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Preface

This book provides an introduction to discrete dynamical systems — a
framework of analysis that is commonly used in the fields of biology,
demography, ecology, economics, engineering, finance, and physics.

The book characterizes the fundamental factors that govern the
quantitative and qualitative trajectories of a variety of deterministic,
discrete dynamical systems, providing solution methods for systems
that can be solved analytically and methods of qualitative analysis for
those systems that do not permit or necessitate an explicit solution.

The analysis focuses initially on the characterization of the factors
that govern the evolution of state variables in the elementary context
of one-dimensional, first-order, linear, autonomous systems. The fun-
damental insights about the forces that affect the evolution of these el-
ementary systems are subsequently generalized, and the determinants
of the trajectories of multi-dimensional, nonlinear, higher-order, non-
autonomous dynamical systems are established.!

Chapter 1 focuses on the analysis of the evolution of state variables
in one-dimensional, first-order, autonomous systems. It introduces a
method of solution for these systems, and it characterizes the trajec-
tory of a state variable, in relation to a steady-state equilibrium of the
system, examining the local and global (asymptotic) stability of this
steady-state equilibrium. The first part of the chapter characterizes
the factors that determine the existence, uniqueness and stability of a
steady-state equilibrium in the elementary context of one-dimensional,
first-order, linear autonomous systems. Although linear dynamical
systems do not govern the evolution of the majority of the observed
dynamic phenomena, they serve as an important benchmark in the
analysis of the qualitative properties of the nonlinear systems in the

! For continuous dynamical systems see Arnold (1973), Hirsch and Smale (1974),
and Hale (1980).
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proximity of steady-state equilibria. The second part of the chapter
examines the trajectories of nonlinear systems based on the character-
ization of the linearized system in the proximity of a steady-state equi-
librium. The basic propositions established in Chapter 1 provide the
conceptual foundations for the analysis of multi-dimensional, higher-
order, non-autonomous, dynamical systems.

Chapter 2 analyzes the evolution of a vector of interdependent state
variables in multi-dimensional, first-order dynamical systems. It devel-
ops a method of solution for these systems, based on the construc-
tion of a time-independent transformation that converts the dynami-
cal system into a new one that is characterized by either independent
state variables whose evolution can be determined based on the analy-
sis of the one-dimensional case, or partially dependent state variables
whose evolution are determined by the well established properties of
the Jordan matrix. The analysis of linear multi-dimensional dynami-
cal systems provides an important reference point in the analysis of
multi-dimensional nonlinear systems in the proximity of their steady-
state equilibrium. It provides the characterization of the linear approx-
imation of multi-dimensional nonlinear systems around steady-state
equilibria.

Chapter 3 characterizes the trajectory of a vector of state variables
in multi-dimensional, first-order, linear dynamical systems. It examines
the trajectories of these systems when the matrix of coefficients has real
eigenvalues and the vector of state variables converges or diverges in a
monotonic or oscillatory fashion towards or away from a steady-state
equilibrium that is characterized by either a saddle point or a stable
or unstable (improper) node. In addition, it examines the trajectories
of these linear dynamical systems when the matrix of coefficients has
complex eigenvalues and the system is therefore characterized by a
spiral sink, a spiral source, or a periodic orbit.

Chapter 4 analyzes the trajectory of a vector of state variables in
multi-dimensional, first-order, nonlinear systems. It utilizes the charac-
terization of linear multi-dimensional systems to examine the trajectory
of the nonlinear systems in light of the Stable Manifold Theorem. In
particular, the analysis examines the properties of the local stable and
unstable manifolds, and the corresponding global stable and unstable
manifolds.

Chapter 5 characterizes the evolution of a vector of state variables in
higher-order as well as non-autonomous systems. It establishes the so-
lution method for these higher-order and non-autonomous systems and
it analyzes the factors that determine the qualitative properties of these
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discrete dynamical systems in the linear and subsequently the nonlin-
ear case. The analysis is based upon the transformation of higher-order
and non-autonomous systems into a multi-dimensional first-order sys-
tems that can be examined based on the analysis in Chaps. 2-4. In
particular, a one-dimensional second-order system is converted into
a two-dimensional first-order system, a one-dimensional third-order
system is transformed into a three-dimensional first-order system, a
one-dimensional n*’-order system is converted into an n-dimensional
first-order system, and an n- dimensional m!’-order system is trans-
formed into an n X m- dimensional first-order system. Similarly, the
analysis of non-autonomous systems is based on their transformation
into higher-dimension, time-independent (autonomous) systems that
can be examined based on the analysis of multi-dimensional, first-order
systems in Chaps. 2-4.

Chapter 6 provides a complete characterization of several represen-
tative examples of two-dimensional dynamical systems. These examples
include a first-order linear system with real eigenvalues, a first-order lin-
ear system with complex eigenvalues that exhibits a periodic orbit, a
first-order linear system with complex eigenvalues that exhibits a spiral
sink, a first-order nonlinear system that is characterized by a oscillatory
convergence, and a second-order one-dimensional system converted into
a first-order, two-dimensional system characterized by a continuum of
equilibria and oscillatory divergence.

The book is designed for advanced undergraduate and graduate stu-
dents in the fields of demography, ecology, economics, engineering, evo-
lutionary biology, finance, mathematics, and physics, who are familiar
with differential calculus and linear algebra. Furthermore, it is a useful
reference for researchers of applied disciplines in which discrete dynam-
ical systems are commonly employed.

Providence, USA
September 2006 Oded Galor
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1

One-Dimensional, First-Order Systems

This chapter analyzes the evolution of a state variable in one-dimensio-
nal, first-order, discrete dynamical systems. It introduces a method of
solution for these systems, and it characterizes the trajectory of the
state variable, in relation to its steady-state equilibrium, examining the
local and global (asymptotic) stability of this steady-state equilibrium.

The first part of the chapter characterizes the factors determining
the existence, uniqueness and stability of a steady-state equilibrium
in the elementary context of one-dimensional, first-order, linear au-
tonomous systems. Although linear dynamical systems do not neces-
sarily govern the evolution of the majority of the observed dynamic
phenomena, they serve as an important benchmark in the analysis of
the qualitative properties of nonlinear systems, providing the character-
ization of the linear approximation of nonlinear systems in the proxim-
ity of steady-state equilibria. The second part of the chapter examines
the trajectories of nonlinear systems based on the characterization of
the linearized system in the proximity of a steady-state equilibrium.

The basic propositions derived in this chapter provide the conceptual
foundations for the generalization of the analysis and the characteri-
zation of multi-dimensional, higher-order, non-autonomous, dynamical
systems.

The qualitative analysis of these dynamical systems is based upon
the examination of the factors that determine the actual trajectory of
the state variable. However, as will become apparent, once the basic
propositions that characterize the properties of these systems are de-
rived, an explicit solution is no longer required in order to characterize
the nature of these dynamical systems.
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1.1 Linear Systems

Consider a one-dimensional, first-order, autonomous, linear difference
equation that governs the evolution of a state variable, y;, over time.

Yt+-1 :ayt+b7 t:07172737"'7 (11)

where the value of the state variable at time t, 1, is a real number,
i.e., y € R, the parameters a and b are constant real numbers, namely
a,b € R, and the initial value of the state variable at time 0, g, is
given.!

The system is defined as a one-dimensional, first-order, autonomous,
linear difference equation since it describes the evolution of a one-
dimensional state variable, y;41, whose value depends in a linear and
time-independent (autonomous) fashion on its value in the pervious
period (first-order), y;.

1.1.1 Characterization of the Solution

A solution to the difference equation w41 = ay; + b is a trajectory
(or an orbit) of the state variable, {y:}7°,, that satisfies this law of
motion at any point in time. It relates the value of the state variable
at time ¢, 1, to its initial value, yg, and to the parameters a and b.

The derivation of a solution may follow several methods. In partic-
ular, the intuitive method of iterations generates a pattern that can be
easily generalized to a solution rule.

Given the value of the state variable at time 0, g, the dynamical
system yrr1 = ay: + b implies that the value of the state variable at
time 1, y1, is

Y1 = ayo + . (1.2)

Given the value of the state variable at time 1, y1, the value of the state
variable at time 2, ys, is uniquely determined.

Yo = ayy + b = alayo + b) + b = a’yo + ab+ b. (1.3)

1 Without loss of generality, the feasible domain of the time variable, ¢, is truncated
to be the set of non-negative integers. Moreover, the initial condition is defined
as the value of the state variable at time 0. In general, ¢ can be defined to be
an element of any subset of the set of integers, and the initial value of the state
variable, yo, can be given at any point within this interval.
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Similarly, the value of the state variable at time 3,4, ...,, is

y3 = ayo + b = a(a’yo +ab+b) +b=ayo + a*b+ab+b

(1.4)
yr = alyo +a b+ al"?b+ ... + ab + b.
Hence, fort =1,2, ...,
t—1
yr = a'yo + bz a'. (1.5)
i=0

Since Z;;é ¢ is the sum of the geometric series, {1, a,a?,a?,..a’ "1},
whose factor is a, it follows that

-1 L if a#1
a' = (1.6)
i=0 t if a=1,

and therefore
alyo + bll%‘g if a#1

Yt = (1.7)
yo + bt if  a=1

Alternatively,

[yo— 2]t + & if  a#l
Yt = (1.8)
yo + bt if a=1.

Thus, as long as an initial condition of the state variable is given,
the entire trajectory of the state variable is uniquely determined.
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The trajectory derived in (1.8) reveals the qualitative role of the
parameter a, and to a lesser extent, b, in the evolution of the state
variable over time. These parameters determine whether the dynam-
ical system evolves monotonically or in oscillations, and whether the
state variable converges in the long run to a steady-state equilibrium,
diverges asymptotically to plus or minus infinity, or displays a two-
period cycle. Hence, a qualitative examination of a dynamical system
requires the analysis of the asymptotic behavior of the system as time
approaches infinity.

1.1.2 Existence of Steady-State Equilibria

Steady-state equilibria provide an essential reference point for a qual-
itative analysis of the behavior of dynamical systems. A steady-state
equilibrium (alternatively defined as a stationary equilibrium, a rest
point, an equilibrium point, or a fized point) is a value of the state
variable y; that is invariant under the law of motion dictated by the
dynamical system.

Definition 1.1. (A Steady-State Equilibrium)
A steady-state equilibrium of the difference equation y11 = ays+b is
7 € R such that

y=ay+b.

Thus, if the state variable is at a steady-state equilibrium, it will re-
main there in the absence of any perturbations of the dynamical system
due to either changes in the parameters a and b or direct perturbations
in the value of the state variable itself. Namely, if y; = ¢ then ys = gy
for all s > t.

As follows from Definition 1.1, as long as a # 1, there exists a
unique steady-state equilibrium § = b/(1—a) for the difference equation
Yir1 = ay + b. However, given the linear structure of the dynamical
system, if ¢ = 1 and b = 0 then in every time ¢, 3,41 = y; and the state
variable does not deviate from its initial condition. In particular, y; =
Yi—1 = Yt—2 = ... = yo and the system is in a steady-state equilibrium
where § = yg. In contrast, if a = 1 and b # 0, a steady-state
equilibrium does not exist and the state variable increases indefinitely
if b > 0, or decreases indefinitely if b < 0.

Hence, following Definition 1.1,

= if a#l

Yo if a=1 and b=0.
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Thus, the necessary and sufficient conditions for the existence of
a steady-state equilibrium are given by the values of the parameters a
and b, as stated in (1.9), that permits the system to have a steady-state
equilibrium.

Proposition 1.2. (Ezistence of Steady-State Equilibrium,)
A steady-state equilibrium of the difference equation yiv1 = ayy + b
exists if and only if

{a # 1} or {a=1 and b = 0}.

Hence, given the steady-state level of the state variable, y;, as de-
rived in (1.9), the solution to the difference equation y;11 = ay; + b
can be expressed in terms of the deviations of the initial value of the
state variable, yg, from its steady-state value, y. Namely, substituting
the value of § into the solution given by (1.8), it follows that

(yo —y)a* +7 if a#1
Yt = (1.10)
Yo + bt if a=1.

1.1.3 Uniqueness of Steady-State Equilibria

A steady-state equilibrium of the linear dynamical system, ;11 = ay;+
b, is not necessarily unique. As depicted in Figs. 1.1, 1.3, 1.7, 1.9 and
1.10 for a # 1, the steady-state equilibrium is unique. However, as
depicted in Fig. 1.5, for a =1 and b =0, a continuum of steady-state
equilibria exists, reflecting the entire set of feasible initial conditions.

Necessary and sufficient conditions for the uniqueness of a steady-
state equilibrium are given by the values of the parameters a and b, as
stated in (1.9) that permits the system to have a distinct steady-state
equilibrium.

Proposition 1.3. (Uniqueness of Steady-State Equilibrium)
A steady-state equilibrium of the difference equation y11 = ayy+b is
unique if and only if

a # 1.
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1.1.4 Stability of Steady-State Equilibria

The stability analysis of the system’s steady-state equilibria determines
whether a steady-state equilibrium is attractive or repulsive for all or
at least some set of initial conditions. It facilitates the study of the
local, and often the global, properties of a dynamical system, and it
permits the analysis of the implications of small, and sometimes large,
perturbations that occur once the system is in the vicinity of a steady-
state equilibrium.

A steady-state equilibrium is globally (asymptotically) stable if the
system converges to this steady-state equilibrium regardless of the level
of the initial condition, whereas a steady-state equilibrium is locally
(asymptotically) stable if there exists an e- neighborhood of the steady-
state equilibrium such that from every initial condition within this
neighborhood the system converges to this steady-state equilibrium.
Formally the definition of local and global stability are as follows:?

Definition 1.4. (Local and Global Stability of a Steady-State Equilib-
rium,)

A steady-state equilibrium, Y, of the difference equation yi+1 = ayy +0b
18:

o globally (asymptotically) stable, if
Jim y, =7 Vyo €Wy
e locally (asymptotically) stable, if

tlim Yy =7 Yyo such that |yo — 7| < € for some e > 0.
—00

Alternatively, if the state variable is in a steady-state equilibrium
and upon a sufficiently small perturbation it converges asymptotically
back to this steady-state equilibrium, then this equilibrium is locally
stable. However, if regardless of the magnitude of the perturbation the

2 The economic literature, to a large extent, refers to the stability concepts in
Definition 4.2 as global stability and local stability, respectively, whereas the
mathematical literature refers to them as global asymptotic stability and local
asymptotic stability, respectively. The concept of stability in the mathematical
literature is reserved to situations in which trajectories that are initiated from
an e-neighborhood of a fixed point remain sufficiently close to this fixed point
thereafter.
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state variable converges asymptotically to this steady-state equilibrium,
then the equilibrium is globally stable.

Global stability of a steady-state equilibrium necessitates the global
uniqueness of the steady-state equilibrium. If there is more than one
steady-state equilibrium, none of the equilibria can be globally stable
since there exist at least two points in the relevant space from which
there is no escape and convergence from each of these steady-state
equilibria to the other steady-state equilibrium is therefore not feasible.

Proposition 1.5. (Necessary Condition for Global Stability of Steady-
State Equilibrium)

A steady-state equilibrium of the difference equation 11 = ay + b
is globally (asymptotically) stable only if the steady-state equilibrium is
unique.

Local stability of a steady-state equilibrium necessitates the local
uniqueness of the steady-state equilibrium. Namely the absence of any
additional point in the neighborhood of the steady-state from which
there is no escape. If the system is characterized by a continuum of
equilibria none of these steady-state equilibria is locally stable. There
exists no neighborhood of a steady-state equilibrium that does not con-
tain additional steady-state equilibria, and hence there exist initial con-
ditions within an - neighborhood of a steady-state equilibrium that do
not lead to this steady-state equilibrium in the long run. Thus, local
stability of a steady-state equilibrium requires the local uniqueness of
this steady-state equilibrium.

If the system is linear there is either unique steady-state equilibrium
or continuum of (unstable) steady-state equilibria. Local uniqueness of
a steady-state equilibrium therefore implies global uniqueness, and local
stability therefore necessarily implies global stability.

As follows from the definitions of local and global stability, the sta-
bility of a steady-state equilibrium can be obtained by the examination
of the properties of the system as time approaches infinity.

As follows from the solution for the difference equation y;11 = ay; +
b, given by (1.10),

[yo — ) limy oo a’ +7 if  a#1l
lim gy, = (1.11)
free Yo + blimy oot if a=1,

and therefore the limit of the absolute value of the state variable, |y,
is
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( 71 if A{la| <1} or
Y {la > 1 & yo =7}
Yol if a=1&b=0
tllglo vl = lyol for t=0,2,4,...
if a=-1
|b—yo| for t=1,3,5,...
00 otherwise.

(1.12)

Thus, as follows from the property of the absolute value of the state
variable y;, as time approaches infinity, the absolute value of the pa-
rameter a and the value of b determines the long run value of the state
variable. Moreover, the absolute value of the parameter a determines
whether a steady-state equilibrium g is globally stable.

In particular, in the feasible range of the parameter a and b, the
dynamical system exhibits five qualitatively different trajectories, char-
acterized by the existence of a unique and globally stable steady-state
equilibrium, a unique unstable, steady-state equilibrium, continuum of
steady-state equilibria, inexistence of steady-state equilibria, and two-
period cycles.

A. Unique Globally Stable Steady-State
Equilibrium (|a| < 1)

If the coefficient |a| < 1, then the system is globally (asymptoti-
cally) stable converging to the steady-state equilibrium 7 = b/(1 — a),
regardless of the initial condition, yo. In particular, if 0 < a < 1 then
as depicted in the phase diagram in Fig. 1.1, the evolution of the state
variable is characterized by monotonic convergence towards the steady-
state equilibrium ¢ regardless of the initial level of the state variable, yq.

The steady state locus 111 = y: intersects with the linear difference
equation, y;+1 = ay; + b, at the steady-state equilibrium g. Given yjg,
the value of y; = ayp + b can be read from corresponding value along
the line y;y1 = ays + b. This value of y; can be mapped back to the
y; axis via the 45° line. Similarly, given g, the value of y5 = ay; + b
can be read from the corresponding value along the line y;41 = ay; + b
and mapped back to the y; axis via the 45° line. Hence, as depicted in
Fig. 1.1, the state variable evolves along the depicted arrows of motion
and converges monotonically to the steady-state equilibrium g.
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YVexl

Y1 =Vt

Y1 =ayith

Vi ==

45°
Yo yiy Yt

Fig. 1.1. One-Dimensional, First-Order, Linear System
Unique, Globally Stable, Steady-State Equilibrium
Monotonic Convergence
O0<axl1

The state variable y; converges monotonically from its initial level yq
to the steady-state level y. If yo > 7, then this monotonic convergence
represents a declining value of y; towards the steady-state level, g,
If yo < ¥y, as depicted in Fig. 1.2 then this monotonic convergence
represents an increasing value of y; towards the steady-state level, 3.

If, however, the coefficient —1 < a < 0, then as depicted in Fig. 1.3
and 1.4, the convergence of the state variable to its steady-state value
is oscillatory. The state variable, y; converges in oscillations from its
initial level yp to the steady-state level .

The oscillations of the state variable y; subsides monotonically in the
convergence process to the steady-state value g, as depicted in Fig. 1.4.

B. Continuum of Unstable Steady-State Equilibria
{a =1 and b =0}

If the coefficient a = 1 and the constant b = 0, the system, as
depicted in Fig. 1.5, is characterized by a continuum of steady-state
equilibria. Each steady-state equilibrium can be reached if and only if
the system starts at this equilibrium and it is therefore neither globally
nor locally stable. Any e- neighborhood of a steady-state equilibrium
contains other steady state equilibria and thus there exist initial condi-
tions in any e- neighborhood of a steady-state equilibrium that do not
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Yt
y
i
Yo
0 1 2 3 t
Fig. 1.2. The Evolution of the State Variable
Monotonic Convergence
0<a<l1
Vi1
Yer1 =Vt
Y1 =ayithb
45°
Yo y Vi

Fig. 1.3. One-Dimensional, First-Order, Linear System
Unique, Globally Stable, Steady-State Equilibrium
Oscillatory Convergence
-1<a<0
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i
y /\ /\ /\ o
y \/
Yo
0 1 2 3 t
Fig. 1.4. The Evolution of the State Variable
Oscillatory Convergence
-1<a<0
Vel
Ve =aygtb
Ye+1=Dt
45° _
Yo=Y Yt

Fig. 1.5. One-Dimensional, First-Order, Linear System
Continuum of Unstable Steady-State Equilibria
a=1land b=0

11
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lead to this steady-state equilibrium in the long run. Each steady-state
equilibrium is therefore unstable.

C. Non-Existence of a Steady-State Equilibrium
{a =1 and b # 0}

If the coefficient a = 1 and the constant b # 0, the system is charac-
terized by the absence of a steady-state equilibrium and the state vari-
able diverges to either plus or minus infinity. As shown in Fig. 1.6, if
b > 0, then lim;_, o ¥ = +00, i.e. the state variable increases monoton-
ically over time and approaches asymptotically 400, whereas if b < 0,
the value of the state variable declines monotonically over time and

approaches asymptotically —oo, i.e., lim;_o y = —00.
Virl Y1 =ayb
Ve+1 =Vt

g

45°
Yo Yt

Fig. 1.6. One-Dimensional, First-Order, Linear System
Non-Existence of a Steady-State Equilibrium
a=1land b#0

D. Two-Period Cycle (a = —1)

If the coefficient « = —1, then the system, as depicted in Fig. 1.7,
is characterized by a continuum of (unstable) two-period cycles,® and

3 Note that definition of stability is perfectly applicable for periodic orbits, provided
that the dynamical system is redefined to be the n'" iterate of the original one,
where n is the periodicity of the cycle.
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Y+l
Y1 =Vt

b-yqy

Y1 =aytb

45°

Yo y=bi2 b-yy Ve

Fig. 1.7. One-Dimensional, First-Order, Linear System
Unstable Two-Period Cycle
a=-—1

the unique steady-state equilibrium, 7 = /2, is unstable. The initial
value of the state variable dictates the values of the two-period cycles.

Given the initial value of the state variable, yg, then as depicted
in Fig. 1.8, the state variable oscillates between yy and b — yp in a
two-period cycle.

Vi

b—yo

Yo

0 1 2 3 t

Fig. 1.8. The Evolution of the State Variable
Two-Period cycle
a=—1
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There exists a continuum of two-period cycles that are determined
by the level of the state variable in period 0. Each of these two-period
cycles is unstable. Namely, unless the system originates in a given two-
period cycle, the system will not reach it. Moreover, in a linear system,
unless a two-period cycle exists at time 0, a two-period cycle will not
exist,.

E. Unique Unstable Steady-State Equilibrium (|a| > 1)

If the coefficient |a| > 1 then the system, as depicted in Figs. 1.9
and 1.10, is unstable. For yo # b/(1 — a), lim;_ |y¢| = 00, whereas
for yo = b/(1 —a) the system starts at the steady-state equilibrium
where it remains thereafter. Every minor perturbation, however, causes
the system to step on a diverging path.

In particular, if the coefficient @ > 1, then as depicted in Fig. 1.9,
the state variable y; diverges monotonically. If its initial condition is
larger than ¢, then it diverges monotonically to +o0o, whereas if the
initial condition is smaller than g, it diverges monotonically to -co.

However if the coefficient a < —1, then as depicted in Fig. 1.10,
the state variable y; diverges in oscillations. The oscillations of the state
variable y; are magnified monotonically in this process of divergence,
oscillating in the limit between +o00 and -co.

Vel

Vi1 =ayith

Y1 =Wt

45°

y i

Fig. 1.9. One-Dimensional, First-Order, Linear System
Unstable Steady-State Equilibrium
Monotonic Divergence
a>1
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45°

1.1 Linear Systems

Yer1 =Wt

Yir1 =ayith

Yo ¥

Vi

Fig. 1.10. One-Dimensional, First-Order, Linear System

Unstable Steady-State Equilibrium
Oscillatory Divergence
a< -1

15

The characterization of the asymptotic properties of the state vari-
able y; as t — o0, established in (1.12) and analyzed in Cases (A)—(E),
provides the necessary and sufficient conditions for global stability of

the linear system.

Proposition 1.6. (A Necessary and Sufficient Condition for Global

Stability of Steady-State Equilibrium)

A steady-state equilibrium of the difference equation y41 = ayy+b is

globally stable if and only if

la| < 1.

Corollary 1.7. (Necessary and Sufficient Conditions for Monotonic
and Oscillatory Convergence)

For any yo € R,

lim yr =y
t—o00

if lal <1,
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where
(a) convergence is monotonic if and only if
a€0,1);

(b) convergence is oscillatory if and only if
a € (—1,0).

1.2 Nonlinear Systems

This section analyzes the evolution of a state variable in a one-
dimensional, first-order, nonlinear discrete dynamical system. It charac-
terizes the evolution of the state variable in the proximity of a steady-
state equilibrium based on a linear approximation of this nonlinear
motion in the vicinity of a steady-state equilibrium. Subsequently, it
provides some restrictive sufficient conditions for global stability of a
nonlinear system.

Consider the one-dimensional autonomous, first-order, nonlinear dif-
ference equation that governs the evolution of a state variable, ¥;, over
time.

Yt+1 :f(yt)a t:071727"'a (113)

where f: R — R is a continuously differentiable single-valued func-
tion and the initial value of the state variable, yo, is given.?

1.2.1 The Solution

A solution to the difference equation w11 = f(y), is a trajectory (or
an orbit) of the state variable, {y;}72,, that satisfies this law of motion
at any point in time. It relates the value of the state variable at time
t, vy, to its initial value, yg, and to the function f.

* For the local analysis, it is sufficient that the function f : ® — R is continuously
differentiable only in some neighborhoods of the relevant steady-state equilibrium.
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Using the method of iterations, the trajectory of this nonlinear sys-
tem, {y:}52,, can be written as follows:

y1 = f(w)
y2 = f(y1) = fIf(wo)] = F2 (o)
ys = fy2) = fLF(y)] = FIF P (o)) = F13 (0) (1.14)

v = F1 (yo),

where f{t} (yo) is the outcome of t iterations of the function f over the
initial condition yq.

Unlike the solution to the linear system (1.1), the solution for the
nonlinear system (1.14) is not very informative about the factors that
determine its qualitative patterns and its tendency to converge to a
steady-state equilibrium, to diverge to plus or minus infinity or to dis-
play a periodic orbit.

Hence, additional methods of analysis are required in order to gain
an insight about the qualitative behavior of this nonlinear system. In
particular, a linear approximation of the nonlinear system in the vicin-
ity of a steady-state equilibrium is instrumental in the study of the
qualitative behavior of nonlinear dynamical systems.

1.2.2 Existence, Uniqueness and Multiplicity
of Steady-State Equilibria

Definition 1.8. (A Steady-State Equilibrium,)
A steady-state equilibrium of the difference equation yi11 = f(y) s
a level § € R such that

y=r®)-

Generically, a nonlinear system may be characterized by the exis-
tence of unique steady-state equilibrium, the existence of multiplicity
of (distinct) steady-state equilibria, the existence of chaotic behavior,
or the non-existence of a steady-state equilibrium. Furthermore, the
nonlinear system may converge to a steady-state equilibrium, may di-
verge to plus or minus infinity, may converge to a periodic orbit, and,
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Vel
Yer1 =W
Yl =f(yz)
45°
Yo y Vi

Fig. 1.11. One-Dimensional, First-Order, nonlinear System
Unique, Globally Stable, Steady-State Equilibrium: lim;— .o y: = ¥

unlike a linear system, a nonlinear system may exhibit chaotic behav-
ior.> Figures 1.11-1.13 depict these various configurations under the
assumption that f: Ry — R.

Figure 1.11 depicts a system with a globally stable unique steady-
state equilibrium. Given yp, the state variable evolves towards the
steady-state equilibrium and lim; oy = ¥.

Figure 1.12 depicts a system with multiple distinct steady-state
equilibria: ¢; and g3 are locally stable, whereas 75 is unstable. Namely,

71 if Yo € (0,72)
lim y; =< 92 if  Yo=12 (1.15)
t—oo

U3 if Yo € (Y2,00).

Figure 1.13 depicts the dynamical system in the absence of a steady-
state equilibrium. The state variable diverges monotonically to infinity
regardless of its initial value, i.e. lim; o0 yr = 00, Vo € R4

5 See Li and Yorke (1975).
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Yex1
Yer1= Ve

Zytﬂ =f(y)

45°

Y1 Y2 V3 Ve

Fig. 1.12. One-Dimensional, First-Order, nonlinear System
Multiple Steady-State Equilibria

1.2.3 Linearization and Local Stability
of Steady-State Equilibria

The evolution of a nonlinear system in the proximity of a steady-state
equilibrium can be analyzed based on a linear approximation of this
nonlinear motion.

Vvl
V1=Vt

Y1 = ()

/4

45°
Yo Vi

Fig. 1.13. One-Dimensional, First-Order, nonlinear System
Non-Existence of Steady-State Equilibria
lim¢— 00 Yyt = 00, Yyo € R4
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Consider the Taylor expansion of ;11 = f(y:) around the steady-
state level, 7 :

P M )L )
v = ) = @) + L@ -7+ P PU IR (16
where R, is the residual term.
The linearized system around the steady-state equilibrium 73 is
therefore

Yir1 = f@) + /@)y — )
=f'@w+ f@) — @7y (1.17)

= ayt +b7

where a = f'(y) and b= f(y) — f'(y)y are given constants.

Applying the stability results established for the linear system, the
linearized system is globally stable if |a| = |f/(7)| < 1. However, since
the linear system approximates the behavior of the nonlinear system
only in a sufficiently small neighborhood of a steady-state equilibrium,
the global analysis of the linearized system provides only a local analysis
of the nonlinear difference equation. Thus, the following proposition is
established:

Proposition 1.9. (Necessary and Sufficient Conditions for Local
Stability of Steady State Equilibrium)

The steady-state equilibrium y of the dynamical system yi41 = f(yi)
is locally stable if and only if

dyr,+ 1
dy:

<

For example, consider Fig. 1.12 where the dynamical system is char-
acterized by three steady-state equilibria. f'(7;) <1 and f'(73) <1,
and consequently y; and 3 are locally stable steady-state equilibria,
whereas f'(7,) > 1 and consequently 7, is an unstable steady-state
equilibrium.
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Example 1.10.

Consider the nonlinear dynamical system

Yrr1 = 0.5(y7 — 3y +6) = f(e), (1.18)

where y; € Ry
As follows from (1.18), and as depicted in Fig. 1.14, this system has
two steady-state equilibria. That is,

f@) =9 <= {g=2 or y=3} (1.19)

The linearized system around a steady-state equilibrium g, as fol-
lows from (1.17), is given by

yerr = '@y + f@) = ' @7 (1.20)
The linearized system around § = 2 is therefore
Yt+1 = O5(yt + 2), (121)
where
d
CLa=N P (1.22)
dyt 7=2
Vi1
> VAGH)
4
Yer1 =t
3

»™— unstable
locally stable

'S

0 1 2 3 4 5

Fig. 1.14. Example of a System with two Steady-State Equilibria
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The linearized system around §y = 3 is

yt+1 = 15(yt — 1), (123)
where
| | 5, (1.24)
dyt 7=3

Hence, as follows from Proposition 1.9, and as depicted in Fig. 1.14,
the dynamical system y;+1 = f(y:) is locally stable around y = 2 and
unstable around y = 3.

Remark. The evolution of the nonlinear system in the proximity of a
steady-state equilibrium, ¢, cannot be examined based on the linearized
system if f/(y) = 1. This non-generic case represents a bifurcation
point of the dynamical system. Namely, an infinitesimal change in the
derivative at the point ¢ brings about a qualitative change in the nature
of the dynamical system (i.e., in the number of steady-state equilibria
and their stability).

As depicted in Fig. 1.15, if f/(g) = 1, then the steady-state equilib-
rium 7 is neither locally stable nor locally unstable. The state variable
converges to the steady-state value, g, if y; < g, whereas it diverges
from g if y; > y. However, the linearized system would falsely sug-
gest that under no initial values the state variable will converge to its
steady-state 7.

Example 1.11.
Consider the nonlinear dynamical system

yee1 = 0.5(y7 + 1) = fw), (1.25)

where y; € Ry
As follows from (1.25), and as depicted in Fig. 1.15, this system has
a single steady-state equilibrium. Namely,

f@) =y = {g=1}, (1.26)

where 3 = 1 is the value of the repeated root of the quadratic equation,
7> —2y+1=0.
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Vel

Sy

Ve+1=t

Vi
0 1 2

Fig. 1.15. Misleading Linearization
flm =1

The linearized system around a steady-state equilibrium ¢, as fol-
lows from (1.17), is given by

Y1 = '@y + f@) — f@)7 (1.27)

and since § = 1, it is therefore

Ytr1 = Yt (1.28)
where
d
CUau R (1.29)
dyt y=1

Hence, the linearized system is characterized by a continuum of
unstable equilibria and in particular, it suggests that the steady-state
equilibrium, 4 = 1 is unstable, whereas as depicted in Fig. 1.15, the
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state variable converges to the steady-state value, § = 1, if 4 < ¢, and
it diverges from 7 if y; > ¥.

Chapter 4 provides the conditions under which the linearized system
can be used in order to examine the properties of a nonlinear dynamical
system in the proximity of a steady-state equilibrium.

1.2.4 Global Stability

The Contraction Mapping Theorem provides useful sufficient conditions
for the existence of a unique steady-state equilibrium and its global
stability. These conditions, however, are overly restrictive.

Definition 1.12. (Contraction Mapping)
f(x): R— R is a contraction mapping if for some (€ (0,1)

p(f(x1), f(x2)) < Bp(x1,22),  Var,22 € R,

where p(c,d) = |c—d|.

Theorem 1.13. (The Contraction Mapping Theorem,)
If f: R— R isa contraction mapping then

o f(z) has a unique fized point (steady-state equilibrium), i.e., there
exists an T € R such that

f(z) =z.
o VrgeR and for € (0,1),
p(f™ (20),7) < B"p(w0,7) ¥n=0,1,2,3,-.
where f17(x0) is the n'™ iteration of f over xy.

Proof. See Stokey and Lucas (1989). O

Corollary 1.14. A steady-state equilibrium of the difference equation
yi+1 = f(yr) exists and is unique and globally (asymptotically) stable

if

f: R—=R is a contraction mapping, i.e.

|f(yes1) — f(y)]
Y1 — yil

<1 V¢ =0,1,2,--, 00,
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or if f is differentialble and

|fl(yt)‘ <1 Vy, € R.

Thus, as depicted in Fig. 1.16, if over the entire domain, the deriva-
tive of f(y;) is smaller than unity in absolute value, the map f(y;)
has a unique and globally stable steady-state equilibrium. The steady
state locus yy+1 = ¥; intersects with the nonlinear difference equation,
yi+1 = f(y¢) at the steady-state equilibrium y. Given yp, the value of
y1 = f(yo) can be read from the corresponding value along the curve
Yt+1 = f(y¢). This value of y; can be mapped back to the y; axis via the
459 line. Similarly, given yi, the value of yo = f(y1) can be read from
the corresponding value along the curve y;+1 = f(y:) and mapped back
to the y; axis via the 45° line. Hence, as depicted in Fig. 1.16, the state
variable evolves along the depicted arrows of motion and converges in
oscillations to the steady-state equilibrium .

For instance consider the one-dimensional, linear, first-order and
autonomous system

yer1 = f(ye) = aye +b la] < 1. (1.30)

YVerl
Yer1 =Vt

———— Y1 =f ()

45°

Yo y Vi

Fig. 1.16. f(y:) is a Contraction Mapping
Global Stability

[f(y2) = fFly)l < lye —w1l  Y(y1,y2) € Ry
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As established in Proposition 1.6, since |a| < 1, the system has a unique
and globally stable steady-state equilibrium. Similarly, based on the
Contraction Mapping Theorem, as established in Corollary 1.14, there
exists a unique and globally stable equilibrium since |f'(y)| = |a| < 1

Yy € R.



2

Multi-Dimensional, First-Order, Linear
Systems: Solution

This chapter characterizes the evolution of a vector of state variables in
multi-dimensional, first-order linear systems. It develops a method of
solution for these multi-dimensional systems, and it characterizes the
trajectory of the vector of state variables, in relation to the system’s
steady-state equilibrium, examining the local and global (asymptotic)
stability of this steady-state equilibrium.

Although linear dynamical systems do not necessarily govern the
evolution of most of the dynamic phenomena in the universe, they
serve as an important benchmark in the analysis of the qualitative
properties of nonlinear systems, providing the characterization of the
linear approximation of nonlinear systems in proximity of steady-state
equilibria.

The characterization of the time path of a multi-dimensional sys-
tem of interdependent state variables is based on the construction of a
time-independent transformation that converts the system into a new
dynamical system of either: (a) independent state variables whose evo-
lution can be derived based on the analysis of the one-dimensional
case, or (b) partially dependent state variables whose evolution are
determined based upon the well established properties of the Jordan
Matrix.

The characterization of the trajectories of state variables in multi-
dimensional, first-order, linear autonomous systems provides the con-
ceptual foundations for the generalization of the analysis for higher-
order, nonlinear, non-autonomous, dynamical systems.

Consider a system of autonomous, first-order, linear difference equa-
tions
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[ T1e41 ] [a11 a2 a1 -+ ain | [ T1t] [b17]

T2t41 ag1 @22 A23 +-° A2 Tot bo

T341 | = | @31 a32 a33 -+ A3n | [ T3 | 4 | b3 | (2.1)
L Tnt+1 J LaAn1l An2 Ap3 - Qupnl LTntd L by, |

where the initial values of the vector of state variables, xo = (z19, Z20,
X30, .-, Tno), are given.

The evolution of the vector of state variables z; is governed, there-
fore, by the linear system

Tig1 = Az + B, t=0,1,2,3, - (2.2)

where the vector of state variables x; is an n - dimensional real vec-
tor; z; € R", A is an n x n matrix of constant (time-independent)
coefficients with elements a;; € R, 7,5 =1,2,...,n, and B is ann - di-
mensional time-independent vector with elements b; € R, i = 1,2, ..., n.

The system is defined as an n - dimensional, first-order, autonomous,
linear system of difference equations since it describes the evolution of
an n - dimensional vector of state variables, x;, whose value depends in
a linear and time-independent (autonomous) fashion only on the value
of the vector in the previous period (first-order).

2.1 Characterization of the Solution

A solution to a multi-dimensional linear system, z;y1 = Az + B, is
a trajectory {x:}5°, of the vector of state variables x; that satisfies
this linear relationship at any point in time. It relates the vector of the
state variables at time ¢, x; to the vector of initial conditions, xy, and
the set of coefficients embodied in the matrix A and the column vector
B. Similarly to the one-dimensional case, the method of iterations
generates a pattern that constitutes a general solution rule.

Given the value of the vector of state variables at time 0, xzg, the
dynamical system x;41 = Ax; + B implies that the value of the vector
of state variables in subsequent time periods, 1,2, 3, ... is
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$1=A$0+B
x9 = Ax1+ B = A%z + AB+ B

23 =Axo+ B = A%xy+ A2 B+ AB+ B (2.3)

x = Alxg+ AT'B+ A2B + ...+ AB + B.

The value of the vector of state variables in period ¢ is therefore
t—1
v =Alzg+ Y A'B. (2.4)
=0
It depends on the sum of a geometric series of matrices (rather than of
scalars in the one-dimensional case).

Lemma 2.1. The sum of a geometric series of matrices, Zf;é Al
whose factor is the matrix A, is

t—1
Y A= AT - AT if |I—A]#0.
=0

Proof.
=1
S AT-Al=T+A+ A+ 4 AT - [A4 A2+ A3+ A =T- A"
=0

(2.5)
Hence, post-multiplication of both sides of the equation by the matrix
[I — A]7! establishes the lemma, noting that [I — A]~! exists if and
only if | — A| # 0. O

Using the result in Lemma 2.1, it follows that the solution to the
n- dimensional system of linear difference equations is

xy = Allzg — [I - A7'B]+[I - A7'B  if |I—Al#0, (2.6)
where |I — A| = det[] — A].
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The value of the vector of state variables at time ¢, x; depends,
therefore, on the vector of initial conditions, xg, and the time-invariant
coefficients embodied in the matrix A and the column vector B.

In analogy to the one-dimensional case, the qualitative aspects of
the dynamical system are determined by the parameters of the ma-
trix A. These parameters determine whether the dynamical system
evolves monotonically or in oscillations, and whether the vector of
state variables converges in the long run to a stationary state, di-
verges asymptotically to plus or minus infinity, or evolves in a periodic
orbit.

As will become apparent, in a linear multi-dimensional system the
evolution of each state variable may differ qualitatively. Some of the
elements of the n - dimensional vector of state variables may converge
(monotonically or in oscillations) to a steady-state equilibrium, others
may diverge to plus or minus infinity, or may display a periodic orbit.
The qualitative examination of a dynamical system requires, there-
fore, the analysis of the asymptotic behavior of the system as time
approaches infinity.

2.2 Existence and Uniqueness of Steady-State Equilibria

Steady-state equilibria provide an essential reference point for a quali-
tative analysis of the behavior of dynamical systems as time approaches
infinity. The qualitative properties of the dynamical system could be
assessed based on the examination of the evolution of the vector of
state variables in relation to the steady-state equilibria (i.e. the fixed
points) of the system.

A steady-state equilibrium of this n-dimensional system is a value
of the n-dimensional vector of the state variables, x; that is invariant
under further iterations of the dynamical system. Thus, once each of
the elements of the vector of state variables is at its steady-state level,
the system will not evolve in the absence of exogenous perturbations
in the value of the state variable or in the parameters of the matrix A
and the vector B.

Definition 2.2. (A Steady-State Equilibrium)
A steady-state equilibrium of a linear system of difference equations
2411 = Axy + B is a vector T € R™ such that

T=AT + B.
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Following the definition, and in analogy to the analysis of the one-
dimensional system, there exists a steady-state equilibrium:

T=[-A"'B if |I-Al#0. (2.7)

Moreover, in analogy to Proposition 1.3, a steady-state equilibrium
is unique if [I — A] is non-singular.

Proposition 2.3. (Uniqueness of Steady-State Equilibrium,)
A steady-state equilibrium of the system xi1 = Az + B is unique if
and only if

I — A| 0.

The necessary and sufficient condition for the uniqueness of the steady-
state equilibrium of the dynamical system is the non-singularity of the
matrix [I — A]; a condition that is analogous to the requirement that
a # 1 in the one-dimensional case.

The Time Path of x;

Given the steady-state level of the state variable, x;, as derived in
(2.7), the solution to the difference equation, z;4+1 = Az + B, can be
expressed in terms of the deviations of the initial value of the vector of
state variables, xg, from its steady-state value, . Substituting (2.7)
into (2.6), the solution to the system is

v =Axg —T)+ 7T if |1 — A|l#0. (2.8)

If the matrix A is a diagonal matrix, there exists no interdependence
between the different state variables. The matrix A? is also a diagonal
matrix and the evolution of each of the state variables can be analyzed
separately according to the method developed for the one-dimensional
case in Sect. 1.1.

However, if the matrix A is not a diagonal matrix and there exists
interdependence in the evolution of the state variables, a more elab-
orate method of solution is required. This method generates a time-
independent transformation of the system of interdependent state vari-
ables into a new dynamical system of either (a) independent state vari-
ables that can be analyzed according to the method developed for the
one-dimensional case, or (b) interdependent state variables that are
governed by a matrix in the Jordan normal form and can be exam-
ined based on the known limiting properties of this matrix as time
approaches infinity.
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In particular, as will be elaborated in the next sections, this method
transforms a system of interdependent state variables, x;, into a new
system of state variables, 1, via a time-independent transformation,
Q. Namely, this method constructs (based on the eigenvectors of the
matrix A) an n x n non-singular matrix, @, such that

v = Qus + 7, (2.9)

and the evolution of the vector of state variables, , is

yt+1 = Dyt; (210)

where D is an n x n diagonal (or block diagonal) matrix in the Jordan
normal form. Hence

Yt :Dty()? (211)

where, as follows from (2.9), yo = Q' (xg — 7).

Moreover, the value of the vector of the state variables, x;, is a linear,
time-independent, transformation of the evolution of v, i.e. x; = Qu: +
Z, whose qualitative behavior will be determined by the qualitative
behavior of the vector of state variables y;. In particular,

zy = QDo+ 7 = QD!'Q (xg — 7) + 7, (2.12)

where @ is a time-invariant matrix and D? is the Jordan matrix raised
to the power t, whose properties are well established. Hence, as time
approaches infinity, the vector of state variables, x;, approaches its
steady-state level, Z, if the matrix QD!@Q~! vanishes. Since Q and Q!
are time-independent, it follows that as time approaches infinity, the
vector of state variables, x;, approaches its steady-state level, z, if D!
vanishes.

If the matrix A has non-repeated (real or complex) eigenvalues, the
matrix D is a diagonal matrix and therefore the matrix D! is a diagonal
matrix as well. The time path of each of the elements of the vector y;
is independent of the other and can be examined based on the analysis
developed for the one-dimensional case in Sect. 1.1. In particular, D?
vanishes and the vector of state variables, x;, approaches its steady-
state level, z, if all n elements of the diagonal matrix D are smaller
than 1 in absolute value.

If the matrix A has repeated (real or complex) eigenvalues, the ma-
trix D is a block diagonal matrix, and the properties of lim;_ ., D? are
well established, permitting a complete characterization of the solution
for x;.
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2.3 Examples of Two-Dimensional Systems

This section presents two simple examples of a two-dimensional, first-
order, linear, dynamical system that demonstrate the solution method
and the qualitative analysis that will be adopted in the case of multi-
dimensional, first-order, linear, dynamical systems. The first example
focuses on a discrete dynamical system in which the two state vari-
ables evolve independently of one another, demonstrating the direct
use of the analysis of the one-dimensional case for the characterization
of this system. The second example focuses on a system of interdepen-
dent state variables, demonstrating the construction of a time-invariant
transformation of this dynamical system into a new dynamical system
of independent state variables whose evolution, and therefore the evo-
lution of the original state variables, can be examined on the basis of
the insight of the one-dimensional case.

2.3.1 Explicit Solution and Stability Analysis

Consider a system of two-dimensional, first-order, homogeneous differ-
ence equations’

Ty = Ay, (2.13)

where the value of the vector of state variables in period 0, xg, is given.
As follows from (2.8), or as can be derived directly by the method of
iterations, the evolution of the vector of state variables is governed by

xy = Alxg. (2.14)

If the matrix A is a diagonal matrix as would be the case in Ex-
ample 2.4, there exists no interdependence between the different state
variables. The matrix A? is also a diagonal matrix, and the evolution
of each of the state variables can be analyzed separately according to
the method developed for the unidimensional case in Sect. 1.1. A more
general form of the matrix A, which implies interdependence across
the state variables, would require, however, the construction of a time-
independent transformation of the system of interdependent state vari-
ables, ¢, into a new dynamical system of independent state variables.

! The homogeneity of the system is reflected by the fact that B = 0 in the gen-
eral linear system x;+1 = Ax; + B, and the system’s steady-state equilibrium is
therefore the vector 0. As will be established in Sect. 2.5, a non-homogeneous
system can be transformed into a homogenous system by shifting the origin of
the non-homogeneous system to its steady-state equilibrium. Hence, the use of
examples of homogenous systems should be viewed only as a simplifying device.
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Example 2.4. (An Uncoupled System)

Consider a system of two-dimensional, first-order, homogeneous dif-
ference equations, xy11 = Axy, such that

T1t+1 2 0 L1t
= , (2.15)
Tot+1 0 0.5 Tot

where the initial conditions of the system, xg = [x10, Z20], are given.
Since the matrix A is a diagonal matrix, the system is uncoupled

and the evolution of each of the state variables is independent of the

other, i.e. x14.41 depends only on 214, and x9:41 depends only on xo;.
The solution to the system, x; = Alzg, as derived in (2.8), is there-

fore
T1¢ 260 T10
= . (2.16)
Tt 0 (0.5)t 20
Since the matrix A? is a diagonal matrix, the evolution of each state
variable is independent of the evolution of the other state variable, and
it can be examined in isolation analogously to the solution method

developed for the unidimensional case in Sect. 1.1.
In particular,

z1t = 2" 10
. (2.17)
Tot = (05) T20-
The steady-state equilibrium of the entire system is therefore
(Z1,72) = (0,0). (2.18)

The evolution of each of the state variables as time approaches in-
finity differs qualitatively. The second state variable, xo¢, converges to
its steady-state level To = 0 regardless of its initial value xo9. Namely,

thm Toy =To =0, Vagg € R. (2.19)

If x99 > 0, the value of x9; approaches zero monotonically from
the positive quadrants of xo:, whereas if x99 < 0, it approaches zero
monotonically from the negative quadrants of xo;.
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In contrast, the first state variable, x4, diverges to plus or minus
infinity, unless the initial position of this state variable is at its steady-
state level, £1 = 0. Namely, it diverges monotonically to —oo, if 19 < 0,
or to +oo if 19 > 0. Namely,

—00 if x10<0
lim 1, =< 771 =0 if x10=0 (2.20)
t—oo

o0 if  x10>0.

As depicted in Fig. 2.1, the steady-state equilibrium, (Z1,Z2) =
(0,0), is a saddle point.? Unless x19 = 0, the steady-state equilibrium
will not be reached, and the system will diverge in its x1; dimension to
—o00 or +o00. Namely,

(—O0,0) if x10<0

lima; =4 z=(0,00 if 210=0 (2.21)

t—o0

(00,0) if  x10 > 0.

Example 2.5. (A Coupled System)

Consider a coupled system of two-dimensional, first-order, homoge-
neous difference equations

T1t+1 1 0.5 Tt
= : (2.22)
T2t+1 1 1.5 Tot

where the initial levels of the vector of state variables, xy = [x10, 220],
is given.

The steady-state equilibrium of this homogeneous system is
therefore

2 For the ease of visualization, a single trajectory was drawn in each quadrant. In
fact, for each level of x1; there is a continuum of trajectories corresponding to
each level of xo:. Moreover, each trajectory is drawn in a continuous manner.
The actual trajectories, however, are sequences of discrete points that lie on this
continuous trajectory.
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X2
X
N X1
Fig. 2.1. An Uncoupled System
A Saddle
(T1,72) = (0,0). (2.23)

The system cannot be directly uncoupled since the two variables,
x1¢ and x9;, are interdependent. Thus a different solution method
is required. The solution technique converts the coupled system (via
a time-invariant matrix) into a new system of coordinates in which
the dynamical system is uncoupled and is therefore solvable with the
method of analysis described for the one-dimensional case in Sect. 1.1.

As is established formally in the next sections, the new system of
coordinates is formed by the lines spanned by each of the eigenvectors
of the matrix A. Moreover, the time-invariant transformation of the
vector of state variables, x;, into the new system of coordinates, is
based on a matrix whose columns are the eigenvectors of the matrix A.
Hence the solution method involves the derivation of the eigenvalues
and the eigenvectors of the matrix A.

The Eigenvalues of the Matrix A

The eigenvalues of the matrix A are obtained as a solution to the
equation

|A— | =0, (2.24)



2.3 Examples of Two-Dimensional Systems 37

where |A — M| is the determinant of the matrix [A — AI] and I is the
identity matrix. In the two-dimensional case, the eigenvalues, A\; and
Ao, are therefore obtained as a solution to the equation

a1 — A a1

=0. (2.25)

aiz  az — A

The implied characteristic polynomial is
c(\) = A2 —trAX +det A =0, (2.26)

and the eigenvalues are determined by the solution to

Al +A= trd
(2.27)
A = det A.
In light of (2.22), it follows that
AM+A=25
(2.28)
Ade = 1,

and therefore A\ = 2 and Ay = 0.5.

The Eigenvectors of the Matrix A

f1 and fs, the eigenvectors of the matrix A, that are associated with
the eigenvalues A\; and A2, are obtained as a solution to the equations

[A=X]fi=0 for fi#0
[A—/\I]fg:o fO?" f27é0,

where f; = (fi1, fi2)’ for i = 1,2. Hence, it follows from (2.22) that the
eigenvector associated with the eigenvalue A; = 2 is determined by
the solution to the system of equations

Ve
1 —0.5| | fi2 0

(2.29)
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whereas that associated with Ao = 0.5 is determined by the solution
to the system of equations

[0.5 0.5] [f22] [0]
- . (2.31)
11 f21 0

Thus, the first eigenvector is determined by the equation

fi2 =2f1, (2.32)
whereas the second eigenvector is given by the equation
fa2 = —far. (2.33)

The eigenvectors fi and fo are therefore

or any scalar multiplication of these vectors.

The Construction of a New System of Coordinates
that Spans R?

Since f; and f, are linearly independent, they span ®2. Namely,
for all 2; € R? there exists y; = (y1s, y2:) € R2 such that

x = fiyu + fayor. (2.35)

Hence, as follows from the values of the eigenvectors given in (2.34)

T T 1| |yt
- . (2.36)
Tot 2 —1 Yot

Namely, every z; = (x14, 29;)’ € R2 can be expressed in terms of the
new system of coordinates, (y1¢,y2:) € R2.
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In particular, there exists a time-independent matrix @ such that

Ty = Qyt. (2.37)

Since fi1 and fo are linearly independent, ) is a non-singular matrix,
Q™! therefore exists, and y; can be expressed in terms of the original
system of coordinates (1, z2¢). That is,

g =Q 'ay. (2.38)

In particular,

Y1t -1 -1 T1t
(2.39)
Yot -2 1 Tot

and therefore,

y1e = 3(v1¢ + w21)
(2.40)

Yot = %(25611: — Ta¢).

Thus,

yit = 0 & x9p = —14
(2.41)
y2r = 0 & 29 = 2214,

The geometric place of the new system of coordinates is given there-
fore by (2.41).

As depicted in Fig. 2.2, the geometric place of all pairs (z1s, zot)
such that zo = —wqy, is the yo; axis (along which y; = 0) and the
geometric place of all pairs (z1¢, z9¢) such that xe, = 2x14 is the yp4 axis
(along which ya; = 0).

The axes of the new system of coordinates (y1, yo;) are therefore the
lines spanned by the eigenvectors f; and fo, respectively, as depicted
in Fig. 2.2.
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(0, =2x,,)
2t

Y1t

Fig. 2.2. The New System of Coordinates
The Representation of (z1¢, x2¢) in the (y1¢, y2¢) space

The Independence of the Evolution of the State Variables
y1: and yy

As follows from (2.38), the value of the vector of state variables y; 1
can be expressed as a time-invariant function of the value of the vector
of state variables x;41. In particular,

Yrr1 = Qw1 (2.42)

Hence, since the evolution of the vector of state variables x4 is given
by xiy1 = Axy, it follows that

Yt+1 = Q71A$t. (243)

Moreover, as established in (2.37), the value of the vector of state vari-
ables, xy, can be expressed in terms of the new system of coordinates,
(y1¢, y2r)- In particular, x; = Qyq, and therefore

Y1 = Q1 AQu;. (2.44)
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Thus,

Yt+1 = Dy, (2.45)

where D = Q 1AQ.
As follows from (2.36) and (2.39),

(-1 -1 1 o051 1
DzQ—lAQZ_g
-2 1| |1 15| |2 -1
2 0
= : (2.46)
0 0.5

Namely, the matrix D is a diagonal matrix.
As is evident, the eigenvalues of the matrix A, Ay =2 and Ay = 0.5
are the diagonal elements of the matrix D, i.e.

AL O
D= . (2.47)
0 A

Thus, the evolution of each of the elements of the vector of state
variables, 1, is independent of the evolution of the other state vari-
able, and its time path can be determined by the method of solution
developed for the unidimensional case in Sect. 1.1.

The Solution for y;

The evolution of the vector of new state variables, y;, is given by

2 0

Yer1 = Ye.- (2.48)
0 0.5

Since the system is uncoupled, it follows from the methods of iterations
that

yt = D'y, (2.49)
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namely,

yie = 28 y1o
(2.50)
yar = (0.5)" yao.

The value of the vector of new state variables in period 0, yg, is not
given. Nevertheless, it is determined uniquely by the values of the orig-
inal vector state variables in period 0, z¢. In particular, as follows from
(2.38), Yo = Q_l.fv[).

The steady-state equilibrium of the system ;11 = Dy; is a vector
7 € N2 such that § = Dy. The steady-state equilibrium of the new
system is therefore

¥ = (,72) = (0,0)". (2.51)

The steady-state equilibrium g = (0,0) is unique since [I — D] is non-
singular, i.e.

—1 0
II-D|= = —05#£0. (2.52)
0 05

The second state variable, yo;, converges to its steady-state level
Uy = 0, regardless of its initial value of yz9. Namely,

tliIn Yor =Yy =0, Vygo € R. (2.53)
—00

The first state variable, y1¢, diverges to plus or minus infinity, unless the
initial position of this state variable is at its steady-state level, 7j; = 0.
That is,

—00 if  y10<0
lim y;, =< 7, =0 if yi0=20 (2.54)
t—o00

400 if  yi0>0.

As depicted in Fig. 2.3, the steady-state equilibrium (g1, 2) = (0,0)
is a saddle point. Namely, unless y19 = 0, the steady-state equilibrium
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Yor

Fig. 2.3. The Evolution of y;

will not be reached, and the system will diverge in one of its dimensions
to either plus or minus infinity. Thus,

(—00,0) if  y10<0
Jim g = ¢ (0,0) if  yw=0 (2.55)
(O0,0) if  yio > 0.

The Solution for x;

The position of the vector of state variables, x;, can be expressed
in term of the new system of coordinates, (y1¢,y2¢). In particular, as
established in (2.37), = = Qu, i.e.

- . (2.56)
Tot 2 —1| |y
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Hence, a time-invariant transformation of the explicit solution for the

time path of the vector of new state variables, y;, provides an explicit

solution for the time path of the original vector of state variables, x.
As follows from (2.50),

T1t 1 1 2ty10 2ly10 + (0.5)'ya0
Tt 2 —1| | (0.5)'yq0 210 — (0.5)y20

where the initial value yo = Q~'z¢. Hence, it follows from (2.40) that

Y10 1|1 —1] |70
Y20 =2 1] [®20
and therefore,
Y10 = 3 (10 + 220)
(2.59)

Y20 = 3(2210 — w20).

The time path of z; and its qualitative properties are therefore
uniquely determined by the system’s initial conditions, (19, z20), and
the eigenvalues of the matrix A.

T Z (v10+220) + (0'35)‘ (2710 — 720)
_ ) (2.60)
ot thl («’ElO + 3320) — (0'75)(2@0 — :Cgo)

The phase diagram of the original system is obtained by placing
the phase diagram that describes the evolution of ¥, relative to the
new system of coordinates (y1,y2), in the plane (z1,x2), as depicted in
Fig. 2.4.
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(g =2x1,)
Y1t

X2t

E(X)

N

=

//—\

(g = —x1,)

Eu(x)

Fig. 2.4. The Evolution of
A Saddle

Stability of the Steady-State Equilibrium z

A steady-state equilibrium of the system x;y1 = Az is a vector
7 € N2 such that T = AZ. Hence, it follows from (2.60) that Z exists
and is given by & = (0,0). Moreover, z = (0,0) is unique since the
matrix [ — A] is non-singular, i.e.

0 —0.5
II— A= = —0.5#0. (2.61)
-1 -05

As follows from (2.60), and as depicted in Fig. 2.4,

lim z; =2 < x99 = —210, (2.62)
t—o0
and the steady-state equilibrium Z = 0 is a saddle point. Namely, the
vector of the original state variables, x;, converges to its steady-state
value Z if and only if the initial values of this vector are placed on the
yo¢ axis, i.e. along the geometric place of all pairs of (214, x2¢) such that
L20 = —Z10-
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2.3.2 Stability Analysis Without an Explicit Solution

A. Construction of Phase Diagrams Without an Explicit
Solution

The derivation of a phase diagram for a two-dimensional, first-order
linear system does not require an explicit characterization of the evolu-
tion of the vector of state variables. The phase diagram can be derived
via a characterization of the map of forces that operate on the vector
of state variables in any position in the two-dimensional plane.

The construction of the phase diagram requires the identification of
the geometric place under which a given state variable is in a steady
state, as well as the characterization of the forces that operate on this
state variable once it deviates from its steady-state value.

Consider Example 2.5 where

T1t+1 1 0.5 T1¢
- . (2.63)
T2t11 1 1.5 Tot

The system can be rewritten in a slightly different manner, in terms of
changes in the values of each of the state variables between time ¢ and
time t 4 1. Let Axz;; be the change in the value of the it state variable,
1 = 1,2, from period ¢ to period ¢ + 1.

Axyp = 2141 — 21 = 0.59¢
(2.64)
Axgy = Tot+1 — Tot = T1¢ + 0.5T9¢.

Clearly, at a steady-state equilibrium, neither x1; nor xs; changes over
time and therefore Az = Axop = 0.

Let ‘Azq; = 0’ be the geometric place of all pairs of (x4, x2;) such
that xq; is in a steady state, and let ‘Axo; = 0’ be the geometric
place of all pairs (z1;,z9;) such that xy; isin a steady state. Namely,

‘Azy; =0 = {(z11, 72t)| T1041 — 711 = 0}
(2.65)
‘Azg =0 = {(x11, x2t)| Tor41 — z2t = 0}
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It follows from (2.64) and (2.65) that

A:L‘lt =0 & x9:=0
(2.66)
Axor =0 & 19y = —2x1;.

Thus, as depicted in Fig. 2.5, the geometric locus of all pairs of
(z1¢,x9¢) such that ‘Az, = 0’ is the entire =z, axis, whereas the
geometric place of all pairs of (x4, x9;) such that ‘Axg = 0’ is given
by the equation x9; = —2x14.

The geometric place under which the two loci, ‘Az = 0° and
‘Az9y = 0, intersect is the steady state equilibrium of the system. As
follows from (2.66) and as depicted in Fig. 2.5, the two loci intersect at
the point (0,0) and this is the unique steady-state equilibrium of the
entire system.

The forces that operate on each of the state variables out of its
steady-state equilibrium provide the necessary elements for the deriva-
tion of the phase diagram.

As follows from (2.64), as long as xg; > 0, the system increases the
value of the first state variable, x1;, in the transition from time ¢ to
time t + 1, whereas if x9; < 0 the system tends to decrease the value of

X1

l—) Axy=0 T_)

Ax1,:O

=1

Fig. 2.5. The Construction of a Phase Diagram without Reference to an
Explicit Solution
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x1¢ in the transition from time ¢ to time ¢ + 1. Hence,

>0 if a9 >0
AIlt (267)
<0 if  xo <O.

Consequently, as depicted in Fig. 2.5, above the x1; axis, the arrows
that depict the motion of the first state variable, x1;, are directed right-
ward, whereas below the z1; axis, the arrows that depict the motion of
x1¢ are directed leftward.

Similarly, if xo; > —2x1¢, the system tends to increase value of the
second state variable, x9¢, in the transition from time ¢ to time ¢ + 1,
whereas if xo; < —2x1¢, the system tends to decrease the value of xo;.
Hence,

>0 Zf Top > —2X1+
Axgt (268)
<0 Zf Tor < —2x1¢.

Consequently, as depicted in Fig. 2.5, above the geometric locus
x9r = —2x1¢ (i.e. for pairs of (z14,29:) such that zo > —2xy), the
arrows that depict the motion of the second state variable, xy;, are
directed upward, whereas below the geometric locus zo; = —2z1; (i.e.

for pairs of (x14,z9;) such that xey < —2xy;), the arrows that depict
the motion of z9; are directed downward.

Remark. The motion of state variables in discrete dynamical systems
could not be inferred from the arrows of motion relative to the steady-
state loci unless the nature of the eigenvalues that characterize the
matrix of coefficients of the vector of state variables is verified. In par-
ticular, if both eigenvalues are real and positive, each state variable
converges or diverges monotonically and the arrows of motion properly
describe the motion of the state variables. However, if an eigenvalue is
negative, then the dynamical system displays an oscillatory behavior
and the motion of the system exhibits oscillations around its corre-
sponding steady-state locus. Similarly, if the eigenvalues are complex,
then the dynamical system exhibits a cyclical motion. Hence, in the
case of negative or complex eigenvalues, the arrows of motion simply
indicate the direction of the oscillations, or the cyclical motion, from
each region of the phase diagram.

Since both eigenvalues in Example 2.5 are real and positive, con-
vergence and divergence are monotonic and the arrows of motion
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approximate the actual motion of the system. The phase diagram is
depicted in Fig. 2.5 according to the location of the loci ‘Az = 0
and ‘Axo =0, as well as the corresponding arrows of motion.

B. Derivation of a New System of Coordinates Without an
Explicit Solution

The derivation of the new system of coordinates is feasible in some
cases without an explicit derivation of the solution for the dynamical
system.

In particular, if the steady-state equilibrium is a saddle, as is the case
in Example 2.5, since the system is linear, convergence to the steady-
state equilibrium is along a linear segment that represents the axis of
the new system. Moreover, since the system is homogeneous, it follows
that the ratio between the two state variables along the convergence
path is identical at any point in time. Thus,

)

T1t+1 L1t

T2t+1 T2t (2 69)

along the axis of the new system of coordinates (i.e. along the geo-
metric place from which the vector of state variables converges to the
steady-state equilibrium), as well as along the other axis of the new
system of coordinates (i.e. along the geometric place from which the
vector of state variables converges to the steady-state equilibrium upon
backward iterations under the system’s law of motion).

Given the structure of the dynamical system in (2.63), it follows
that

T1¢ + 1.579; Tt

= . 2.70
z1t +0.5m9  T14 ( )

Hence, the ratio between xo; and x1; along the new system of coordi-
nates (y1¢,y2¢) is given by the quadratic equation

(%)2_(m)_2:0_ (2.71)

Tt Tt

Based on the solution to this quadratic equation, it follows that the
ratios between the two state variables along the new system of coordi-
nates is

2 _ (2, —1}. (2.72)

T1t
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These two solutions for this quadratic equation provide the equa-
tions of the dashed lines depicted in Fig. 2.5 — lines that are spanned
by each eigenvector of the matrix A. They are the two constant ratios
that lead into the steady-state equilibrium upon a sufficient number of
either forward or backward iterations.

C. Stable and Unstable Eigenspace

Examples 2.4 and 2.5 provide an ideal setting for the introduction of
the concepts of a stable eigenspace and an unstable eigenspace, setting
the stage for the introduction of the concepts of stable and unstable
manifolds of nonlinear dynamical systems.

The stable eigenspace, relative to the steady-state equilibrium =,
is defined as the plane spanned by the eigenvectors associated with
eigenvalues of modulus smaller than one. Namely,

E*(T) = span {eigenvectors associated with eigenvalues

of modulus < 1}.

In a homogenous two-dimensional autonomous linear system, x;1 =
Az, the stable eigenspace, F*(T), relative to the steady-state equilib-
rium 7, is

B%(Z) = {(217, 22¢)| lim A" <x“> =7} (2.73)
n—oo ot
Namely, the stable eigenspace, is the geometric locus of all pairs
(x1¢,9¢) that upon a sufficient number of forward iterations are
mapped in the limit towards the steady-state equilibrium, T. The sta-
ble eigenspace in Example 2.5 is one-dimensional. It is the line given
by the equation x9; = —x1, as depicted in Fig. 2.4.
The unstable eigenspace, relative to the steady-state equilibrium
T, is defined as

E*(Z) = span {eigenvectors associated with eigenvalues

of modulus > 1}.

In a homogeneous two-dimensional linear system, x;11 = Axy, the
unstable eigenspace, E"(T), is

E(z) = {(w1,220)] limm A (ﬁ;) —7. )
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Namely, the unstable eigenspace is the geometric locus of all pairs
(z1¢,x2¢) that upon a sufficient number of backward iterations are
mapped in the limit towards the steady-state equilibrium z. The un-
stable eigenspace in Example 2.5 is one-dimensional as well. It is the
line given by the equation z9; = 2x14, as depicted in Fig. 2.4.

2.4 Properties of the Jordan Matrix

This section summarizes fundamental propositions from the field of
Linear Algebra used in the derivation and qualitative analysis of the
evolution of multidimensional discrete dynamical systems.

Consider the multidimensional first-order linear system, x;y; =
Axzy + B. If the matrix A is a diagonal matrix, there exists no in-
terdependence between the different state variables. The matrix A is
also a diagonal matrix, and the evolution of each of the state variables
can be analyzed separately according to the method developed for the
one-dimensional case in Sect. 1.1.

However, if the matrix A is not a diagonal matrix and there exists in-
terdependence in the evolution of state variables, the characterization
of the evolution of this multi-dimensional interdependent dynamical
system necessitates a time-independent transformation of the system
into either: (a) a new dynamical system of independent state variables
that can be analyzed according to the method developed for the one-
dimensional case, or (b) a new interdependent system whose interde-
pendence is represented by a matrix in the Jordan normal form, and
thus can be analyzed on the basis of the well established properties
of the n'" iteration of the Jordan matrix as n approaches infinity. In
particular, this requires the transformation of a system of interdepen-
dent state variables, x¢, into a new dynamical system of state variables,
y¢, via a time-independent transformation, (), such that x; = Qu: + 7,
where yir1 = Dy, and D is the Jordan matrix, as described below.

Established results in Linear Algebra provide the properties of the
matrix of coefficients A that permit the time-invariant transformation
into a dynamical system of: (a) independent state variables whose evo-
lution can be characterized based on the unidimensional case examined
in Sect. 1.1, or (b) an interdependent system whose evolution is gov-
erned by the Jordan matriz.

Lemma 2.6 provides the conditions on the matrix of coefficients A
under which it is diagonalizable.



52 2 Multi-Dimensional, First-Order, Linear Systems: Solution

Lemma 2.6. Let A = (a;j) be an nxn matrix where a;; € R, i,j =
1,2,--,m.

o If the matriz A has n distinct real eigenvalues {1, A2, Az, -+, Ant,
then there exists a monsingular n X n matriz, @, such that

A =QDQ™,
where D 1s a diagonalized matriz
(A1 0 0 .. 0

0 A 0 .. O
D=10 02X .. 0

0 0 0 ... A\

and @ s an invertible n X n matrix whose columns are the eigen-
vectors of the matriz A, {f1, f2, f3,..-fn}, i.€.

Q = [f17f21f37"'fn]-

o Ifthe matriz A has n repeated real eigenvalues {\, A\, A\, A, -+ -, A},
then there exists a nonsingular n X n matriz, Q, such that

A=QDQ™,
where

P 0 0 0 0]
1 A 0 0 0
0 1 A 0 0

D=

0 0 1 0
0 0 0 A

1 0 0 0 A
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Proof. See Hirsch and Smale (1974). O

Lemma 2.7. If the matriz A has n/2 pairs of distinct complex eigen-
values,
{:U“laﬁlv M2, fy, - - 7,un/27ﬁn/2}7 where

Ay = aj — fji,
and v = +/—1, then there exists a nonsingular n xn matriz, V, such
that

A=VDVL
where
(a7 =1 0 0 ... ... 0O 0 ]
B a1 0 0 ... .. 0 0
0 0 a —fB . . 0 0
0 0 52 e 0 0
D=
0 0
0 0
0 0 0 0 . oy —Bup
(0 0 0 0 . . Bup anp

o [famatriv A has n/2 pairs of repeated complex eigenvalues,
{Maﬁ? oy by = 7lufaﬁ}7 where

p=a+ i,
n=a— Ji,

and i = \/—1, then there exists a nonsingular n xn matriz V

such that A =VDV~!, where
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a—-0 0 0 0 0 0 0
6 a 0 0 0 0 0 O
1 0 a -6 0 0 0 O
01 8 o 0 0 0 O
D=
0O 0 0 0 1 0 «a-p
|00 0 0 0 1 B8 «
Proof. See Hirsch and Smale (1974). O

The following lemma generalizes the results of the pervious one,
for the case in which the matrix A may have a mixture of real
distinct eigenvalues, repeated real eigenvalues, distinct complex eigen-
values, and repeated complex eigenvalues.

Lemma 2.8. Let A be an n xn matric where a;; € N, 4,5 =
1,2,---,n. Then, there exists an n X n nonsingular matrix V such
that

A=VDV~!

and D is the Jordan normal form that corresponds to the matriz A, i.e.

Dy 0 0 0 0
0 Dy 0 0 0
0 0 0 0
D =
0 0 0 Dy 0
0 0 0 0 Dy, |
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e For each distinct real eigenvalue, N\, of the matriz A
Dy, = M.

o For repeated real eigenvalues {\, \,...\} of the matriz A

A 0 0 0

1 A 0 0

Dn= |0 1 A 0
0

0o 0 0 A

e For a distinct pair of complex eigenvalues, {un, iy}, of the matrix
A, where up, = ap + Bpi and @y, = ap — But,

ap —Ph
Dy =
Bn oy

o For pairs of repeated complex eigenvalues, {p, [, b,y -+, @}, of
the matriz A, where p = o + (i, and 1 = o — i,

[ =3 0 0 0 0 0 O
g o 0 0 0O 0 0 O
1 0 a - 0 0 0 O
01 B8 o 0 00 O

Proof. See Hirsch and Smale (1974). O
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2.5 Representation of the System
in the Jordan Normal Form

The characterization of the evolution of a multidimensional system of
interdependent state variables necessitates the construction of a time-
independent transformation of the system into a new dynamical system
of either (a) independent state variables whose evolution can be derived
based on the analysis of the unidimensional case, or (b) partially depen-
dent state variables whose evolution is determined by well established
properties of the Jordan matrix.

This section presents the solution to a multidimensional first-order
linear discrete system in terms of the Jordan normal form, D. It trans-
forms in a time-independent fashion the original dynamical system into
a new one whose evolution is governed by the Jordan matrix. Based
upon the well established properties of the Jordan matrix, this repre-
sentation permits the examination of the properties of the system as
time approaches infinity.

Consider a system of autonomous, first-order, linear difference equa-
tions

Tt+1 :Al't+B, t:0,1,2,3,"' (275)

The transformation of a system of interdependent state variables, xy,
into a new system of independent state variables, y;, whose evolution
is governed by the Jordan matrix, D, requires the construction of two
matrices: a time-invariant matrix, (), based upon the eigenvectors of
the matrix A, and the Jordan normal form D, using the eigenvalues of
the matrix A.

2.5.1 Transformation of Non-Homogeneous Systems
into Homogeneous Ones

A non-homogeneous dynamical system can be transformed into a ho-
mogenous dynamical system by re-positioning the origin of the axis of
the non-homogeneous system at its steady-state equilibrium.

Proposition 2.9. (Transformation of Non-Homogeneous Systems into
Homogeneous Ones)
A non-homogeneous system of first-order linear difference equations

Tiy1 = Axy + B,
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can be transformed into a homogeneous system of first-order linear
difference equations

zi11 = Az,

where zy = xy — T 1S a state variable that characterizes the evolution of
the deviation of x; from its steady state value T = [ — A]71B.

Proof: Let
2t =1y — T (2.76)
It follows that
Zt+1 = Te+1 — T. (2.77)
Since xy41 = Az + B,
241 = A+ B—T (2.78)

=A% +7)+B-7

Hence, since T = [I — A]7!B,

Zt4+1 = AZt. (279)

2.5.2 The Solution in Terms of the Jordan Normal Form

Proposition 2.10. (Solution in Term of the Jordan Normal Form,)
The evolution of the vector of state variables, x¢, in a system of non-
homogeneous first-order linear difference equations

xiy1 = Axy + B,
s given by
;= QD'Q Y zg — T) + 7,

where D is a matrixz in the Jordan normal form that corresponds
to A, wg is the system’s initial condition, and T = [ — A]"'B is the
steady-state equilibrium of the system.
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Proof: Let z; =z —Z. It follows from Proposition 2.9 that
Zt+1 = AZt. (280)

As follows from Lemma 2.8 there exists a non-singular matrix () such
that

A=QDQ™!, (2.81)
where D is the Jordan matrix . Thus,
241 = QDQ ™ 2. (2.82)
Let
w=Q'x. (2.83)
Pre-multiplying both sides of (2.82) by Q~!, it follows that
Yt+1 = Dy (2.84)

Using the method of iterations, the evolution of the new state variable,
y; is given by

yr = D'yo. (2.85)
Hence, since yo = Q129 and 2y = 29 — T, it follows that
ye = D'Q Y (zo — T). (2.86)

Furthermore, since Q12 = y;, it follows that z; = Qu;, and therefore
zt = xy — T = Qu;. Hence,

T = Qut + T, (2.87)

and therefore
= QD'Q Y xg —T) + 7. (2.88)
O

Hence the evolution of the system depends on the properties of the
Jordan matrix, D. These properties, in turn, depend on the eigenvalues
of the matrix A.



3

Multi-Dimensional, First-Order, Linear
Systems: Characterization

This chapter characterizes the trajectory of a vector of state variables
in multi-dimensional, first-order, linear dynamical systems. It examines
the trajectories of these systems when the matrix of coefficients has real
eigenvalues and the vector of state variables converges or diverges in a
monotonic or oscillatory fashion towards or away from a steady-state
equilibrium that is characterized by either a saddle point or a stable
or unstable (improper) node. In addition, it examines the trajectories
of these linear dynamical systems when the matrix of coefficients has
complex eigenvalues and the system is therefore characterized by a
spiral sink, a spiral source, or a periodic orbit.

The qualitative pattern of a multi-dimensional, linear dynamical
system, x;41 = Az, + B , depends upon the nature of the matrix of
coefficients A. The trajectory of the system depends on whether the
matrix of coefficients A has: (a) distinct real eigenvalues, (b) repeated
real eigenvalues, (c) distinct complex eigenvalues, or (d) repeated com-
plex eigenvalues. As established in Sect. 2.4, the Jordan matrix has a
different representation under each of these categories, and the evolu-
tion of the system is affected accordingly.

3.1 Distinct Real Eigenvalues
3.1.1 Characterization of the Solution
Consider the multi-dimensional, linear dynamical system
Typ1 = Az + B, t=0,1,2,3, - (3.1)

where the vector of state variables, ¢, is an n - dimensional real vec-
tor; z; € R", A is an n x n matrix of constant (time-independent)
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coefficients with elements, a;; € R, 7,7 = 1,2,...,n,and B is ann - di-
mensional time-independent vector with elements b; € ®, i = 1,2,....n.

Suppose that the n x n matrix of coefficients, A, has n distinct
real eigenvalues {A1, Ao, -, A, }. Suppose further that |I — A| # 0.
As established in Lemma 2.6 and (2.88), there exists a time-invariant
transformation of the vector of state variables, xy, into a dynamical
system of independent state variables, y;, whose evolution can be char-
acterized based on the analysis of the one-dimensional case examined
in Sect. 1.1.

In particular, there exists a nonsingular n x n matrix, ), whose
columns are the eigenvectors of the matrix A, {f1, f2, -, fu}, such
that

T =Qy +7T, (3.2)

where T = [ — A]7!B is the steady-state equilibrium of the system.
Moreover,

Yt+1 = Dy, (3.3)

where the matrix D is a diagonal matrix whose diagonal elements are
the eigenvalues of the matrix A.

A1 0 .. 0
0 X .. 0

D= (3.4)
00 A

Following the method of iterations y; = D'y, i.e.

Y1t —)\li 0 .. 0 Y10

Yot 0 )\é 0 Y20

Ynt | 0 0 )‘% Yno |
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and the evolution of each element of the state variables y;; is therefore
governed by

yit = Ny for i=1,2,..n. (3.6)

Since the vector of state variables, xy, can be expressed as a function
of y, namely, r; = Qus +Z, it follows that the evolution of the vector
of state variables, zy, is

Tt [Q11 Q12 -+ Qun -)\ﬁylo- T
ot Q21 Q22 -+ Q2y Asya0 To
| Lnt | _in Qn2 an_ _)\Z:'-/TLO_ _En_
Hence,
n
Tt = ZQijyjo)\§- +z;, for i=1,2,---,n, (3.8)
j=1
where
_ - _ 4 -1 r -
Y10 Qi Q2 - Qun x10 — T1
Y20 Q21 Q2 - Qo T20 — T2
= (3.9)
_ynO_ _in QnZ an_ _an_fn_

Equations (3.8) and (3.9) provide the general solution for the evo-
lution of the i*" state variable, xj, in terms of the eigenvalues of the
matrix A, {A1, A2, -+ A, }, the initial conditions of the entire vector of
state variables, {x19, 20, --Zno}, and the it" state variable’s steady-
state equilibrium, T;. It sets the stage for the stability results stated
in the following theorem.
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Theorem 3.1. (Necessary and Sufficient Conditions for Global Stabil-
ity: Distinct Real Eigenvalues)

Consider the system xy41 = Axy + B, where xzy € R" and xg is
given. Suppose that |[I—A| #0 and A has n distinct real eigenvalues

{)\la >\27 e 7An}

o a. The steady-state equilibrium T = [I — A]"'B s globally stable
if and only if

Nl <1, Vji=1,2,---,n.
b. limpsooxe =7 if and only if Vj=1,2,---n
{|)\]| <1 OTijZO},

where yo = Q Y(xo —T), and Q s a nonsingular n x n
matriz whose columns are the eigenvectors, {fi, fa, -+, fu}, of
the matriz A.

Proof:
(a) The steady-state equilibrium, z, is globally stable if for all z¢ €
R limy ooy = T; for all ¢ = 1,2,---,n. Thus it follows from

(3.8) that global stability is satisfied if and only if VK;; = Qijy,0 €
R im0 35 KijAs = 0. Namely, if and only if [A;| < 1, Vj =
1) 27 N,

(b) As follows from (3.8), limy .oz = Z; if and only if either |A;| <1
or H)\]|Zl and yJOZO]’ vj:1727...n' D

3.1.2 Phase Diagrams of Two-Dimensional Uncoupled
Systems

This subsection presents the various types of phase diagrams that char-
acterizes the evolution of the vector of new state variables, y;, in the
two-dimensional case when the original system is characterized by a
matrix of coefficients, A, that has distinct real eigenvalues. In particu-
lar, y;41 = Dy;, where D is a diagonal matrix with the eigenvalues
of the matrix A, A; and Mg, as its diagonal elements.

As follows from the solution for the evolution of y; given in (3.5),

y1t = ANyio
(3.10)

Yot = Aby20,
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and the steady-state equilibrium of the system is

Y= (U1,72) = (0,0). (3.11)
Hence,
tlim yp=19 if {|N\] <1} or {yjo=0}forall j=1,2. (3.12)
— 00

The phase diagrams of the dynamical systems that are governed by
distinct real eigenvalues depend upon the sign of each of the eigenvalues,
their absolute value relative to unity, and their relative magnitude in
comparison to each other.

(a) Positive Eigenvalues

If both eigenvalues are positive, then the evolution of the two state vari-
ables is necessarily monotonic. As long as the eigenvalues differ from 1,
the system may converge monotonically to its steady-state equilibrium
or diverge monotonically to +co or —oco depending on the size of the
eigenvalues relative to one.

e Stable Node: 0 < Xy < A1 <1

If both eigenvalues are positive and smaller than one, then the steady-
state equilibrium, ¥ = (¥;,7,) = (0,0), is globally stable. Namely,
lim oo y1¢ = 0 and limy oo y2r = 0, V(y10,y20) € R2.

As depicted in Fig. 3.1, the state variables monotonically converge
to the steady-state equilibrium, (0, 0), as time approaches infinity. How-
ever, since A9 < A1 the convergence of w9 to 0 is faster than the
convergence of yy; to 0.

e Saddle: 0< <1l <\

The steady-state equilibrium is a saddle. Namely, Lm0y =
0 Vyoo € R, whereas lim; .ocy1z = 0 if and only if g0 = 0. As
depicted in Fig. 3.2, the convergence to the steady-state equilibrium
y along the saddle path (i.e. along the stable eigenspace, or alterna-
tively, the stable manifold) is monotonic, and the diverging paths are
monotonic as well.
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Yo

Y1

Fig. 3.1. Stable Node
D< <A1 <1

e Focus: 0< A =<1

The steady-state equilibrium is globally stable. Namely, lim;_
y1: = 0 and limy_oo y2r = 0, V(y10, y20) € R?. As depicted in Fig. 3.3
convergence to the steady-state equilibrium, (0,0), is monotonic. The
speed of convergence is the same for each state variable, and the tra-
jectory of the system from any initial condition to the steady-state
equilibrium is linear.

Yot

Y1t

Fig. 3.2. A Saddle
D<A <l< Ay
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Yo

Y1t

Fig. 3.3. Focus
0<Ai=X<1

e Source: 1 <)\ < Ao

The steady-state equilibrium, (0,0), is unstable. Namely, lim;
Y1 = +o00 and limy oo yor = +00, Y(y10,y20) € R — {0} (i.e., as
long as the initial conditions are different from zero). As depicted in
Fig. 3.4, the divergence of the two state variables is monotonic. How-
ever, since Ag > A1 the divergence of o, is faster than the divergence

of y1.

Yot

Yir

Fig. 3.4. A Source
1 <A1 < A
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(b) Negative Eigenvalues

The evolution of each of the two state variables is determined by their
associated eigenvalues. If one of the eigenvalues is positive and the
other is negative, then the variable associated with the positive eigen-
value converges or diverges monotonically while the variable associated
with the negative eigenvalue is characterized by oscillatory convergence
or divergence. The evolution of the two state variables is therefore re-
flected around one of the axes. However, if both eigenvalues are neg-
ative, each of the state variables evolves in oscillations between nega-
tive and positive values. The evolution of the system is therefore re-
flected around two axes. In both cases the system, may converge to its
steady-state level, or diverge, depending on the absolute value of the
eigenvalues relative to one.

e Stable Node (oscillatory convergence of one state variable): [-1 <
Xi<0< )\ <1, for i,j=1,2]

Since the absolute value of both eigenvalues is smaller than one, the
system converges globally towards the steady-state equilibrium y =

(ylvy2) = (070)
As depicted in Fig. 3.5, y1; converges monotonically whereas o
converges in oscillations, reflected around the yq; axis. Additionally, if

O

Y1s

Fig. 3.5. Stable Node: Oscillatory Convergence of one State Variable
“1<A<0<A <1
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|Ad1] > |A2|, the convergence of yo; is faster towards its steady-state
level.

e Stable Node (oscillatory convergence of both state variables)
1< A <Aj<Ofor 4,5 =1,2]

The steady-state equilibrium is globally stable. As depicted in Fig. 3.6,
the convergence of both variables towards the steady-state equilibrium
is oscillatory. Moreover, if |A1]| > |A2| the convergence of o is faster
towards its steady-state level.

e Saddle (oscillatory convergence and divergence)[{\; < —1 < A; <
0}, {\i < —lTand 0 < A\; <1}, or {\; > 1 and —1 < \; <0} for
i,j=1,2]

If both eigenvalues are negative, one variable converges in an oscillatory
manner while the other diverges in an oscillatory manner, whereas if
one is negative and one is positive, one variable converges monotonically
while the other diverges in an oscillatory manner. Figure 3.7 depicts
the dynamical system for the case in which \; > 1 and —1 < Ay < 0.
Convergence to the steady-state equilibrium 5 = (7;,75) = (0,0) occurs
in oscillations along the vertical axis, and divergence in oscillations
takes place as long as y1; # 0.

A

Y1t

n

1 '

Fig. 3.6. Stable Node: Oscillatory Convergence of Both State Variables
—1< XA <A<0
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Yar

Y1t

Fig. 3.7. Saddle: Oscillatory Convergence and Divergence
—1<X2<0and A\ >1

e Focus (oscillatory convergence): —1 < A; = A2 <0

The steady-state equilibrium is globally stable. Convergence of both
state variables is oscillatory.

e Source (oscillatory divergence): [{A\; < Aj < —1} or {\; < —1 and
Aj > 1} for .5 =1,2]

The steady-state equilibrium is unstable. Divergence of negative eigen-
values is oscillatory whereas divergence of positive eigenvalues is mono-
tonic.

3.2 Repeated Real Eigenvalues

3.2.1 Characterization of the Solution
Consider the multi-dimensional, linear dynamical system
Tiy1 = Az + B, (313)

where the n x n matrix of coefficients, A, has n repeated real eigen-
values, {A,A,---,A}. Suppose further that |I — A| # 0.

As was established in Lemma 2.6 and (2.88), there exists a time-
invariant transformation of the vector of state variables x; into a dy-
namical system of interdependent state variables y;, whose evolution
can be characterized based on the properties of the Jordan matrix.
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In particular, there exists a nonsingular n x n matrix, ), such that,
xe = Qut + 7T, (3.14)

where T = [I — A]7!'B is the steady-state equilibrium of the system.

Moreover,
yt+1 = Dytu (315)
where the matrix D is
A 0 O 0 07
1 A0 0 0
D= 0 1 A 0 0 (3.16)
0 0 1 0
0O 0 O A 0
10 0 0 1 A

Hence, the evolution of the first new state variable yi; is independent
of all other state variables except the first, the evolution of the second
state variable depends on the evolution of the first and the second state
variable, the evolution of the third state variable depends directly only
on the second and the third, and so forth.

The evolution of the vector of state variables y; is therefore given
by

yr = D'yo, (3.17)
where for t > n,
i A 0 0O ... 0]
At XYoo o0
. WoDNE
: 0
_ tt—1)-- ‘((:L = 711; 2N -1 )\t_
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Hence, the value of the vector of state variables y; for ¢ > n is
y1e = Nyio

yor = tA T y10 + Ay

t(t — 1)A2
Y3t = %ylo + tAT yog + Nyso (3.19)
tt—1)---(t—n+ 2Nt
Ynt = ( ). ) Y10 + -+ + AMyno.
(n—1)!
For all t = 1,2, ---,n, it therefore follows that
i1 ;
Yit = Z (k) )‘t_kyi—k,(), (320)
k=0

where

(/i) - k;(ttik); (3.21)

Since the vector of state variables x; can be expressed as a function

of y, namely, r; = Qu: + %, it follows that the evolution of the vector
of state variables x; is

Myio
T1t Qll Q12 an t—1 t
tA A
| | Qa Qo Qo | N MO A
’ o ) ‘ttfl---tf )\ttt
Tnt in QnQ tet an ( ) ((n — T)T ) yio+ -+ >\tyn0
T1
T2
+1 - (3.22)
E"L
Hence, Vi=1,2,---,n,
n—1 "
t— _
Tt = <m> AN K1 + T, (3.23)
m=0
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where K41 are constants that reflect the product of the it" row of
matrix @ and the initial conditions (y10, %20, ", Yno)-

Hence the evolution of the vector of the original state variables, x,
is governed by the value of the repeated eigenvalue, A\, and the initial
conditions. This solution sets the stage for the stability result stated in
the following theorem.

Theorem 3.2. (Necessary and Sufficient Conditions for Global Stabil-
ity: Repeated Real Eigenvalues)

Consider the system xi11 = Axy+ B, where xy € R and zy is given.
Suppose that |I — Al #0 and A has n repeated real eigenvalues
{N A, -+, A}, Then, the steady-state equilibrium, T = [I — A]™'B, is
globally stable if and only if

Al < 1.

Proof: Follows from (3.23). O

It should be noted that if |A| > 1 the system does not converge to
its steady-state equilibrium unless it starts at this equilibrium point. If
|A| > 1 then limy_o 2 = Z only if y;0 =0, Vi =1,2,---,n, and thus,
since yo = Q Y(zo — Z), only if z;0 = 7, Vi = 1,2, -, n.

3.2.2 Phase Diagram of the Two-Dimensional Case

This subsection presents the phase diagrams that characterize the evo-
lution of the vector of new state variables, vy, in the two-dimensional
case, when the original system is characterized by a matrix of coeffi-
cients, A, that has repeated real eigenvalues.

The evolution of the vector of the new state variables, 3, from time
t to time t + 1, is given by

Yie+1 | A0 Ty,
[y2t+1] B [1 )\] |:y2t]. (3.24)

Hence, following the method of iterations,
Yy = D'y, (3.25)

where

. A0
D=1 o | (3.26)
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The trajectory of the two state variables is given therefore by

y1e = Nyio
- t (3.27)
Y2t = tA" Y10 + Ay20.

The derivation of the phase diagram of this uncoupled system is
simpler in the context of the derivation of the forces that operate on
the system when it is not in a steady-state equilibrium . The system
takes the form of

Y141 = Y1t
" (3.28)

Y2141 = Y1t + Ayat,

and therefore the changes in the value of each of the new state variables
from period t to period t + 1, Ay;;, 1 = 1,2, is

Ay = Yier1 — Y1 = —(1 = Nyu
(3.29)
Ayor = yor1 — Y2r = Y1 — (1 — N)yar.

Consequently,

Ay =0< {y1r =0o0r A =1}

3.30
Ayar =0 & {(y2r = {25 and A # 1) or (y1; = 0 and A = 1)}. (3.30)

The phase diagram of the dynamical system depends upon the ab-
solute magnitude of the eigenvalue relative to unity and on its sign.

(a) Positive Eigenvalues

If the repeated eigenvalue is positive, then the evolution of the two
state variables is not oscillatory, but nevertheless it is not necessarily
monotonic. As long as the eigenvalues differ from 1, the system may
converge to its steady-state equilibrium, or diverge monotonically to
400 depending upon the size of the eigenvalues relative to one.

e Improper (Stable) Node: A € (0,1)

Since the repeated eigenvalue is smaller than 1, the steady-state
equilibrium, (0, 0), is globally stable. However, although the eigenvalue
is positive, convergence to the steady-state equilibrium is not mono-
tonic.
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As follows from (3.30)
Ay =0 < yi; = 0. (3.31)
Namely, as depicted in Fig. 3.8, the yo; axis is the geometric place of

all pairs (y1¢,y2¢) such that Ay = 0. Furthermore,

>0 if oy <O
Ay . (3.32)
<0 if  y1e>0

Similarly,

Y1t
(1=A)

Aysr =0 & yy = (3.33)

Namely, the ‘Ayss = 0’ locus is a line with a slope greater than unity
and

<0 if oy > 25
Ayt (3.34)
>0 if oy < 25
Yor
Ayy,=0
(= <

o 4

r\j J\

Ay =0

Fig. 3.8. Improper Stable Node
A€ (0,1)
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As follows directly from (3.27), noting that 0 < A\ < 1, or indi-
rectly from (3.32), the state variable y1; converges monotonically to
the steady-state equilibrium, 7 = 0. In contrast, the second state vari-
able yo; converges to the steady-state in a non-monotonic fashion.

As depicted in Figs. 3.8 and 3.9, if 39 < 0 and yi; > 0, then yo
increases monotonically, crossing to the positive quadrant and peaking
when it meets the ‘Ays; = 0’ locus. Afterwards it decreases monoton-
ically and converges to the steady-state equilibrium 7 = 0.

Remark. The trajectories in Fig. 3.8 are drawn based on additional
necessary information. In particular, it should be noted that if the
system is in quadrants I or IV it cannot cross into quadrants II or
ITI, and vice versa. This is the case since, as follows from (3.24), if
yit > 0 then g4 > 0 whereas if y;; < 0 then y41 < 0. The
system, therefore never crosses the yo - axis. Furthermore, as follows
from (3.24), if the system enters quadrant I or III, it never leaves them.
This is the case since if y;; > 0 and yo; > 0 then yy 41 > 0 and
yorr1 > 0 whereas if y1; < 0 and yor < 0 then gyi1441 < 0 and
Y241 < 0.

e Improper Source: A € (1,00)
Since the repeated eigenvalue is larger than 1, the steady-state equi-

librium is globally unstable. However, although the eigenvalue is posi-
tive, divergence is not monotonic.

Y1t Yot

Yo

y 1t 5 Yot
t t

Yo

Fig. 3.9. Monotonic Evolution of y1; and Non-Monotonic evolution of ya;
A€ (0,1)
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As follows from (3.29) and (3.30),
>0 & yi:>0

Ay ¢ =0 & yu =0, (3.35)
<0 & y <0

whereas
>0 & yu> 5
Ay =0 & yg = ly_lg\ . (3.36)
<0 & Yot < 1y_1t)\

Hence, as depicted in Fig. 3.10, the geometric locus ‘Ay;y = 0
coincides with the yo; axis, as was the case when A € (0,1), whereas
the geometric locus ‘Ayg; = 0’ is a line with negative slope 1/(1—\).

As follows directly from (3.27), noting that A > 1, or indirectly
from (3.32), the state variable y;; diverges monotonically to either
400 or —oco. In contrast, the second state variable, yor, diverges non-
montonically to either +00 or —oo. As depicted in Fig. 3.10, if yor < 0
and yi; > 0, then y9; decreases monotonically and starts increasing
indefinitely when it crosses the ‘Ays; =0’ locus.

Yot
<

Ay, =0
o

|

“ L,
J’

Ayy; =0

Fig. 3.10. Improper Source
A€ (1,00)
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(b) Negative Eigenvalues

The evolution of the two state variables is characterized by oscillations
reflected around the two axes. The state variables may converge to their
steady-state level, or diverge, depending on the absolute value of the
eigenvalues relative to one.

e Improper Stable Node: A € (—1,0) (Oscillatory Convergence)

If the repeated eigenvalue is negative but smaller than one in abso-
lute value, then the system converges to the steady-state equilibrium,
(0,0). Depending on the initial conditions, the system oscillates be-
tween either quadrants IV and II or I and III.

e Improper Source: ) € (—oo,1) (Oscillatory Divergence)

If the repeated eigenvalue is negative but greater than one in abso-
lute value, then the system diverges to +00 or —oo. Depending on the
system’s initial conditions, the system oscillates between either quad-
rants IV and II or I and III.

(c) Eigenvalue of Modulus One

If the repeated eigenvalue is in absolute value equal to 1, then the
system is characterized by a continuum of unstable equilibria. This non-
generic case represents the bifurcation point of the dynamical system.
Namely, an infinitesimal change in the value of A brings about a
qualitative change in the nature of the dynamical system. In particular,
if A declines continuously from a value greater than 1 to a value below
1, the set of steady-state equilibria changes from a unique unstable
steady-state equilibrium to a continuum of unstable equilibria and then
to a unique globally stable steady-state equilibrium.

e Continuum of Unstable Steady-State Equilibria: A =1
As follows from (3.29) and (3.30),

Ay =0 for all (i, x9r) € N2, (3.37)
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Yor

(GIE))
<

Y1z
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Fig. 3.11. Continuum of Unstable Steady-State Equilibria
A=1

whereas

>0 & yi>0
Ay s =0 <y =0 (3.38)

<0 & yi<0.

Thus the geometric place under which the first state variable, y1¢, is in
a steady-state equilibrium is the entire 22 plane, whereas the geometric
place under which the second state variable, 9, is in steady-state equi-
librium is the yo; axis. The set of steady-state equilibria for the system
is therefore the entire yo; axis. However, as depicted in Fig. 3.11, none
of these equilibria is stable.

3.3 Distinct Pairs of Complex Eigenvalues
3.3.1 Characterization of the Solution

Consider the multi-dimensional, linear dynamical system

Tt41 = AIEt + B. (339)
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Suppose that the n x n matrix of coefficients, A, has n/2 pairs of

distinct complex eigenvalues {ua1, fiy, 2, flg, * fn /25 Fn, /2}, where
pj = o + B,
(3.40)

and i = v/—1. Suppose further that |[I — A| # 0.1

As was established in Lemma 2.7 and (2.88), there exists a time-
invariant transformation of the vector of state variables, z;, into a dy-
namical system of interdependent state variables, 3;, whose evolution
can be characterized based on the properties of a matrix in the Jordan

normal form.
In particular, there exists a nonsingular n x n matrix, ¢, such that

= Qur + T, (341)

where T = [ — A]7'B is the steady-state equilibrium of the system,
and

Yer1 = Dy, (3.42)
where
[0y =81 0 0 0 0 ]
fr a1 0 0 0 0
0 0 ay —f 0 0
0 0 [P «a .0 0
D= L . (3.43)
o o o o0 . . 0 0
0 0
Ap /2 —ﬂn/2
L0 0 0 0 .. . Bup ayp |

1 If n were odd, then the additional eigenvalue would necessarily be real.
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Thus, each pair of state variables, {y2;—1,,¥2j:}, evolves indepen-
dently of all other pairs. In particular, for all j =1,2,---,n/2,

Y2j—1,t+1 aj =B | | y2i-1t
_ . (3.44)

Y2j,t+1 Bj «; Y24t

Following the method of iterations, the trajectory of the evolution of
each pair of state variables {y2;—1.,y2;¢}5°, 7 = 1,2,---,n/2, satisfies
the equation

t
Y21t a; —fB; Y2j—1,0
_ . (3.45)
Y24t Bj «j Y2,0

This formulation, however, is not very informative about the quali-
tative behavior of the dynamical system. In particular, it is not appar-
ent what the necessary restrictions on the values of «; and f3; are,
such that each pair j of state variables will converge to its steady-state
value.

However, the evolution of each pair of state variables can be ex-
pressed in terms of the “polar coordinates” of (a;,(3;), and then the
necessary restrictions on the values of «; and [; that assure the
stability of the dynamical system becomes apparent.

Consider the geometrical representation of the complex pair of eigen-
values, uj = a;+ ;i and fi; = a; — fji, in the complex Cartesian space
as depicted in Fig. 3.12.

Let
rj =4/ (a5 + 67). (3.46)
Namely, r; is the modulus of the 4t eigenvalue. It follows that
aj = 1jcos b,

(3.47)
Bj = rjsind;,
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Imaginary Axis

Bj fremmmmmmmm e =+ G
y
9; ! .
L Real Axis
) o
j
/] S By = o=
Fig. 3.12. The Complex Cartesian Space
and therefore
a; —f; cosfl; —sinf;
=Ty . (3.48)
Bj o sinf; cos0;

Hence, as follows from (3.45) and (3.48), the evolution of each pair
of state variables {y2;_1¢,%2;¢} can be determined by well-established
trigonometric properties.

Lemma 3.3.

. t .
cos ; —sin 0; . cos t0; —sin t0;
Tj = Tj

sin 0; cos 0; sin t0; cos t0;

Proof: The lemma follows from the trigonometric identities:

cos(fy + 62) = cos b1 cos By — sin Oy sin Oy
(3.49)
sin(6; + 62) = cos 6 sin O3 + sin 61 cos Os.
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The evolution of each pair of state variables {yzj,u, y2j7t} is there-

fore given by
Y2j—1, cotsf; —sinth; Y2j—1,0
[J ]:[ j ” ] (3.50

Y2jit sintf; costl; Y25,0

Since the vector of the original state variables, x;, can be expressed as
a function of y¢, namely, x; = Qy: + T, it follows that the evolution of
the vector of state variables x; is

Tt [Qu1 Qu2 -+ Qun | [7ri(costbiyio —sintbiyso)| [T
Tt Qo1 Q22 -+ Q2 | | T1(sintO1y10 + costhiya) Ty
N +
Tnt _in QnQ an_ _ | _fn_
(3.51)

The evolution of each of the original state variables, z;, 1 = 1,2, ..., n,
is therefore given by

Tip = Z’I“; [KZ] CcOos t9j + f{ij sin ttgj] + Z;, (352)
J

where K;j = Qiaj-1Y2j-10 + Qizjy2j0 and Kij = Qiojyaj—1.0 —
Qi72j_1y2j70, for all j = 1, 2, e ,n/2.

Theorem 3.4. (Necessary and Sufficient Conditions for Global Stabil-
ity: Distinct Complex Figenvalues)

Consider the dynamical system xy11 = Axy + B, where z; € R™.
Suppose that |I — Al # 0 and suppose that A has n/2 pairs
of distinct complex eigenvalues {Ml,ﬁ17u2,ﬁ2,‘",/J/n/z,ﬁn/Q}, where
pj = o5+ Bji, Ty = oy — fBji, and i =+/-1, j=1,2,---,n/2.
Then the steady-state equilibrium of the dynamical system, T, is glob-
ally (asymptotically) stable if and only if the modulus of each eigenvalue
of the matrixz A is smaller than 1, i.e. if

ri = ,/(a?—l—ﬁ?) <1, Vj=1,2,---,n/2.

Proof: Since for all ¢, 0 < |costf;| <1 and 0 < |sinth;| <1, it
follows from (3.52) that lim ..o zy = 7; if and only if r; <1 Vj =
1,2,---,n/2. O
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3.3.2 Phase Diagram of a Two-Dimensional System

This subsection presents the phase diagrams that characterize the evo-
lution of the vector of new state variables, y;, in the two-dimensional
case when the original system is characterized by a matrix of coeffi-
cients, A, that has a distinct pair of complex eigenvalues.

The evolution of vector of the state variables, ¥, from time ¢ to time

t + 1 is given by
[y1t+1:| _ [Oé —5] |:y1t:| ‘ (3.53)
Y2141 B a | [y

The asymptotic behavior of the dynamical system will be determined
by the modulus of the eigenvalue, r, and the values of a and 3. As
established in Theorem 3.4, the value of r determines whether the
steady-state equilibrium is globally stable or whether the system is
characterized by divergence or periodic orbit. Moreover, the motion of
the system is spiral, with orientation that is determined by the sign of
0 and pace that is determined by the value of o and S.

(a) Periodic Orbit: r =1
e Counter-Clockwise Periodic Orbit: 8 > 0

The dynamical system, as depicted in Fig. 3.13(a), exhibits a counter-
clockwise periodic orbit. Since r = 1, it follows that (043- + ﬂ?) = 1.
For the sake of exposition, suppose that § = 1 and consequently
a = 0. Suppose further that the initial condition is (yi0,y20) =

(a) Counter-Clockwise Orientation (b) Clockwise Orientation
Yar Yar
V“ )',,
3>0 3<0

Fig. 3.13. Period Orbit
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(1,0). It follows from (3.53) that (y11,%21) = (0,1), (y12,y22) =
(=1,0), (413,y23) = (0,—1), and (y14,y24) = (1,0). Thus the system
is characterized in this example by a four-period cycle with counter-
clockwise orientation. Similarly, if = a = 1/v/2 then (y11,%21) =
(1/v/2,1/v2), (y12,y22) = (0,1), ..., and the system is characterized by
an eight-period cycle with a counter-clockwise orientation.

e Clockwise Periodic Orbit: 8 < 0

The dynamical system, as depicted in Fig. 3.13(b), exhibits a clock-
wise periodic orbit. Since r =1, it follows that (04? + 6]2) = 1. For the
sake of exposition, suppose that § = —1 and consequently a = 0. Sup-
pose further that the initial condition is (10, y20) = (1,0). The system
exhibits again a four-period cycle, {(1,0), (0,—1), (—1,0), (0,1)}, but
with clockwise orientation.

(b) Spiral Sink: r < 1

The dynamical system, as depicted in Fig. 3.14, is characterized by
spiral convergence towards the steady-state equilibrium, (0,0). If 5 > 0
the motion is counter-clockwise whereas if G < 0 the motion is clock-
wise.

(c) Spiral Source: r > 1

The system, as depicted in Fig. 3.15, exhibits spiral divergence from its
steady-state equilibrium, (0,0), with either counter-clockwise motion
(8> 0) or clockwise motion (3 < 0).

(a) Counter-Clockwise Orientation (b) Clockwise Orientation
Yor Yot

(A~
D

(D)
NI

6>0 8<0

Fig. 3.14. Spiral Sink
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(a) Counter-Clockwise Orientation (b) Clockwise Orientation

Yot Yot

N . .
W O

B3>0 8<0

Fig. 3.15. Spiral Source

3.4 Repeated Pairs of Complex Eigenvalues

Consider the multi-dimensional, linear dynamical system
Tiy1 = Ax; + B. (3.54)

Suppose that the n x n matrix of coefficients, A, has n/2 pairs of
repeated complex eigenvalues {u,, p, i, - - - i, @}, where

U=+ B,
s (3.55)

and i = v/—1. Suppose further that |I — A| # 0.2

As established in Lemma 2.7 and (2.88), there exists a time-invariant
transformation of the vector of original state variables, x;, into a
dynamical system of interdependent state variables, 3, whose evo-
lution can be characterized based on the properties of the Jordan
matrix.

In particular, there exists a nonsingular n x n matrix, @), such that

= Qu + 7T, (3.56)

where T = [ — A]7!B is the steady-state equilibrium of the system,
and

Yt+1 = Dy, (3.57)

21If n were odd, then the additional eigenvalue would necessarily be real.
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where
[« =3 0 0 0 0 0 0 ]
6 a 0 0 0 0 0 O
1 0 o« =6 0 0 0 O
01 8 a 0 0 O0 O
D=1\ . . . . . (3.58)
00 0 0 1 0 a-—-p
|00 0 0 0 1 8 «
Hence,

yr = D'yp. (3.59)

Thus, for j =1,2,---,n/2,

- _ t
Y21t = Z?g:%) ri=k <k> [cos(t — k)Oya(j—k)—1,0
—sin(t — k)0ya(j_i) 0]
(3.60)
- _ t .
Y256 = Zizé ri=k <k) [sin(t — k)0ya(i—k)—1,0

+ COS(t — k)HyQ(j—k),O]'

Since z; = Qy¢+7, the evolution of each of the original state variables,
Tit, t = 1,2,...,n, is given by

(n/2)-1
Tit = Z rt=m (TZ) [Kim cos(t—m) 4Ky, sin(t—m)0]+T;, (3.61)

m=0

where K, and K;,, are constants.
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Theorem 3.5. (Necessary and Sufficient Conditions for Global Stabil-
ity: Repeated Complex Eigenvalues)

Consider the system x4, = Axy + B,wherex; € R", Suppose that
|I — A| # 0 and suppose that A has n/2 pairs of repeated complex
eigenvalues {p, i, @, -}, where p =a+ i, g = o — Pi, and
i =+/—1. Then the steady-state equilibrium T = [I — A]~'B is globally
stable if and only if

r=+/(a?+3?%) < 1.

Proof: Since for all t —m, 0 < |cos(t —m)f| <1 and 0 < |sin(t —
m)f| < 1, it follows from (3.52) that limy_,., x4 = T; if and only if
r<l1. O

3.5 The General Case

The analysis in Sects. 3.1-3.4 analyzes the trajectories of dynamical
systems in which the matrix of coefficients A has: (a) distinct real
eigenvalues, (b) repeated real eigenvalues, (c¢) distinct complex eigen-
values, and (d) repeated complex eigenvalues. This analysis could be
generalized and conditions could be placed on the modulus of the eigen-
values so as to assure that the system is globally stable regardless of
the type of eigenvalues that characterize the matrix of coefficients A.

Corollary 3.6. Consider the system xiy1 = Axy + B,where xy € R,
and suppose that |I — A| # 0. Then, the steady-state equilibrium
T = [I — A]"'B s globally (asymptotically) stable if and only if the
modulus of each eigenvalue of the matriz A is smaller than 1.

In the two-dimensional case, as depicted in Fig. 3.16, a steady-state
equilibrium of a two-dimensional linear system is globally (asymptoti-
cally) stable if the eigenvalues of the matrix of coefficients A are within
the interior of the unit disk.

In particular, if the eigenvalues are real, then they ought to be in the
open interval (—1, 1) along the real axis, whereas if they are complex,
their modulus, [a? + 6%]'/2, ought to be smaller than 1, namely (o, 3)
is within the unit disk.
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Imaginary Axis

atf;

Real Axis

Fig. 3.16. Necessary and Sufficient Conditions for Global(Asymptotic)
Stability of a Linear System: Eigenvalues within the Interior of the Unit Disk

3.6 Characterization of Two-Dimensional Systems
in Terms of trA and det A

The qualitative properties of a two-dimensional dynamical system can
be classified according to the relative values of the trace of the matrix
of coefficients, tr A, and its determinant, det A.

The eigenvalues of the matrix A are obtained as a solution to the
equation

|A— | =0, (3.62)

where |A — M| is the determinant of the matrix [A — AI] and I is the
identity matrix.

In the two-dimensional case, the eigenvalues, A1 and Ao, are therefore
obtained as a solution to the equation

a1 — A azl
—0. (3.63)
a2 az — A

The implied characteristic polynomial is therefore

c(\) = A2 —trAX +det A = 0, (3.64)
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and the eigenvalues, A\; and Ag, are

) trA+./(trA)? —4det A
12 = -
' 2

(3.65)

Hence, the eigenvalues are real or complex depending on the relative
value of tr A and det A.

complex if (trA)? < 4ddet A
Ao (3.66)
real  if (trA)? > 4det A.

Proposition 3.7. In a two-dimensional, first-order, linear system
Ty 1 = Axy + B, where x; € R2, if the eigenvalues are real and dis-
tinct, i.e. if

(trA)? > 4det A,
and thus A1 > Ao, then a steady-state equilibrium is a:
o Saddle (i.e. {\1 >1 and |A2| <1} or {|A| <1 and X2 < —1})
if and only if (as depicted in Fig. 3.17)
{c(1) < 0 and ¢(—1) > 0}
or
{c(1) > 0 and ¢(—1) < 0},
1.e.
if and only if (as depicted in Fig. 3.19)

—trA—1<detA<trA—1
or
{trA—1<detA< —trA—1}.
o Stable Node (i.e. |\i| <1,i=1,2)
if and only if (as depicted in Fig. 3.18)

{c(1) > 0 and ¢(—1) > 0},
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c(V) cV)

cV) c(M)

Fig. 3.17. The Characteristic Polynomial, ¢(\)
A Saddle

1.€.

if and only if (as depicted in Fig. 3.19)
{det A >trA—1 and det A > —trA —1}.
e Unstable Node (i.e. |N\;| > 1,1i=1,2)

if and only if (as depicted in Fig. 3.18)

{c(1) <0 and ¢(—1) < 0},

c(\) c(V)

c(\)

\/ e

Stable Node Unstable Node

Fig. 3.18. The Characteristic Polynomial, ¢())
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det A det A =(trA)? /4
stable stable
ode node

spiral source spiral source

1

spiral sink spiral sink
saddle saddle
""""""""""""""""" trA

saddle -1

unstable node ! unstable node

detA =trA-1 detA =trA-1

Fig. 3.19. Characterization of Steady-State Equilibria of Two-Dimensional Sys-
tems in Terms of the Trace, trA, and the Determinant, det A, of the Matrix of
Coefficients A

i.e.
if and only if (as depicted in Fig. 3.19)
{det A <trA—1 and det A < —trA —1}.

Proof: Follows from Figs. 3.17-3.19 and the evaluation of the charac-
teristic polynomial ¢(\) at 1 and —1. O

Proposition 3.8. In a two-dimensional linear first-order system xy41 =
Ax; + B, where x; € R2, if the eigenvalues are complex, i.e. if
(trA)? < 4det A,

then the dynamical system is characterized by:

o Spiral Sink
if and only if (as depicted in Fig. 3.19)

det A < 1.
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o Spiral Source
if and only if (as depicted in Fig. 3.19)

det A > 1.

Proof: Since the eigenvalues are complex and thus (tr A)% < 4det A,
it follows that

B % N \/4detA— (trA)? .

m=— 5 i (3.67)

trA  J/4ddet A — (trA)? .
= — — i
2 2

Hq

Hence, the modulus of the eigenvalue, r, is

2
= (ﬁ)Q L (V‘lde“‘ - WAV) — det A. (3.68)

2 2

Thus, the steady-state equilibrium is globally stable and conver-
gence is spiral if and only if det A < 1, whereas the steady-state equi-
librium is unstable and divergence is spiral if and only if det A > 1.

O



4

Multi-Dimensional, First-Order, Nonlinear
Systems

This chapter characterizes the evolution of a vector of state variables
in multi-dimensional, first-order, nonlinear systems of difference equa-
tions. It utilizes the analysis of linear, multi-dimensional, first-order
systems to characterize the trajectory of nonlinear systems via their
linearization in the proximity of a steady-state equilibrium, and the
examination of the local and the global properties of these systems,
based on the Stable Manifold Theorem.

The analysis examines the properties of the locally stable and un-
stable manifolds and the corresponding globally stable and unstable
manifolds, and it analyzes the stability of the system based on the
characterization of the linear case in Chaps. 2 and 3.

Consider the system of autonomous nonlinear first-order difference
equations, where the evolution of the vector of state variables, x;, is
governed by the nonlinear system

Ti4+1 = qb(‘rt)? = 0?1’27"'a (41)
where ¢: R" — R". Namely,

Tit+1 = ¢1($1t,$2t, Tt 7xnt)

Tot+1 = ¢2($1t,$2t, Tt 7xnt)
(4.2)

Tnt+1 = ¢n($1t,$2t7 Tt ,ﬂfnt)7
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where ¢’ : % — R,4i = 1,2,...,n, is a continuously differentiable single-
value function, and the initial value of the vector of state variables,
o = (1’10,1‘20, ...,l’no), is given.l

A solution to the difference equation z;11 = ¢(x4) is a trajectory
(or an orbit) of the vector of state variables, {x}72, that satisfies this
law of motion at any point in time. It relates the value of the vector
of state variables at time t, x¢, to its initial value, zg, based on the
function ¢(zy).

Steady-state equilibria provide essential reference points for the
characterization of nonlinear dynamical systems. A steady-state equi-
librium (alternatively defined as a stationary equilibrium, a rest point,
an equilibrium point, or a fized point) is a value of the vector of state
variables, x;, that is invariant under the law of motion dictated by the
dynamical system.

Definition 4.1. (A Steady-State Equilibrium)
A steady-state equilibrium of the nonlinear system of difference equa-
tions i1 = ¢(xy) is a vector T € R™ such that

T = ¢(T).

Generically, a nonlinear system may be characterized by the exis-
tence of a unique steady-state equilibrium, the existence of multiplicity
of (distinct) steady-state equilibria, the existence of chaotic behavior, or
the non-existence of a steady-state equilibrium. Furthermore, the non-
linear system may converge to a steady-state equilibrium, may diverge
to plus or minus infinity, may converge to a periodic orbit, and, unlike
a linear system, a nonlinear system may exhibit a chaotic behavior.
Hence, a qualitative examination of a dynamical system requires the
analysis of the asymptotic behavior of the system as time approaches
infinity.

The characterization of the qualitative behavior of this nonlinear
dynamical system requires its linear approximation in the vicinity of
its steady-state equilibrium, Z. In particular, the stability analysis of
the system’s steady-state equilibria determines whether a steady-state
equilibrium is attractive or repulsive for all or at least some set of
initial conditions. It facilitates the study of the local, and often the
global, properties of a dynamical system, and it permits analysis of the
implications of small, and sometimes large, perturbations that occur
once the system is in the vicinity of a steady-state equilibrium.

! For local analysis, it is sufficient that the function ¢ : R* — R be continuously
differentiable only in some neighborhood of the relevant steady-state equilibrium.
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If for a sufficiently small perturbation the dynamical system con-
verges asymptotically to the original equilibrium, the system is locally
stable, whereas if regardless of the magnitude of the perturbation the
system converges asymptotically to the original equilibrium, the system
is globally stable. Formally, the definitions of local and global stability
are as follows:?

Definition 4.2. (Local and Global Stability of a Steady-State Equilib-
rium,)
A steady-state equilibrium, T, of the nonlinear system xi+1 = ¢(xy) is:

e globally (asymptotically) stable, if

limx; =% VageR"

t—o00

e locally (asymptotically) stable, if

Je > 0 such that 1tlim xy =T Vxo € B(T),
—00

where B(T) = {x € " : |a; — &i| <e Vi=1,2,3,...n}.

Thus, a steady-state equilibrium is globally (asymptotically) stable
if the system converges to this steady-state equilibrium regardless of the
initial condition, whereas a steady-state equilibrium is locally (asymp-
totically) stable if there exists an e- neighborhood of the steady-state
equilibrium such that from every initial condition within this neighbor-
hood the system converges to this steady-state equilibrium.

Global stability of a steady-state equilibrium necessitates global
uniqueness of the steady-state equilibrium. Clearly, if there is more
than one steady-state equilibrium, none of the equilibria can be glob-
ally stable since if the systems is in one steady state equilibrium other
steady-state equilibria will never be reached.

Local stability of a steady-state equilibrium necessitates local unique-
ness of the steady-state equilibrium. Namely, it requires the absence of
any additional point in a close neighborhood of the steady-state from
which there is no escape. Clearly, if the system is characterized by a

2 The economic literature, to a large extent, refers to the stability concepts in
Definition 4.2 as global stability and local stability, respectively, whereas the
mathematical literature refers to them as global asymptotic stability and local
asymptotic stability, respectively. The concept of stability in the mathematical
literature is reserved to situations in which trajectories that are initiated from
an e—neighborhood of a fixed point remain sufficiently close to this fixed point
thereafter.
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continuum of equilibria, none of these steady-state equilibria is locally
stable. There exists no neighborhood of a steady-state equilibrium that
does not contain additional steady-state equilibria, and hence there ex-
ist initial conditions within an e- neighborhood of a steady-state equi-
librium that do not lead to this steady-state equilibrium in the long
run. Thus, local stability of a steady-state equilibrium requires that
this equilibrium be locally unique.

4.1 Local Analysis

The dynamical system is characterized initially in the proximity of a
steady-state equilibrium.

4.1.1 Linearization

Suppose that the dynamical system has a steady-state equilibrium, Z.
Namely 37 € R" such that T = ¢(7).

The function z4+1 = ¢(x;) can be approximated around the steady-
state value, Z. In particular, a Taylor expansion of xj41 = ¢'(1y),
1 =1,2,...,n, around the steady-state value, T, yields

j=1 =

where R,, is a residual term.
Thus, the linearized equation around the steady-state, T, is defined
by?

- 0¢'(x) 9¢' () d¢' (z)
Tit+1 = D11 T1t + Oor Tot + -+ Ozs Tt
i (= Zn aqﬁ@)_‘

The linearized system is therefore

3 Since higher order terms (i.e., (z;: — Z;)* for k > 2) are ignored, this approx-
imation becomes increasingly less accurate the further the systems is from the
steady-state equilibrium, Z.
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- q [ 0¢'(z) 0¢'(m) . . 0¢'(T)
T1t+1 01t 0ot 0% nt
06°@) 0°@ 08
Tot+1 Oz Or2r  OTne
Tt 06" @ 00"@ . . 9@
- - L Oz 0zt 0Ty
- 1 _ 8¢1 ~ _ -
o'(@) - i, %z
2 (= 04%(z) —
+

n (= n 0™ () —
[ 6"(@) - Y, 25 |

L1t

Tt

Tnt

Thus, the nonlinear system is approximated locally (around a

steady-state equilibrium) by a linear system,

i1 = Az + B,

where
00l (x) 04 (x) 99 (T) 7
0T+ 02y o 0Tt
9¢*(x) 0¢°(T) 9¢° ()
8$1t 8x2t T axnt
A= =
9¢"(z) 9¢"(x)  , 09"(T)
o 8$1t szt axnt =

is the Jacobian matrix of ¢(z;) evaluated at =,
_ 96" (7) =~ ]

¢1 (.’L‘) - Z?:l gxff) Lj
_ 86 (%) —

(@) - i 5z,

Sy
Il

5@ - T, 28007, |

is a constant column vector.

(4.6)

Do(z), (4.7)
and

; (4.8)
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As established in the theorem below, the local behavior of the non-
linear dynamical system in the proximity of a steady-state equilibrium,
Z, can be assessed on the basis of the behavior of the linear system
that approximates the nonlinear one in the vicinity of this steady-state
equilibrium. Hence, the eigenvalues of the Jacobian matrix D¢(T) de-
termine the local behavior of the nonlinear system according to the
results stated in Theorems 3.1-3.2 and Corollary 3.6.

4.1.2 Stable, Unstable, and Center Eigenspaces

The stable and unstable eigenspaces provide an essential reference point
to the local characterization of a nonlinear dynamical system in the
proximity of a steady-state equilibrium.

Definition 4.3. (Stable, Unstable, and Center Figenspaces)

Let ¢(x) : R"™ — R be a continuously differentiable single-value func-
tion, and let D(T) be the Jacobian matriz of ¢(x) evaluated at a
steady-state equilibrium, T, i.e.

[ 001 (z) 04 (%) 941 (T) 7
81’“ 8I2t e 8xnt
94*() 04*(T) 94*(T)
o1t Oyt O%nt
Do(z) =
000@ 0@ 09"
L Oz Oz 0%y

e The stable eigenspace, E°(T), of the steady-state equilibrium, T, is
E5(T) = span{eigenvectors of D¢(T) whose eigenvalues
have modulus < 1}.

e The unstable eigenspace, E“(T), of the steady-state equilibrium, T,
18

E*(z) = span{eigenvectors of D¢(T) whose eigenvalues

have modulus > 1}.
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e The center eigenspace, E°(T), of the steady-state equilibrium, T,
18

E¢(Z) = span{eigenvectors of D¢(T) whose eigenvalues

have modulus = 1}.

Since the n eigenvectors of the n x n Jacobian matrix D¢(T) span
R", then as stated in the following corollary, the sum of the dimen-
sions of the stable, unstable, and center eigenspaces is equal to the
dimensionality of ™.

Corollary 4.4. Let Dp(x) be the Jacobian matriz of ¢(x) evaluated
at a steady-state equilibrium .

dim E*(7) + dim E*(Z) + dim E°(T) = n.

The stable eigenspace relative to the steady-state equilibrium, =,
is defined as the space spanned by the eigenvectors of D¢(T) associ-
ated with eigenvalues of modulus smaller than one. Namely, the stable
eigenspace is the geometric locus of all vectors, x;, that upon a suffi-
cient number of forward iterations under the map ¢ are mapped in the
limit towards the steady-state equilibrium, =.

The unstable eigenspace relative to the steady-state equilibrium, Z,
is defined as the space spanned by the eigenvectors of D¢(T) associated
with eigenvalues of modulus larger than one. That is, the unstable
eigenspace is the geometric locus of all vectors, xy, that upon a sufficient
number of backward iterations under the map ¢ are mapped in the limit
to the steady-state equilibrium, .

The center eigenspace is the space spanned by the eigenvectors as-
sociated with eigenvalues of modulus equal to one. Namely, the center
eigenspace is the geometric locus of all vectors, x;, that are invariant
under forward or backward iterations of the map ¢.

As depicted in Fig. 4.1, if the nonlinear dynamical system is two-
dimensional and the steady-state equilibrium is a saddle, then the sta-
ble eigenspace is one-dimensional and the unstable eigenspace is one-
dimensional.

If the steady-state equilibrium is a stable node, then the sta-
ble eigenspace is two-dimensional and it consists of the entire two-
dimensional real plane (i.e. E%(Z) = R#?) and the dimensionality of the
unstable eigenspace is zero. In contrast, if the steady-state equilibrium
is an unstable node, then the unstable eigenspace is two-dimensional
and it consists of the entire two-dimensional real plane (i.e. E“(T) =
R2). The dimensionality of the stable eigenspace is therefore zero.
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X2t
E° (%)

N

//\
E" (%)

Fig. 4.1. Stable and Unstable Eigenspace
Z is a Saddle Point

If the nonlinear dynamical system is two-dimensional and one of
the eigenvalues is equal to one, then the system is characterized by
a one-dimensional continuum of steady-state equilibria. If the second
eigenvalue is of modulus less than one, then, as depicted in Fig. 4.2 the

E'(x3) X2
s continuum of steady-state
B equilibria
,_/
Ef(xp) _
A3
0 X1t
X1
E“(X)

Fig. 4.2. A Center and a Stable Eigenspace
Continuum of Equilibria,
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following holds: the stable eigenspace with respect to a given steady-
state (e.g. Z1) is one-dimensional, the center eigenspace is the one-
dimensional continuum of steady-state equilibria, and the dimension-
ality of the unstable eigenspace is zero. If the second eigenvalue is of
modulus greater than one, then the unstable eigenspace and the cen-
ter eigenspace are each one-dimensional and the dimensionality of the
stable eigenspace is zero.

In the subsequent analysis, it is assumed that all eigenvalues are of
modulus different than one, and thus the center eigenspace is empty.*

Definition 4.5. (Hyperbolic Fized Point)

Consider the map ¢ : R" — R™ and let DP(T) be the Jacobian matrix
of ¢(x), evaluated at a steady-state equilibrium T. The steady-state
equilibrium, T, is a hyperbolic fixed point if D@(T) has no eigenvalues
of modulus one.

4.1.3 Local Stable and Unstable Manifolds

The stable and unstable manifolds provide the nonlinear counterparts
for the stable and unstable eigenspaces.®

Definition 4.6. (Local Stable and Unstable Manifolds)
Consider the nonlinear dynamical system
Tre1 = G(T1).

o A local stable manifold, W (T), of a steady-state equilibrium, T,
18

Wi (@) = {z € U|lim,— 400 61" (2)
=7 and ¢{n}(x) €U VneN).

o A local unstable manifold, W} .(Z), of a steady-state equilibrium,

T, 18
W (z) ={z € Ullim,— 1 ¢—{n}(x)
=7 and gb{”}(j) cU VYne N},

4 For a comprehensive exploration of the properties of the center manifold and its
implications in the continuous time case, see Guckenheimer and Holms (1990).

5 An n-dimensional manifold M C RV is a set such that Vo € M there exists a
neighborhood U for which there is a smooth invertible mapping (deffeomorphisim)
¢:R" = U (for n < N).
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where U = B.(T) for some € >0, and ¢1™(x) is the nt iteration
over x under the map ¢.

Thus, a local stable manifold is the geometric place of all vectors
x € R” in some ball of radius €, around the steady-state equilibrium, Z,
whose elements asymptotically approach the steady-state equilibrium,
T, as the number of iterations under the map ¢ approaches infinity.
Similarly, a local unstable manifold is the geometric place of all vectors
x € R” in some ball of radius € around the steady-state equilibrium, Z,
whose elements approach asymptotically the steady-state equilibrium,
T, as the number of backward iterations under the map ¢ approaches
infinity.

4.1.4 The Stable Manifold Theorem

The Stable Manifold Theorem establishes the relationship between the
stable and unstable eigenspaces and local stable and unstable manifolds
in the proximity of a steady-state equilibrium.

Theorem 4.7. (The Stable Manifold Theorem)

Let ¢ : R — R be a C' diffeomorphism® with a hyperbolic fized
point T. Then there exist locally stable and unstable manifolds, W} (T)
and W (Z), that are tangent, respectively, to the eigenspaces E*(T)
and E“(Z) of the Jacobian matriz, D¢(T), at T. Furthermore,

dim W} (T) = dim E*(T)
dim W (7) = dim E%(7).
Proof. See Nitecki (1971).

Figure 4.3 depicts local stable and unstable manifolds, W;? .(Z) and
Wt.(T), and the stable and unstable eigenspaces, E*(Z) and E“(T),
in the vicinity of a steady-state equilibrium, z, for the two-dimensional
case in which the steady-state equilibrium is a saddle point. As estab-
lished in the Stable Manifold Theorem, W} (T) is tangent to E°(Z) at
the steady-state equilibrium, Z, and both are one-dimensional. Simi-
larly, W} (Z) is tangent to E"(Z) at the steady-state equilibrium, Z,
and both are one-dimensional.

5 A one to one mapping ¢ from R" onto itself, is a C* diffeomorphism if ¢ and ¢!
are continuously differentiable (Munkres (1999)).
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Wi (®)
E® (%)

s _
Wloc('x)

E" (%)

Fig. 4.3. The Local Stable and Unstable Manifolds, Wi}.(Z) and Wi, (Z),
in relation to the Stable and Unstable Eigenspaces, E°(Z) and E“(T)
T is a Saddle Point.

Hence Theorem 4.8 follows from Corollary 3.6 and the Stable Man-
ifold Theorem.

Theorem 4.8. (Sufficient Conditions for Local Stability of a Nonlinear
System,)

Let ¢: R = R* be a C' diffeomorphism with a hyperbolic fixed
point, T. Then a steady-state equilibrium, T, is locally (asymptotically)
stable if and only if the moduli of all eigenvalues of the Jacobian matrix,
D¢(T), are smaller than 1.

Remark. The evolution of the nonlinear system in the proximity of a
steady-state equilibrium, Z, cannot be examined based on the linearized
system, D(T), if the steady-state equilibrium is non-hyperbolic (i.e. if
the modulus of one of the eigenvalues is equal to 1). The examination of
this system would be based on the properties of the center manifold.”

7 See Gukenhiemer and Holmes (1990) and Hale and Kocak (1991).
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4.2 Global Analysis

Global analysis of a multi-dimensional nonlinear system can be ad-
vanced using the concepts of the global stable manifold and the global
unstable manifold.

Definition 4.9. (Globally Stable and Unstable Manifolds)
Consider the nonlinear dynamical system

Tey1 = O(),
and let T be the steady-state equilibrium of the system.

e The global stable manifold, W*(T), of a steady-state equilibrium,
T, 1S

W*(@) = Unen{¢™ " (Wike(@))}.

e The global unstable manifold, W"(Z), of a steady-state equilibrium,
T, 1S

W (@) = Unen {6 (Wii.(@))}.

Thus, the global stable manifold is obtained by the union of all backward
iteration under the map ¢ over the local stable manifold, and the global
unstable manifold is obtained by the union of all forward iterations
under the map ¢ over the local unstable manifold.

In the context of a two-dimensional dynamical system the tracing
of the global stable and unstable manifolds based upon the properties
of the local stable and unstable manifolds permits a global character-
ization of the dynamical system based on the local behavior of the
system. In particular, the global properties of the dynamical system
can be inferred from the properties of the local stable and unstable
manifolds.

Figure 4.4 depicts the global stable and unstable manifolds, W*()
and W*"(Z), in relation to the local stable and unstable manifolds,
Wg () and W} (T), and the stable and unstable eigenspaces, E*(Z)
and EY(T), in the vicinity of the steady-state equilibrium, z, for the
two-dimensional case in which the steady-state equilibrium is a saddle
point.
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E"(®

W (%)

Fig. 4.4. The Global Stable and Unstable Manifolds, W?*(Z) and W*(Z), in
relation to the Local Stable and Unstable Manifolds, Wi, .(Z) and W} .(T), and
the Stable and Unstable Eigenspaces, E°(T) and E"(T)

7 is a Saddle Point

Theorem 4.11 provides a very restrictive sufficient condition for
global stability that is unlikely to be satisfied by a conventional eco-
nomic system. In light of the Contraction Mapping Theorem, the suffi-
cient conditions for global stability in the one-dimensional case (Corol-
lary 1.14) can be generalized for multi-dimensional dynamical systems.
Analogously to the one-dimensional case, a contraction mapping in the
n-dimensional case is defined as follows:

Definition 4.10. (Contraction Mapping)
Let (R™,p) be a metric space. Then ¢p(x): R™ — R™ is a contraction
mapping if for some [ € (0,1),

p(d(z"), ¢(a?)) < Bp(a', 2?) vat,a? e R,

where p(e,d) = |c —d] .

Theorem 4.11. (Sufficient Conditions for Global Stability of a Non-
linear System)

A stationary equilibrium of the multi-dimensional, autonomous, first-
order difference equation, xi11 = ¢(xy) ewists, is unique, and is glob-
ally stable if ¢ : R™ — R™ is a contraction mapping.
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Higher-Order and Non-Autonomous Systems

5.1 Higher-Order Systems

This chapter characterizes the evolution of a vector of state variables in
higher-order systems as well as non-autonomous systems. It establishes
the solution method for these higher-order and non-autonomous sys-
tems and, it analyzes the factors that determine the qualitative proper-
ties of these discrete dynamical systems in the linear and subsequently
the nonlinear case.

The analysis is based upon the transformation of higher-order sys-
tems and non-autonomous systems into a multi-dimensional first-order
system that can be examined based on the analysis in Chaps. 2-4. In
particular, a one-dimensional second-order system is converted into a
two-dimensional first-order system, a one-dimensional third-order sys-
tem is transformed into a three-dimensional first-order system, a one-
dimensional n**-order system is converted into an n-dimensional first-
order system, and an n-dimensional m!-order system is transformed
into an n x m-dimensional first-order system. Similarly, the analy-
sis of non-autonomous systems is based on their transformation into
higher-order, time-independent (autonomous) systems that can be ex-
amined based on the analysis of multi-dimensional first-order systems
in Chaps. 2—4.

5.1.1 Linear Systems

Second-Order Systems

Consider a one-dimensional, second-order, autonomous, linear differ-
ence equation that governs the evolution of a one-dimensional state



108 5 Higher-Order and Non-Autonomous Systems

variable, x;, over time. Unlike the first-order case, the value of the
state variable at time ¢ 4+ 2 depends upon its value at time ¢+ 1 and at
time t. In particular, consider the difference equation

Tyo + a1x401 + aore + b =0, (5.1)

where the value of the state variable at time ¢, x4, is a real number,
ie., x; € N, the constant parameters ag, a1, and b are real numbers,
ie., ag,a1,b € RN, and the initial values of the state variable at time
0, xg, and time 1, 21, are given.

In order to examine this difference equation in a familiar man-
ner, using the basic propositions established in Chaps. 2—4, this one-
dimensional second-order difference equation is converted into a two-
dimensional first-order system.

Define a new state variable, y;, such that,

Tt+1 = Y, (52)

and therefore

Ti42 = Yirl- (5.3)

Substituting (5.2) and (5.3) into (5.1), the one-dimensional,
second-order difference equation can be transformed into the two-
dimensional first-order system,

+ a1y +agre +b=0
{ym 1Yt 0Tt (5'4)
Tt+1 = Yt,
or
= —a1y; — agxt — b
{yt+1 1Yt — Ty (5.5)
Tt+1 = Yt-

Hence, the one-dimensional, second-order difference equation is con-
verted into a two-dimensional first order system that characterizes the
evolution of two state variables, {y;, z:}, over time.

SR RN (5.6)

where the initial conditions of the two state variables, (yo, z¢), are given
since (g, x1) are given, and as follow from (5.2), yo = z1.

Thus, the characterization of a one-dimensional, second-order linear
difference equation can be obtained based on the methods developed
in Chaps. 2 and 3, and in particular the results stated in Theorems
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3.1-3.2 and Corollary 3.6, once the difference equation is transformed
into a two-dimensional, first-order, linear system, as analyzed above.

Third-Order Systems

Consider a one-dimensional, third-order, autonomous, linear difference
equation that governs the evolution of a one-dimensional state variable,
x¢, over time. The value of the state variable at time ¢ + 3 depends on
its value at time t+2, t+1, and t. In particular, consider the difference
equation

Ti43 + a2xiy2 + a1xi 41 + apry + b =0, (5.7)

where the value of the state variable at time ¢, x4, is a real number,
ie. x; € R, the constant parameters ag,a1,as,b € R, and the initial
conditions of the system, (zg,z1,z2), are given.
Define a new state variable, y; such that
Ti+1 = Y, (58)

and similarly, define an additional state variable z;, such that

Tt+2 = Yt+1 = Z¢- (59)

Then the third-order difference equation can be transformed into a
three-dimensional, first-order system. In particular, since x40 =
Yer1 = 2t, it follows that

Tt+4+3 = Yt4+2 = Zt+1- (510)

Substituting (5.8)—(5.10) into (5.7), the one-dimensional, third-order
difference  equation can be transformed into the three-
dimensional first-order linear system,

241 + a2z + a1y +apry +b=0

Ytr1 = 2t (5.11)
Tt+1 = Ut,
or
2441 = —Q22¢ — 1Yt — ApTy — b
Ytr1 = 2t (5.12)

Ti+1 = Ye-
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Thus, the one-dimensional, third-order difference equation is con-
verted into a three-dimensional, first-order system that describes the
evolution of three state variables, {y, z¢, x¢ }, over time:

Zt+1 —az —ay —ag | | 2 —b
Yi+1 | = 1 0 0 v |+ 0 |. (513)
Tt+4+1 0 1 0 Tt 0

where the initial conditions of the three state variables, (20 yozo), are
given, noting that as follows from (5.8) and (5.9), yo = x1 and zp = .

Thus, the characterization of a one-dimensional, third-order linear
system can be obtained based on the methods developed in Chaps.
2 and 3 and in particular the results stated in Theorems 3.1-3.2 and
Corollary 3.6, once the system is transformed into a three-dimensional,
first-order, linear system, as analyzed above.

Nth_Order System

Consider a one-dimensional, n'"-order, autonomous, linear difference
equation that governs the evolution of a one-dimensional state variable,
x¢, over time. The value of the state variable at time ¢t+n depends upon
its value at time t+n—1,t+n—2, ..., t+2,t+1 and ¢. In particular,
consider the difference equation

Tpyn + Ap1Ttyn—1+ -+ a1T441 + agrs +b =0, (5.14)

where the value of the state variable at time ¢, x; € R, the con-
stant parameters ag,ai,as,...a,—1,b € R, and the initial conditions
(xo, 21,22, ..., Tn—1) are given.

Define n — 1 new state variables, such that

Ti+1 = Y1
Tt4-2 =YL+l = Y2t
Te43 = YLt+2 = Y2041 = Y3t (5.15)

Tt4n—1 = Ylt+n—2 = Y2t4n—-3 = *** = Yn—2,t+1 = Yn—1,t-
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It follows that
Tt+n = Yn—1,t4+1- (516)

Substituting (5.15) and (5.16) into (5.14), the one-dimensional, nt"-
order difference equation can be transformed into the n-dimensional,
first-order system

_ynfl,tJrl_ [ —an—1 —Qp_2 .. —G2 —a1 —ag ] _ynfu_ [—b7
Yn—2,t+1 1 0 0 0 0 O Yn—2,t 0
Yn—3,t+1 0 1 0 0 0 0 Yn—3¢ 0

= + ,
Y1,t+1 0 0 0 1 0 0 Y1t 0
| Ti41 ] . 0 0 0 0 1 0 | L =z | L 0 ]
(5.17)

where the initial conditions of the n state variables, zo, y10 = 21,
Y2,0 = T2, ..., = Yn—1+t = Tn—1, are given, noting (5.15).

Thus, the characterization of a one-dimensional, n**-order linear
system can be obtained based on the methods developed in Chaps. 2
and 3, and in particular the results stated in Theorems 3.1-3.2 and
Corollary 3.6, once the difference equation is transformed into an n-
dimensional, first-order, linear system, as analyzed above.

More generally an n-dimensional m!"-order system can be converted
into a m x n dimensional first-order system and analyzed according to
the methods developed in Chaps. 2 and 3.

5.1.2 Nonlinear Systems

Consider a one-dimensional, n'*-order, autonomous, nonlinear system
that governs the evolution of a one-dimensional state variable, x;, over
time. The value of the state variable at time ¢ + n depends on its value
intimet+n—1,t+n—2, ..., t+2,t+1, and ¢. In particular, consider
the system

Tign = O(Tign—1, Teqtn—2, Tign—3, > Ti41, L), (5.18)

where ¢ : R"™ — R is a single-valued function, the value of the state
variable at any time t, xy, is a real number, i.e. z; € R, and the initial
conditions of the system, (zg, z1, z2, ..., Tn—1), are given.



112 5 Higher-Order and Non-Autonomous Systems

Let
Tt+1 = Y1t
T2 = Y1t+1 = Y2.t
Ti43 = Y42 = Y2041 = Y3 (5.19)

Tt4n—1 = Ylt+n—2 = Y2t4n—-3 = = Yn—2,t+1 = Yn—1t-

Substituting (5.19) into (5.18), the one-dimensional, n**-order nonlin-
ear difference equation can be transformed into the n-dimensional, first-
order, nonlinear system

Yn—1,t41 = O(Yn—1,6> Yn—2,t> Yn—3,t5" " * > T¢)
Yn—2t+1 = Yn—1
(5.20)
Yit+1 = Y1t
where the initial conditions of the n state variables, xg, y10 = w1,

Y2.0 = T2, --- Yn—1,t = Tp—1, aTe given.

Thus, the n*"-order nonlinear difference equation can be represented
as an n - dimensional, first-order nonlinear system that can be analyzed
according to the methods developed in Chap. 4.

5.2 Non-Autonomous Systems

The characterization of non-autonomous systems (i.e. systems in which
the functional relationship between the state variables changes over
time) requires the transformation of the time-dependant system into a
higher order time-independent system.

Consider a system of non-autonomous, first-order, linear difference
equations

Tt4+1 = A(t)l‘t + B(t), (521)
and a non-autonomous nonlinear System
Tt4+1 = f(ﬂ?t, t), (522)

where the vector of state variables, z; € R, A(t) is an n x n matrix of
time dependent coefficients of real numbers, a;;(t) € R, 1,7 =1,2,...,n,
and B(t) is an n - dimensional time dependent vector with elements
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bi(t) € R, i = 1,2,...,n. The initial value of the vector of state
variables, xog = (x10, 20, T30, ---, Tno), 1S given.

A non-autonomous system can be converted into an autonomous
one. Let y; =t. Then ;41 =t + 1 =y, + 1. Thus the linear system is
transformed into

Tip1 = A(ye)xe + B(ye)

(5.23)
Y1 =Y + 1,
and the nonlinear system is converted to
Tt+1 = f(ot,Yt) (5.24)

Y1 =y + L.

Namely, the non-autonomous system is converted into a higher-
dimensional autonomous system.

However, these systems have no steady-state equilibrium. There ex-
ists no 7 € R such that 5§ =7+ 1, and thus neither the linear system
nor the nonlinear system has a steady-state equilibrium.

The qualitative analysis provided by Chaps. 2—4, which is based on
the behavior of the system in the vicinity of a steady-state equilibrium,
is therefore not applicable for this dynamical system.

The characterization of these systems necessitates a redefinition of
the state variables, so as to assure the existence of steady-state equilib-
ria and thus to assure that the analysis of the previous chapters could
be fully utilized. This transformation, however, would depend on the
particular form of the dynamical system.
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Examples of Two-Dimensional Systems

This chapter provides a complete characterization of several representa-
tive examples of two-dimensional dynamical systems. These examples
include a first-order linear system with real eigenvalues, a first-order
linear system with complex eigenvalues that exhibits periodic orbit, a
first-order linear system with complex eigenvalues that exhibits a spiral
sink, a first-order nonlinear system characterized by oscillatory conver-
gence, and a second-order one-dimensional system that is converted into
a first-order, two-dimensional system characterized by a continuum of
equilibria and oscillatory divergence.

6.1 First-Order Linear Systems

6.1.1 Real, Distinct, Positive Eigenvalues

Consider the two-dimensional system of first-order homogenous linear
difference equations

e[ o

T2t+1 7 2.5 ot

where zg = [210,220] is given.

The characterization of the time path of this two-dimensional sys-
tem of interdependent state variables is based on the construction of a
time-independent transformation that converts the system into a new
dynamical system of independent state variables whose evolution can
be derived based on the analysis of the one-dimensional case. Alter-
natively, the qualitative aspects of the trajectory of this system can
be examined based on the derivation of the system’s phase diagram
without an explicit solution.
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A. Derivation of an Explicit Solution

The Eigenvalues \; and )y of the Matrix A

The eigenvalues of the matrix A are obtained as a solution to the
equation

|A— M| =0, (6.2)

where |A — M| is the determinant of the matrix [A — AI] and I is the
identity matrix. In the two-dimensional case, the eigenvalues, A\; and
Ao, are therefore obtained as a solution to the equation

- A
a“ 2 ’ — 0. (6.3)
aip a2 — A
The implied characteristic polynomial is
c(\) =\ —trAX +det A =0, (6.4)

and the eigenvalues are therefore determined by the solution to

M+ A= trd
R (6.5)
)\1)\2 = det A.
Given the matrix of coefficients, A, in (6.1), it follows that
A+ A=6.5
6.6
{ AMA2 = 3, (6.6)

and therefore \; = 6 and Ay = 0.5.

The Eigenvectors f; and f; of the Matrix A

The eigenvectors of the matrix A, fi and fs, associated with the
eigenvalues, A\; and Mg, are obtained as solutions to the equations

[A=M]fi=0 for fi1#0
[A—/\I]fgzo fO?" fg;éo,

where f; = (fi1, fiz)’ for i =1,2. Hence, it follows from (6.1) that the
eigenvector associated with the eigenvalue A; = 6 is determined by
the solution to the system of equations

A o5

(6.7)
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whereas that associated with Ay = 0.5 is determined by the solution
to the system of equations

7ol ] = o) oo

Thus, the first eigenvector is determined by the equation

whereas the second eigenvector is given by the equation
Ja1 = —3.5fa0. (6.11)

The eigenvectors f; and fo are therefore

i

1
f2= {—3.5]’

or any scalar multiple of these vectors.

(6.12)

The Use of the Eigenvectors f; and f> in the Construction
of a New System of Coordinates that Spans R?

Since f; and fy are linearly independent, they span #2. Namely,
for all 2; € N2, there exists y; = (v, y2r) € N2 such that

xe = fiyie + fayor. (6.13)

In other words, every z; € R? can be expressed in terms of the new
system of coordinates (y1, y2:). Hence, as follows from the values of the
eigenvectors given in (6.12),

T1t 1 1 Y1t
- . (6.14)
Tot 2 =35 |y

Since, every x; = (w14, 72;)’ € %2 can be expressed in terms of the new
system of coordinates, (yi¢,y2:) € R?, there exists a time-independent
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matrix ) such that

e = Qut, (6.15)

where

Q= . (6.16)
2 =3.5

Since f; and f are linearly independent, ) is a non-singular matrix,
Q™! therefore exists, and 7; can be expressed in terms of the original
system of coordinates, (14, x2;). That is,

y=Q 'z (6.17)

-3.5 —1 x
Y1t _ _L 1t ’ (6.18)
Yot 59| =2 1 Tot

Y1t = 2= (35214 + woy)

In particular,

and therefore,

(6.19)
Yot = 5%:,(2901:5 — Tay).

Thus,

yit = 0 & 29t = —3.521¢
(6.20)
yor = 0 & 29 = 214,

The geometric place of the new system of coordinates is given by
the set of two eqs. (6.20). As depicted in Fig. 6.1, the geometric place
of all pairs (x14, x9¢) such that x9y = —3.5xy; is the yo axis (along
which y1; = 0), and the geometric place of all pairs (x4, z9;) such that
x9r = 2x1¢ is the y14 axis (along which y9; = 0).

The axes of the new system of coordinates (yi, y2;) are therefore the
lines spanned by the eigenvectors f; and fo, respectively, as depicted
in Fig. 6.1.
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Fig. 6.1. The New System of Coordinates
The Representation of (214, z2¢) in the (yi+,y2t) Space

The Time Path of the State Variables y; and yo

As follows from (6.17), the value of the vector of the new state
variables, y;+1, can be expressed as a time-invariant function of the
value of the original vector of state variables, x;41. In particular,

i1 = Qw1 (6.21)

Hence, since the evolution of the original vector of state variables x4
is given by x;41 = Axy, it follows that

i1 = Q' Axy. (6.22)

Moreover, as established in (6.15), the value of the original vector of
state variables, x;, can be expressed in terms of the new system of
coordinates, (y1¢, y2¢). In particular, z; = Qu, and therefore

Yrr1 = QT AQu:. (6.23)
Thus,
Yt+1 = Dy, (6.24)

where D = Q1AQ.
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As follows from (6.15) and (6.18),

-3.5 -1 4 1 1 1

_ 1
D=Q'4Q = -
: -2 1 7 25| (2 —-3.5
6 0
= . (6.25)
0 0.5

Namely, the matrix D is a diagonal matrix whose elements are the
eigenvalues of the matrix A, A\ =6 and Xy = 0.5.

Thus, the evolution of each of the elements of the vector of the
new state variables, v, is independent of the evolution of the other
state variables, and its time path can be determined by the method of
solution developed for the one-dimensional case in Sect. 1.1, as outlined
below.

The evolution of the vector of state variables, v, is given therefore by

Yt = Dtyo- (6.26)
Namely,
y1e = 6" y10 (6.27)
y2e = 0.5" ya0,

where the initial value of the vector of new state variables, yg, is deter-
mined uniquely by the values of the vector of state variables in period
0, 2o. In particular, as follows from (6.17), yo = Q 'y, i.e.

1
Y10 = 55 (3-5710 + w20

” ( ) (6.28)
Y20 = 5= (2710 — T20) -

The Stability of the Steady-State Equilibrium
of the System ;.1 = Dy,

The steady-state equilibrium of the system y;41 = Dy, is a vector
7 € R? such that § = Dy. The steady-state equilibrium of the new
system is therefore

¥ = (1,72) = (0,0)". (6.29)
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The steady-state equilibrium g = (0,0)" is unique since [I — D] is non-
singular, i.e.

— 2540, (6.30)

-5 0
I-D|=
0 0.5

The second state variable, y9;, converges to its steady-state level,
Uy = 0, regardless of its initial value, yo9. Namely,

tlim Yor = tlim (0.5) Yoo =Ty =0, Voo € R. (6.31)

The first state variable, yi:, diverges to plus or minus infinity,
unless the initial position of this state variable is at its steady-state
level, y; =0, i.e.

—00 if  y10<0
lim y1; = lim 6" 1o =< 7, =0 if yi0=0 (6.32)
t—o0 t—o0

o0 if  yi0>0.

As depicted in Fig. 6.2, the steady-state equilibrium (g1, 92) = (0,0)
is a saddle point. Namely, unless y19 = 0, the steady-state equilibrium
will not be reached and the system will diverge in one of its dimensions
to either plus or minus infinity:

(—00,0) if Y10 <0
Jim g, = ¢ (0,0) if  y0=0 (6.33)
(00,0) if  y10 > 0.

The Solution for x;

The trajectory of the vector of original state variables, z;, can be
expressed in terms of the new system of coordinates, (yi¢,y2¢). In par-
ticular, as established in (6.15), z; = Qu, i.e.,

- . (6.34)
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Yor

<

Y1t

Fig. 6.2. The Evolution of y;

Hence, a time-invariant transformation of the explicit solution for the

time path of the vector of new state variables, y;, provides an explicit

solution for the time path of the original vector of state variables, x;.
As follows from (6.27),

T 11 6'y10 6"y10 + (0.5)"y20

= = . (6.35)
Tot 2 =3.5 (0.5)ty20 2(6t)y10 — 3.5(0.5)ty20
The time path of z; and its qualitative properties are therefore

uniquely determined by the system’s initial conditions, (19, z29), and
the eigenvalues of the matrix A. As follows from (6.35), noting (6.28),

= . (6.36)

[3511:] %[@ (3.5210 + x20) + (0.5) (2119 — w20)]
==[2(6") (3.5x10 + @20) — 3.5(0.5)" (2210 — w20)]

The phase diagram of the original system is obtained by placing
the phase diagram that describes the evolution of 1; relative to the
new system of coordinates (y1,y2), in the plane (z1,z2), as depicted in
Fig. 6.3.

The Stability of the Steady-State Equilibrium
of the System z;,1 = Axy

A steady-state equilibrium of the system x;y1 = Ax; is a vector
T € N2 such that T = Az. Hence, it follows from (6.1) that z exists and
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(X =2xy)
Y1r

\

Yar
(XZZZ— 3.5)(1[)

Fig. 6.3. The Evolution of
A Saddle

is given by Z = (0,0). Moreover, = = (0,0) is unique since the matrix
[I — A] is non-singular, i.e.

3 -1

‘I_A|:’—7 —1.5

‘ =—25#£0. (6.37)

As follows from (6.36), and as depicted in Fig. 6.3,

lim z; =% < x99 = —3.5x19, (638)
t—o0
and the steady-state equilibrium Z = 0 is a saddle point. Namely,
the vector of state variables z; converges to its steady-state value Z if
and only if the initial values of this vector are placed on the y9; axis,
ie. if oo = —3.5$10.

B. Construction of a Phase Diagram Without an Explicit
Solution

The derivation of a phase diagram for this two-dimensional, first-
order linear system does not require an explicitcharacterization of the

! Since both eigenvalues are real and positive, convergence and divergence are
monotonic and the arrows of motion approximate the actual motion of the system.
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evolution of the vector of state variables. The phase diagram can be
derived via a characterization of the map of forces that operate on the
vector of state variables.

The construction of the phase diagram requires the identification
of the geometric place under which each of the state variables is in a
steady state and the characterization of the forces that operate on this
state variable once it deviates from its steady-state value.

Let Az;; be the change in the value of the it state variable, i = 1, 2,
from period ¢ to period t + 1 :

ATt = T4 — T = 3T + Tt
(6.39)
szt = Xot41 — T2t = 7561,5 + 1.5%2,5.

Clearly, at a steady-state equilibrium, neither x1; nor xs; changes over
time and therefore Ax1; = Axoy = 0.

Let ‘Azq; = 0’ be the geometric place of all pairs of (x4, x2;) such
that xq; is in a steady state, and let ‘Axo; = 0’ be the geometric
place of all pairs (z1;,z9;) such that xy; isin a steady state. Namely,

‘Az =0 = {(21t, 721)| T1t41 — 21 = 0}

, (6.40)
‘Axgr =0 = {(z14, x2r)| T2141 — w2t = 0}.
It follows from (6.39) and (6.40) that
Aaj‘lt =0 & x9t=—-3T1;
(6.41)

A.%'Qt =0 & x9= —(14/3)1’115.

Thus, as depicted in Fig. 6.4, the geometric locus ‘Az, = 0’ is given
by the equation x9; = —3x1¢, whereas the geometric locus ‘Axg; = 0
is given by the equation x9; = —(14/3)x1;. The geometric place under
which the two loci, ‘Axy; =0’ and ‘Axo; = 0, intersect is the steady-
state equilibrium of the system. As follows from (6.41), and as depicted
in Fig. 6.4, the two loci intersect at the point (0, 0) and this is the unique
steady-state equilibrium of the entire system.

The forces that operate on each of the state variables away from its
steady-state equilibrium provide the necessary elements for the deriva-
tion of the phase diagram.

As follows from (6.39), as long as xg; > —3x1+, the system increases
the value of the first state variable, x1;, in the transition from time ¢



6.1 First-Order Linear Systems 125

X2t

/
‘_l/ ~

AX2t=0 Ax1t=0

X1t

Fig. 6.4. The Phase Diagram without an Explicit Solution

to time t + 1, whereas if xo; < —3x1¢, the system decreases the value
of x1; in the transition from time ¢ to time ¢ + 1. Hence,

>0 Zf Tor > —3x1¢
Azy, (6.42)
<0 Zf Top < —3T1%.

Consequently, as depicted in Fig. 6.4, above the line z9; = —3x1; (i.e.
for pairs (x4, z9;) such that xe, > —3x14), the arrows that depict the
motion of the first state variable, x1¢, are directed rightward, whereas
below the line (i.e. for pairs (x4, z9;) such that xe; < —3x1¢), the arrows
that depict the motion of x1; are directed leftward.

Similarly, if z9; > —(14/3)x1;, the system increases the value of the
second state variable, x9¢, in the transition from time ¢ to time ¢ + 1,
whereas if xor < —(14/3)z1¢, the system decreases the value of xo.
Hence,

>0 Zf Tot > —(14/3).1‘”
AZL’Qt (643)
<0 Zf Tor < —(14/3)1‘”

Consequently, as depicted in Fig. 6.4, above the geometric locus
xor = —(14/3)x1¢ (i.e. for pairs (x14, x9¢) such that zg > —(14/3)x1y),
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the arrows that depict the motion of the second state variable, xo;, are
directed upward, whereas below the geometric locus xo; = —(14/3)x1;
(i.e. for pairs (x4, z2:) such that oy < —(14/3)z1¢), the arrows that
depict the motion of x9; are directed downward.

6.1.2 Complex Eigenvalues - Periodic Orbit

Consider the two-dimensional system of first-order homogenous linear
difference equations

T1t4+1 V2 —1 T1t
T4l = = = A.’I}t, (644)
Tot+1 1 0 Z1¢

where xg = [z10, 9] is given.

The characterization of the time path of this two-dimensional sys-
tem of interdependent state variables is based on the construction of a
time-independent transformation that converts the system into a new
dynamical system whose evolution is governed by a matrix in the Jor-
dan normal form.

The Eigenvalues 1 and fi of the Matrix of Coefficients A

The eigenvalues of the matrix A are obtained as a solution to the
equation

|A— pl| =0, (6.45)

where |A — p| is the determinant of the matrix [A — pI] and I is the
identity matrix. The implied characteristic polynomial is therefore

c(p) = p? —V2u+1=0. (6.46)

The eigenvalues of the coefficient matrix A are complex, taking the
form p = a+ Bi and @ = a — (i, where

M= @ + gz
(6.47)

and 1 = /1.
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The Eigenvectors v and v of the Matrix of Coefficients A

The eigenvectors of the matrix A, v and 7, are obtained as a solution
to the equations

[A—pllv=0 for pu#0

[A—pllo=0 for p#0.

(6.48)

Hence, the eigenvector v associated with the eigenvalue p is determined
by the solution to the system of equations

22 vl o "
1 V2 25 | |0 (6.49)

2 2

and the eigenvector v associated with the eigenvalue g is determined
by the solution to the system of equations

1 0
= . (6.50)
() 0
Thus, the eigenvector v is determined by the equation
2 2
Vo = <\/7 - \/_Z> V1, (651)
and the eigenvector v is determined by the equation

Uy = <£ + £Z> (6.52)

The eigenvectors v and v are therefore

V2 V2.
T+TZ -1

V2 V2,
1 _T+Tl

V2,
3 1
(6.53)

ﬁi’
L2 2 ]

<
I
S
+

or any scalar multiple of these vectors.
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In particular, v and ¥ can be decomposed into a real and complex

part:
=u+ . |lwm + wy | . 1 + 0 .
VE=EU+ WL = s W 1= @ _@ )

-] -l

This decomposition is useful in the establishment of a new system of
coordinates that spans R? and permits the transformation of the orig-
inal system into a new one characterized by the Jordan normal form
representation.

(6.54)

v

The Use of the Vectors v and w in the Construction of a New
System of Coordinates that Spans 2

Since v and w are linearly independent, they span %2. Namely, for
all z; € R? there exists y; = (y1e, yor) € R2 such that
Ty = Uy — WYor. (6.55)

In other words, every x; € R? can be expressed in terms of the new
system of coordinates (y1¢, y2¢). As follows from the values of the eigen-
vectors given in (6.54),

T1t L0 Y1t
= . (6.56)

Tt 5 T3 Yot

)
)

Namely, for all x; € R2 there exists y; = (y1r, y2:) € 2 and a time-
independent matrix V such that

Since u and w are linearly independent, V' is a non-singular matrix,
V! therefore exists, and 3; can be expressed in terms of the original
system of coordinates (14, x2;). Namely,

g =V, (6.58)
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l.e.
Y1t 10 1t
= , (6.59)
Yot —1 V2| |2
and therefore,
Y1t = T1t
(6.60)
Yot = \@mt — ZT1t-
Thus,
yit=0& 21, =0
(6.61)

yor = 0 & z9 = (1//2)71;.

The geometric place of the new system of coordinates is given by
(6.61). As depicted in Fig. 6.6, the geometric place of all pairs (z14, x2¢)
such that z1; = 0 is the yo; axis (along which y1; = 0), and the geo-
metric place of all pairs (214, z2;) such that zo; = (1/v/2)x1; is the yi;
axis (along which yo; = 0).

The Time Path of the State Variables y; and yo

As follows from (6.58), the vector of state variables, y;y1, can be
expressed as a time-invariant function of the vector of state variables,
Z¢y1- In particular,

Yye1 =V g (6.62)

Hence, since the evolution of the vector of state variables, x;11, is given
by xy+1 = Axy, it follows that

Yry1 =V Axy. (6.63)

Moreover, as established in (6.57), the vector of state variables, x;, can
be expressed in terms of the new system of coordinates, (yit,y2:). In
particular, z; = V', and therefore

Yig1 =V 1AV Y. (6.64)
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Thus,

Yt+1 = Dy, (6.65)
where as follows from the (6.44), (6.56), and (6.59),

V2 V2
2 2
D=V'AV = . (6.66)
V2o V2
2 2
Hence,
Y11 22 Ty,
Y1 = = , (6.67)
Y2t+1 @ @ | Y2t
where yo = (y10,%20) = v~ 'wg is given.
Let g be a steady-state equilibrium of the system, i.e.
y = Dy. (6.68)

Since [I — D] is a non-singular matrix, the steady-state equilibrium, 7,
is unique.

y=(41,%2) = (0,0). (6.69)

The trajectory {y:}72,, satisfies (6.67) at all points in time and relates

the value of the new vector of state variables at time ¢, y;, to their initial

condition, yg, via the parameters embodied in the coefficient matrix A.
Following the method of iterations, the solution satisfies

t
[ylt+1] _ ? *@ [yw]

(6.70)
V2 V2
2 2

Yat+1 Y20

As discussed in Sect. 3.3, this formulation is not very informative about
the qualitative behavior of the dynamical system. In particular, it is
not apparent what the necessary restrictions on the values of « and
0 are, such that the state variables will converge to their steady-state
value. However, the evolution of each pair of state variables can be
expressed in terms of the polar coordinates of (o, 3).

Consider the geometrical representation of the complex pair of eigen-
values = a + i = /2/2 +v/2/2 and i = a — Bi = v/2/2 — \/2/2i
in the complex Cartesian space, as depicted in Fig. 3.12. Let r be the
modulus of the eigenvalues, namely,
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2 2
=R = (?) +<§> —1 )

It follows that

o =rcosf
(6.72)
[ =rsinf,
and therefore
a —f cosf —sinf
=r . (6.73)
0 « sind cosé

Hence, the analysis of the system in (6.70) can be expressed in terms
of polar coordinates.

Y1t cos(m/4) —sin(mw/4) " Too
= : (6.74)
Y2t sin(m/4) cos(mw/4) 120
and therefore, noting Lemma 3.3,
Y1t cos(tm/4) —sin(tw/4) | | yi0
= . (6.75)
Yot sin(tw/4) cos(tm/4) Y20
Hence the trajectory of y; is given by
Y11 = Y10 cos(tm/4) — yoo sin(tm/4)
(6.76)

yor = Y10 sin(tw/4) + yoo cos(tm/4),

where

tlim yu=9=0&y=9y=0. (6.77)
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Yot

Y1t

Fig. 6.5. The Evolution of y;
(Counter-Clockwise) Periodic Orbit

Thus, as follows from (6.76), all trajectories of y; initiated from any
non-zero initial condition exhibit counter-clockwise periodic orbits, as
depicted in Fig. 6.5. A full revolution of the orbit is completed every 8
periods.

The Time Path of x;

The trajectory of the vector of state variables, x;, can be expressed
in terms of the trajectory of y;. In particular, as established in (6.56),
Tt = Vyt, i.e.

Tt 10 Yit
= . (6.78)
Tot @ 4 Yot

Hence, a time-invariant transformation of the explicit solution for the
time path of the vector of new state variables, y;, provides an explicit
solution for the time path of the original vector of state variables, x;.

The time path of z; and its qualitative properties are therefore
uniquely determined by the system’s initial conditions, (19, z29), and
the modulus of the eigenvalues of the matrix A. As follows from (6.76)
and (6.78),
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1 .
T1t 0 Y10 cos(tm/4) — yao sin(tm/4)
- . (6.79)
Tog ? g Y10 sin(tm/4) + yao cos(tm/4)

Y10 cos(tm/4) — yao sin(tmw/4)

L1t
V2 :
T2t 5 [(y10 + y20) cos(tm/4) + (y10 — y20) sin(tm/4)]
(6.80)
Noting that yo = v~ ', it follows from (6.60) that
Tt x10 cos(tm/4) — (V2290 — x10) sin(tn/4)
_ . (6.81)
Tot woo[cos(tm/4) — sin(tr/4)] + V2x10 sin(tn/4)

The phase diagram of the system is obtained by placing the phase
diagram that describes the evolution of 3 relative to the new system of
coordinates (y1,¥2), in the plane (z1,x3). As depicted in Fig. 6.6, the
trajectory of x; from any non-zero initial condition exhibits counter-
clockwise periodic orbits.

The qualitative trajectory of the state variables could be inferred
directly from the modulus, r, of these complex eigenvalues. As discussed
in Sect. 3.3 and defined in (6.71), the modulus, 7, of the eigenvalues of
the coefficient matrix A is equal to one. Hence, as implied by Theorem
3.4, the system is characterized by a counter-clockwise (3 > 0) periodic
orbit.

6.1.3 Complex Eigenvalues - Spiral Sink

Consider the two-dimensional system of first-order homogenous linear
difference equations.
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X2t
Yir
X
(X9, = 1N2)xy,
Yor
Fig. 6.6. The Evolution of x
(Counter-Clockwise) Periodic Orbit
1 1
Yit+1 2 9| | Yt
Yi+1 = = = Ay, (6.82)
Y2t+1 1 1 Yau
2 2

where yo = [y10, Y20] is given.
The eigenvalues of the coefficient matrix A are complex, taking the
form p = a+ B¢ and @ = o — (i, where

1+1,
= = =1
2 5 T b
(6.83)
11
,LL—2 27’7

and the coefficient matrix A is therefore already in Jordan normal form.
Let ¢ be a steady-state equilibrium of the system, i.e.

y = Ay. (6.84)

Since [I — A] is a non-singular matrix, the steady-state equilibrium, g,
is unique.

y = (41, 92) = (0,0). (6.85)
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The solution to this system is a trajectory, {y:}52, that satisfies (6.82)
at all points in time and relates the value of the vector of state variables
at time t, ¥, to their initial condition, yg, via the parameters embodied
in the coefficient matrix A. Following the method of iterations, the
solution satisfies

D=

Y1t
= . (6.86)

5 Y20

D=
N}

Yat

As discussed in Sect. 3.3, this formulation is not very informative about
the qualitative behavior of the dynamical system. In particular, it is
not apparent what the necessary restrictions on the values of o and
0 are, such that the state variables will converge to their steady-state
value. However, the evolution of each pair of state variables can be
expressed in terms of the polar coordinates of (o, 3).

Consider the geometrical representation of the complex pair of eigen-
values, p = a+ i =05+ 0.5¢ and it = o — B¢ = 0.5 — 0.54, in the
complex Cartesian space, as depicted in Fig. 3.12. Let r be the modulus
of the eigenvalues, namely,

r=va+ 2= (%)2 + (%)2 <1 (6.87)

o =rcosb

B =rsind,

a —f3 cosf —sinf
[ ] _r[ ] (689

0 « sinf cos6

Hence, the analysis of the system in (6.82) can be expressed in terms
of polar coordinates:

It follows that

(6.88)

and therefore

Yie cos(m/4) —sin(r/4)]" [y1o0
=7t , (6.90)

Yot sin(mw/4) cos(mw/4) 120

where r = 1/+/2. Following Lemma 3.3,
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Yit 17t cos(tm/4) —sin(tw/4) | | yio
- [—] . (69
Yot V2 sin(tmw/4) cos(tm/4) Y20
and the trajectory of y; is given by
t
y1e = [%} [y10 cos(tm/4) — yao sin(tr/4)]
(6.92)

Yor = [%r [y10 sin(tm/4) 4 yao cos(tm/4)].

Since cos(tm/4) and sin(t7/4) are bounded by in the interval [—1, 1], it
follows that

limy=5=0  Vyy e R (6.93)
t—o0

The steady-state equilibrium, 7, is globally stable. All trajectories
that are initiated from a non-zero initial condition exhibit counter-
clockwise spiral sink, as depicted in Fig. 6.7.

The qualitative trajectory of the state variable could be inferred
directly from the modulus, r, of these complex eigenvalues. As discussed
in Sect. 3.3 and defined in (6.87), the modulus, r, of the eigenvalues
of the coefficient matrix A is smaller than one. Hence, as followed
from Theorem 3.4, the system is characterized by a counter-clockwise
(B > 0) spiral sink.

Y2

Y1r

P
N

Fig. 6.7. (Counter-Clockwise) Spiral Sink
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6.2 Second-Order Linear Systems

Consider a one-dimensional, second-order, autonomous, linear differ-
ence equation that governs the evolution of a one-dimensional state
variable, z1¢, over time. Unlike the first-order case, the value of the
state variable at time ¢ + 2 depends on its value at time ¢ + 1 and at
time t. In particular, consider the difference equation

Tiep2 = —0.521441 + 15214, (6.94)

where the initial value of the state variable at time 0, x19, and time
1,211, are given.

In order to examine this difference equation in a familiar man-
ner, using the basic propositions established in Chaps. 2—4, this one-
dimensional second-order difference equation is converted into a two-
dimensional first-order system.

Define a new state variable, x9;, such that,

Tit+1 = T2, (6.95)
and therefore

T1t+2 = L2t+1- (696)

Substituting (6.95) and (6.96) into (6.94), the one-dimensional, second-
order difference equation can be transformed into the two-dimensional
first-order system,

T1t+1 = T2t (6 97)
Tot+1 = 1.5%1,5 — 0.5%215. '

Hence, the one-dimensional, second-order difference equation is con-
verted into a two-dimensional first-order system that characterizes the
evolution of two state variables, {xa;, z1;}, over time:

T141 0 1 T1¢
= , (6.98)
Tot+1 15 —05 Tot
where the initial conditions of the two state variables, (x19,x20), are
given since (x19,x11) are given, and as follow from (6.95), x9o = x1;.
The characterization of the time path of this two-dimensional sys-

tem of interdependent state variables is based on the construction of a
time-independent transformation that converts the system into a new
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dynamical system of independent state variables whose evolution can
be derived based on the analysis of the one-dimensional case.

Steady-State Equilibria

Let (Z1,T2) be a steady-state equilibrium of the system. It follows
from (6.98), or alternatively from (6.94), that there exists a continuum
of steady-state equilibria defined by the 45° line in the plane (z14, x2;).
Namely,

{(211, w20) € R* : (w14, 721)
= (fl,fg)} = {(wlt,xgt) c §R2 X = $1t}- (699)

The Eigenvalues \; and \; of the Matrix A

As established in Sect. 6.1.1, the eigenvalues (A1, A2) of the coeffi-
cient matrix A are given by the solution to

A +A= trA=-0.5
(6.100)
)\1)\2 =det A =-1.5.

Hence,

(M, A2) = (1, —1.5).

The Eigenvectors f; and fs of the Matrix A

The eigenvector of the matrix A, fi; and fo, associated with the
eigenvalues A\; and )9, are obtained as a solution to the equations

[A=X]fi=0 for fi#0
(6.101)
[A—X]fo=0 for fa#0,

where f; = (fi1, fi2)’ for i = 1,2. Hence, it follows from (6.98) that the
eigenvector associated with the eigenvalue A; = 1 is determined by
the solution to the system of equations

2 Tt should be noted that in other examples of second-order, one-dimensional sys-
tems, the eigenvalues of the matrix of coefficients of the two-dimensional, first-
order system, to which the second-order system was transformed, need not be
equal to one.
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-1 1 f11 0
= , (6.102)
1.5 —1.5 fi2 0
whereas that associated with A2 = —1.5 is determined by the solution
to the system of equations
1.5 1 fa
=0. (6.103)
1.5 1 foo
Thus, the first eigenvector is determined by the equation
fiz = fu, (6.104)
and the second eigenvector is determined by the equation
Ja1 = —1.5fa. (6.105)
The eigenvectors f; and fo are therefore
1
=]
(6.106)

f2= {—}.5] ’

or any scalar multiple of these vectors.

The Use of the Eigenvectors f; and f> in the Construction

of a New System of Coordinates that Spans R?

Since f; and fy are linearly independent, they span $2. Namely,

for every z; € R? there exists y; = (y1e, y2t) € R2 such that

e = fiyue + fay2e.

(6.107)

In other words, every x; € R? can be expressed in terms of the new
system of coordinates, (y1,y2). Hence, as follows from the values of the

eigenvectors given in (6.106),

MR

(6.108)
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Namely, every z; = (z14,72) € %2 can be expressed in terms of
the new system of coordinates, (yis,y2:) € R2. Thus, there exists a
time-independent matrix @ such that

T = Qyt. (6.109)

Since f; and fo are linearly independent, () is a non-singular
matrix, Q! therefore exists, and y; can be expressed in terms of the
original system of coordinates, (z1;, z2¢). That is,

ye = Q 'y (6.110)

—-1.5 -1 T
S e (6.111)
Yot -1 1 Tt

y1t = 0.6x14 + 0.4x9;

In particular,

and therefore,

(6.112)
Yot = 0-4(331t - 332t)~

Thus,

Y1t = 0< x9p = —1.521;
(6.113)
y2r = 0 & 29 = w13

The geometric place of the new system of coordinates is given by
(6.113). As depicted in Fig. 6.8, the geometric place of all pairs (x1¢, x2;)
such that xg9; = —1.5xy; is the yo; axis (along which y;; = 0), and the
geometric place of all pairs (x14, x9¢) such that xo = zy; is the yy;
axis (along which yo; = 0). The axes of the new system of coordinates,
(y1¢, Yot ), are therefore the lines spanned by the eigenvectors f; and fo,
respectively, as depicted in Fig. 6.8.

The Time Path of the State Variables yi; and o,

As follows from (6.110), the value of the vector of state variables,
Yt+1, can be expressed as a time-invariant function of the value of the
original vector of state variables, x4 1. In particular,

Y1 = Q w1 (6.114)
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Hence, since the evolution of the vector of state variables, x;11, is given
by x411 = Axy, it follows that

Yer1 = QL Axy. (6.115)

Moreover, as established in (6.109), the value of the vector of state
variables x; can be expressed in terms of the new system of coordinates,
(y1¢, y2t). In particular, x; = Qyy, and therefore y; 1 = Q1 AQy;. Thus,

Yt+1 = Dy, (6.116)

where

D=Q 'AQ = bo . (6.117)
0 —15

Thus, the evolution of each of the elements of the new vector of
state variables, ¢, is independent of the evolution of the other state
variable, and its time path can be determined by the method of solution
developed for the one-dimensional case in Sect. 1.1.

The evolution of the new vector of state variables, y;, is given by

yt = D'yo, (6.118)
and therefore
Y1t = Y10
; (6.119)
Yot = (—1.5)" yao.

The value of the vector of new state variables in period 0, yo, is
determined uniquely by the values of the vector of the original state
variables in period 0, zp. In particular, as follows from (6.113),

Y10 = O-6£L‘10 + 0.41‘20
(6.120)
y20 = 0.4 (x10 — 220) -

Instability of the Steady-State Equilibrium of the System
Yi+1 = Dy

The steady-state equilibrium of the system ;11 = Dy; is a vector
7 € R? such that § = Dy. The steady-state equilibrium of the new
system is therefore

¥ = (U,%2) = (0,0). (6.121)

Moreover, y = (0,0) is unique since [I — D] is non-singular.
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Yat

Yit

Fig. 6.8. (Vertical) Oscillatory Divergence

As depicted in Fig. 6.8, the dynamical system is characterized by
(vertical) oscillatory divergence.

In particular, the second state variable, yo;, diverges in oscillations
as long as its initial value, ysoq, is different from o, i.e.

tli)lg-o lyae| = 00, VY20 # Yo, (6.122)

whereas the first state variable, y1;, remains at its initial value, y1¢.

The Solution for x;

The trajectory of the original vector of state variables, x;, can be
expressed in terms, of the new system of coordinates, (yi¢, y2;). In par-
ticular, as established in (6.109), z; = Qu:, and thus it follows from
(6.108) that

T 1 1 Y10 y10 + (—1.5) y90
Tot 1 —1.5] | (=1.5)%0 y10 + (—1.5) Lysq

The time path of x; and its qualitative properties are therefore
uniquely determined by the system’s initial conditions, (19, z20), and
the eigenvalues of the matrix A. As follows from (6.120) and (6.123),
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xlt] [O.6:r10 + 0.4x90 + 0.4(—1.5)" (z19 — x20)

= (6.124)
0.6x10 + 0.4290 + 0.4(—1.5)"* (219 — 290)

T2t

The phase diagram of the original system is obtained by placing
the phase diagram that describes the evolution of 1; relative to the
new system of coordinates (yi,y2), in the plane (z1,z2), as depicted in
Fig. 6.9.

The Instability of Steady-State Equilibria of the System
T = Axy

A steady-state equilibrium of the system x;y; = Az is a vector
T € R? such that T = Az. Hence, it follows from (6.98) that there
exists a continuum of steady-state equilibria defined by the 45° line
(i.e., xo; = x1;) in the plane (z14, T2t).

As follows from (6.124), and as depicted in Fig. 6.9,

lim 2z =% < x99 = x10, (6.125)
t—o0
and all steady-state equilibria are unstable.
Namely, the vector of the original state variables, xz;, will be at
a steady-state value Z if and only if the initial values of this vector

Xor

Yor

continuum of steady-state
equilibria

X2r=X1t

N\

X1t

Yir

X2t=—1.5xlt

Fig. 6.9. The Evolution of x;
Oscillatory Divergence
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are such that xop = x19. Otherwise the state variable diverges in
oscillations, as depicted in Fig. 6.9.

6.3 Nonlinear Systems

Consider a two-dimensional system of nonlinear first-order difference
equations

w141 = O (21s, w2t) = /(2 — 21) (6.126)

Torr1 = O (214, Tar) = 0.5(z11 + /T2t).

A steady-state equilibrium of the system, z = (71, T2), requires that

I = ¢ (Z1,22) = /(2 — 71)
To = ¢2(.i‘1,.fz) = 0.5(:2‘1 + \/.fg).
Hence (71, Z2) = (1,1) is a steady-state equilibrium.

As established in (4.5), a nonlinear system can be approximated
locally around the steady-state equilibrium by the linear system. Thus,

(6.127)

9¢'(z) 9¢' () 94 (z)
T1¢4+1 Ozt Oxoy T1t ¢1(_) - Z?:l 3$jt Tj
= + s
Tot41 9¢*(z) 9¢*(T) | |22 27y _ Y2 08%(F)
Or1, Ot ¢°(T) — 2 Oz;0 i
(6.128)
where as follows from (6.126),
@ @] L .
8m1t 8:1:2,: 2\/2*-%1 _5
— = . (6.129)
0¢*(x) 0¢°(z) 1 1 11
61’115 ath 2 4\/‘%_2 2 4

The linearized system around (Z1,Z2) = (1,1) is therefore
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T1t+41 -3 0] [2u 3
— + . (6.130)
Tot+1 % % Tog i
The Jacobian matrix of coefficients is
_% 0
J(1,1) = , (6.131)
11
2 4

and the eigenvalues of J(1,1) are therefore

M=l
(6.132)
=1

Since both eigenvalues are smaller than 1 in absolute value and one
of them is negative, the nonlinear dynamical system is locally stable in
the neighborhood of the steady-state equilibrium (z1,Z2) = (1,1) and
convergence is oscillatory.



Glossary

N set of natural numbers

R set of real numbers

Ry set of non-negative real numbers
R n-dimensional Euclidian space
reR x is a real number

reR” x is an n-dimensional real vector
YV for all x

dx for some x

|| Euclidian norm of z

{z:}52, infinite sequence

trA trace of the matrix A

|A] determinant of the matrix A

det A determinant of the matrix A

A< B A if and only if B

A real eigenvalue
I complex eigenvalue
f real eigenvector
v complex eigenvector

c(N) characteristic polynomial
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(a,b)

[a, D]

(z,y)
{z,y}
Be(x)
Dg(x)
9¢(x)/0x;
1™ ()
¢~ (z)
o

g

g

Wiee

W’u

loc

c
Wloc
W
w

WC

open interval

closed interval

ordered pair

unordered pair

open ball of radius € around x

total derivative of ¢(x) with respect to z
partial derivative of ¢(x) with respect to x;
n'" forward iteration over z under the map ¢
n'" backward iteration over z under the map ¢
stable eigenspace

unstable eigenspace

center eigenspace

local stable manifold

local unstable manifold

local center manifold

global stable manifold

global unstable manifold

global center manifold
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