z7 > 0, 37 > 0.
Passing to the limit in

T ST

ﬁ X \/_ﬁ =vy; Qrazr+ Rrst = —Qprp — Rpsp € R(Qp) + O(n),

we deduce that (Zr,$r) satisfies (20.20). There remains to show that the
solution of (20.20) is unique. Let (Z7, §7) be another solution; there exists
Zp,xp such that, completing the vectors § and § by 0 on sp, we have

Qi + Ré =0 = Qi + RS,

get 2437 + @487 < 2pullyr||:1. Substituting 57 = py(i;') and 7 = pyir',
we obtain
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EpYriph +EpYript <2) ui
€T
In particular, there exists ¢ € T such that &;y;/%; + Z;y:;/%; < 2y;, hence
Since, for positive o and 3, the function (a, 8) — «a/B+ 5/« is larger than
2, except if o = 3, we deduce recursively that £ = Zp, whence §p = sp,

which proves (20.20). Combining with (), we obtain the formula for u%.
O

20.4.3 Mizuno’s Lemma

The Lemma below will be used many times.

Lemma 20.24. (Mizuno [259]). Let u and v of R™ be such that u'v > 0.
Then

luv]] < —=llu+ o]

JJ
Proof. Take 3 and v in R. From (B +7)? = 82+ 26y++% = (B —7)* + 48y
we deduce Gy < - (ﬁ +v)2. Besides,

n 2 2
Huv”2 — Z uzvZ < ( Z uwz> + ( Z Ui%‘) .
i=1

u;v; >0 u;v; <0

3 T Y. 0y,
Since u ' v > 0, we have ‘ZquO uzvl| < Zum>0 u;v; and therefore

2 2
luv|? < 2( Z Ui'Ui) S2< Z i(u¢+vi)2> )

w;v; >0 u;v; >0

2+ v2)? = (fnuwn?)

<

hence the result.

20.5 Comments

With the book by Fiacco and McCormick [122], one can follow the history
of the approach by logarithmic penalty. The first attempts to minimize the
objective with a log-penalty used quasi-Newton methods (for unconstrained
problems), that were available in the sixties. In this approach, it is difficult
to control the accuracy with which the problem with p fixed must be solved.
Log-penalty methods were then abandoned, to the advantage of augmented
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Lagrangian algorithms (see Bertsekas [25]), and then of Newton-type meth-
ods, applied to the optimality system, that are presented in part IIT of this
book.

Linear complementarity problems, monotone or not, are discussed in Cot-
tle, Pang and Stone [91]. The asymptotic analysis of points and vector fields
in the large neighborhood is taken mainly from Monteiro and Tsuchiya [263],
Mizuno, Jarre and Stoer [260, 261]. Gonzaga [172] gives a good introduction
to the algorithmic consequences of the central path concept.
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21.1 Overview

Path-following algorithms take as direction of displacement the Newton di-
rection associated with the central-path equation. They use a parameter p,
measuring the violation of the complementarity conditions. The algorithm’s
complexity is evaluated by the number of operations necessary to compute
a point associated with the target measure po,. The measure of the initial
point is po, and we set L := log(o/pieo). The predictor-corrector method
performs at each iteration a restoration (centralization) step, followed by an
affine step.

In the case of the small neighborhood, the restoration step reduces by at
least a half the proximity measure, while the affine step reduces by a term
of the order 1/4/n the optimality measure, thus yielding a convergence in
O(y/nL) iterations. The asymptotic analysis shows that lim sup ppy1 /e <
1 — a'/?|T|71/4/2, where T is the set of indices for which strict comple-
mentarity is not satisfied, and « is the size of the neighborhood. Besides,
under the strict complementarity assumption, ux converges quadratically to
0. To obtain superlinear convergence in the general case, the modified field of
Chap. 20 can be used; the algorithm thus obtained satisfies pur11 = O(ILLZ/4).

Then we study a large-neighborhood algorithm. A centralization step of
order 1/n allows a reduction of the optimality measure u, during the affine
step, of a term of order 1/n. Convergence therefore holds in O(nL) iterations.
The asymptotic analysis is similar to that of the small-neighborhood algo-
rithm: convergence is quadratic under strict complementarity assumption,
and a modification of the algorithm using the modified field allows the state-
ment of an algorithm with the same complexity and superlinear convergence
of order 5/4.

It is worth mentioning that these algorithms are feasible: they assume
the knowledge of a feasible starting point, close to the central path. This
assumption is of course excessive, and we will see later how to cope with it.
This will involve technical complications, and it is preferable to avoid them
in a first step.
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21.2 Statement of the Methods

21.2.1 General Framework for Primal-Dual Algorithms

We consider the framework of the monotone complementarity problem

xzs =0,
Qr+ Rs = h, (LCP)
z>0,s5>0,

with w"v > 0 if Qu + Rv = 0. Newton’s method applied to the resolution of
the central-path equation

rs = ypul,
Qr+ Rs=h,

where v € [0, 1] is the reduction factor of u, and the current point is assumed
feasible, is, denoting by (u,v) the displacement:

{su—l—xv:wﬂ—xs, (21.1)

Qu+ Rs=0.

We will use the notation w := (z, s, u) and 6 > 0 will be the step in the

direction (u,v). We choose for the new value of 1 the quantity
py =1 —=0)p+0yu=p+6(y—1p=(1-0+6yu,
so that the new value of i equals the old one if v = 1, and equals yu if 6 = 1.
The new point is denoted by
wﬂ = (:Euv Sﬁa :u]i)a
with
2=z 4 u; st = s+ 0v.

For v =1 (resp. ¥ = 0), we obtain the centralization (resp. affine) displace-
ment, of equation

su® 4+ v = pl — s,
{ Qu° + Rv® =0, (21.2)
and
su® + xv®* = —uxs,
{ Qu* + Rv®* =0, (21.3)

and we denote by w€, w® the centralized and affine points obtained with
0=1:

we = (2°, 8% pe) = (& + u s +0° ),

w = (2, 8% pa) = (x + u®, s + 0%, 0).
The formula for uy can be written as

pg = (L= 0)p+0(ype + (1 —7)pa),
so that
w* = (1 — 0w + O(yw® + (1 — y)w?).
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21.2.2 Weighting After Displacement

The following formulae allow the evaluation of the centralization of the point
obtained after a Newton displacement, independently of the algorithm. We
have

(z + 0u) (s + Ov) = x5 + 0(su + xv) + 0%uw,
= (1 —0)zs + Oyul + 0*uv,
and therefore
ﬁ_l_(l—O)xs—FGvul—i—Qzuv 1-90 (xs_l)

1 - (1—6+67)p T T IS0+ 0y \ 1

+02

Hy
In particular, for the centralization step (v = 1, uy = p), and for the affine
step (v =0, pug = (1 —0)p), it gives

Cc,,C

L —1:(1-9)(5—1)+92“” :
H H H
a.a 92 a,,a
zs—lzﬁ—l—i— uv

Iz 2 1-6 pn

21.2.3 The Predictor-Corrector Method

The generic predictor-corrector algorithm uses a neighborhood of the central
path G, which can be for example V,, or N;. It simply consists in alternating
the centralization steps, so as to get closer to the central path, and the affine
steps in which ¢ is the largest step allowing to stay in G.

Algorithm 21.1. GPC (Generic Predictor-Corrector Algorithm)
Data: fioo > 0, (z%,5°% o) € G. k + 0.
REPEAT
o v —aF s s p— g
e Centralization: compute (u¢,v°) solving (21.2);
x(0) := x4+ 0u®, s(0) := s+ Hv°.
Compute 6¢ €]0, 1] such that (z(6¢), s(6°),u) € G.
x — x(0°), s — s(0°).
e Affine displacement: compute (u®,v®) solving (21.3);
x(0) ==z + 0u®, s(0) := s+ v, u(d) := (1 —0)u.
Compute 6%, the largest value in |0, 1[ such that
(x(0),s(0),u(0)) € G, VO e€[0,07.
oF L 2(0%), s 5(0%), prar — (1 — 0% k — k+ 1.
UNTIL pg < floo-
Remark 21.2. We stress the fact that the affine step is obtained by comput-
ing the affine direction at the point obtained after centering. Each iteration
therefore requires solving two linear systems, whose associated matrices are
different. O
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21.3 A small-Neighborhood Algorithm

21.3.1 Statement of the Algorithm. Main Result

The small-neighborhood algorithm is a particular instance of the above general
algorithm, in which we choose G = V,, with o < 1/2, and a centering step
equal to 1. Said otherwise:

Algorithm 21.3. PC (Predictor-Corrector Algorithm)
Data oo >0, @ € (0,1/2];  (2°,8% o) € Va3 k « 0.
REPEAT

oz —aF s s — g
e Centralization: compute (u¢,v°) solving (21.2);
T —x+ut s— s+ v
e Affine displacement: compute (u%, v®) solving (21.3);
x(0) := x4+ 0u®, s(0) := s+ v, u(d) := (1 —0)u.
Compute 6%, the largest value in ]0, 1[ such that
(x(0),s(6), 1(9)) € Vo, ¥ 8 €10,0.
P 2(09), s 5(0%), prg1 — (1 — 0% s k«— k+ 1.
UNTIL fig, < floo-

Theorem 21.4. (i) If poo > 0, set L = log(uo/ o). Then Algorithm PC
stops after at most O(\/nL) iterations (more precisely \/2n/aL iterations).
(ii) If poo = 0, then limsup pgy1/pr < 1 — o/2|T|71/4)2.

(iii) Suppose (LCP) has a strictly complementary solution. If pioo = 0, then
{pr} converges quadratically to 0.

This theorem will be proved later. The complexity estimate O(y/nL) is
the best known at present, even for linear programming. According to (ii), the
asymptotic speed can be slow if |T| is large. In case of linear programming,
T is empty: convergence is therefore quadratic.

21.3.2 Analysis of the Centralization Move

Combining formulae from §21.2.2 and Mizuno’s Lemma 20.24, an estimate of
the proximity measure after a centralization move is obtained. This estimate
shows that, if & < 1/2, the centralization move with #¢ = 1 reduces the
proximity measure from « to a/ V8.

Lemma 21.5. (i) Let w := (z,s, ) be such that (x,s) lies in the interior of
(LCP). Then

[[uv 7
x

¢ L1 s

(ii) Set a® = a/V/8. If §(w) < a < 1/2, then w® € V,e and
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1 1
S(w) < —=d(w)? < —=6(w).
(1) < Jdw)? < Jed(w)
Moreover, (z + 0u, s+ 0v, u) € V, for all 6 € [0,1].

Proof. Dividing the equation su® + xv® = ul — zs by /s, get

s/xu + \Jx/sv¢ = L

NGT

But (\/gu)T (\/?J) = (uf) "v® > 0. Hence, with Lemma 20.24,
A E) (Bl s lE -

<z sl -5
which proves (i). If 6(w) < 1/2, then % >1-6(w) > 1/2, hence || £ H
and §(w®) < 6(w)?/v2 < 8(w)/V8.

It remains to prove that, if 6(w) < 1/2, then 2¢ > 0 and s > 0. For this,
it suffices to check the last relation of the lemma. The centrality measure at
the new point w4+ (w® —w) is, in view of 21.2.2 and the relation just proved,

wor-fo-a 31w

Jute”l <(1-0)(w)+ U

1t V8
Bounding 62/+/8 from above by 6, we deduce that §(w®) < d(w) < 1/2.
Therefore

< (1-6)d(w )+92| S(w).

(z + 0uc)(s + Ov°) > g1, Vo € [0,1].

The left-hand side is a continuous function of 6 which, for § = 0, belongs
to R% . The inequality prevents each component from vanishing; we deduce
that, when 6 increases from 0 to 1, (z + 0u®)(s + 0v°) stays strictly positive.
Each term of the product therefore keeps the same + sign, as was to be

proved.
O

21.3.3 Analysis of the Affine Step and Global Convergence

The problem is now to determine a value as large as possible for the affine step
0. The condition to satisfy is 6% < «, knowing that the current step obtained
after centering has, in view of the above lemma, a proximity measure of at
most a/ V/8. The next lemma gives an estimate of ¢ allowing the polynomial
complexity of Theorem 21.4. (The complexity estimate comes from item (iii);
items (i) and (ii) will be useful for asymptotic analysis.)
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Lemma 21.6. Take (v, s, 1) € Vo2, with o <1/2. Then

. L (0%)? ap «a
a | < T ( > a o
O Jutotll < eTs/V8, ) T 2 graa () 00 2y/5

Proof. Apply Mizuno’s Lemma 20.24 to the inequality su®+zv® = —xs, after
the scaling obtained by dividing the preceding equation by /zs. It follows

that
\/Eua + \/gva = —Vxs.
T s
s T T
Since <\/gu“) <\/gv“) = (u®)Tv® > 0, with Lemma 20.24, we obtain:
a,.a S a T 1 2 1 T
u vt = —u —v < —||lvVas||* = —=x  s.
o= (2) ()] < -

Item (i) follows. Using the expression of 6% given in 21.2.2, we have

s 1+ 02 utl
I (1-0) n
o 0% ||lutv?||

<
-2 1-60 u

=t
I

02 |lu?|
1-60 p

5(1

The function §2/(1 — @) is nondecreasing in (0,1), and the condition for
acceptation is 0% < «, we therefore have

) ] o
1—0* u = 2
. a _1 o g
hence (ii). We have ||— —1|| < 5 < T hence z;s; < s and with (i)
o < gy < 2
uv —“—=n —
Qe 2
hence — > 2 Combining with (ii), we obtain (6*) > S >1/2,
[|utve| — ™ 1—6* " n

the conclusion follows (for & < 1/2 and n > 1). Otherwise, 1 — 0% > 1/2,
hence (6%)% > (1 — 9“)% > %7 hence (iii). _

Complezity Estimate of the Algorithm Lemma21.5 shows that the centering
step divides the proximity step by at least 1/2, which allows us to check
(Lemma 21.6) that the affine step is at least \/a/2n. From the formula of py,

we have
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—\ F
HEe < (1—\/%> Ho-

We will have that ui < poo as soon as

klog (1— \/3) +log 19 < 108 fioe,
2n
log<1—’/g)‘ zlogﬂ =1L
2n oo

But |log(1 — 8)| > Bif 3 € [0,1[, hence k = {/22L = O(y/nL) is (rounding
off to the least upper integer) an estimate larger to the number of iterations
of the algorithm.

k

21.3.4 Asymptotic Speed of Convergence

a) Consider first the case where strict complementarity holds. Lemmas 20.10
and 20.12 show that, under this assumption, we have that ©v® = O(n) and
v® = O(p). In view of Lemma 21.6(ii), since 8% < 1, we have that

1 ap

> )
1—6 = 2||uv®|]

and therefore )
pp = (1= 0" < —fJu"o"|| = O(p?),

which is the required result.
b) Consider now the case without strict complementarity. From Theo-
rem 20.14 and Lemmas 20.10 and 20.12, we have that

zr ~O0(Vi); st~ O(/n); up=0(/p); v =O0(w);

1 1
wp = —3%T + 0>y, ve = —5ST + O(u®Y).

As a result,
1
[uv®||* = [[ugof||* + ugogl® = EIIJJTSTII2 +0(u°?),

and therefore

O(u*'?)

1
== o(u?'?).
|xT5T||2) 4||$TST|| + (,U/ )

1
HuavaH = ZHxTST” (1 +

Since (z, s, 1) € Vq:
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lzrsrll _ ||zrsr)eo
p < . VIT| < (1 +a/2)\/|T).

Combining Lemma 21.6(ii) with the above two inequalities, we obtain

0 ap 27|
1—0¢ = 2lut®|| — (14 «/2)

+O0W?) > a|T|"Y2 + 0(u'/?). (21.4)
If 9 > 1/2, the conclusion follows, otherwise (1 — %) > 2/3, hence

(6)? = (1= 6")a|T| /2 4+ O(u'/?) = SITI7/% + O(u'?).

Then ppr1 = (1 — 0% < (1 —a2|T|7V4/2) py, + O(,ui/z), and the result
follows.

21.4 A Predictor-Corrector Algorithm
with Modified Field

21.4.1 Principle

If strict complementarity does not hold, the asymptotic speed of the small-
neighborhood predictor-corrector algorithm presented in the previous section
is after all rather low, especially if |T| is large (we have given only an upper
estimate of the convergence speed, but a lower estimate of the same order can
be found in Mizuno [260]). However, we have studied in Chap. 20 a modified
field (u™,vM) solving the linear system

QuM + RoM =0, (21.5)

{suM + oM = —TMSM,
In this equation M C {1,---,n} is an estimate of 7" computed by the al-
gorithm, and xps, sy is the restriction of z and s to M, identified to its
extension by 0 on the whole of R™. It has been established that, if x4 is small
and M = T, then the sum of the affine field and of the modified field allows
the computation of a point whose distance to S(LCP) is of order u*/* (while
the distance from the current point to S(LCP) is of order u'/?). However,
this modified field is useful only in a neighborhood of S(LCP). Close to the
starting point of the algorithm, it can produce a useless direction, and impair
convergence. To obtain an efficient implementable algorithm, it is therefore
necessary to conceive a mechanism to eliminate the influence of the modified
field if it does not produce an interesting direction, so as to preserve global
convergence, while ensuring a step close to 1 when approaching S(LCP). A
classical mechanism in such a situation consists in seeking the point along a
trajectory of the type
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((0),5(0)) := (x,5) + 0(u®,v") + (O) (™, 0™), (21.6)

where ¢ is a continuous function satisfying ¢(0) = ¢’(0) = 0 and ¢(1) = 1.
The usual choice is p(f) = 6%; however, the convergence analysis to follow
works with a specific choice of ¢ only, suggested by Theorem 20.23. One
checks in this latter result that, along the affine trajectory,

rp = \/pdr +o(y/pr) and sy = /st + o(\/1),
where Z7 and S are defined in this theorem. Let 6 be the step-value. Denote
by 2 and s? the values of = and s along the affine trajectory, associated with
the parameter pg := (1—6)u (not to be confused with x(6) and s(0); likewise,
the notations u?, v? should not be confused with the notations u(6) and v(6)
defined in (21.10)). Set

u(@) :=2% —x; v(d) =5 —s.

It would be ideal to compute a move (u, v) close to (u(f),v()). For this, we
will evaluate the quantity su(f) 4+ zv(6). Note first that

ur(0) =25 —axp = (V1 -0 —1)/uir +o(/p) = (V1 -0 — Dz + o(\/11),
and likewise
vr(0) == (V1—0—1)sp + o(\/1),
so that
ur(O)vr(0) = (V1 =0 — 1)2xzpsy + o(u).

Besides

su(0) + zv(0) = 2¥s% — s — (2% — 2)(s* — 5) = —0zs —u(O)v(H), (21.7)
and therefore

{ spup(f) + xpvp(8) = —0zs + o(p),
srur(9) +zpvr(0) = — (0 + (V1—0—1)%) zrsy + o(u).

Said otherwise
su(0) + zv(0) = O(su® + 2v*) + @(0) (su™ + 2v™) + o(p),
where (u™,vM) solves (21.5) with M = T and
e(0) == (V1—-0-1)> (21.8)

Note that ¢(0) = ¢’(0) = 0 and ¢(1) = 1. This suggests to search a point
along the path defined by (21.6), with ¢ as above. We set

fO)=1+V1-0)2 (21.9)
Then () := 62f(6), and (21.6) writes

(x(0),5(0)) := (z,s) + O(u?,0?)
(21.10)
(uf,0?) = (u®,v®) + 0f(0)(uM,vM).
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21.4.2 Statement of the Algorithm. Main Result

The predictor-corrector algorithm with modified field goes as follows:

Algorithm 21.7. PCM (Predictor-Corrector Algorithm, Modified Field)
Data: oo >0, a € (0,1/2]; (2%, 8%, o) € Vas; k < 0.
REPEAT

o w— wk.

e Centralization: compute (w°) solving (21.2); w «— w°®.

e Affine move: compute M. Compute (u®,v%) and (u solving
(21.3) and (21.5). Define x(0), s(6) by (21.10); u(0) := (1 — 9)p.
Compute 6%, the largest value in ]0, 1[ such that
(x(0),5(8), 1(9)) € Vo, ¥ 8 €10,0.
2R 2(07), sFT — 5(0%), ppyr — (1 — 0V up; k — k+ 1.

UNTIL fig, < floo-

M,UM)

Theorem 21.8. Let (z¥, 5%, i) be computed by Algorithm PCM, with M
obtained by the estimate in Lemma 20.16. Then

() If proo > 0, set L := log(uo/pieo). Algorithm PCM stops after at most
O(y\/nL) iterations (more precisely after at most 4\/n/alL iterations).

(i) If poo = 0, then the algorithm identifies the set T (i.e. we have M =T')

after finitely many iterations, and moreover fig+1 = O(ILLZM). If, in addition,
T =0, convergence of the sequence {u} is quadratic.

This theorem is proved below.

21.4.3 Complexity Analysis

We will show that the affine step ¢ is at least i\/ a/n at each iteration. Since
the centering step is the same as in Algorithm 21.3, we know that the point
obtained after centering lies in V, /5. Accordingly, let us study the affine step.
From (21.10)

z(0)s(0) = xs +0 (su’ + 20%) + 0?u’o? = (1 — 0)zs — 0 f(O)zarsas + 0%u0”.
As a result, setting pg := (1 — 0)u:

x(0)s(0) _ws B 02f(0) xars 62 uff
110 I (1-0) wu (1-0) p

Using f(6) < 1, and setting d := /x/s, we get with Mizuno’s Lemma 20.24

(21.11)

[u?o?| = |d™ u dv’|| < —=lld™ u’ + dv?|?,

oy
as
- % |~/ — 85 (8)yERrsa||” < % (Ivas + Ilvaarsarl)®,
< VeS|V,
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and hence,
0 2T
[l =Ts 5 (21.12)
[ [
In particular, since (z,s, 1) € V2, we have
[[uo’||

On the other hand,

oo )
lzar sl HUCMSMH / M| < (1+a/2) /|M| < Z\/ﬁ

I

If > 1/2, we obtain the result; otherwise, using (1 — )~ < 2if § < 1/2
and f(#) <1 for 6 € (0,1), we get with (21.11)

x(0)s(0) ! 0% (5 a 9
— -1 — 2 < — 0-.
o 2+1_9 4\/ﬁ+n_2+7n

o o 1 o
0% > [ — > =)=,
T V1l4n T4V n

21.4.4 Asymptotic Analysis

As a result

which was to be proved.

If T = (), then, after a finite number of iterations, M = @) by lemma 20.16, so
that the iterates are the same as those computed by algorithm PC. Therefore,
by theorem 21.4(iii), the quadratic convergence of {uy} towards 0 occurs.

It remains to deal with the case when T # (). Write f instead of f(6), and
note the key relation

f=30+ 0f)%.
In view of Lemma 20.10 and Theorems 20.14 and 20.17, when M = T' (which
is true for M large enough) we have

uf = U?ﬁ +O0(u**) = —gar + O(u*/);
ve = oM 4 O(pd/t) = —3s7+O(p 3/4),
lug ]l + lug || = (\/_); [ogll = O(u); [l || = O(??);
Therefore
ufv? = (u® + 0 fuM) (v 4 6 foM)
11+ 0f)zrsy + O(u*'*) = fersy + O(u®/*).
Combining with (21.11), we get

x(6)s(0) xs 1
AAPEICORN N A
16 I (1-10)
Since d(z, s, 1) < a/2, we deduce that (1—6)~*O(u*/*) > a/2, and therefore
pg = (1 —0)p < O(u®/*), which was to be proved.

<
Il

O(u/%). (21.13)
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21.5 A Large-Neighborhood Algorithm

21.5.1 Statement of the Algorithm. Main Result

As before, the algorithm alternates centering steps and affine moves. Unfor-
tunately, using large neighborhoods is no longer a guarantee that a centering
step with 8 = 1 does improve the centering. A stepsize must be computed,
to sufficiently re-enter N, so that the subsequent affine step is large enough.
The algorithm leaves a choice between computing the optimal stepsize and
estimating a simple suboptimal stepsize.

The statement of the following algorithm includes the choice at each it-
eration of a set M C {1,--- ,n} which approximates T. If M = (), the modi-
fied direction (u™,vM) vanishes and the move corresponds to the predictor-
corrector method without modified field. Otherwise, the search for the new
point is done on an arc as in the small-neighborhood algorithm. The distance
function in this section is computed using the norm ||z||s = max; |z;|. The
algorithm is stated as follows:

Algorithm 21.9. PCL (Predictor-Corrector in Large Neighborhood)
Data fioo > 0, £ € (0,1/2]; (2°,°, o) € Ne. 6 := (1 — £)e®V2/n. k «— 0.
REPEAT
o w wh.
e Centralization: compute w¢;
take either 6§ equal to 6, or to the solution of
1\6/[]ax dist(fw® + (1 — O)w, ONL); 0w+ (1 — 0w € N,
w — w + (1 — Qw
e Affine move: Choose M and compute (u?,v®) and (uM
(21.3) and (21.5). Define z(6), s(6) by (21.10).
Compute 6%, the largest value in ]0, 1[ such that
(x(0),5(0), (1 —0)u) € N, V0 €10,67.
R 2(0%), sF e 5(09), pper — (1 — 0V up; k — k+ 1.
UNTIL fig, < floo-

Theorem 21.10. Let (x*, s*, ux) be computed by Algorithm 21.7. Then

(i) If poo > 0, set L := log(po/ieo)- Algorithm PCL stops after at most
O(nL) iterations (more precisely Te~2nL iterations).

(i) If (LCP) has a strictly complementary solution, M = () at each iteration
and pg =0, then {ur} converges quadratically to 0.

(i) If poo = 0, and if M is the estimate of T of Lemma 20.16, then the
algorithm identifies the set T (i.e. M = T') after finitely many iterations,
and moreover i1 = O(ui“). If, in addition, T = (), then {ur} converges
quadratically to 0.

Remark 21.11. If one chooses M = () while T # (), an estimate of the
asymptotic speed can be given, of the type of that obtained in Theorem 21.4.
O

,vM) solving
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21.5.2 Analysis of the Centering Step

We will prove

Lemma 21.12. Let w € N and w® be the associated centering step. Set

_ 2
w? = 0w+ (1 — 0w and 6:=(1— 5)63%.
3
Then w® € N, and dist(w?,ON,) > s
Proof. From 21.2.2, we know that
ff CpyC
-1 (1—9)<——1>+92””.
o ! 7
Since w € N, we have
Cc,,C n ﬁ
((1—9)(5—1)—92M) 1<%
p oz
< ((1 ok 1) 4 o2 lv ”°°) 1,

and therefore

¢ #cH 1—6 (e
<g+<1_5>9_92m>1§ﬁ§(9+ +92||uv||oo>17
H ey € I

According to Lemma 21.5, we have

lucve]l o H Hl ws

1% \/—H _5\/—H

Since || uv|| oo < [|uv?||, it follows with (x)

62 st 1-0  nb®
<€+(1—€)9 o ) < <9+ +"—)1

< n
oo_ V8

e3V/8 o e S8
Set
. nh>? 1 nh>? nH?
A::mln((l—s)ﬁ—m,(s —1)9—m>:(1—€)0—m

If A >0, we have wf € N, and dist(w*, ON,) > A. The maximal value of A
is obtained for § = 6. Using ¢ < 1/2, we obtain

dist(wh, ON,) > %( Y2
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21.5.3 Analysis of the Affine Step

During the affine step, we have from (21.11), the relation f(8) <1, 8 € (0,1)
and the preceding lemma:

02 (IxMSMlloo |u9v9||00) S e

1-6 I + 1 ~ 8n’

Using (21.12) and the fact that (z, s, u) € N, we get

) T
leawsnrlee | 0l _ sl s g 1L VE B0
[ [ [ I € e " ¢
and therefore
62 et
> —.
1-0 = 24n2 ()

In particular, if < 1/2, we will have §2 > £%/48n2, hence 0 < £2/7n which is
2

indeed smaller than 1/2. We therefore have uj < (1— ;—)k 1o. The condition
n

2
€
e < oo is satisfied as soon as (1 — 7—)k < oo/ 10, which in turn is satisfied
n

when (barring roundoff)

log (10 / 10) L T -
> = —nlL
~ |log(1 —&2/Tn)| = &2/7n 2"

which was to be proved.

21.5.4 Asymptotic Convergence

The argument is completely similar to that of the predictor-corrector method
with small neighborhood. In fact, the relation (21.13) is valid in a large
neighborhood. With Lemma 21.12, we deduce that (1 — ) = O(u'/4), hence

py = (1= 0)u=O(u**).

21.6 Practical Aspects

The two non-trivial steps in the algorithm are the computation of the direc-
tion of move and the line-search. We have seen that the direction (u,v) solves
(21.1). In the case of a quadratic problem, solving this problem amounts to
computing (u,v,n), where 7 represents the variation of the multiplier, solving

{su+mv:7u1—xs, (21.15)

Au=0, Hu+ATn=v.

After scaling, we obtain (in the feasible case) the system



21.7 Comments 409

u+v=f,
{Auzo, Hi+ATn—v=0, (21.16)

with f := (yul —xs)/\/zs, A:= AD and H := DHD. Eliminating 7, we get
I+Hu+ATn=Ff,
{Aa - (21.17)

Then, eliminating @, we obtain the reduced system
AT+ H) 'ATp=AU+H)'f. (21.18)

One can thus solve the symmetric (but not positive definite) system (21.17),
which is equivalent to the quadratic problem

_ 1 _ _
Min f @+ 5aT(I + H)u; Aa =0,

or the reduced system. If the data A and H are sparse, then the system
(21.17) is sparse. Such is not always the case of the reduced system, and this
for two reasons. First, (I + H )~1 can be dense; however, in the case of linear
programming, and more generally if H is diagonal, this matrix is diagonal.
Then the matrix of the reduced system has the same sparsity as AAT. On
the other hand, AAT is dense as soon as A has at least one dense column.

The matrix AAT is positive definite if A has full rank. In this case, it
can be factorized by the Cholesky method. The factorization being stable
independently of the order of the pivots, this order can be chosen so as to
minimize the density of the Cholesky factor, by a “symbolic” factorization
which will be performed only once.

If A has full (almost) columns, then AAT is (almost) full. Therefore dense
columns of A are treated separately, through a recursive use of the Morrison-
Sherman-Woodbury formula, see Wright [366].

21.7 Comments

The first primal-dual methods, based on decreasing the primal-dual potential
qlogz s +m(z) + m(s)

with ¢ > 0 fixed, also have a complexity of O(y/nL) iterations, see Kojima et
al. [217]. The advantage of methods based on the concept of neighborhood is
to allow a fast asymptotic convergence.

The predictor-corrector method is due to Mizuno, Todd and Ye [262].
This is the first algorithm enjoying at the same time a complexity of O(y/nL)
iterations and a quadratic convergence. The large-neighborhood algorithm of
this chapter, including the modified field, seems to be new. An analysis of
the large-neighborhood algorithm, without modified field, but with possible
errors in the computation of directions, is presented in Bonnans, Pola and
Rebai [47]. The theory of modified field is stated in Mizuno [260], in the
non-feasible framework that we present in the next chapter.
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22.1 Overview

Let us study the resolution of the linear monotone complementarity problem
without assuming the knowledge of a starting point in a given neighborhood
of the central path. The algorithm is based on solving by Newton’s method
the central path equations, starting from a non-feasible point. Implementing
the algorithm is as simple as in the feasible case. Unfortunately, the com-
plexity estimate in small neighborhoods in now O(nL) iterations, compared
to O(y/nL) in the feasible case.

A large part of the analysis is similar to that of the feasible case. The
specific difficulties lie in the estimate of the affine step to obtain the desired
complexity.

22.2 Principle of the Non-Feasible Path Following

22.2.1 Non-Feasible Central Path
Recall the format of the monotone complementarity problem

s = 0,
Qr + Rs = h, (LCP)
x>0, s2>0,

where monotonicity is defined by the implication
Qu—|—Rv=O:>uTv > 0.

While it is in general impossible to obtain simply a feasible starting point
(and a fortiori close to the central path), we can always compute (2°,s°) €
R, x R%, and po > 0 such that 2°s® = pol. One can for example take
2% = po11 and s° = pg21, with po1 > 0 and pg2 > 0 such that gy oz = po-
Set

1
g:=—(h—Qz" — Rs").
Ho
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Then (2, 5%, po) lies in the perturbed central path associated with g, defined
by

CILCP) :={(z,s,pu) e R} xR} xRy y; xs =pl, Qr+Rs=h—pg}.

If we can construct a sequence of points close enough to the perturbed central
path, with ugx — 0, then every cluster point of this sequence solves (LCP).

The algorithmic family to be studied computes displacements via New-
ton’s method applied to the equation of the perturbed central path. Accord-
ingly the linear equation

Qr+ Rs=h—ug

will be satisfied at each iteration. Said otherwise, the sequence thus con-
structed will stay in the set

FI(LCP) :={(z,s,n) e R, xR} xRy ; Qx+ Rs=h—pug}

which plays the role of a feasible set perturbed by g. Then the proximity to
the perturbed central path can be measured, as in the feasible case, by

=1

oz, s, 1) = m

)

s '

and the small and large neighborhoods associated with the perturbed central
path will be defined as

VI = {(a:,s,u)ng(LCP); %—nga},
NE = {(x,s,,u) € FI(LCP); 1< % < él}

In this approach, infeasibility is reduced at the same speed as x " s, which

is of course arbitrary, these two quantities being of different natures. This
suggests an appropriate magnitude for po: in fact, if po; and po2 are of same
order, then if g | 0 we have ||g|| — oo (in general), while if po T oo, we have
llgll — 0. It seems therefore reasonable to choose pg1 and pg2 so that ug and
llg|| are of same order.

22.2.2 Directions of Move

The problem is to solve the system
rs = pl,
Qr+ Rs =h— g,

by a Newton method. We will denote by w := (z,s,u) the current point
satisfying the linear constraint. We aim at a new value of p equal to vyu,
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v € [0,1]. Newton’s method writes, linearizing at (x,s) € F9(LCP), and
denoting by (u,v) the displacement:

su+zv = yul —xs,
22.1
{QU+RS=(1—7)ug- (22.1)

We call 6 > 0 the step in the direction (u,v). The new point is
wh = (xﬁ7sﬁ,uﬁ); f =z 4 0u; st = s+ v, py = (1—0+0v)p.

The centering and affine steps are obtained by taking respectively v equal
to 1 and 0, and their equations are therefore

su’ + v = pul — xs,
{ Qu° + Rv¢ =0, (222)
su® + zv* = —zxs,
{ Qu® + Rv® = ug. (22.3)

The general case is obtained by convex combination of the preceding two
values. As in the feasible case, we obtain

wt = (1= 0w+ 0(yw + (1 = y)u?),

zhst 1 (1 —0)xs + Oypl + 0*uw

g a (1—0+6y)u
o 1-90 (ms 1)+02uv
S 1—0+40y \ p pe

As a result, for the centering step (6 = 1, v = 1, uy = p) and for the affine
step (y =0, py = (1 — 0)p), we obtain the same formulae as in the feasible

case

C a,,a

s¢ uv® x%s® s 6% u

=— T —1=—-1+

7 7 (1-0)u I 1-6

The analysis of the centering steps is strictly identical to that of the

feasible case. By contrast, the relation (u®)Tv® > 0 is destroyed, which sub-
stantially complicates the estimates of the affine step.

Before stating the algorithm, let us establish some properties of neighbor-

hoods of the perturbed central path.

x v

22.2.3 Orders of Magnitude of Approximately Centered Points

We start with a compactness result. We will say that (z°,s%) dominates
(2, s%) if 2° > 2* and s° > s*.
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Lemma 22.1. Take (z,s,1) and (2°,5% po) in N2, with u < po, and
(x*,s*) € S(LCP). Then

n _
2%+ 5720 < (u+ UO)E + % ((xO)Ts* + (SO)T:Z:*) .
0

If, in addition, (2°,s°) dominates (x*,s*), then
n
2%+ s 20 < 2up—.

€

Proof. Due to the invariance properties discussed in chapter 20, we can with-
out loss of generality assume N = (), and therefore s* = 0. Let (z, s, u) € NY.
Then

Q(por — pa’ — (po — p)a™) + Rpos — ps”) = 0.
The pair (@, R) being monotone, we deduce that

(nox — pa® — (po — p)a*) " (pos — ps®) = 0.

Using 27s < nu/e, (2°)7s% < npuo/e, s"o* >0 and p < o, we get

5% — (no — p)(pos — ps®) " a*,

n n *
< EM(%M + g/ﬁﬂo + ulpo — p)(s”) Ta*

ppo(aT 50 + Ta®) < pdaT s + ()

Dividing by pp10, we obtain the first relation (taking s* = 0 into account). If
(29, 5%) dominates (z*,s*), then

(20T s* + (°)Tz* = (s9)T2* < (s°) T2 < “Og'

Combining with the first part of the lemma, the conclusion follows.

It is convenient to disclose a couple (Z, §) such that
Qi+Ri=g. (22.4)
Lemma 22.2. If w = (x,s, 1) € N9, then
xp~1, spRpu, rr =\, ST R/

Proof. From Lemma 22.1, we know that z = O(1) and s = O(1). By definition
of N9, xs ~ u. Let (z*,s*) be a solution of (LC'P) such that 27 > 0. From

Qr + Rs+ pg = h = Qz*
and (22.4), we deduce

Q(x — x™ + puz) + R(s + ps) = 0.
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Therefore 0 < (z—z* +ui) " (s+pd), i.e., using again s = O(1) and z = O(1):

(25) sp=(2*)"s<aTs+ui's+ple—a*+pz)'s
=aTs+0(u) = O(p).

Since z%; > 0, we deduce that sp = O(u); but xp = O(1) and zpsp = O(u),
hence sp ~ p and zp ~ 1.
Proving the relations x7 ~ /p and s ~ /i is done as in the feasible
case (Lemma 20.9).
O

We now study orders of magnitude of the Newton direction. As with
feasible algorithms, the aim of the analysis is to obtain a formula allowing
the asymptotic evaluation of the size of the move and, in particular, that of
the affine move. Let us scale the system, as in the feasible case. For this, set

d—\/g,(b:,/%, w:=d'u, v:=dv, Q:=QD, R:=RD.

(22.5)
From the previous lemma and the definition of Y, we have dp ~ pl/2,
dr = 1 and ¢ ~ 1. Dividing the first equation by y/xs, we obtain the equation
of the scaled direction

u+0= /(o' —9),
{Qﬂ+ . (22.6)

22.2.4 Analysis of Directions

The next lemmas will allow us to analyze accurately the directions of dis-
placement. The two lemmas below estimate the size of the displacement and
interpret the displacement of large variables as a perturbation of a certain
projection.

Lemma 22.3. The Newton direction satisfies

(i) W= OWE); 7 =O(A),
(ii) vp =0(n); ur=0(/p), vr=0(/n).

Proof. Take (, §) satisfying (22.4). Set

Gi=1a—p(l—y)d 'z, 0:=10—pu(l—~)ds. (22.7)

By (22.6), we have that

at+v =7 = ¢) —u(l =) (d7E + ds) = O(y/p),
{Qﬁ+R@:0 (22.8)

Mizuno’s Lemma 20.24 implies @ = O(\/p) and © = O(\/), hence @ =
O(ym), v = O(y/pt) and
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vg = d]_gl’t_)B = O(,u), ur = drur = O(\/,L_L), v = d;lﬁT = O(\/,L_L),

which was to be proved.

Lemma 22.4. Let (%, 5) satisfying (22.4). Set z := Rv+Qrur. The solution
(u,v) of (22.1) satisfies

up = /1Py, (65" + idsss) + Pg, .0, (22.9)
up = y/dpPg, (65" + Vidsis) + O(/1). (22.10)

If, in addition, strict complementarity holds (T =), then
u =y /udPg(¢~" + \/1ud3) + O(p). (22.11)

In particular, u® = O(p) if T =0, and u® = O(\/i) in the general case.

Proof. Let us show (22.9). The optimality conditions of the least-squares
problem

hgjign%H@B — WhHoE — udpisll?; Qpip +2z =0,
are B B
QB—’}/\/E¢§1—MdB§B ER(Q;), QB’U,B—FZ:O.
The second relation is obviously satisfied. To check the first, take again the

variables (4, ?) defined in (22.7). From (22.8) and Lemma20.11, it follows
that 95 € R(Q}). From

{ﬂ+ 0= /py(¢™! + 1ds) — /(¢ + /1ds),

Qpup+ 2z =0,

we deduce that

ug = \/,L_LdBPQB (’y(d)gl + \/ﬁdB§B) — \/,L_L(qf)B + \/,L_LdB§B)) + dBPQB,zO-

Let us show that Py (¢p + (/mdsp) =0, i.e.

¢B + Vidpip € N(Qp)" = R(Qp). (22.12)
Since ¢/d = s/./f, this is just sp + uSp € R(Q}), which is a consequence of
Q(xz + p&) + R(s+ ps) = h € R(Q)

and of Lemma 20.11. This proves (22.9).

One can check that dg Py, ,0 = O(||z||) proceeding as in the feasible case
(Lemma 20.12). The conclusion then follows by combining (22.9) with the
above relation, and noting that, from Lemma 22.3, z = Ro = O(p) if T =0,
and z = Rv + Qrur = O(y/p) if not.

O
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Lemma 22.5. Take (z,s) € N and (z*, s*) be the element of S(LCP) clos-
est to (x,s) (for the Buclidean norm). If strict complementarity holds, then

(x*,s%) = (x,8) + O(p). (22.13)
In the general case, we have that

(z*,s") = (z,5) + O(\/ ). (22.14)

Proof. Proceeding as in the feasible case, check that for y small enough, the
projection of (z, s) onto (LCP) coincides with the projection onto

Vi={(z,5) € R" ;21 = 0; s = 0; Qz = h}.

We therefore have that (z*, s*)—(z, s) = O(||zr||+||s]|), hence the conclusion
follows with Lemma 22.2.
O

The next theorem gives an accurate estimate of the result of an affine
move.

Theorem 22.6. If strict complementarity holds, then
s+ = O0(u?). (22.15)
In the general case, we have that
sp+ 0% =0(u*?) (22.16)
and

rp +uf = 1o+ Oy s +uv§ = $sT+ O(u®/*). (22.17)

Proof. From the equation of the affine step, we deduce that s+v® = —sz~1u®.

Combining with Lemmas22.2 and 22.4, we get s + v% = O(u|lu%]), which
is of order p? if T = ), and p?/? if not; hence (22.15)-(22.16).
Now let us establish (22.17). Call (27, s?) the point twice as far as the
affine direction:
=2+ 2u% s i=s+ 20
Let (z*, s*) be the point of S(LCP) closest to (z, s). From Lemmas 22.3, 22.4
and 22.5,

Iz, s%) = (&', sHl < (@*, %) = (2, 8)[| + | (u®, 0| = O(V/R).
Supposing s* = 0, obtain

Q(x! —a* — pi) + R(s" — pus) =0,
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I —o* — ui) " (s! — pd) > 0, or equivalently

hence (z
(@] — o) sl > paTs! + us" (2 — 2 — ui) = O(u®/?),
and thus, using z7 = 0:
(@1) " (s7) = (a5 — 25) s + O(u*/?) = O(u*?).
We end the proof as in the feasible case: we have
d7lal +ds’ =d e +ds + 2(d"u® + dv?) = 2y/zs — 2y/zs = 0.

As a result, for all ¢ € I we have

0= (d'a! +dis})* > 22]s!, (x%)
and with (), 0 > x!s! > (24.) T (s}) > O(p?/?). Combining with (x*), we get

(A7 5] + (dis])? < —2als] = 0(i*/2),

Since dr ~ 1, we deduce that (z])? + (s/)? = O(u3/?) and the conclusion
follows.
(|

22.2.5 Modified Field

As in the feasible case, the affine displacement yields, if T = (), a new point
very close to S(LCP); while if T # (), the estimate of the distance remains
of order ,/p. Accordingly, we will build a modified field theory analogous to

that of the feasible case. Let T'(z, s, 1) be defined as follows:

T(z, S, ) = {z =1,...,n; ui/z; € [—%,—ﬂ and v{/s; € [—%,—ﬂ}.
2.

) (22.18)
We have T'(z, s, ) = T if (z,s,u) € N7 and p is small enough.
The modified field (u™,v™) is defined as solving
suM 4+ zoM = —TMSM,
{QuM + RvM =0, (22.19)

where z; and s are the restrictions to M of x and s, identified with their
extension by 0 to the whole of R™; said otherwise

(xpm)i=(sm)i =0, i & M; (xpr)i = xi, (Sm)i = 84, © € M.

Theorem 22.7. Assume M =T. Then:
(i) The modified field is of the following order:

uj\él =0(V/n), Ug = O(:u'3/2)7 uéV! = O(\/ﬁ)v ’Uév’[ =0(V/n).
(ii) We have that
vr+udl = or + O@S); sy + ol = Lor + O(YY),
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Proof. The proof is identical to that of the feasible case. Indeed, the latter
uses orders of the variables that are identical and the monotonicity relation
QuM 4+ RvM = 0, which still holds.

O

Combining Theorems 22.7 and 22.9, we deduce that the point
(%, %) i= (2, 8) + (u*,0") + (@M, 0M)

is at a distance from S(LCP) of order O(u?/4).

22.3 Non-Feasible Predictor-Corrector Algorithm

During the affine step, the new point is chosen on the path
(2(6),5(0)) = (x,s) + 0(u?,v%) (22.20)

with
(u,0%) = (u,0") + 6£(0)(u™, 0™),

where f(6) is defined by (21.9): f(#) = (1++/1 — 6) 2. As in the feasible case,
the algorithm alternates centering steps (6 = 1) with affine steps, in which 6
is the largest step staying inside the neighborhood of fixed size a €]0,1/2].
In other words:

Algorithm 22.8. IPC (Infeasible Predictor-Corrector Algorithm)
Data: peo > 0, a € (0,1/2]; wo := (2%, 5%, po) € V4. k — 0.
REPEAT

o w— wk.

e Centralization: compute w®; w «— w°.

e Affine step: choose M. Compute (u?,v*) and (u™,v™M) solving (22.3)
and (22.19). Define z(0), s(6) by (22.20); u(0) := (1 — 0)u.
Compute 6%, the largest value in ]0, 1[ such that
(x(0),s(6),1(9)) € VI, ¥ 8 €0,6.
oF L 2(0%), s 5(0%), prg1 — (1 — 0% pus; k«— k+ 1.

UNTIL fif; < fhoo-

Recall that the point (z°, s%) dominates a solution of (LCP) if there exists
(z*,s*) € S(LCP) such that 2° > z* and s > s*. This assumption is used
in the following theorem, while it was not required in the theory of feasible
algorithms.

Theorem 22.9. (i) If jioo > 0, set L :=log(po/ oo ). If (2°,5°) dominates a
solution of (LCP), then Algorithm TPC stops after at most O(nL) iterations
(more precisely 24a~'/?nL iterations).

(ii) If proo = 0 and M is the estimate T stated in (22.18), then the algorithm
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identifies the set T after finitely many iterations (i.e. M =T ), and moreover
5/4

ier = O(ui)

quadratic.

(iil) If poo =0 and T =0, and if M = 0 at each iteration, then convergence

of ur to 0 is quadratic.

. 1If, in addition, T = (), convergence of the sequence {p} is

This theorem will be proved below.

22.3.1 Complexity Analysis

The centering step being the same as in the feasible case, we have that
1
Lemma 22.10. If 6(w) < 1/2, then w® € VI and 6(w®) < 55(11))

To study global convergence, it is necessary to estimate the size of the
Newton displacement, and in particular of the product u®v®. The relation
(u®)Tv® > 0 needs no longer hold, it is therefore necessary to start the
analysis from the beginning. A first result in this direction is as follows.

Lemma 22.11. Let (@, 9) solve
a+9=f; Qu+Rvo=g,
and T, 8 be such that QT + Rs = g. Then
all < A+ 1zl + sl
o] < LA+ 120+ 113]]-
Proof. (i) Let us first check the result when g = 0; then %% > 0 so
IF117 = lla+ ol = lall® + o],

hence ||a|| < || f]| and ||9|| < ||f]|, which implies the conclusion.

1) Now we pass to the general case. Let (u*,v"), (u°,v) and (u”,v°) solve
i) N h 1 L 1,1 2,2 d 3 ,,3 1

{uhmﬂ:i {u”+#=§, {W+vﬁzﬂ

Qu' + Rv' =0, Qu? + Rv? =0, Qu? + Rv® = 0.
Set
i=10— (T —u —u?+ud);
=0 —(§—vt —0v24+03);
Then

a+9=0,
Qi+ Ri =0,

hence @ = 0, so that
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1

=F—ul'—u+ud =0t

—u2—|—u3.

¢

Combining with (i) applied to an upper bound of the norm of v!, u? and u?,
get
lall < ot + [l + 1l < LI+ 121+ 1311,

and similarly for .
O

In the lemma below, we use the absolute value of a vector: this is the
vector formed with absolute values of components.
Lemma 22.12. Let (Z,5) satisfy Q% + RS = g, and (x,s,pu) € N9. Then
[’ vell

I

If, in addition, (2°, 5%, uo) € N9 dominates a solution of (LCP), and u < po,
then

(1) (2x/_+wT| [+ sT12))"

0,,0 2
(ii) R L

1 g3 ~ 3n

= d 'l = d " (u® + 0f(0)u™),
o = dv?  =dw* 4 0f(H)v™M).
Then

{u + 7 :—\/——ef( )T 5M s
QDw’ + RD~ 1'% = g,

and QD (ud='%) + RD~Y(uds) = pg. Lemma 22.2 implies

@)l < [IVas + 6f(0)v/aarsarll + ulld & + pl|d3]|.

Let us estimate the terms in the right-hand side. We have

IVas +0(0)yansar| < 2Vas| = 2VaTs < 2¢/np/e.

\f ||sw||<f sl = [sw,

and likewise p|d3|| < \/E:Z:T|§|, hence

_ 1% ~ -
@) < /= @2vn+a'|3 +s|7]);
g

Writing a similar inequality for ||v?]], it gives

ulld"E| = u‘

e e e L T

I u‘u

(2\/_+xT| |+5T|x|) ,
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hence (i). Now, from Qx° + Rs® = h — pog = Qx* — pog, we conclude that

(R ()
Ho Ho

—2%), =s)/ 1.

), we get with Lemma 22.1

We can therefore take (Z,§) = ((z*
Then, if (2°,s°) dominates (z*, s*

|8+ 572 < (78" + 5720 /o < 22,
5
and with (i)

16n
23

UGUG n
[[u"o"

= v+ ) <

Formula (21.11) is still valid; hence, using V, C N, for e =1 — a:

H0s0) [0, 6 (M) et
(1—0)u T2 1-9¢ p po)’
a 62 Vn 16n?
< =
_2+1—9<1—a+(1—a)3>’

and therefore if 0% > 1/2

2 —1
(9a)2 > % (1\/ﬁ n 16n )3) > % « 1

—a (-«

Ja

th >t
so that 6 2 otn
O

From the above lemma, and more precisely the lower estimate on 6, we
deduce that the algorithm converges in O(nL) iterations.

22.3.2 Asymptotic Analysis

The analysis is identical to the one of the feasible case (see 21.4.4).

22.4 Comments

The results presented here are due to Mizuno, Jarre and Stoer [261, 260].
Let us also mention the approaches by Bonnans and Potra [48], Potra [287],
Wright [364, 365], and Zhang [375].

The complexity theory presented in Chap.25 gives a means to estimate
the order of the solutions of (LC'P). In practice, it is hard to know whether
the initial point dominates a solution.
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A large-neighborhood non-feasible algorithm of complexity O(n®/2L) is
presented in Bonnans, Pola, and Rebal [47]. This reference gives bounds on
the accuracy with which the directions are computed to preserve the same
complexity, and if there exists a strictly complementary solution, to obtain a
given asymptotic convergence rate.
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23.1 Overview

A linear problem is said to be self-dual if it coincides with its dual. For
example, the problem

Minec'z; Ax4+¢>0, >0,

zER™
where A is n X n skew-symmetric, is self-dual. The interest of the family
of self-dual problems is that one can embed any linear problem into a self-
dual problem for which one knows a point on the central path. Moreover,
computing a strictly complementary solution (of the self-dual problem) allows
one either to show that the original problem has no solution, or to compute
simply a solution.

Furthermore, solving the self-dual problem by a path-following method is
performed by solving linear systems of the same size as those obtained by a
direct resolution of the original problem. Roughly speaking, self-duality thus
allows a reduction to the case where a point of the central path is known. In
particular, complexity is O(y/nL). The numerical performances obtained by
this process are very competitive. We present first the theory for problems
with linear inequalities, and then problems in standard form.

In the case of linear complementarity problems, there also exists a theory
of embedding into a problem for which an interior point is known. This theory,
slightly more complex than the one of linear programming, allows also an
O(y/nL) complexity estimate.

23.2 Linear Problems with Inequality Constraints

23.2.1 A Family of Self-Dual Linear Problems
Consider the following problem, where A is a p X n matrix:

M}%@n CTQE; Az >b; = >0.
reR™

The associated Lagrangian is
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ety (b—Ax) — s,

where y € RY. and s € R} are the multipliers associated with the constraints.
The dual is therefore

Maxb'y; c¢c—ATy=s y>0,s5>0,
Y,8

or, eliminating the variable s,

Maxb'y; —ATy+c>0; y>0.
Y

Since maximizing b 'y is equivalent to minimizing —b 'y, the primal and
dual formulations coincide if

b=—cand A=—AT,

in other words cost and right-hand side are opposite and the constraint matrix
is skew-symmetric. In this case we will say that the linear problem is self-dual.
For future reference, the self-dual problem will be written

Miné'#; Az +é>0; >0, (AD)

with A skew-symmetric.

The following lemma shows a very important property: a sel-dual linear
problem is equivalent to a monotone complementarity problem in standard
form, which has the same dimensions as the starting problem.

Lemma 23.1. The self-dual problem (AD) satisfies the following properties:
(i) Either v(AD) =0, or v(AD) = +o0,

(ii) & solves (AD) if and only if, for some § € R™, (&,8) solves the linear
monotone complementarity problem

£8=0; >0, §>0; §=Ai+e (23.1)

Proof. (i) If v(AD) < oo, then (AD) is feasible; therefore its dual is feasible

as well. From Corollary 19.13, their values are finite and equal. By self-duality,
these values are opposite, hence v(AD) = 0.

(ii) If £ > 0 and § > 0, £§ = 0 is equivalent to 27§ =0. Eliminating

§ = A% + ¢é, the linear complementarity problem (23.1) is thus equivalent to

i (Ai4¢é)=0; >0, Az+¢>0.
Since A is skew-symmetric, this is in turn
iTe=0,2>0, At +¢&>0.

We have seen that if (AD) is feasible, v(AD) = 0. Hence = € S(AD) if
and only if ¢"2 = 0 and x € F(AD), wich amounts to the above relation.
To finish, let us check that (23.1) is monotone: if v = Au, then v u =
uT Au = 0.
(|
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Remark 23.2.If ¢ > 0, then # := 0 is feasible and ¢'Z = 0, hence
v(AD) = 0 and S(AD) contains 0. However, computing a strictly comple-
mentary solution is not trivial and we will see later that this is the type of
solution that is interesting. [l

23.2.2 Embedding in a Self-Dual Problem
Take again a general linear problem, written in the following format:

Mine'z; Az >b, >0 (LP)

x

where A is p X n, as well as the dual problem which is

Maxb'y; ATy<ec y=>0.
Yy

We know that (x,y) is a primal-dual solution if and only if z is feasible
for the primal, y for the dual, and b'y > ¢"x. In other words, (z,y) solves
the system

Az — b7 >0,
— ATy + cT >0,
bTy o >0,

yeRY, =zeR}, 7eRy.

when 7 = 1. If this homogeneous system has a solution (x,y,7) with z > 0,
y >0 and 7 > 0, then (z/7,y/7) is a primal-dual solution of (LP).

Let us formulate a problem close to the previous one, but for which we
have a feasible point. This new problem has now an auxiliary variable 6,
introduced as follows. Let (2°,1°, s, u) satisfy:

?eRY,, S"eRY,, P eRE W ERE
with which we associate the parameters (¢, b, a, 3) defined as follows:
b:i=b— Az’ +u’, c:=c— ATy’ =5 a:=cTa® —bTy" +1,
Bi=a+bTy’ —cTa®+1= (") Tul + () "s" +2 > 0.

The interpretation of these variables is the following:
20,140 estimates the primal-dual solution,
u?, s¥ estimates the gap (Az° — b, ATy? —¢).
Note that _
if 20 is feasible for the primal: s = A2° — b = b =0,
if 49 is feasible for the dual: u® =c— ATy = ¢=0.

Consider the linear problem
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Ax + bh —br > 0,
- ATy —cf +er > 0,
Min j0; —bly +c'x —ar > -4,
y,z,0,7 T T
b'y —c'x + o > 0,
y e R, z € RY, beR,, T€eR,.

(AD)
Its constraint matrix is skew-symmetric and its positive cost is opposite
to the right-hand side term. It is therefore self-dual and has 0 value. Besides,
the point
(°,2°,6° :=1,7° := 1)

is feasible for (AD). Incidentally, note that we obtain the format (AD), by
setting

0 A b —b y 0

A -AT 0 —¢ ¢ .= . |0
Tl T & o—alr T lelr T g
bT —¢” a 0 T 0

Taking (2%, 4%, u%, s°) with all components equal to 1, the point (&,3) is
therefore on the central path of problem (23.1), associated with u® = 1.
The problem can therefore be solved by a feasible path-following algorithm,
applied to problem (23.1), of the type described in Chap. 21, which converges
in O(y/nL) iterations. There remains to know how to use the solution thus
obtained.

Lemma 23.3. Let (7,7,0,7) solve (AD). Then 6 = 0. Besides:

(i) If 7> 0, then (T/7,5/7) is a primal-dual solution of (LP).

(i) If 7 = 0 and if (§,7,0,7) is strictly complementary, then by > 0 or
c¢'Z < 0 (or both). In the first case, the primal problem is infeasible. In the
second, the dual is infeasible.

Proof. From v(AD) = 0 = 30 and 8 > 0, we deduce that § = 0. If 7 > 0,
set (y*,2*) := (7,7)/7. Reviewing one by one the constraints of (AD), we
obtain

Ax* —b > 0 primal feasibility,

—ATy* + ¢ > 0 dual feasibility,

bTy* —c"x > 0 dual larger than primal cost.

This implies that (z*,y*) is a primal-dual solution of the original problem.
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On the other hand, if 7 = 0, it holds that
Az >0; —ATg>0; blg=>c'a,

and the last inequality is strict for a strictly complementary solution (for it
is associated with the variable 7 = 0). Then b'§ > 0 or ¢ Z < 0. In the first
case, from —AT§ > 0 and b'§ > 0 we deduce that the primal is infeasible
(if = is primal-feasible, then 2 > 0 and Az > b, hence 0 < b’y < (Az) Ty <
xT ATy <0, a contradiction). In the second case, the dual is infeasible.

([l

In summary, computing a strictly complementary solution of (AD) allows
us either to compute a solution of the original problem, if there is one, (indeed
it is not difficult to check that this solution is itself strictly complementary
for the original problem) or to conclude that the primal and/or the dual is
infeasible.

23.3 Linear Problems in Standard Form

Now we present a theory, similar though slightly more complex, which applies
to problems in standard form.

23.3.1 The Associated Self-Dual Homogeneous System
With the problem in standard form

M]}Qn cle; Ar=b;, >0 (LP)
TER™

associate the Lagrangian
e — AT (Az —b)
which gives birth to the dual problem

Maxb'\; —ATA+c¢>0. (LD)
AERP
We have seen in Chap.19 that, if x € F(LP) and A € F(LD), then
c'x > b\, with equality if and only if + € S(LP) and A € S(LD). Comput-
ing a primal-dual solution therefore amounts to solving the problem: to find
(x,A) € R} x RP such that

Axr —b=0,
—AT) +c>0,
b —cTx > 0.
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The above problem can be considered as a linear optimization problem
with O cost. In contrast to the previous situations, the system mixes equality
and inequality constraints. Let us homogenize it by introducing a variable
T>0:

Ax —br =0,
. —AT) + e >0,
Min 0, bT)\ . CT{E Z 0. (LH)

Az, 7) e RP X R x Ry
Note that the associated matrix is skew-symmetric.

Lemma 23.4. Problem (LH) is self-dual, and v(LH) = 0. If (Z,\,7) is a
strictly complementary solution of (LH), then

(i) If 7 > 0, the point (Z/7,\/7) is a primal-dual solution of (LP).

(ii) If 7 = 0, then at least one of the two properties below is satisfied: either
b" X > 0 and (LP) is infeasible, or ¢’z < 0 and (LD) is infeasible.

Proof. Associate with (LH) the Lagrangian (note the sign convention for y)
—y (A —br) —s (AT A4 ¢er) —v(b'A—c'2).

The resulting dual problem writes

As —bv =0,
. —ATy +cv > 0,
Mln 0, bTy —CTS Z O (LH)

(y,s,v) € RP x R} x Ry

It appears that the dual problem coincides with the primal. In other
words, the homogenized problem (L H) is self-dual. This problem is feasible (0
is a feasible point) hence v(LH) = 0. Point (i) is straightforward. Concerning
(i), if 7 = 0, we have by complementarity b' A > ¢' Z, hence either b A > 0 or
c'z < 0.1If, for example, b" A > 0 and v € F(LP), then 0 <b' A = (Az) "\ =
(ATA)Tx <0, hence F(LP) = ), i.e. v(LP) = +o00; same argument for the
second case.

O

23.3.2 Embedding in a Feasible Self-Dual Problem

Let us embed (LH) in a problem containing an additional scalar variable,
and for which a feasible point is available. This problem is parameterized by
an arbitrary triple

(2%, A%, s%) e R, x R? x R,
and the corresponding parameters

bi=b—Az" ci=c—ATXN =5 ZzZ:=cTa—bp"A04+1.
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It is formulated as

Ax —br + b0 =0,

— AT +er —ch >0,
Min((z%)"s" +1)6; b'A —cla + 20 > 0, (LHE)
—b'\ +elw —zr =—(29)Ts% - 1.

Mz, 7,0) € RP x R} x Ry x R.

Lemma 23.5.

(i) Problem (LHE) is self-dual and v(LHE) = 0.

(i) The point (A%, 2% 70 :=1, 0° := 1) is feasible for (LHE).

(i) If (Z,\,7,0) is a strictly complementary solution of (LHE), then
(Z,\,7) is a strictly complementary solution of (LH) (and then Lemma 23.4
applies).

Proof. Self-duality is checked by computations similar to those above. Fea-
sibility of (2%, A%, 70,0°) is straightforward. It implies v(LHE) = 0; (i) and
(ii) are proved. Let now (Z, A, 7,0) be a strictly complementary solution of
(LHE). Since v(LHE) = 0, we have § = 0, hence the point (7, \, 7) is feasible
for (LH) and the complementarity relations write

F(~ATX+7¢)=0 and 7(b'A—c'Z)=0.

We recognize the complementarity relations of (LH). These relations being
satisfied strictly, the point (Z, A, 7) is indeed a strictly complementary solution
of (LH).

O

23.4 Practical Aspects

We consider the case of problems in standard form. Set

0 A —-b b
A —AT 0 c —cC
A= E)T - 0 z|’
b7 el -z 0
s A 0
N I O L 0
Si= || =1 &= 0
80 6 (2%)Ts% +1

Arguing as in Lemma 23.1, one checks that (LHFE) is equivalent to

zs*=0; 75T=0; s*=0; s%=0;
§=Ai+¢ x>0, 7>0,s*>0, s™>0.
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This problem generalizes the linear complementarity format, because the
sign- and complementarity-constraints involve only a part of the variables.
It can be reduced to a standard linear complementarity problem anyway, by
elimination of A and 6. This process allows the extension to the framework
of (LHE) of the concept of central path and the associated path-following
algorithms. The equation of the central path is

(x87.> =pul; §=Ax+eé
A>0

1 0
T = A 5= 1
1]’ 1
1 0

This point lies on the central path.

Besides, the computation of the path-following direction can be decom-
posed as follows. Let u(X), u(z), - ,v(s%),--- be the directions. Partition
the computation of (u,v) as

s*u(z) +zv(s®) =+, )
Au(x) = bu(r) — bu(6),
—ATu(\) —v(s®) = —cu(r) + cu(h).

and
sTu(r) +71o(s™) =+,
b u(\) — e u(x) + zu(@) —v(s™) = 0,
—b"u(\) + & u(z) — Zu(t) =0,
where - -+ represents a certain quantity, known but depending on the algo-

rithm. With respect to the unknowns (u(x),v(s*),u())), the first system has
a structure identical to that obtained in a feasible path-following algorithm.
This system can be solved by giving to the parameters (u(7),u(6)) the val-
ues (0,1) and (1,0), which gives explicitly (u(z),v(s*),u()\)) as a function
of (u(7),u(#)). Substituting these values in the second system, we obtain a
3-dimensional system giving the values of (u(7), u(6)).

Embedding in a self-dual problem thus does not increase the dimension
of the linear systems to solve.

Remark 23.6. Since the computations are actually made in floating-point
arithmetic, the solution obtained for (AD) is by necessity corrupted; so it can
be difficult to check whether it satisfies 7 = 0. A rigorous conclusion requires
a purification procedure. O
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23.5 Extension to Linear Monotone
Complementarity Problems

We present now a partial extension of the preceding results to linear monotone
complementarity problems. This extension, due to Ye [371], gave birth to
the first non-feasible method converging in O(y/nL) iterations. Consider the
linear monotone complementarity problem (LCP), written in standard form:

zs =0,
s=Mzx+q, (23.2)
z >0, s>0,

with M > 0. Choose z° = 1 and s° € po1, 19 > 0 so that
so—(M—i—MT)xO >1 et s> Mz"+q.

Set

=1, °:=1; k°:=po,

Fi=35"— M0 — qTO; Z = qT:lc0 + /€07
= (29) 8% + 7060 — (29T M2® > 0.

Consider the linear complementarity problem

xzs =0,

Tk =0,
s M gqr\ [z 0 (ELCP)
k| =|—-¢" 0z |+ 1|0
0 —F1 —z60) \0 n

(x,s,7,6) >0, 0 €R.

Then (5%, k%, 2%, 79, 0°) is an interior feasible point of this quadratic prob-
lem, which is equivalent to a linear monotone complementarity problem in
standard form. In fact, 7 et Z cannot vanish simultaneously, since 7 > 0.
One can therefore eliminate # in one of the equations, and one obtains 2n + 2
equations; moreover, if (2, s', 7/, k', 0) also satisfies the linear equations, then

(-2 (s=—s)+(r—Nk—-K)=(x—2) M@x-2)>0,

hence monotonicity.

Note that, if M is skew-symmetric, the matrix associated with (ELCP) is
skew-symmetric as well. The problem is then very similar to those previously
studied.

One can also consider (ELCP) as a liner complementarity problem in
standard form. The initial point (20, s%, 70, %) lies on the central path. It is

therefore possible to solve (ELCP) by a path-following algorithm. However,
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it is possible that 6 changes of sign along the iterations. In fact, we have at
the optimum

O=za's+76=(x' Ma+7¢"z+60F z)+ (—7q =+ 720)
=2 Mz + (F o +72)0 =" Ma + nd.

But 2" Mz > and 7 > 0, hence 6 < 0, and 6 = 0 if and only if T Mz = 0.

Then the algorithmic procedure distinguishes two cases:

(i) If a negative value of @ is obtained at some iteration, the stepsize is
reduced to compute a point (x, s, 7, k) associated with § = 0. This point
will be feasible for (23.2), and close to the central path. The original
problem can then be solved by a feasible-point algorithm.

(ii) Otherwise, we have 8 | 0. Let (z*,s*,7«,ks) be a cluster-point of
(xF, s* 7% KkF). If 7. > 0 then (2*/7.,s*/7.) solves (23.2). If not, and
if the solution is strictly complementary, we have k., > 0, hence

s = Mz* >0 and qTx* < 0.

But 1
0=(s)"a* = () Mz* = §(x*)T(M + M ")z*.

The matrix M + M T is symmetric positive semi-definite. The above rela-
tion implies that * is in its kernel, hence M "z* = —Ma* < 0. Let now
x € F(LCP). Then

0< (@) (Mz+q)=a" MT2* +q"2* <0,
a contradiction. We conclude that (LCP) is infeasible.

Let us summarize the above results. As seen in Lemma20.6, a linear
complementarity problem can be written in standard form (in O(n?) opera-
tions). The latter can be solved by a feasible algorithm in O(y/nL) iterations,
through an embedding in a self-dual problem.

23.6 Comments

The present theory for inequality-constrained problems is taken from Jansen,
Roos and Terlaky [199]. The theory for problems in standard form is due to
Ye, Todd and Mizuno [372]. The extension to the framework of monotone
complementarity was made by Ye [371].

Self-duality is an elegant and efficient way of fixing the question of choos-
ing a starting point. In fact, non-feasible algorithms of the type of Chap. 22
have a complexity of at best O(nL) iterations. Besides, the tests reported in
Xu, Hung, and Ye [369] clearly assess the efficiency of the self-dual method,
at least for linear programming. As for quadratic programming, it seems that
much remains to be done.
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24.1 Overview

In the predictor-corrector algorithms studied so far, the moves aimed at im-
proving centralization are clearly separated from those allowing a reduction
of the parameter . It is tempting to consider algorithmic families in which
the same move reduces y while controlling centralization.

Section 24.2 presents two feasible algorithms, based on the following idea.
In the case of small neighborhood V,, with o < 1/2, we know that the
centering step yields a very well-centered point w€. This suggests a search of
the new point on the segment [w®, w?]. To obtain a maximal reduction of p,
the point of [w®, w®] NV, closest to w® is chosen. This point lies on the edge
of V. Such a largest-step algorithm therefore computes at each iteration the
value of one single scalar parameter, as in the predictor-corrector algorithm.
The complexity remains unchanged: O(y/nL). If a strictly complementary
solution exists, and if a < 1/4, the sequence of points converges, which
implies that the optimality measure converges superlinearly.

Then we present a variant, called largest-step algorithm with safequard,
which works in the neighborhood V,, for a < 1/2. The modification of the
algorithm lies in the possibility of performing centering moves. The algo-
rithm still has complexity O(y/nL). If there exists a strictly complementary
solution, there are only finitely many centering moves (so, after some itera-
tion, the operations become identical to those of the largest-step algorithm)
and the optimality measure converges superlinearly. The advantage over the
previous algorithm is that these properties hold in the neighborhood Vy ;.
Convergence of the sequence of points still holds, but as a consequence of
specific estimates.

Section 24.3 is devoted to results of general interest, concerning conver-
gence of the sequence of points computed by path-following algorithms. After
discussing the problem of centering the large variables, it is shown that, in
the neighborhood V), /4, the first-order estimate of the centering step decreases
the logarithmic potential associated with the large variables. It follows that,
under strict complementarity assumption, the sequence of points converges
for any small-neighborhood algorithm («a < 1/4) for which {uy} converges
linearly. Finally, we give estimates of the relative distances in the space of
large variables.
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The proofs of the main results are based on previous statements, and are
given in §24.4.

24.2 The Largest-Step Sethod

24.2.1 Largest-Step Algorithm

We recall the notation w = (z, s, ), w* and w® being the points obtained
after an affine or centering move with a step # = 1. The idea is to take as
new point the element of the segment [w®, w®] which is closest to w® (so as
to reduce p) while staying in a small neighborhood of the central path.

Algorithm 24.1. LS (Largest Step)
Data: fioo >0, a € (0,1/2];  (2°,8% o) € Va3 k < 0.
REPEAT
o w « wk. Compute w® and w®; w(y) := yw® + (1 — y)w?;

Compute the smallest value 7 in 0, 1] such that
w(y) € Vo, Vv € [y, 1].
whtt — w(yg), ke k+1.

UNTIL p < foo-

Theorem 24.2. (i) If oo > 0, set L := log(uo/ o). Then Algorithm LS
stops after at most O(y/nL) iterations (more precisely 5a~1\/n iterations).

(ii) Suppose that (LCP) has a strictly complementary solution. If o < 1/4
and piso = 0, then the sequence {ux} converges superlinearly to 0.

The proof will be given later in this chapter.

24.2.2 Largest-Step Algorithm with Safeguard

The change in the algorithm lies in the possibility of performing centering
steps. This safequard step is based on testing the proximity of the point
obtained by taking v = 0.1. If this proximity is small enough (more precisely
smaller than 0.42) safeguarding does not occur. It does not occur either if the
proximity is larger than 1. Indeed, if there exists a strictly complementary
solution, it can be proved that, after finitely many iterations, this condition
is never satisfied. The algorithm is then as follows:

Algorithm 24.3. SLS (Safeguarded Largest Step)
Data: fio >0, a € (0,1/2];  (2°,5° 1o) € Va; € >0, k « 0.
REPEAT
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o w «— w*: Compute w® and w®.

Safequard: If §(0.1w® + 0.9w?) € [0.42,1] do: w «— w®; compute w*
and w®.
w(y) == yw® + (1 — y)w%
Compute the smallest value ~ in 0, 1] such that
w(y) € Va, Vv € [, 1].
Wt — w(yg); k — k+ 1.

UNTIL p < foo-

Theorem 24.4. (i) If pioo > 0, set L := log(po/fioo). Then Algorithm SLS
stops after at most O(\/nL) iterations (more precisely 5a~1\/n iterations).
(ii) Suppose that (LC'P) has a strictly complementary solution. If poo = 0,

the safequard occurs finitely many times and {ur} converges superlinearly to
0.

The proof will be given later in this chapter.

24.3 Centralization in the Space of Large Variables

We state a few lemmas concerning the centralization of large variables; they
will be used to prove Theorems24.2 and 24.4.

24.3.1 One-Sided Distance

Our analysis supposes that S(LC P) is nonempty. The partition (B, N, T) was
defined in Chap. 20. In the sequel we assume (LCP) to be in canonical form,
i.e. N = (). This can be done without loss of generality, since this algorithm
is invariant with respect to the corresponding transformation. We define the
prozimity measure of the large variables as follows:

op(z) = | Popxp1]-

Let us motivate this quantity by relating it to the problem of centering the
large variables, stated as

Minw(xB); QBLL'B =h-— QT{ET — Rs.
TB

The solution of this problem is called the analytic center of the correspond-
ing feasible set. (The analytic center of the set of solutions of (LC'P) was
discussed in Chap. 20, and is the solution of the above problem when z7 =0
and s = 0.) The Newton direction dyewton associated with this problem,
computed at the point x, is the solution of

1
hgn—d%gl + idTngd; Qpd = 0.
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The unique solution of this strictly convex problem is characterized by

ngdNewton - ZZ?E;1 S R(Qg)a QBdNewton = 0,

or also
xéldNewton el+ R((QBXB)T)a QBXB(zgldNewton) - 07

ie. x]_gldNewt,m = Py,x51. In other words, dp(z) = ||9C]_31d]vewtonH is a
weighted measure of the norm of the Newton direction dyewton -

The next lemma links the proximity measure § with the proximity measure
of the large variables:

TS

Lemma 24.5. Take (x,s, 1) € Vo. Then dp(x) < §(z,s,p) = ||— — IH

1

Proof. By definition of an orthogonal projection, we have that
05(2) = | Posxs 1l = min{||1 —2[l} 2z € R(XQT).

Take (z*,s*) € S(LCP). From Q(z — z*) + Rs = 0, we deduce from
Lemma 20.11 that R(XpQJ) 3 spxp/u, hence the conclusion.
(|

Set
d:=/prs/sp; Q:=QpD; Q:=QpXs;
u?’ = dPQ¢§17 ANewton = xBPQI

In view of Lemma20.9, we have that d ~ 1 in A.. On the other hand
(Lemma 20.12)

u =yup + O(/1) and v = O(\/1);
if T =0, then u=~u% +O(p) and v = O(u).

Accordingly, we will call u} the linear estimate of the centering step. The re-
sult below shows that, in the neighborhood V; /4, u% decreases the logarithmic
potential associated with the large variables.

Proposition 24.6. If (z,s) € V,, with o < 1/4, then

m(rp +up) < w(xp) — %Hdl\f&wtonnz'

Let us first prove some lemmas. The first one is due to Gonzaga and Tapia
[176].

Lemma 24.7. Let g € R" satisfy ||g — 1||oo < «, with a € (0,1). Set

G = diag(g), h= Paq, h=gPac(gq).
Then

. 2o -
h—h| <al h||.
I =l < a(l +a) == ]
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Proof. The relation h = Paq implies ¢ € h + R(AT), hence gq € giz +
R((AG)T), and therefore

97 'h = Pac(9q) = Pac(gh).
Since g~h € N(AG), we have g~ (h — h) = Pag[(g — g~ *)h]. Whence
g~ (h = h)|| = [[Pac(g — g~ ")l < ltg— g7 )Al < llg — g loclIB]l-
As a result

1h =Rl < lglleollg™ (b = B)| < llgllocllg™ = glloolll-
Finally

2—«

)

l1—«

1
oo _1_ oo< 1
lgllocllg™ = glloc < (1 +0) (1=

—(l—oz)) = ol + )

and the conclusion follows.
O

Let us now give a useful bound on the variation of 7 in a neighborhood
of 1.

Lemma 24.8. Take h € R", |h]| < 1. Then

B2, 1 el

2 31— |hl”

m(1+h) < -1Th+
In particular, if ||h|| < 1/2, then
m(1+h) < —1Th+|h|>
Proof. Since |h;| < 1, we have

(hi)*  (ha)® | (ha)*

—log(l-i-hi):—hi—i- 5 — 3 + 1 +
(hi)? | |hil® 3 3 2
< —-hi+—+— 114+ -|h; —|h; BRI I
< + 5 + 3 +4| |+5| |+
hi 2 i3
g—hi+—(2) +| | (1+ [hi| + [h? +--+),
(hi)? 1 |hif?
TSk
hence, summing up the components,
h||? 1"
14h) =174 IME 1
m(1+h)= +— 5 3
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But |h;| < ||h]|, therefore
Zn [hi? Z" ([l 2 il
—1—|hi| ~ = 1] 1—|[n]|

hence the first result. If ||h|| < 1/2, then

(SIS

e TR 15

2 31—|n = 2 3 1-3 6 ’

hence the conclusion.

Proof of Proposition 24.6 First apply Lemma 24.7 with
g:= ngl = ¢]_31, ¢g:=1, A:=0Q=QpX5.
We then have AG = QpD = Q, and therefore
-1, ¢

h=Paqg= Pyl =25 dncwion, h=9gPac(99) = dvg' Poop' = x5 ufp.

Since (z, s, 1) € Va, we have ||¢? — 1]l < [|¢* — 1| < 7, and therefore

3 5 2 2
C1<pP<s = 1< <.
4 =¢ — 4 V5 =9 RVE]
As a result,
2 2 2 155
—1
oo <max(l— —, — —1)= "~ —1<——.

Applying Lemma 24.7, we obtain ||h—h|| < & |h||. Lemma 24.5 implies || || =
0p(x) < 1/4, and thus ||h|| < 0.35. Using

m(x+1) —7(z) =71 +27 ) =71 +h)
and ||h|| < 1, we have with Lemma 24.8

[ o 1
l)— <-1" H - )
m(x+1) —m(z) < h+ 5 +31—||h||

Now 1Th = lTPQI = ||PQlH2 = ||h||2, hence, setting z := h — h:

; M2+ 212 +2h7z 1 ||Af?
1) — < P —1Ts+ ] -
m(x+1) —m(x) < —[h] z+ 5 +31—||h||’

[ TSR |1 e o 1
S L0 . - .
R A A Sl & e VA
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Let us check that (b —1)Tz = 0. Since h = Pa1, we have h—1eR(QT).
To conclude, we show that z € R(QT )+ = N(Q). Indeed

Qz = Q(h — h) = Qé5' Ps(95") — QPs1 = QPs(d5") = 0.

Using ||z|| = |h — b < %Hﬁ” we deduce

|IA]? =l 1 QAP
2 2 31—

1016 1 R A1) 50
— s+ 2 —— | [[h]I".
( 22 31—|AllR)?2

Combining with [|2]| < 1/4 and ||h| < 0.35, we obtain the conclusion.

m(x+1) —w(x) <

IN

O

The next result gives characterizations of convergence to the analytical

center of S(LCP). Set d* := \/uz¥ /s% and

Qk = QBDka Qk = QBXga u;k = JkPQk (¢%)_17 d]]c\fewton = x%Ple

(24.1)
Lemma 24.9. Take {(z*,s*, u)} € Ne such that p, — 0. Then the fol-
lowing properties are equivalent: (i) z% — x*, (ii) w(2%) — n(a%), (iii)
Wcuton = 0 () up" = 0, (v) (u)* 0.

Proof. It is easy to see that (i)=(ii) (continuity of m(xp) at x7), that
(ii)=-(iil) (the Newton direction in the large-variable centering problem tends
to 0 at the optimum z7;, because the Hessian of 7 is invertible there), and
that (iv)<(v) (Lemma20.12). It therefore suffices to show (iii)=-(iv)=-(i).
Suppose (iii) holds. Extracting a subsequence if necessary, we can assume
¥ — zp and g > 0 (Lemma20.10). Hence d%;..;., — O if and only if
Pgil — 0, e 1€ R(Q*)T) 4+ o(1), and thereforeﬁ(qﬁ%)_1 =drh)t e
R((Q")T) + o(1), hence Py ()" = o(1). Since d* = 1, we deduce that

ush — 0, which is (iv).

Suppose (iv) holds. Again we can assume z" — Zp > 0. Using similar
arguments as above, we check that (z%)~! € R(QT) + o(1). Passing to the
limit, we get (zg)~' € R(Q"), hence Z = x*, which proves that 2% — z*,
hence (i).

k

O

24.3.2 Convergence with Strict Complementarity

Consider a sequence {(z*,s*)} fitting the general framework of primal-dual
algorithms (Chap. 21):
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(:Z?k+1,8k+l) _ (Jfk,sk) + ok(uk7vk),

with 0x € [0,1], v& € [0,1], and (u*,v*) solving the Newton equations asso-
ciated with the central-path equation:

skuk 4+ 2kok = vl — 2k s*,

QuF + Rv* =0,

Suppose {ux} summable: ), pp < +oo (this property has been established
for predictor-corrector algorithms; we will check it for largest-step algo-
rithms). The next theorem shows that, in the neighborhood V; /4, convergence
of the sequence is guaranteed. This result will allow us too check that the
largest-step algorithm in V; /4, to be described later, converges superlinearly.

Theorem 24.10. Suppose strict complementarity holds. If {uy} is summable,
and if {(x%, %)} C Va, with o < 1/4, then {(a*, s*)} converges to a strictly
complementary solution (x*,s*). If Y po o Ok = +00, this solution is the
analytic center of S(LCP).

Proof. By Lemma20.12), u*f = Gk'yku‘;;k + O(py). Since {u?,’k} is bounded
in V, and py, is summable, {z*} converges when >3 05y, < +00. There
remains to prove that, when Y7, 0xvx = +00, the sequence {z*} converges
to the analytic center of the optimal face. From Lemma24.9, it suffices to
show that 7(z*) converges to m(z*). Using Proposition24.6, the fact that
Oxyk € 10, 1], and convexity of m, we have

K

m(@® + Oyup”) < m(2") = 105067 | divewtonl |-
The function 7 is Lipschitz-continuous in V,, hence

m(@* ) < m(@®) — 15500k [ dXrcwton | + Olhr)- ()
A first consequence of this inequality is that

, k
n(z®) <w @)+ 0 Z,uj , VE' e N, k> K0,
j=ko
and therefore, since py is summable,
o o0
limsup w(z®) < w(z" ) + O Z I = limsup7(z*) < liminf 7 (z*),
J=k°

so that 7(2*) converges. On the other hand, since 7 is bounded from below
on N, we deduce from (x), using summability of py, that

L)
Z ak’kad]]CVewtonH2 < oo.
k=1
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Since Y o | Oy, = 00, a subsequence {z*} ek satisfies limpex |5 pwtonll® =
0. From Lemma24.9, {x*}rcx — x*. Since the whole sequence 7(z*) con-
verges, this implies that the sequence {2*} converges to the analytic center
of the optimal face, which was to be proved.

O

24.3.3 Convergence without Strict Complementarity

Proposition24.6 can also be applied to the analysis of predictor-corrector
algorithms in the neighborhood V4. Convergence of the sequence to the
analytic center of the optimal face follows, without the strict complementarity
assumption.

Proposition 24.11. The predictor-corrector algorithm PC (presented in
21.3) in the neighborhood Vy,4 produces a sequence converging to the ana-
lytic center of S(LCP).

Proof. Define uf;k and dk .., as in (24.1). From Lemma20.12, we have

ufy = ugt + O(Vir);  u® = O(V/i)-

Using the fact that m(xp) is Lipschitz-continuous in V,,, and combining with
Proposition 24.6, we get

W(x% + UCB) < 7T(CCk ) - Wﬁo||d§\/'ewton|‘2 + O(\/ :uk)

The affine move having size O(,/1z), we have

(2 ) < w(@h) = 1000 NN cwron | + O(/hE).

Take € > 0. From Lemma24.9, there exists v > 0 such that we have (for k
large enough)

[ 12 >v if w(a") > n(ap) +e.

Newton

For k large enough, we will have

k .
7T(‘,EB—FI) S 7'('(1'%) - %0k7k|‘d]]€\/ewton|‘2 + mln(s, ﬁ )

Depending whether 7(z%) < 7(2%) + ¢ or not, we deduce that
m(h) < max (m(zg) + 2, m(ah) — 2sv).

As long as 7(z%) > 7(x%) + 2¢, therefore, the values of m(z%) decrease down
to a value smaller than 7(2%) + 2¢; afterwards, m(x%) never increases above
this value. Since £ was arbitrary, we deduce that 7(z%) — 7(2%). Lemma 24.9

implies the conclusion.
O
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24.3.4 Relative Distance in the Space of Large Variables

The technical points below will be useful for the largest-step algorithm with
safeguard. Recall that the point on the central path associated with p > 0
is denoted by w* = (z*,s*,u). The following concept will be useful. Take
(x,s) € F(LCP). The relative distance in the z-space is

Y
dist(z, p) = i

(24.2)

M

The relative distance in the s-space is defined likewise. Since x#s* = pl, an
equivalent expression is

xst

dist(z, p) = o 1H . (24.3)

The lemma below (see Gonzaga and Bonnans [175]) links relative dis-
tances and proximity measure.

Lemma 24.12. Let w = (x,s,u) € F(LCP) be such that §(w) =

s
T
1

is smaller than v/2/2. Then
dist(z, p) + dist(s, u) < V2 (1 —\/1- \/55(10)) .

Proof. Set
x —xt s — st

dx = ;o ds =
SH

;0 =0(w).

el
We can write
x=a*(1+dx), s=s"(1+ds).

The relative distance in the z-space is, using dz ' ds > 0:
dist(z, ) = ||dz|| < ||dz + ds]|.

The proximity measure to the central path satisfies

5:

H — Hx_“_” - 1” = ||dx + ds + dxds]|.

In view of Mizuno’s Lemma 20.24, we have ||(dz)(ds)|| < ||dz +ds||?/+/8, and
therefore

§ > ||dz + ds|| — |[(dz)(ds)|| > ||dz + ds|| - ||dz + ds||*/ V8.
Set z = ||dz + ds||. Then
2> — V82 +85 > 0.
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The solutions of this equation are z = V2 (1 +v1-— \/5(5) Since 6 < \/5/27

these solutions are real. The inequality is satisfied for

z_\/§<1—\/1—\/§6)§\/§ or z:\/§<1+\/1—\/§5>>\/§.

(24.4)

Since dist(z, p) + dist(s, u) = ||dz|| +||ds|| < z, it suffices to check that, when
§(w) < V/2/2, we have ||dx + ds|| < V2.

We argue by contradiction. Let @ € F(LCP) be such that () < v2/2
and || dx + ds|| > V2.

The mapping x,s € FY — §2(z, s, fi) is smooth and attains its minimum
at a unique point (z;, s;). Construct a smooth curve a — (z(a), s(a)) in F?,
linking (Z, §) and (z, s3), along which §(z(a), s(c), i) decreases strictly. It
suffices to integrate the differential equation

d
_(dxv dS) = (U(QS7 5)7 U(I, S))
dt
where (u(z, s), v(z, s)) is the centering direction at (z,s). Then

-
d 2
&5(1',8,/1) = Z (% - 1> (su(z, s) + zv(z,s)) = —26(x, s, 1),
so that d(z, s, fi) decreases exponentially along the trajectory. Since ||Jx +
ds|| > v/2 and ||dzs 4+ dspl| = 0, there is a point (&, §) on the curve such that
8(#,8,1) < v/2/2 and z = ||dx + ds|| = v/2. This contradicts (24.4).
O

24.4 Convergence Analysis

24.4.1 Global Convergence of the Largest-Step Algorithm

Recall that, if w = (x, s, u) is the current point of the largest-step algorithm,
then w¥ = (2, s*, j14) and 6% make up the point obtained after one iteration
of the algorithm and the associated proximity. From 21.2.2, we have 6% =

1
— |luv]|. Set
TH

Then

1 1
a+v=d 'utdv= ﬁ(su—i—mv) = ﬁ(wﬂ—ﬂw) = =

Since 49 = u'v > 0, by Mizuno’s Lemma 20.24,
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5 = —[luv] = —Ild tudvl| = —HWII < IIU+v||
TH TH TH
Yib 1 s
= —F ——\/:z:s = — 1/ 1/—_ /
’W\/g H\/E 7\/§ H( s s

1 7 s
J— — + - — JR—
V8 ((7 H\/ zs \ )
Using
n
o -«
s @
< )
V-5 i B
we get for a < 1/2
1 1
0 < ————[(1=)Vn+a < —[(1 =)+
7(1—-a)V8 W2
. . 1.2 1 1
We analyze this expression for v € | —=,1|. Then —= < —, hence ¢! < a
\/§ ol 2 1.2
as soon as
[(1=)vn+a]? <120,
ie.

V12a -«
vyz2l-—
Vn
The step 7 realizing the equality 6% = « will therefore be at most (using

V12a > 1.2a)
- < a 1.21 V12a — « < ma <1.2 1 a) 1 o
max | —,1—-——— | <max| —=,1——— | =1— —.
T= V2 vn V2 5v/n 5/n

We thus obtain global convergence in 5a~!\/nL iterations.

24.4.2 Local Convergence of the Largest-Step Algorithm

1 1
From 21.2.2, since # = 1, we have 4* = —||uv]|. Also, using 6¢ = —|Juv®||
Vi [

and v € [0, 1]:

& = %H(wc + (1= 7u®) (e + (1= 7)),
M|
TH

1—
= ol = o e +

v,

1
< 46¢ + —JJuv® + u*¢|| + — ||luo?|.
TH

L
I
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Under strict complementarity, we have proved (Lemmas 20.10 and 20.12) that
u® = O(p), v¢ = O(p) and v* = O(u). On the other hand, we know that
0¢ < /2 (Lemma21.5). Hence

— ﬁ<g c [t
a=0"< 2—|—O(||u |)—|—O<7>.

Since Theorem 24.10 applies, we know that {x*} converges and that, if
> x Yk = 400, then ¥ converges to the analytic center of S(LCP).
Then u¢ — 0 from Lemma 24.9. We deduce from the above relation that

0 (%) > % +o(1),

hence v = O(u), which was to be proved.

24.4.3 Convergence of the Largest-Step Algorithm with Safeguard

The global convergence analysis follows immediately from that of the largest-
step algorithm. By contrast, the asymptotic analysis requires accurate esti-
mates of the centering of variables. Recall that the point on the central path
associated with p > 0 is denoted by w* = (a*, s*, ).

We have seen that, at least in the small neighborhoods, a centering step
considerably reduces the proximity measure. It can therefore be expected that
s¢ and s* are close enough to ensure closeness of the quantities dist(z, u) =
lxs*/pw — 1|| and ||xs/pu — 1]|. The following lemma establishes a relation
between these quantities.

Lemma 24.13. Take w € V, and let w® be the point obtained after a cen-
tering step. Then

xs‘

7
Proof. Set s¢ = s*(1 + ds®). Then

~ 1” < dist(s%, 1) + (1 + dist(s®, ) dist(z, ).

xs©

— IH = ||dz + ds® + dzds®|| < ||ds®|| + (1 + ||ds®|])||dz]|.

Since dist(xz, u) = ||dz| and dist(s¢, p) = ||ds€||, the conclusion follows.
|

The next result is a direct application of the previous lemmas. It involves
numerical values which will be useful in the analysis of the algorithms.

Lemma 24.14. (i) If §(w) < 0.5, we have

dist(z, ) <0.65, §(w.) < 0.177, dist(s¢, p) < 0.1895, |lzs®/p— 1| < 0.97.
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(i) If 6(w) < 0.177 (which is the case, when o < 0.5, after centering a point
of Vo), then

dist(z, p) < 0.1898, 6(w.) < 0.014, dist(s®, u) < 0.014, ||zs/pn—1|| < 0.206.

(iil) If 6(w) < 0.5 and if dist(x, 1) < 0.2 then ||zs¢/p — 1|| < 0.43.

The preceding results do not assume B = {1,--- ,n} and are valid without
strict complementarity. These two properties, however, are necessary for what
follows.

Because x corresponds to large variables, and because the strict com-
plementarity assumption holds, S(LCP) has an analytic center (x*, s*), for
which z* € R", | and s* = 0. We can define

r—z*

dist(z,0) :=

(24.5)

:Z:*

Since %x“ is the affine displacement computed at the point (z*, s*, 1), and

the latter is of order p by Lemma20.12, 2# = 2* + O(u). We deduce

x—xt + O(u)

dist(z,0) = 100

H = dist(x, 1) + O(p). (24.6)

Lemma 24.15. Take w € V,, and vy € (0,1]. Then

ot coC c
2—1:~y<"3S —1>+(1—7)<£—1>+M (24.7)
oL I [ v
and
xs¢
§(w) <0.16(w) +0.9 o lH + O(p).

Moreover, the output w of a Newton move with v = 0.1 satisfies
(1) If §(w) < 0.5 then 6(w) < 0.89 + O(u).

(ii) If 6(w) < 0.177 then 6(w) < 0.194+ O(u).

(iil) If 6(w) < 0.5 and dist(x,0) < 0.2 then 6(w) < 0.403 + O(p).

Remark 24.16. The next lemmas use several bounds on p, like fi1, fi;, etc.
These quantities are constants depending on problem’s data: (@, R, k), but
not on the initial point w?. O

Lemma 24.17. There exists fiy > 0 such that, if p < i1, then
(a) during the safequarding step, we have §(0.1w® + 0.9w?) < 1;
(b) after safequard (be it active or not),

§(0.1we 4+ 0.9w*) < 0.42 and ||zs¢/p — 1| < 0.49 + O(u),

(c) when the iteration is complete, ¥ —x = O(u) and v = O(p).
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Proof. Set w = 0.1w° + 0.9w?. Item (a) follows from Lemma24.15(i) when
p< fia.

If the safeguard is not activated, we have §(w) < 0.42 by construction; oth-
erwise, we have after a centering step §(w) < 0.177 (Lemma 24.14(i)) and
then 6(w) < 0.19 4 O(u) (Lemma24.15(ii)). In either case, §(w) < 0.42 for
< fig < fi1. Combining with (24.7), we get when pu < fig,

xs‘

I

0.42 > —0.1 6(w®) + 0.9

-1 + o).

But §(w®) < 0.177 by Lemma 24.14(i), and therefore ||xs®/p — 1] < 0.487 +
O(p), hence (b).
There remains to prove (c). From (b), we have that

c

2
0

0.5 = 8(w) < 4o(we) + (1 —7) ||

< 0.177y + 0.49(1 — 7) + O(p) /7,
< 0.49+O(u)/7-

This implies v = O(u), hence the result.
O

Lemma 24.18. There exists i > 0 such that the safequard is activated at
most once when pi < .

Proof. Tt suffices to check that, if the safeguard is activated once, the hy-
pothesis of point (iii) of Lemma 24.15 applies. In that case, the safeguard is
never activated again when py is small enough.
By Lemma24.14, z*+1 = 2¥ + O(uz). Therefore,
a* 4 O(u)

dist(zF+1,0) = =
st(a+1,0) = [ £EG |

= dist(2",0) + O(ug)-

zk

-1 =% —1H+0(uk)

As a result
dist(z**1,0) < dist(z*,0) + O (). (24.8)

On the other hand, let k be an iteration at which the safeguard is activated,
and let k > k be the first iteration at which it is activated again. From
Lemma 24.14(ii), we have after centering

dist(z*,0) < 0.19 + O(us).
Combining with Lemma 24.17(c), we obtain for k > k
k-1

dist(z*,0) < 0.19+ O(u) + K > pyj.
j=Fk



450 24 One-Step Methods

Since {uy} converges linearly to 0, we have that Z;’ik i = O(px), so that

dist(z*,0) < 0.19 + O ().

If py is small enough, namely py < fi < fi1, then dist(x’%, 0) < 0.2. Thus, the
safeguard cannot be activated at iteration k, and the conclusion follows.
O

24.5 Comments

The largest-step method is due to McShane [251]. The convergence analysis
of the large variables in the neighborhood V4, which produces superlinear
convergence, is due to Bonnans and Gonzaga [44]. Gonzaga [174] shows that
the safeguarding mechanism allows a convergence analysis in V5. Finally,
Gonzaga and Bonnans [175] have established estimates of the relative dis-
tance, and have studied a modified method, in which each iteration is made
up of several displacements, computed with the same Jacobian. A super-
quadratically convergent algorithm is then obtained.

Extensions to the large neighborhood have not been studied. The study of
Algorithm 21.9 has established that, if w € N, then w + (€3/4n)(w° — w) lies
in the interior of M. An algorithm can therefore be stated, in which the new
point is searched on the segment [w + (¢2/4n)(w® — w), w?]. This algorithm
might well have an O(nL) complexity; but its superlinear convergence seems
more difficult to establish.



25 Complexity of Linear Optimization
Problems with Integer Data

25.1 Overview

The aim of complexity theory is to evaluate the minimal number of operations
required to compute a solution of a given problem (and to determine the
corresponding algorithm). This theory is far from being closed, since the
answer is not known even for solving a linear system Ax = b, with A a matrix
n xn invertible: classical factorization methods have an O(n?) complexity but
certain fast algorithms have an O(n®) complexity, with @ < 2.5; the minimal
value of a (proved to be larger than 2) is still unknown (see Coppersmith
and Winograd [87]).

Furthermore, the available complexity estimates are only upper bounds of
the number of operations to be performed in the worst case; they do not nec-
essarily reflect the actual behavior of algorithms. Despite these weaknesses,
complexity theory has been a main instigator for algorithmic research; so it
is useful to know its general concepts, in order to read the literature. We
will present the basis of complexity theory for the linear problem in standard
form

Minc¢'a; Az =0b, x>0 (LP)

rER™
(with b € RP), when the components of (A4, b, ¢) are integers. Rational compo-
nents of (A, b, ¢) can be reduced to this case via an appropriate scaling. This
theory gives an upper bound of ||z|| and of ¢"z on the feasible set F(LP),
as well as a lower bound of (¢'z — v(LP)) when z is a non-optimal extreme
point of the feasible set. It also gives a so-called purification process which,
starting from a point « € F(LP) “almost” optimal, allows the computation
of a solution of (LP) in O(n?®) operations. Combining these results with the
estimates of speed of convergence for specific algorithms, one deduces the
number of iterations (barring purification, which is cheap) required by these
algorithms to yield an exact solution of a linear problem.
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25.2 Main Results

25.2.1 General Hypotheses

In this chapter, we will assume that (i) A has rank p < n (eliminating depen-
dent equalities, any problem can be reduced to this case), (ii) the feasible set
F(P) is nonempty and bounded, (iii) the components of (4, b, ¢) are integers.

25.2.2 Statement of the Results

We define the following amounts:

— ( is the total number of bits required to encode (A, b, ¢); it is the amount
of memory necessary to store (A, b, ¢),
— L:=/{¢+n+1is the length of (LP).

Let E be a convex subset of R™. We say that x is an extreme point of F if
x € E and if z is an endpoint of every segment contained in £ and containing
x; in other words

xeFE;ify,z€ E, «€)0,1] and 2 =ay+ (1 —a)z, thenx=y=z.

We set
B(z):={i=1,---,n; x; >0}

It is easy to check that any extreme point of F'(P) is a basic point (it cannot
have more than p nonzero components).

Theorem 25.1. (i) Any point x € F(LP) satisfies |c'x| < 2L, as well as
Z?:l x; <20

(i) If, in addition, x is an extreme point, then

(a) ;=0 or xz;>27F

(b) c'e=v(LP) or c¢'z>v(LP)+272%,

Theorem 25.2. Let 2° € F(LP) be such that ¢'1° < v(LP) + 272, Then
there exists an algorithm, said of purification (specified later in the proof)
which, starting from z%, computes in O(n3) operations a solution of (LP).

The theorems will be proved in the remainder of the chapter.
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25.2.3 Application

Consider an algorithm in which the cost converges R-linearly to the optimal
cost: a sequence z¥ of feasible points is constructed such that, for a certain
a €]0,17:

c'a? —o(LP) < aflc"2® — v(LP)). (25.1)

In view of Theorem 25.1, ¢ " 2% —v(LP) < 2E+1. The relation ¢ "2* —v(LP) <
272L will therefore hold as soon as

afoltt < 972L o | > M.
|1og2 04|

This is the proof of

Lemma 25.3. Let a feasible point of (LP) be known. Neglecting purification,
a feasible interior-point algorithm satisfying (25.1) finds a solution in at most
(3L + 1)|logy |~ (rounded up) iterations.

If the number « has the form 1 — ¢(n), with 0 < &(n) < 1, then
|logs a7t = |logy(1 — e(n))|~! < 1/e(n), and the algorithm converges in
(3L 4 1)/e(n) iterations.

Another result applies to the family of primal algorithms studied in
Chap. 21.

Lemma 25.4. Let a sequence {(x*, 8%, u1)} C Vy satisfy . < (1—e(n))pp—_1.
Suppose oy = O(2L). Then (neglecting purification), the algorithm converges
in O(L/e(n)) iterations.

Proof. Suppose first g is arbitrary. We have that

eTat —o(LP) < ()5 < Ty < (1= () o,

and a 27 2L-optimal point is obtained as soon as (1 —&(n))¥ue < 272L, which
holds if k = (2L + loga(10))/e(n). If g = O(2L), we obtain k = O(L/e(n)).
(|

Now we present the tools necessary to prove the above results.

25.3 Solving a System of Linear Equations

With a vector g or a matrix G with integer components, is associated the
memory length necessary to store g or G in binary; it is denoted by L(g) or
L(G).

Lemma 25.5. Take a € Ry . Then o < 25X In other words, L(a) >
log, a.
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Proof. Let L be a positive integer. The largest number « € R,y requiring
not more than L binary positions is

2L—1+2L—2+...+2+1:2L—1§2La

hence the result.
O

Lemma 25.6. Let G be an n X n invertible matrixz with integer components.
Then det G < 2L(G),

Proof. 1t is known that det G is the volume of a portion of R™: the paral-
lelotope constructed on the vectors that are the columns of G, denoted by
G ;. This volume is maximal when the column vectors are orthogonal, and
therefore

det G < T IG5l
j=1

n

Since L(G) = ZL(G'-j)’ it suffices to prove that ||g|| < 259, Vg € R".
j=1

Set L; := L(gi>, i=1,---,n. According to Lemma 25.4, we have g; < 2.
Since L > 1, and hence, 2% > 2, and

n n n
lg|* =" g7 <y 22H <[] 22 =221,
=1 i=1 =1

the result follows.
O

Proposition 25.7. Let G be an n X n invertible matrix and g € R™, both
with integer components. Then x := G~ 1g satisfies
(1) max; |z;] < 2L(E)+L(9)]

(ii) z; <0 ora; > 27K Wi=1,... n.
Proof. Recall Cramer’s formula: x = G~'g satisfies

I det(G1, -+ ,Gi—1,9,Git1, - ,Gn)
v det G '

Proof of (i): Since G is invertible and has integer elements, we have that
|det G| > 1. The conclusion follows via Cramer’s formula combined with
Lemma 25.6.

Proof of (ii): Since G and g have integer components, we have from Cramer’s
formula:

;>0 = |det(Gy,- - ,Gi1,9,Gig1, - ,Gn)| > 1.

If ; > 0, combining with Lemma 25.6 we obtain x; > |de—1tG\ > 2-L(G),
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25.4 Proofs of the Main Results

25.4.1 Proof of Theorem 25.1

Because F(P) is nonempty closed and bounded, ), x; attains its maximum
on a nonempty set S;. Let € S; have a minimal number of nonzero compo-
nents. One easily checks that {A;}icp(y) has rank |B(z)|. Proposition25.7
can be applied to the linear system

> Aizi=b

IS

(or rather to |B(x)| independent rows extracted from this system). We then
deduce ||z]|oo < 2HA+L®) hence

n
3w = |l < nflafloo < 2HAFECO)Tos
1=1

On the other hand,

|CT:ZZ| < HC””JL‘” < 2L(c) > \/EH'I:”OO < 2L(A)+L(b)+L(c)—&-%log2n7

and (i) is proved.

To prove (ii), consider two extreme points 2! and 22. With each of them is
associated a linear system with invertible matrix of rank at most p, obtained
by extracting from the relation Az = b the zero components of x and then
the independent rows. With Cramer’s formula we deduce that ' and 22 have
the form z* = y*/det G*, k = 1,2 where y* € R™ has integer components,
G* is an invertible matrix of rank at most p, and L(G*) < L, k = 1,2. Hence

1.2 y'det G2 —y?det G ol Ta? clyldet G2 — cTy? det G!
~ (det G1)(det G2) N (det G1)(det G?)

The numerator has integer components. Thus, for ¢ € {1,--- ,n}, if
clal #cT2? then |cTal — cTa?| > |(det GY) ! (det G2)~1| > 2721,

25.4.2 Proof of Theorem 25.2

The process in this theorem resembles the search for a basic point in Chap. 19,
Proposition 19.2. We start from an interior point z°, and we construct a se-
quence {z*} such that {z*} has k zero components and ¢ " z¥t! < ¢Tz* until
k =mn — p: then T := 2" ? is basic and ¢'Z < ¢"2%. By Theorem 25.1(ii)b,
this point T solves (LP).

To construct 2!, a direction d in the kernel of A is constructed by LU-
factorization of an invertible submatrix A, with |B| = p; cost: O(n?) op-
erations, which gives a basis. One single nonbasic component is changed;
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changing d to —d if necessary, one may assume ¢ ' d < 0. Going as far as pos-
sible in the direction d while staying feasible, one hits a constraint (at least),
say j1, which gives the point z!. At step k of the algorithm, the simplex
pivoting procedure then yields a new basic variable. Since only one column
of the basis matrix changes, updating the LU-factorization can be done in
O(p?) iterations (through techniques which even preserve sparsity to a large
extent, see Reid [304]). The process can then be repeated.

If the basis matrix Ap is invertible, this point is extreme in F(P). Oth-
erwise, the process can be repeated to cancel components, until an extreme
point is obtained.

25.5 Comments

Purification is discussed in Kortanek and Jishan [218]. The above results as-
sume computations to be done in exact arithmetic. But the rational numbers
involved in the algorithms can have a very long representation. This must be
taken into account to evaluate the time necessary to solve a linear problem.
A finer approach (and closer to actual computations) is to take into account
the error propagation due to finite arithmetic. It can be shown that, if each
number is coded with a memory of length (L), convergence speed keeps the
same order of magnitude.

On the other hand, the simplex algorithm solves in finitely many oper-
ations a problem with real data. Complexity estimates have therefore been
sought after, which do not involve the length of the problem, but only its
dimension n, p. Some results exist, in which a concept of problem condition-
ing comes into play. The question of estimating complexity as a function of
dimension only is still widely open.
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26.1 Overview

The algorithm of Karmarkar [204] is important from a historical point of view.
In fact, it raised an impetus of research which ended in the path-following
algorithms presented here. It is therefore interesting to have an idea of it.
This algorithm applies to linear problems in projective form
Mine'z; Az =0,a'z=1,2>0 (PLP)
TER™
with A p X n matrix of rank p and a € R™. The constraint Az = 0 will be
referred to as the homogeneous one. An essential concept of the algorithm is
the potential function, homogeneous of degree 0 in z, called the Karmarkar
potential:

©o(z) :=nlog(c'z —va'x) Zlogxz log(c'z —va'z)" + n(x),

where v € R is a lower estimate of v(PLP) (i.e. v < v(PLP)). The algorithm
minimizes ¢,, while adjusting the value of the parameter v at each iteration.
Convergence of the cost to v(PLP) follows. The algorithm has the remarkable
property of reducing ¢ by at least 1/4 at each iteration. The displacement is
computed as follows:

1. Scaling of variable moving z to the point 1 := (1,...,1)" € R".

2. Computation of the direction d, opposite to the orthogonal projection of
the gradient of x — ¢, (x) onto the kernel of the homogeneous constraint.

3. Line-search along the direction d. A point Z is obtained such that ¢, (%) <
©y(x) and AZ = 0 (however, a'# # 0 in general).

4. Shift back: z « 2/a' 2.

26.2 Linear Problem in Projective Form

26.2.1 Projective Form and Karmarkar Potential

We call projective form of a linear problem the (PLP)-format. It is easy to
pass from the standard to the projective form. In fact, the standard form is
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Min (cg,... ,cn,O)Ty; (A, -Dy=0; ypp1=1;, y=>0,
yeER? 1L

which is indeed a particular projective form.
We call potential of Karmarkar-type the function parameterized by ¢ > 0
and v € R:

©o(x) = qlog(c' = —va'z) Zlog;zcZ

For ¢ = n we find back the Karmarkar potential. It is positively homoge-
neous of degree 0 in x:

Va >0, ¢,(az) =nlogla(c'z —va'z)] Zlog az; = ().

26.2.2 Minimizing the Potential and Solving (PLP)

We will see that minimizing ¢ allows the resolution of (PLP). The next
lemma uses the length L (defined in Chap.25) of a problem with integer
data.

Lemma 26.1. If F(PLP) is bounded, then w(x) is bounded from below on
F(PLP). In particular, if (A, a) has integer components, then

m(x) > —nLlog?2.

Proof. If F(PLP) is bounded, then — log z; is bounded from below, and 7 (x)
as well. Since the function — log is convex, we have

—log <Zazﬂi> < —Zai log B; whenever § € R}, o€ R, Zai =1.
i=1

i=1 i=1

Then

>

1

S|
:IP—‘

<7r(x) + nlogz x| =

n

<.

j=1

[ log x; + log E Z;
1 1
— > —log— =logn > 0,
n n

-

and therefore, with Theorem 25.1: 7(z) > —nlog ) ., x; > —nLlog?2.

1 1

O

Now construct an estimate of ¢"x — v(PLP) when ¢, () is known.
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Lemma 26.2. Suppose F'(PLP) is bounded and v < v(PLP). Then
CT.’E _ ’U(PLP) < CT.’E < e%[apu(m)—inf{ﬂ'(m);zeF(PLP)}'
In particular, if (A, a) has integer components, then
CTLU N ’U(PLP) < e%[apv(z)+nLlog2]'

Proof. If x € F(LPL), then a'x = 1, hence
nlog(c'z — v) 4—2:loga:Z ou(x) — 7(2).

Thus,

log(c"zo —v) < p,(x) —  inf
nlog(c’ o —v) < @y () me;(nm)w(:r)

hence the result (with a use of the previous lemma, when (A, a) has integer

components).
O

From Lemma 26.2, to construct a minimizing sequence, it suffices to con-
struct {z*} € F(PLP) and {v*} < v(PLP) such that @, (z*) — —oc.

To compute a 2~2F-optimal solution when (4, a) has integer components
(and an exact solution can then be computed via purification, see Chap. 25),
it suffices to obtain

en L, (x)4+nLlog 2] < 2—2L

i.e. ¢ (z) < —3nLlog2. Karmarkar’s algorithm enables the construction of
such a point.

26.3 Statement of Karmarkar’s Algorithm

We are now in a position to state the algorithm. We first limit ourselves to
the case where the optimal cost is known. Updating a lower bound of the
cost is discussed in §26.4.3. The constant L in the algorithm below represents
a stopping criterion, which can be taken to the length of the problem when
the latter has integer data and must be solved exactly.

Algorithm 26.3. Karmarkar’s algorithm
Data: 2° € F(PLP), L > 0; k:=0
REPEAT
e Direction of the projected gradient: compute

d* .= —X*P, 1 XEV o, ().

kL= 2k 4 pFd" satisfies

@u(E") <, (3F) — 1/4.

e Shift back: z¥+! ;= gk+1 /g T2k +1,
UNTIL @, (2%) > —3nLlog2.

e Line-search. Compute p¥ > 0 such that x
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26.4 Analysis of the Algorithm

26.4.1 Complexity Analysis

In the form the algorithm is stated, estimating the complexity is easy: since
@, is positively homogeneous, we have from the line-search that

‘Pv(zk-’_l) = ‘Pv(jk—i_l) < ‘Pv(xk) —1/4,

hence ¢, (2%) < ¢,(2°) — k/4. For a problem with integer data, in view of
Theorem 25.1:

@, (2°) < nlog(2F + 2F) — Zlog2 L
=n(2Llog2 + log 2) =n(2L+ 1)log2 < 3nLlog?2.

To obtain a value —3nLlog2 of the potential function, at most 24nL log2
iterations are therefore required. Complexity is indeed O(nL) iterations.

26.4.2 Analysis of the Potential Decrease

The difficulty is to check that the potential does decrease by a fixed amount
in the direction d*. The lemma below analyses this decrease.

Lemma 26.4. (i) If p||(z*)~1d*| < 1/2, we have

o1+ p(a")71d") < pu(1) + (0° = p)lI(=") "%

(i) If p||(z*) = d¥|| = 1/2, then g, (a" + pd*) < gy (a*) —

B~ =

Proof. (i) Set h* := (z*)~1d* = —P,xx X*¢! (x¥). We have that
7(z® + pd®) — w(a®) = 7(1 + ph*) — 7 (1). (26.1)
Using the lower bound of Lemma 24.8, we get
A< —p1TRE 4 p2||h*|12.

The first part of the cost is concave; bounding it from above by its lineariza-
tion and combining with the above relation, we obtain

(" + pd*) — @y (a*) < pVip, (a*)Td* + p?|[ 0" 2.
By definition of h*, we have ¥V, (z*) + h¥ € N(AXF)L, and therefore
Ve (*)d" = 2"V, (z*)) Th* = —||n"|1%,

hence the first relation.
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(ii) If p[|n"|| = 3, we deduce from (i)

IR ]*

1
p(a* + pd") = (@) < (plIBIIF) = pllal* x [I]* = 7 = =

If ||h¥|| > 1, the last relation follows. It therefore remains to show that, if
v =v(PLP), then ||h*|| > 1. The gradient of ¢, at z* is

ky _ n ky—1
Veu(e*) = ——(c—va) - (),
hence
—n
hk = —PAkaEkV(ﬂv(ZEk) = mPAkaEk(C— UCL) + PAxkl

Since 0 = Az* = AX*1, we have that P,x»1 =1 and

hk =1- ﬁPAkaEk(C — UCL). (262)

Now c¢"xF — v > 0; to prove ||h¥|| > 1, it suffices to show that at least one
of the components of P, x«2"*(c —va) is nonpositive. But if # € S(PLP), we
have

0=c'Z—v=(c—wa)'z=[zFc—wva)] (zF) 'z,

i.e. 2¥(c—va) L (2¥)7'z. Since 0 = Az = AX*(2*)~'z, and hence, (z*)~ 'z €
N(AXF), and since the projection is a symmetric operator,

[Paxra®(c —va)] "[(2*)7"2] = [2"(c — va)] " Paxe (™)',

= [z*(c —wva)] T (") "z = 0.

AsZ >0and a'Z = 1, we have that Z # 0; Py x«[2*(c—wva)] > 0 is therefore
impossible.
([l

26.4.3 Estimating the Optimal Cost

Since the optimal cost is in general unknown, we are led to construct an
increasing sequence {v} such that limv, < v(PLP). We choose vj such
that the vector

k n k
h" :=1— mPAxkx (C_Uk:a)

has norm at least 1 (we will see how in a moment). Taking again the proof
of Lemma 26.4, we then obtain

N[

Py, (xk+1) < Py, (xk) -
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Since ¢, is a decreasing function of v, we get
Port1 (xk—H) < Py (xk—H) < Py, (xk) - %
and therefore by induction, setting v := v(PLP):
i (2") < o (2") < oy (2°) — 3k
For a problem with integer data, we can take
vg = —2L = ¢, (2°) < 3nLlog2,

so that we obtain the same complexity estimate as when the optimal cost is
supposed to be known: 24nLlog2 = O(nL).

To compute vy, such that ||h*|| > 1, it can be observed that, from the proof
of Lemma 26.4, we have ||h*|| > 1 if one of the components of P, x«z*(c—v*)
is nonpositive, which is true if v = v(PLP). It therefore suffices to compute

¢:=PaxrzPe; a:= Pyxraba
and to take
Vg, if min(é — vga); <0
J— 3
Ukt1 = sup{v¥ > v}; min(é —wva); > 0, Yo € [v*, %], otherwise.
3
In the second case, vi can be computed with the formula

Vg+1 = min{éi/di; a; > 0}

26.4.4 Practical Aspects

The two nontrivial steps of the algorithm are the computation of d and the
line-search. The latter is able to accelerate the calculations. Let us analyze
in detail the computation of d. Set

S:=a7ld; g:= XVe,(z).
Then § = Paxg, which is equivalent to the existence of A € RP such that
{ S+ (AX)TA

9,
AXS 0.

Multiply the first equation by AX to eliminate §; we get
AX2ATA =g

Once this linear system is solved, we obtain § = g — XAT\. The linear
systems to be solved are therefore of the same type as in predictor-corrector
and largest-step algorithms.
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26.5 Comments

This presentation of the Karmarkar algorithm is inspired from Gonzaga [173].
It is important to stress that the same type of complexity can be obtained
by computing a descent direction for the Karmarkar potential in an “affine”
framework (Gonzaga [171]), i.e. using the standard form instead of the projec-
tive form. The key element of the method, allowing a polynomial complexity,
is therefore the potential function, and not the projective form as it was long
believed. Adler, Resende, and Veiga [1] discuss the numerical properties of
the algorithm.
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Index

active set method, 88

adjoint, see state

admissibility of the unit stepsize, 48,
63, 307, 322, 337

admissible, see point, set

algorithm, see also method

— BFGS, see BFGS

— Bunch & Kaufman, 231

— bundle, see bundle method,
constrained bundle

— conjugate gradient, 84, 86

— — preconditioned, 76

— — truncated, 300, 303

— cutting-planes, see cutting-planes
method

— descent, 120

— ellipsoid, 129

— Karmarkar, 457

— largest step, 435

— — with safeguard, 435

— Newton, see Newton’s algorithm

— predictor-corrector, 397

— quasi-Newton, see quasi-Newton or
secant (algorithm)

— simplex, 364

— SQP, see sequential quadratic
programming algorithm

— subgradient, see subgradient method

— Uzawa, 232

analytic center, 391, 437

Armijo, 47, 80, 84, 138, 295, 304, 305

automatic differentiation, see computa-

tional differentiation
auxiliary problem principle, 171

basis matrix, 365
BFGS, 55, 58, 75, 85, 86, 325
— limited memory, 195

bisection, 40

black box, 11, 126

— constrained, 178

— dynamic, 173

bracket, 39

Bunch & Kaufman, 231

Bunch & Parlett, 53

bundle, 137, 144

— aggregation, 139, 143

— compression, 147, 149

— disaggregate, 166

— selection, 149

bundle method

— constrained, see constrained bundle
method

— dual, 147

— dynamic, 175

— — finite termination, 176

— for generalized equations, 182

— general, 138

— level, 141

— penalized, 141

— — convergence, 155, 156

— — implementation, 186

— — parameter update, 150

— trust region, 140

Cauchy-Schwarz inequality, 205

— generalized, 279

central path, 373, 375

— perturbed, 412

chain, see hanging chain project

Cholesky, 53, 269, 317, 320

code nlcv2, 153

coercive, 117, 171

combinatorial optimization, 3, 10, 96,
163

complementarity condition, 115, 200
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— strict, 201, 380

complementarity problem (linear), 89,
371, 374

— canonical form, 379, 380

— monotone, 374

— standard form, 378

complexity, 451

computational differentiation, 19, 20,
95

cone, 202

— critical, 202

conjugate, see algorithm, direction

constrained bundle method

— feasible, 179

— filter, 180

— infeasible, 178

constraint, 3

— active, 4, 89, 192, 194

equality, 3

— inequality, 3

— strongly active, 201

— weakly active, 201

constraint qualification, 113, 116

- (A-CQ), 201

- (S-CQ), of Slater, 201

- (LI-CQ), 201

- (MF-CQ), of Mangasarian-
Fromovitz, 201

control, see also state

— problem, 4, 7, 8, 16, 224

— variable, 7, 16

convergence

— global, 12, 26, 45, 52, 53, 74, 296,
306

— in p steps, 204

— linear, 14, 204

— local, 14, 206, 227, 229, 241, 259, 262

— of bundle method, 155, 156

— of cutting-planes method, 133

— of subgradient method, 128

— quadratic, 14, 204, 253

— speed of, 14, 33, 51, 86, 88, 203204

— superlinear, 14, 204, 265

convex, see function, problem, set

convex hull, 110

correction

— Powell, 328, 330, 332, 340
— second-order, 310

critical, see cone, direction, point

cubic fit, 40

curvature condition, 325

curvilinear search, see also line-search,
85, 141, 153, 333

cuts

— feasibility, 170

— optimality, 170

cutting-planes method, 131

— convergence, 133

— implementation, 186

Davidon, Fletcher & Powell, 55

decomposition

— Benders, 169

— Dantzig-Wolfe, 166

— energy application, 187

price, 162, 165

— — algorithm, 164

— proximal, 172

— resource, 162, 167

decomposition of R™

— by partitioning, 224

— oblique, 226

— orthogonal, 225, 253

Dennis & Moré, 60, 63, 82

dilation, 129

direct communication, 211

direction, 12, 85

— affine, 383

— centralization, 383

— conjugate, 69, 74

— critical, 202

— of e-descent, 125

— of descent, 29, 37, 75, 111, 127, 289,
321

— of steepest descent, 30, 121, 123

— quasi-negative curvature, 300

directional derivative, 109, 198

divergent series, 129

duality, 356

— gap, 113, 114, 116

— weak, 114, 168

elliptic, see function
equivalent sequences, 204
Everett, 113

existence of solution, 25, 199
extrapolation, 40, 47



feasible, see point, set

Fermat, 99, 111

filter strategy, 180

finite difference, 101, 119
Finsler, 285

Fletcher (initialization of), 39, 48
Fletcher-Reeves, 73

Fromovitz, see constraint qualification
function

— MAXANAL, 184

— MAXQUAD, 153, 183

— affine, 4, 26, 83

— convex, 25, 26, 57

— — strongly, 27, 61, 63, 65, 67
— convex-concave, 359

— dual, 112

— elliptic, 27, 48, 53, 74

— improvement, 177

— inf-compact, 25

— lower semi-continuous, 25

— merit, 13, 29, 37, 79, 271

— penalty, 271

— — exact, 272

— value, 167, 169

Gauss, 101

Gauss-Newton, 83, 86

Gauss-Seidel, 29

generalized equation, 180

globalization of an algorithm, 271

— by line-search, 52, 289

— by trust regions, 77

gradient, 3, 13, 23, 26

— projected, 90

— reduced, 233

group, 378

growth condition (quadratic), 27, 33,
46

hanging chain project, 208-213,
245-250, 267270, 316-320, 340-344

Hessian, see also reduced Hessian, 3,
26, 27, 51-53, 57, 63-65, 73, 82, 83,
95, 102, 103

— of the Lagrangian, 227

I°(z), 194
I, 1%, 1°, 201
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identification, see parameter identifica-
tion

inf-compact, see function

instability

— of cutting-planes method, 134

— of steepest-descent, 31, 122

interpolation, 40, 296, 305, 317

invariant, 378

inverse problem, see also parameter
identification, 7, 101

Karush, Kuhn, and Tucker (KKT), see
multiplier, optimality conditions

Lagrange multiplier, see multiplier

Lagrangian, 11, 78, 112, 200, 272, 274,
357

— augmented, 118, 163, 272, 276, 285,
330

— relaxation, 10, 112, 163, 173

— — dynamic, 173

length of a linear problem, 452

Levenberg-Marquardt, 84

line-search, see also curvilinear search,
12, 72, 77, 78, 91

— Armijo, 295, 305

— backtracking, 296, 304, 305, 329

— nonmonotone, 321

— piecewise (PLS), 336

— watchdog, 321

— Wolfe, see also Wolfe conditions, 58,
63, 65, 75, 83, 85, 87, 326

linear complementarity problem, see
complementarity problem

linearization error, 144

local minimum, see solution

Mangasarian, see constraint qualifica-
tion

Maratos effect, 308, 329

master program, 161, 165, 167

matrix

— basis, 222

— inertia, 252

— positive definite, 26, 27, 67, 82, 83,
86, 88

— right inverse, 222, 252, 253

method, see also algorithm

— local, 216

— multiplier, 163
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— primal-dual, 217

minimax

— finite, 116

— infinite, 117

minimizing sequence, 13, 140, 147, 154,
155

minimum, see solution

model, 12, 52, 77, 85

— cutting-planes, 130, 137, 144

— — aggregate, 150

— — disaggregate, 166

— — improving, 139

— piecewise affine, 130

modified field, 387, 388, 418

monotone, 374

Moreau-Yosida regularization, 150

multifunction, 124

— closed, 124

— continuous, 124

multiplier, 112, 116, 166, 200

— first-order, 235

— Lagrange, 12, 103, 200, 360

— least-squares, 228, 235, 253

— second-order, 235

neighborhood, 397

— large, 375, 406

— small, 375, 398

Newton’s algorithm, 39, 79

— for equality constrained problems

— — primal version, 229

— — primal-dual version, 221

— — reduced Hessian, 239

— — simplified Newton, 240

— for inequality constrained prob-
lems, see sequential quadratic
programming

— for nonlinear equations, 51, 205

— for unconstrained optimization, 207

Newton’s step

— longitudinal component, 223

— transversal component, 223

nominal decrease, 49, 80, 131, 147

norm, 321

— associated with a scalar product, 205

— dual, 279, 286

O("), big O, 203
o(+), little o, 14, 203

objective function, 3, 16

optimal control, see control

optimal partition, 364, 379

optimal stepsize, 30

optimality conditions, 13

— necessary

— — 1st order (NC1), 26

— — 2nd order (NC2), 26, 202

— — Karush, Kuhn, and Tucker (KKT),

200

— — reduced, 236

— sufficient

— — 2nd order (SC2), 26, 203

— — semi-strong 2nd order, 203, 286

— — strong 2nd order, 203

— — weak 2nd order, 203, 286

optimality system, 360

oscillation, 31, 122

osculating quadratic problem, 219, 232,
256, 259

— equality constrained, 218

— inequality constrained, 257

— unconstrained, 208

parameter

— augmentation, 276

— penalty, 279

parameter identification, 6, 82, 100

partition of variables, 379

penalization, see also function (penalty)

— exact, 272

— — augmented Lagrangian, 277, 287

— — Fletcher, 285, 320

— — {1, 287

— — Lagrangian, 274

— — of the objective, 272

— logarithmic, 371

— quadratic, 101

performance profile, 341

piecewise line-search (PLS), see
line-search

pivoting, 92, 368

point

— basic, 355

— — regular, 366

— critical or stationary, 26, 27, 52, 82,
201, 359

— feasible or admissible, 89, 193

interior, 374



— optimal, 111

Polak-Ribiere, 73

potential

— Karmarkar, 457

— logarithmic, 371, 390

Powell, see correction

preconditioning, 34

problem

— constrained convex, 26, 194

— convex, 88, 113, 116

— dual, 112, 357, 358

— least-squares, 82, 253

— linear, 354

— osculating quadratic, see osculating
quadratic problem

- (Pr), 215

- (PEr), 193

— primal, 111, 358

— quadratic, 354

— saddle-point, 358

project, see seismic reflection to-
mography project, hanging chain
project

projection onto a convex set, 205

proximal point, 151

— implementable form, 151, 180

proximity measure, 375, 437

quasi-Newton or secant

— algorithm

— — quasi-Newton SQP, 328

— — reduced, for equality constrained
problems, 338

— equation, 54, 325

matrix, 54

— method, 56, 78, 86

— — poor man, 75, 84, 151

RY, 276

reduced cost, 365

reduced Hessian of the Lagrangian,
221, 233, 237, 252

reflection tomography, see seismic
reflection tomography project

regular stationary point, 221, 252

relative distance, 444

relative interior, 113

row/column generation, 166
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saddle-point, 274

safeguard, 41, 436

scaling, 35

search, see curvilinear search,
line-search

secant, see quasi-Newton

seismic reflection tomography project,
97-103

self-duality, 425

separating hyperplane, 111, 121

sequential quadratic programming
(SQP) algorithm, 191

— line-search SQP, 292

— local, 257

— truncated (TSQP), 305

set

— convex, 26

— feasible or admissible, 193, 353, 374

— — perturbed, 412

set-valued map, see multifunction

simulator, 11, 16, 37, 67, 100, 211

Slater, see also constraint qualification,
113, 116, 201

slice, 25, 46, 58

solution, see also existence, uniqueness,

199, 353

global, 12, 199

— local, 26, 82, 199

— primal-dual, 201

— strict local, 199

— strong, 203

speed of convergence, see convergence

spline (cubic), 98

SQP, see sequential quadratic
programming algorithm

stabilization principle, 12, 30, 37, 137

standard form

— of linear constraints, 353

state

— adjoint, 18

— — equation, 17, 18

— constraint on the -, 9

equation, 7

— variable, 7

stationary, see point

step

— null, 139

— serious, 138
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stopping test, 34, 41

— formal, 120

— implementable, 131, 138, 147
subdifferential, 110

— approximate, 124, 125
subgradient, 110

— inequality, 110

— smeared, 147
subgradient method, 127
— convergence, 128

— implementation, 186
submersion, 193

test problem, see seismic reflection
tomography project, hanging chain
project

tomography, see seismic reflection
tomography project

trap of nonsmooth optimization, 119

trust region, 53, 84, 87, 138, 140

uniqueness of solution, 199
update criterion, 339

value, 353

variable

— control, decision, 3, 224
— dual, 112

— state, 224

weak duality, see duality
Wolfe

— duality, 363

Wolfe conditions, 43

— generalized, 80, 334

zigzag, 31, 94, 122, 123, 129
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