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Preface

Modern dynamic game theory has its roots in pioneering works on differential
gamesby R. Isaacsand L.S. Pontryagin, in seminal paperson extensiveform games
by H.W. Kuhn, and inworkson stochastic gamesby L.S. Shapley. Sincethoseearly
developments, dynamic game theory has evolved enormously and has branched
out in many directions, spanning such diverse disciplines as applied mathematics,
economics, system theory, engineering, operations research, biology, ecology, and
the environmental sciences.

Thisedited volumeisan outgrowth of selected paperspresented at the 12th Inter-
national Symposium on Dynamic Games (ISDG) and Applications that was held
July 3-6, 2006, at SophiaAntipolis, France. It provides state-of -the-art information
about new developmentsin theoretical and numerical analysis of dynamic games
and their applications

The papers selected for the volume cover avariety of topicsranging from purely
theoretical game-theoretic devel opments, to numerical analysisof variousdynamic
games, and to dynamic games applications in economics, finance, and energy
supply. The list of contributors contains both well-known names and names of
young researchersfrom all over theworld. All papersincluded in the volume went
through a stringent reviewing process, and collected together, they represent a
state-of-the-art of the theory of dynamic games and their applications.

Thevolumeisdivided into eight parts (chapters), each including papers devoted
to a certain topic. Part | (five papers) is devoted to theoretical developments in
general dynamic and differential games. The topic of Part Il (three papers) is
pursuit-evasion games. Part |11 (five papers) deals with numerical approaches to
dynamic and differential games. Part IV (two papers) ison applications of dynamic
gamesin economicsand option pricing. PartsV, VI, VIl and V111 (each containing
two papers) are devoted to search games, evolutionary games, stopping games,
and stochastic games and "large neighborhood" games, respectively.

The Editors are indebted to many colleagues involved in the reviewing process
and to Miss Giang Nguyen for her help in editing and formatting the volume.

Sophia Antipolis, France Pierre Bernhard
Adelaide, Australia Vladimir Gaitsgory
Sophia Antipolis, France Odile Pourtallier

October 2008
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On Differential Games with Long-Time-Average Cost*

Martino Bardi
Dipartimento di Matematica Pura ed Applicata
Universitadi Padova
via Trieste 63, 35121 Padova, Italy
bar di @rat h. uni pd. it

Abstract
The paper deals with the ergodicity of deterministic zero-sum differential
games with long-time-average cost. Some new sufficient conditions are given,
as well as a class of games that are not ergodic. In particular, we settle the
issue of ergodicity for the simple games whose associated | saacs equationisa
convex-concave eikonal egquation.

Keywords. Ergodiccontrol, differential games, viscosity solutions, Hamilton-
Jacobi-|saacs equations.

AMS Subject Classifications. Primary 49N70; Secondary 37A99, 49L 25,
91A23.

Introduction

We consider anonlinear system in R™ controlled by two players
y(t) = f(y(t),a(t),b(t)),  y(0) ==z, a(t)eA, bE)eB, (1

and we denote with v, (-) thetrgjectory starting at . We are also given a bounded,
uniformly continuousrunning cost I, and weareinterested in the payoffsassociated
to the long-time-average cost (briefly, LTAC), namely:

T, a(),5(0)) = limsup / e (1), alt), b(1)) dt,

T—o00

T—o0

T
ooz, a(),b()) = liminf%/o Uya (1), alt), b(t)) dt.

We denote with u — val J>°(x) (respectively, | — val J,(x)) the upper value of
the zero-sum game with payoff J>° (respectively, the lower value of the game

*This work has been partially supported by funds from M.I.U.R., project “Viscosity,
metric, and control theoretic methods for nonlinear partial differential equations’, and
G.N.A.M.PA., project “Equazioni alle derivate parziali e teoriadel controllo”.

P. Bernhard et al. (eds.), Advances in Dynamic Games and Their Applications, 3
Annals of the International Society of Dynamic Games 10, DOI: 10.1007/978-0-8176-4834-3_1,
© Birkhauser Boston, a part of Springer Science + Business Media, LLC 2009



4 M. Bardi

with payoff J.,) which the 1st player a(-) wants to minimize while the 2nd player
b(-) wants to maximize, and the values are in the sense of Varaiya-Roxin-Elliott-
Kalton. We look for conditions under which

u—valJ®(x) =1 —val Jo(z) =\ Vaz,

for some constant A\, aproperty that was called ergodicity of the LTAC gamein [3].
Theterminology is motivated by the analogy with classical ergodic control theory,
see, e.g., [30,14,28,9,25,6,7,2]. Similar problems were studied for some games by
Fleming and McEneaney [21] in the context of risk-sensitive control, by Carlson
and Haurie [16] within the turnpike theory, and by Kushner [29] for controlled
nondegenerate diffusion processes. There is alarge literature on related problems
for discrete-time games; see the survey by Sorin [35].

Morerecently, several sufficient conditionsfor the ergodicity of the LTAC game
were given by Ghosh and Rao [24] and Alvarez and the author [3]. Among other
things, these papers clarified the connections with the solvability of the stationary
Hamilton-Jacobi-1saacs equation associated to the problem and with thelong-time
behavior of the value functions of the finite horizon games with the same running
cost. In particular, under the classical Isaacs' condition

gélgr;leaf{—f(y,mb) p—U(y,a,b)} = r;leafgélg{—f(y,a,b) p—U(y,a,b)} (2)

for al y,p € R™, the LTAC gameis ergodic with value ) if the viscosity solution
u(t, ) of the evolutive Hamilton-Jacobi-Isaacs equation
% + ?élg Igleaf)l( {7f(y7 @, b) ' D1u - l(y7 a, b)} = 03 U(O, I) = 07

satisfies

lim u(t,o)
t—+o0

aproperty called ergodicity of the lower game. However, the results of the quoted

papers do not give much information on some very simple games such as:

gty =alt),  y*(0) =2 €R™? a(t) <1,
g =0b(t),  yP(0)=a" eR™2|b(t)] <,
with running cost I = I(y“,y?) independent of the controls and Z™-periodic.

Thisis related to the asymptotic behavior of the solution to the convex-concave
eikonal equation

=, locally uniformly in x,

©)

U + | Dyau| = 4| Dypul = U, 2), (0,2, 27) =0,

where D, 4u, D, 5 denote, respectively, the gradient of u with respect to the 24
and the 27 variables. From [3] we can only say that the lower game and the LTAC

game are ergodic if [ has a saddle, namely
min max [ (2, 27)
A 4B

= maxminl(z?, 28) =1,
x B

T A
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and then the ergodic valueis A = [. Nothing seems to be known if, for instance,
I(z4, 28) = n(z? — 2B).

In the present paper, we present some new conditions for ergodicity and a class
of non-ergodic differential games. The sufficient conditionsfor ergodicity assume
someform of controllability of each player on some state variables. Different from
the controllability conditions in [3], they depend on the running cost [, that is
assumed independent of the controls, and give an explicit formula for the ergodic
value A interms of [. The result of non-ergodicity holds for systems of the form

(0) =z e R™2, a(t) € A,

(0) =z e R™2, b(t) € B, @

yA
yB
with A = B, and running cost [(z) = n(z? — 28) + h(24, 2P) with asmallness
assumption on h. As a specia case we settle the issue of the game (3) with the
running cost I(z) = n(z* — %) and of the convex-concave eikonal equation: it
isergodicif and only if v # 1.

Undiscounted infinite horizon control problems arise in many applications to
economics and engineering; see [17,14,28] and [16,21,35] for games. Our addi-
tional motivation is that ergodicity plays a crucial role in the theory of singu-
lar perturbation problems for the dimension reduction of multiple-scale systems
[27,14,28,23,36,26,32] and for the homogenization in oscillating media[31,19,5].
A general principle emerging in the papers[8,1,2,4] isthat an appropriate form of
ergodicity of the fast variables (for frozen slow variables) ensures the convergence
of the singular perturbation problem, in asuitable sense. The explicit applications
of the results of the present paper to singular perturbations will be presented in a
future article.

The paper isorganized asfollows. Section 1 recalls some definitions and known
results. Section 2 givestwo different sets of sufficient conditionsfor the ergodicity
of the finite horizon games. Section 3 presents the non-ergodic games. Section 4
appliesthe preceding resultsto aslight generalization of the system (3) and of the
convex-concave eikonal equation.

1 Definitions and preliminary results

About the system (1) and the cost we assume throughout the paper that f : R™ x

Ax B~ R™andl: R™ x A x B+ R are continuous and bounded, A and B

are compact metric spaces, and f is Lipschitz continuousin z uniformly in a, b.
We consider the cost functional

1

ITa) = I(Ta()00) = 5 [ 10).a(0).50))

wherey, (-) isthetrajectory corresponding to a(-) and b(-). We denote with A and
B, respectively, the sets of open-loop (measurable) controlsfor thefirst and second
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player, and withI" and A, respectively, the sets of nonanticipating strategiesfor the
first and the second player; see, e.g., [18,20,9] for the precise definition. Following
Elliott and Kalton [ 18], we define the upper and lower valuesfor the finite horizon
game with average cost:

u—valJ(T,z) := sup inf J(T,z,a,[[a]),
BeA aEA

l—valJ(T,z) := inf sup J(T,z, a[b],b).
o€l pep

The player using nonanticipating strategies has an information advantage with
respect to the other, so theinequality [ — val J(T, z) < u—val J(T, z) holds; see
[18,20,9]. Moreover, al other reasonable notions of value are between [ — val J
and u — val J; see[18] or Chapter 8 of [9] for a discussion. Therefore, when the
gamehasavalue,i.e, ! —val.J = u —val J, al notions of value coincide. For the
LTAC game we define:

u—val J(z) := sup inf limsup J(T, z, a, Bla]),
BEAGEA T o0

I —val Joo () := inf supliminf J(T, z, a[b],b).

a€l pep T—o0

Notethat we choselim sup_, ., for the upper valueand lim inf 7, ., for thelower
value, so we expect again that any other definition of ergodic value falls between
them.

We say that the the lower game is (locally uniformly) ergodic if the long time
limit of thefinite horizon valueexists, locally uniformly inz, anditisconstant, i.e.,

l—valJ(T,-) - A aT — ocolocaly uniformly in R™.
Similarly, the upper gameis ergodic if
u—val J(T,:) = A asT — oolocaly uniformly in R™.

The next result givesthe precise connection between these propertiesand the LTAC
game.

Theorem 1.1. [21,3] If the lower gameis ergodic, then

l—valJoo(x) = lim | —val J(T,z) = A VzeR™; (5)

T—o0

if the upper game is ergodic, then
u—valJoo(x):Tlim u—valJ(T,z) =A VYoreR™ (6)
—00

If the classical Isaacs condition (2) holds then the finite horizon game has a
value, which we denote with val J(T', z); see [20,9]. Therefore, we immediately
get the following consequence of Theorem 1.1.
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Corollary 1.1. Assume(2) andthat either thelower or theupper gameisergodic.
Then the LTAC gameisergodic, i.e.,

Il —valJoo(x) = u—val J®(z) = Tlim valJ(T,z) =\, VxeR™
— 00

Remark 1.1. The ergodic value can also be characterized asthelimitasé — 0
of dws where w;s solves

dws + mbinmax{—f(y,a,b) - Dws —l(y,a,b)} =0, inR™,

and as the unique constant A such that there exists a solution of
A+ mbinmax{—f(y,m b)-Dx —l(y,a,b)} =0, inR™;

see [2,3,24] for the precise statements. We will not use these properties in the
present paper.

2 Sufficient conditions of ergodicity

Inthissectionweprovetwo resultsontheergodicity of the LTAC games. Both make
controllability assumptions on at |east one of the players, but they are weaker than
those of Theorem 2.2 in [3]. On the other hand, here we assume the running cost
I = I(y) depends only on the state variables and the controllability assumptions
are designed to get as value of the LTAC game a number depending explicitly on
[. Inthefirst result thisis either min / or max .

We denotewith K £ theclass of continuousfunctions : [0, +00) x [0, +00) —
[0, 4+00) strictly increasing in the first variable, strictly decreasing in the second
variable, and satisfying

n(0,t) =0 Vt>0, 75_lg_nOO n(r,t) =0 Vr>0. 7
Givenaclosedtarget 7 C R™, we say that the system (1) is (uniformly) asymptot-
ically controllableto 7 in the mean by thefirst player if the following holds:. there
existsafunctionn € KL and for al = € R™, thereisastrategy o € I' such that:

1 T
T/ dist(ya(t), T) dt < (]|, T), Vb < B, ®
0
wherey,, (-) isthetrajectory corresponding to thestrategy & and thecontrol function

b, i.e., it solves

y(t) = fy(@), afpl(t), b(),  y(0) = = ©)

Here ||z|| := |z| in the general case, whereas when the state space is the m-
dimensional torus T = R™ /7™ (i.e., al data are Z"™-periodic)

x — k|,

|z]| := min
kezm™
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and dist(z, T) := inf,e7 ||# — w]|. The condition (8) means that the first player
can drive asymptotically the state y(¢) near the target 7, in the sense that the
average distance tendsto 0, uniformly with respect to - and the control of the other
player b.

Symmetrically, we say that the system (1) is (uniformly) asymptotically con-
trollable to 7 by the second player if for al x € R™, thereisastrategy 3 € A

such that:
T

1
= [ distla(0), Ty de < (2], 1), Vo€ A,
0

wherey, (-) isthetrgjectory correspondingtothestrategy 5 andthecontrol function
a,i.e, it solves

9(t) = fy(t),a(t), Blal(1),  y(0) =
In the next result we will use as target either the set
agminl := {y € R™ : [(y) = minl}

or the set
agmax [ := {y € R™ : I(y) = maxl}.

Proposition 2.1.  Assume the running cost is uniformly continuous and indepen-
dent of the contrals, i.e., [ = I(y).

If the system (1) is asymptotically controllable to 7 = argmin [ in the mean by
the first player, then the lower game is ergodic with value A = min /.

If the system (1) is asymptotically controllable to 7~ = argmax [ in the mean by
the second player, then the upper game is ergodic with value A = max 1.

Proof. We prove only the first statement because the proof of the second is anal-
ogous. Set v(T, x) := 1 — val J(T, x).

Fix = and consider the strategy @ € T' from the asymptotic controllability
assumption. If y,(-) = v.(-,b) is the corresponding trajectory and z(t) is its
projection on the target, i.e.,

dist(yz (1), T) = lly=(t) — 2, 2(t) € T,
then the choice 7" = argmin [ gives
Wy () < willlya(t) — 2()[]) + 1(2(t)) = wi(dist(yx(t), T)) + minl,

where w; isthe modulus of continuity of [. We recall that w; is defined by

1) ~ )] < willle — yl), Yo,y €R™, i wi(r) =0,
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and it is not restrictive to assume its concavity. Therefore, Jensen’'s inequality
and (8) imply, for dl b € B,

T
% / w(dist(ya (1), T)) dt < wr(n(|l2]|, T)).

Then:

T

1
(T, z) < sup — Wy () dt <wi(n(||z]|,T)) + minl.
beB 0

On the other hand, v(7T', =) > min by definition, thus

lim v(T,z) = minl,
T—00

uniformly in x for ||| bounded. O

An immediate consequence of this proposition and of Corollary 1.1 is the fol-
lowing.

Corollary 2.1. Assumethelsaacs condition (2) and that the system (1) isasymp-
totically controllable either to argmin [ by the first player or to argmax [ by the
second player. Then the LTAC gameis ergodic, i.e.,

Il —val Joo(x) = u—val J®(z) = Tlim val J(T,z) =\, VxeR™
— 00
Moreover, A = min ! in the former case and A = max! in the latter.

Remark 2.1. The mainimprovement of thisresult with respect to Corollary 2.1
in[3] isthat herewe assume only the controllability inthe mean to atarget, instead
of the bounded-time controllability to each point of the state space. On the other
hand, here we must assume the independence of [ from the controls a, b.

Remark 2.2. A sufficient conditionfor theasymptotic controllability inthemean
isthat the system (1) belocally bounded-time controllableto 7 by thefirst player,
i.e., foreachz thereexist S(||x||) > 0 and astrategy o € I" such that for all control
functionsb € B thereisatimet” = t#(z, @, b, T) with the properties

# < S(||z|)) and y (t) € T fordl ¢ > .

In other words, the first player can drive the system from any initial position x to
some point of thetarget 7 within atime that is uniformly bounded for bounded =,
and keep it forever on T, for all possible behaviors of the second player. The proof
of Proposition 2.1 shows that this strategy is optimal for thefirst player. Thiskind
of behavior is called aturnpike; see [17,16].
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The sufficient condition described above can be better studied by splitting it in
two: reaching 7 and remaining in 7 afterwards. The first amounts to the local
boundedness of thelower val ue of the generalized pursuit-evasion gamewith target
7. This occurs if such value function is finite and continuous, and a sufficient
condition for it is the existence of a continuous supersolution U of the Isaacs
equation for minimum-time problems

. - _ - o
i%lg?eai({ f(y,a,b)- DU} > 1 inR™\ T,
suchthat U = 0 on 7; see[12,33]. Asfor the second property, it isthe viability of

T by the first player against the second. Thisis well understood and has explicit
characterizations; see [15,11].

Remark 2.3.  Another sufficient condition for the asymptotic controllability in
the mean is that the system (1) be worst-case stabilizable to 7 by the first player,
i.e, thereexists k € KL and for each x there exists a strategy a € T such that:

dist(yo(t), T) < s(llz],2),  Vbe B, vt =0, (10)

wherey,,(-) isthetrajectory corresponding to thestrategy & and thecontrol function
b. Infact, it isenough to take

1 T
T)=— .
wrT) = [ sty a
This property was studied by Soravia [33,34] and the author and Cesaroni [10].
They characterized it in terms of the existence of a Lyapunov pair, that is, alower
semicontinuous W, continuous at 97 and proper, and a Lipschitz h, both positive
off 7 and null on 7, such that:

: _ . > ; m
gél]gngleaj({ f(y,a,b) - DW} > h(z) inR™,

in the viscosity sense. Related notions are known in the context of robust control
[13,22].

The second result of this section concern systems of the form:

gAt) = faly(t),a(t),b(t)),  y*(0) =2 €R™A,
yP(t) = fB(y(t),a(t),b(t),  yP(0) =2 e R™=, (11
y(t) = (¥ (t),y" (1))

We will assume the asymptotic controllability by the first player to the target

T = {(zA,zB) eR™ : l(zA,zB) < mz;xminl(yA,yB)}. (12)
yB oy
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Moreover, we will assume for some closed set 75 C R™# that the state variables
y? are (uniformly) asymptotically controllable to 7z in the mean by the second
player inthefollowing sense: thereexistsafunctiony : [0, c0) — [0, co) satisfying
(7) and for al « € R™ thereis astrategy E € A such that:

T
%/ dist(y2(t), Ts) dt < n(||z|,T), Ya € A. (13)
0

Proposition 2.2.  Assume the system (1) is of the form (11), I = I(y*,y?), and
(2) holds. Suppose also that the system is asymptotically controllable in the mean
by thefirst player to 7* and the state variables y® are asymptotically controllable
in the mean by the second player to:

T = argmax mi‘nl(yA, )
y
_J.B me . o A By _ . A B
= {z € R™® .Igl}lnl(y )2 )—II;%XI?%DZ(:{/ Y )} 19
Then the LTAC gameis ergodic and its valueis:

l—val Joo(x) = u—val J®(z) = X := mgxmliqnl(yA,yB), Vo e R™. (15)
yE oy

Proof. The Isaacs conditions (2) implies the existence of the value of the finite
horizon games and we set v(T,z) := | — val J(T,z) = u — val J(T,z). By
repeating the proof of Proposition 2.1 with the target 7* we obtain:

Wy (1)) < willlyz(t) — 2(B)]]) + 1(=(2))
< wi(dist(ys (¢), 7)) + maxmini(y”, y”), (16)

and then
U(T,SC) < wl(n(llevT)) + A

To get the opposite inequality fix = and consider the strategy b € A from the
asymptotic controllability assumption onthey” variables. Let y,.(-) = y..(-,a) be
the corresponding trajectory and zZ(¢) the projection of its component yZ (¢) on
thetarget 73, i.e.,

dist(y (1), Ts) = llyr (t) — 2" @), 2P (t) € Ts.
Then the definition of T3 gives

Uys () = Uyz (1), 25 (1) — willlys (8) — 2P @)1

> maxminl(y*, y”) — wi(dist(y7 (1), Tz)),  (17)
vy oy
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where the modulus of continuity w; was defined in the proof of Proposition 2.1.
The concavity of w;, Jensen’sinequality, and (13) imply, for al a € A,

T
= / wi(dist(yB (1), T)) dt < wi(n(|]]. T)).

Finally, the definition of upper value gives

oTia) > inf & / Uy (1)) dt > X — w(n([l2l], 7).

acA
and therefore limy o, v(T, ) = A uniformly in z, for ||z|| bounded. O

Remark 2.4. Themain differences of this result with respect to Proposition 2.2
in [3] is that here we do not assume that the cost [ has a saddle and we make
different controllability assumptions that give an advantage to thefirst player.

Remark 2.5. By exchanging the assumptions on the two players and replacing
maxmin with minmax in thetargets, it is easy to give asymmetric result where the
value of the LTAC gameis:
A= mi 1y, yP).

Remark 2.6. No controllability assumption is necessary for ergodicity, and in
general, the ergodic value A\ can be any number between min ! and max (. For
instance, by aclassical result of Jacobi (see, e.g., [7,2]), the system () = £ with
& k#Ofordl k e Zm isuniformly ergodic for all Z"-periodic, and the ergodic
valueis \ = fo 1 (y) dy.

Remark 2.7. Theresultsof thissection can beextended to control systemsdriven
by stochastic differential equations, asin Sec. 4 of [3]. We postponethisto afuture

paper.

3 Sufficient conditions for non-ergodicity

In this section we give some examples of games that are not ergodic. Let us
first recall that a simple reason for non-ergodicity is the unboundedness of the
trajectories, as shown in the next example.

Example 3.1. Consider the system ¢ = y and running cost / such that there exist
the limits limx_>+ool( ) = 1y and lim, o I(z) = I_. Thenval J(T,z) =
Tfo e') dt convergesast — +ootoly if 2 > 0,t01(0) if 2 = 0, and to [
if x < 0

However, also on acompact state space such as T2, many systems are not ergodic,
such as the next simple example.
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Example32 In R? take the system ¢y = (1,0) and [ ZQ—periodic. Then
val J(T,z) = & fo x1 +t,12) dt convergesast — +oo tof0 1]2 (s,12)ds.

The main result of the section is about systems of the form (11) under assump-
tionsthat allow the controllability of the variables y* by thefirst player and of 7
by the second player as in the ergodic games described in [3]. However, the run-
ning cost does not have a saddle and the system is completely fair, in the sense that
both groups of variables have the same dynamics. Here are the precise assump-
tions. Supposefirst that the vector field f 4 isindependent of b, fp doesnot depend
on a, and | depends only on the state y. Then the Isaacs condition (2) holds and
the Hamiltonian takes the split form:

H<yap) = gélg meaff{ f(ya a, b) - l<y’ a, b>}
= max{—fa(y,a) A+ min{—f5(y, b) PPy =1y, p=0"p").

Assume further that A = B, mq = mp = m/2,and f4 = fp =: g, S0 the
system takes the form (4). Then, if we define the reduced Hamiltonian

Hy(y, q) == max{—g(y,a) -q}, g ER™?,
the Hamiltonian H becomes
H(y,p) = H.(y,p") = Ho(y,—p") = U(y), =" p").  (18)
We will aso take the running cost of the form
l(y) =nly" —y") +hly™y"), y="y"), (19)
and make assumptions of the functionsn : R"™/2 — Rand h : R™ — R.

Theorem 3.1. Assume the Hamiltonian H has the form (18) with running cost
of the form (19) and n, h bounded and uniformly continuous. If

sup h —inf h < supn — inf n, (20)
then the lower and the upper game are not ergodic.

Proof. We explain first the idea in the special case h = 0, n € C'. In this case,
u(t,y) =t n(y? — y?) solves the Hamilton-Jacobi-| saacs equation:

Ut + Hr(y7 Dy“‘u) - Hr(ya _DyBu) = n(yA - yB)'

If v(t,y) isthe value function of the finite horizon game, then tv(t, y) solvesthe
partial differential equation in viscosity sense [20,9] and takes the same initial
value0 at ¢ = 0. By theuniquenessof the viscosity solution to the Cauchy problem
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[9], to(t,y) = u(t,y). Thenv(t,y) = n(y* —y?) doesnot convergeto aconstant
ast — oo because n is not constant.

The general case is a perturbation of the preceding one. Take a mollification
n® € O of n suchthat n® — n ase — 0 uniformly in R™/2. Consider u(t, y) :=
t nf(y* — yP) + te, for aconstant ¢ to be determined. Then:

us + Hy(y, Dyau) — Ho(y, —Dyzu) = n*(y* —y®) + ¢ (21)

and the right-hand sideis > n(y4 — y?) + h(y) forc = suph + 4,6 > 0, if ¢
is small enough. Therefore the comparison principle between viscosity sub- and
supersolutions [9] gives:

o(t,y) <oyt —yP) +e Vi,
and for y; such that n(yi* — y¥) iscloseto inf n and ¢ small enough
v(t,y1) <infn + suph + 26. (22

On the other hand, the right-hand side of (21) is < n(y* — y®) + h(y) for
¢ = inf h — § and e small enough. Then:

v(t,y) > n(y? —yP)+e, Vity

and
v(t,y2) > supn + inf h — 20, (23)
if n(y4 — y&) iscloseto supn and ¢ is small enough. By condition (20) we can

choose ¢ so that the right-hand side of (22) is smaller than the right-hand side
of (23). Then v(t,y) cannot converge to aconstant ast — oo. O

4 An example: the convex-concave eikonal equation

In this section we fix g : R™ — R Lipschitzean and such that ¢(y) > g, > 0,
and discuss the ergodicity of the games where the system is

gt = g(y(®)at),  y*(0) =zt eR™Z Ja(t)| <1,

B( ) =gy®)b(t),  yP(0) =2 eR™2, |b(t)| <. (29)
(t) = (¥ (), y" (1)),
for all values of the parameter v > 0. For a running cost / independent of the

contrals, the finite horizon game has avalue val(t, z) := | — val J(t,z) = u —
val J(t, z), and u(t, z) = t val(t, z) solves the Hamilton-Jacobi-| saacs equation

<
,—\H

ur + 9(x)[Dyaul —vg()|Dypul = U(z), u(0,2) =0, (25)
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that we call the convex-concave eikonal equation. Asin the preceding section we
take [ of the form

I(y) =nly* —y®)+hy*v®), v=u"y").

We aso need a compact state space, so we assume for simplicity that all data
g,n,h are Z™ periodic. We recall that the paper by Alvarez and the author
[3] covers only the case that n = 0 and h has a saddle point, and then the
vaue of the LTAC game is A = ming,acgm/2 Max,scgm/2 h(y4,yB) =
max, s cgm/2 Milyacgm/2 Ry, yB).

Corollary 4.1. Under the preceding assumptions, the upper, lower, and LTAC
game are ergodic under either one of the following conditions:
i) v < 1andh = h(y®) isindependent of y*, and in this case

lim v(t, ) = minn + max h;
t—o00

ii) v > 1andh = h(y?) isindependent of 47, and in this case

lim v(¢, ) = maxn + min h.
t—o0

If, instead, v = 1 and
sup h — inf h < supn — inf n,
then the upper and lower game are not ergodic.

Proof. If v < 1, since the dynamics of the y* and the y” variablesis the same,
but the first player can drive y* at higher speed, for any fixed z € R™/2 thefirst
player can drive the system from any initial positionto y4 = y” + z infinitetime
for all controls of the second player. Since T™ is compact this can be donein a
uniformly bounded time. In particular, the system is asymptotically controllable
by thefirst player to the set

T, = {(yA,yB) eR™ : y* — 4P € argmin n}.

If h = 0 we can conclude by Proposition 2.1. Note that in this case we do not need
the controllability of v by the second player.
In the general case, we observe that 7, is a subset of the target 7* defined
by (12), because here:
in I(y*,y”) = mi h(y®).
e i M7 yT) =minnd max h(y®)
Therefore the system is asymptotically controllable to 7* by thefirst player.
Onthe other hand, the variablesy” are bounded time controllable by the second
player to any point of R™/2; therefore they are also asymptotically controllableto
Ti. Then Proposition 2.2 gives the conclusion i).
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The statement ii) is proved in the same way by reversing the roles of the two
players. In this case:

min ~ max [(y?,y®) =maxn+ min h(y?).
yAeRm/Z yBE]Rm/2 yAE]Rm/2

Finally, the case v = 1 follows immediately from Theorem 3.1. O
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Abstract
In this paper, using G. Leitmann’s direct sufficiency method, extended for
differential games, we present sufficient conditionsfor open loop strategiesfor
a class of continuous time variational games. The result presented here is an
extension of the classical Weierstrass sufficiency results for free problemsin
the calculus of variations.
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1 Introduction

The study of calculus of variations is mainly focused on “single-player” games
and has not concerned itself, for the most part, with the case of n-player games.
The first exception to this case is the papers of C. F. Roos in the 1920's, which
through a series of papers explored what we refer to here as variational games. In
particular, we mention his 1925 paper in which he considers the mathematical the-
ory of competition in the context of a dynamic economic growth model [13]. The
culmination of these works appears to be his 1927 paper “ Generalized Lagrange
Problems in the Calculus of Variations’ that appeared in the Transactions of the
American Mathematical Society [14]. In this latter paper, he considers a general
two-player game in the form of two coupled Lagrange problemsin the calcul us of
variations. He presents arather complete theory for what we now call aNash equi-
librium (some 25 years before Nash's theorem!) providing analogues of the clas-
sical necessary conditions, including the Euler-Lagrange equations, Weierstrass
necessary conditions, Legendre conditions, as well as transversality conditions.
The paper concludes with analogues of the classical sufficient conditions in the
spirit of Weierstrass and Legendre for weak and strong local minimizers. Unfortu-
nately, heincludes no examplesillustrating the application of hiswork. Moreover,
with the advent of optimal control and differential games, much of this classical
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theory has been neglected. Indeed, the only reference | am aware of regarding
this early work is a reference to the 1925 paper in the textbook by Kamien and
Schwartz [9], although | am sure there are others.

In the work presented here, we consider a class of variational games with the
idea of presenting a version of Weierstrass's sufficiency theorem and the classical
field theory. Our approach is to present, via the direct method of G. Leitmann, a
theorem which allows us to conclude that when a solution of the Euler-Lagrange
equations can be embedded in afamily of extremalsthenitisindeed an open loop
Nash equilibrium. The direct method of G. Leitmann is a non-variational method
which utilizes coordinate transformations to construct an “equivalent variational
problem” for which the solution may be obtained easily (often by inspection).
Oncethe equivalent problem is solved, theinverse coordinate transformation gives
asolution to the original problem. The original formulation by Leitmann has been
generalized to dynamic games and additionally has incorporated the notion of an
equivalent problem arising inthework of C. Carathéodory for single-player games.

Theplan of our paper isasfollows. In Sec. 2 weintroducethe class of variational
games we are concerned with. Section 3 introduces the direct method presenting
the fundamental lemma. In Sec. 4 we introduce the notion of afield of extremals
and present our sufficient conditions for an open loop Nash equilibrium. Section 5
we give a presentation of the “classical presentation” of field theory illustrating
the connections between the results of Sec. 4 with those of the classical variational
theory. Finaly, in Sec. 6 we conclude with two elementary examples illustrating
our result.

2 The Class of Games Considered

We consider an N-person game in which the state of player j = 1,2,... N isa
real-valued function z;(-) : [a,b] — R with fixed initia value z,(a) = z,; and
fixed terminal value x;(b) = x3;. The objective of each player isto minimize a
Lagrange type functional,

b
1;(x() = / L (¢ x(8), &5(1)) dt, )

over all of his possible admissible strategies (see below), & (-). The notation used
hereisthat x = (21, 22,...2y) € Hé\':l R =RN.Weassumethat L; : A; — R
is a continuous function defined on the open set 4; C R x RY x R with the
additional propertiesthat L, (¢, -, -) istwicecontinuously differentiableon A; (¢) =
{(vaj) : (t7x7pj) € A]}

Clearly, the strategies of the other players influences the decision of the j-
th player and so each player is unable to minimize independently of the other
players. As a consequence, the players seek to play a Nash equilibrium instead.
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To introduce this concept we first introduce the following notation. For each fixed
j=12,...,N,x=(z1,22,...,2n) € RY,and y; € R we use the notation,

[/, y] = (21,2, T5—1, Y5 Tjg1, - - - TN
With this notation we have the following definitions.

Definition 2.1. We say afunction x(:) = (x1(-), z2(),...,zn (")) : [a,b] —
RY is admissible if it is continuous, has a piecewise continuous first derivative,
satisfies the fixed initial and terminal conditions

xj(a):xaj and l‘j(b):l’bj, j:1,2,...N, (2)
and (¢,x;(t),%;(t)) € A, fordlt € [a,b].

Definition 2.2. Given an admissible function x(-) we say a function y;(-) :
[a,b] — R is admissible for player j relative to x(-) if the function [x7, y;](-) is
admissible.

With these definitions we can now give the definition of a Nash equilibrium.

Definition 2.3.  An admissible function x*(+) : [a,b] — R isaNash equilib-
rium if for each player j = 1,2,... N and each function y; () : [a,b] — R that is
admissible for player j relative to x*(-) one has:

L) = [ Litex 0.0 d

IN

b
[ it b @@ g0y

= Li([x7,y](). ©)

Remark 2.1. From the above definition it is clear that when all of the players
“play” aNash equilibrium, then each player’s strategy is his best response to that
of the other players. In other words, if player j applies any other strategy, than the
equilibrium strategy, his cost functional will not decrease.

Remark 2.2. The above dynamic game clearly is not the most general structure
onecanimagine, eveninavariational framework. In particular, the cost functionals
are coupled only through their state variables and not through their strategies.
While not the most general, one can argue that thisformisgeneral enough to cover
many cases of interest sincein a*“real-world setting,” an individual player will not
know the strategies of the other players (see e.g., Dockner and Leitmann [8]).

The similarity of the above dynamic game to a free problem in the calculus of
variations begs the question as to how much of the classical variationa theory
can be extended to this setting. It isindeed one aspect of this question that partly
motivatesthis paper. Wefirst recall the classical first-order necessary condition for
this problem, giving the following theorem.



22 D. Carlson

Theorem 2.1. Ifx*(-) isaNash equilibrium, then the following system of Euler-
Lagrange equations are satisfied:

Z?)Z (t:x7(1), #5(1)) = gﬁ; (t,x*(t),@}(t)), te€la,b]. )

Proof. The proof follows directly from the classical theory of the calculus of
variations upon the recognition that for each j = 1,2... N the trgjectory z7(-)
minimizes the functional,

b

i, y;]()) = / L (6, [ (), 3 ()], 5 (1))

over al continuous functions with piecewise continuous derivatives, y;(-) :
[a,b] — R satisfying the fixed end conditions given by (2). O

Clearly, thisisaset of standard necessary conditions and as such only provides
candidates (i.e., the usual suspects!) for aNash equilibrium. To insurethat the can-
didateisindeed aNash equilibrium, one must show that it satisfies some additional
conditions. Inthe classical variational theory, these conditions typically mean that
one hasto show that the candidate can be embedded in afield of extremalsand that
some additional convexity conditions are also satisfied. Aswe shall see shortly, an
anal ogous theory can aso be developed here.

3 Leitmann’s Direct Method

In this section we briefly outline a coordinate transformation method originally
developed for single-player games in [10] and [11] (see aso [2]), and further
extended to N-player games in [8] and [3] which will enable us to derive our
results. In particular, in Leitmann [12] (see also Carlson and Leitmann [3]) we
have the following theorem.

Lemma3.l. Forj=1,2,...,Nletz; = z;(t, Z;) beatransformation of class
C' having a unique inverse #; = Z;(t,z;) for all t € [a,b] such that there is
a one-to-one correspondence x(¢) < x(t), for all admissible trajectories x(+)
satisfying the boundary conditions (2) and for all X(-) satisfying:

i‘j(a) = Zj(a,a:aj) and .f](b) = gj(b, xbj)

forall j =1,2,...,N. Further for eachj = 1,2,..., N, let L;(-,-,-) : [a,b] x
RY x R — R beagivenintegrand having the same propertiesas L; (-, -, -). For a
given admissiblex*(+) : [a,b] — RY, supposethetransformationsz; = z; (¢, ;)
aresuchthat thereexist C'! functions G, (-, -) : [a, b)) x R — R sothat thefunctional
identities

Ly(t, [x" ()7 @i (1)), d5(8)) — Ly(t, [x*(8), 25(0)), 25 (1))
d

— 5G(t(0) ©
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hold on [a, b]. If 7} (-) yields an extremum of I;([x*(-),-]) with T7%(-) satisfying
the transformed boundary conditions, then =% () with 2% (¢) = 2; (¢, 2*(t)) yields
an extremum for 7;([x*/(-), -]) with the boundary conditions (2).

Moreover, the function x*(-) is an open-loop Nash equilibrium for the varia-
tional game.

Proof. Leitmann [12]. O

Remark 3.1. Thisresult has been successfully applied to a number of examples
having applications in mathematical economics and we refer the reader to the
references. Additionally, thislemma has been extended to include various classes
of control systems (e.g., affine in the strategies) [6], infinite horizon models [5],
aswell as multiple integral problems [4].

Two immediate and useful corollaries are as follows.

Corollary 3.1. The existence of G,(-,-), 7 = 1,2..., N, in (5) |mplythat the
following identities hold for (¢,%;) € (a,b) x R and qj e Rforj=1,2,...,N:

i _ o 0z(t, & 0z (t, &) . ~ wire o~ 1 o~
L (1B (), 5 0,2), 22000 4 O50TD 0y s ), 2,).)
J
_ 0G,(t,z;) | 0G,(t,z)
=—a o5 U ©

Corollary 3.2. Foreachj =1,2,..., N theleft-hand side of the identity, (6) is
linear in g;, that is, it is of the form,

0;(t, 25) +;(t,T;)q;

and,
0G,(t,z;)
ot

0G,(t,Z;)

= 0j(t7i’j) and a,’fjj

= 77Z)(ta {i])
on [a,b] x R.

The utility of the above lemmarestsin being able to choose not only the trans-
formation z(-, -) but also theintegrand L(-, -, -). Itisthisflexibility that will enable
us to extend the classical calculus of variations theory to the class of dynamic
games considered here.

4 A Direct Method Proof of a Classical Sufficiency Condition

In this section we demonstrate how the direct method described above can be used
to extend aclassical result from the calculus of variationsto the class of variational
games considered here. Moreover, the approach presented here further provides
an elementary proof of thisresult in the single-player case. We begin by extending
the notion of afield of extremals beginning with the following definition.
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Definition 4.1. For j = 1,2,... N, let {(-,-) : [a,b] x R — R be a set of
twice continuously differentiable functionsand put £(-,-) = (&1(+, ), &2(, ), - - -
En(,0)  [a,b] x RY — RN, We say that £(-, -) isafamily of extremals for the
differential game if for each constant vector 3 = (31, (2, . . ., Bn) € RV onehas
that the functionst — & (t, 3;) satisfies the Euler-Lagrange equations

0&;(t, 8;) _ OL; 9¢;(t, B5)

T) T%(t’f(t’ﬁ)’T)’ t€lab], (7)

d 0L,

aaixj(tag(tvﬁL

and that (t,¢;(t, 8;), Ly ¢ A fort € [a,b)and j = 1,2... N.

When given agameto solve, one naturally makesan effort to solve the correspond-
ing necessary conditionsto obtain candidates of optimality. For the case considered
here, these necessary conditions are the system of Euler-Lagrange equations (4).
Consequently, suppose that we have a candidate for a Nash equilibrium, say x*(-)
that satisfies the Euler-Lagrange equations aswell as the fixed end conditions (2).
Thefollowing theorem givesadditional conditionsthat allow usto determinewhen
this candidate is an open-loop Nash equilibrium

Theorem 4.1.  Inaddition to the hypotheses given in Sec. 1, assumethat for each
Jj =1,2,...N thefunctions p; — L;(t,x,p;) areconvexon A;(t,x) = {p, €
R : (x,p;) € A;(t)}. Furthermore, let x*(-) be an admissible function for the
dynamic game which satisfies the Euler-Lagrange equation (4) and assume that
there exists a family of extremals, £(+, -) having the following properties.

(1) The transformations =; = ;(t, ;) are of class C? with a unique inverse
By = &(t, ;).

(2) There exists a constant vector §* € RY such that =7 (t) = &;(t,3;) for
telab).

(3) The partial derivatives %fj(t,ﬂj) are nonzero for all (¢, 3;).

Then x*(+) isan open-loop Nash equilibrium for the dynamic game.

Remark 4.1. To put the abovetheoreminto aclassical context, in the one-player
gamethefamily of extremals, assumed to exist in the above theorem, isreferred to
asa“field of extremals’ in the classic book by Bolza[1] and in this case we have
a direct comparison to the classical sufficiency condition due to Weierstrass and
Hilbert. In the next section we will explore this relationship further by presenting
these results in amore classical manner.

Remark 4.2. A family of extremals satisfying the conditions indicated above
defines a one-to-one correspondence between the admissible tragjectories of the
dynamic game considered, say x(-), and a set of functions %(-) satisfying the
boundary conditions:

Zi(a) =&(a,2q5) = B and  3;(b) = £(b,ayy) = 5.
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Toseethiswenoticethat if x(-) isadmissiblefor the original problemthenwehave
the function x(+) : [a, b] — R” defined component-wise by z;(t) = &;(t, z;(t)),
forj =1,2,... N, satisfies the fixed-end conditions

Zi(a) = §(a,2q;) and  i;(b) = &(b, zyy).

Further, since 37 = {(t,z7(t)) for dl t € [a,b], it follows immediately that
B = E(a,245) = £(b,2y;) as desired.

Proof of Theorem 4.1. To begin, we note that by Taylor's theorem, for each
t€la,b], 3 € RN, p=(p1,p2,...0n) E RV andj = 1,2,..., N there exists
~;(t, B,p;) € [0,1] such that:

¢ 3

Lj<t,€(t,ﬂ) (. 6;) + a@(t’ﬂj)ﬁj)

L (1600, 50.0)) + 2 (neem. Ghe0)) G0 @

) (géi(t,ﬁj))jij

Now define L; (-, -, -) : [a,b] x RY x R — R by the formula,

. . 18%L; (8¢ 2
L;(t,B,p;) = gﬁgj (%(Eﬁj)) 2
J

in which the second partial derivative of L; in the above is evaluated at

gj 8;1 (ta ﬂj )p~]> )

andlet0(-,-) : [a,b] x RV — Rand(,-) : [a,b] x RN — R begiven by

N 102L;
2 8p§

657

(LE(EB), T (4.8:)+7; (4.8.55) 75+ (4,81

(t €0t 8), 221, 8,) +75(t. B.5,)

0(t, 5) = L (t €)% @))

and

85] aﬁj

(f ﬁ])) 875]-@’ B;).
Observe that (8) may now be compactly written as:

0&;(t, B; 0 ~ _
WG+ SR 1y (4.6.5)

0(t, 167, 8]) + (¢, 157, B])p;- ©)

V) = oL (t €t 5),

J

Lj(tvf(tvﬁ)v
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To apply the direct method we must show that the right-hand side in (9) is exact,
when viewed asafunction of thevariables (¢, ;). Todo thisit is sufficient to show

that we have: 5 5
306 [9.05]) = g0 6 137, 57

To thisend we observethat since §; (-, -), 7 = 1,2,... N, isafamily of extremals
we have:

B oL, ag

9§
95 o(t, 13, B;)) oz, = (t,&(t, B), (t,B)

ap;
0%,
L(0.0) 54546

96
9B,

2 (8.05))

aL ag]

+8T)j(t (L, B),

o JoL, ag
8L 35 02%¢;
_9 i ‘95 9% 4 3.
- & e neen. Ghen)] )

Lig, ﬁm} (t.5)

5 (665))

0 0¢; 02%¢;

ol (1E08). GH0R) ) g 0.5
9 .

= Dy 8,

where we have used the fact that the family of extremals is twice continuously
differentiable. From this we can conclude that there exists a function G,(-,-) :
[a,b] x RN — R such that:

Lt6(0,0), S (121) + 52 (12:)8) — Ly 6.5,)
G, J s 9G; 7 5 1) 5.
- TR + G5

Thus, for the trgjectory x*(-) = &(+, 8*) and any function z;(-) that is admissible
for player j relativeto x*(-) for player j, we have:

d
dt
inwhich ;(-) : [a,b] — R isdefined by ;(-) = &(-,2;(-)). Thisis precisely
Eq. (5) sothat we can apply thedirect method. To thisend we consider thefollowing
N auxiliary problems of minimizing the functionals:

Lj(t [x(t), ()], a5 () — Li(t, [, &5 (1)), 2;(1) = — G (8, [87,3;(1)),

b ~ . .
L)) = / Lyt (679, 3;(1)], 35(1)) dt (10)
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subject to the fixed (constant) end conditions
Zj(a) = Z;(b) = 55 (11)

Observe that since L; is convex in its last argument we have (t,Z;,p;) —
Ej(t, [3*7, %], ;) is non-negative and assumes the value zero whenever p; = 0.
This means that minimizers for each of the NV auxiliary problems are given by
T3 (t) = B; for j =1,2,... N. Thus an application of the direct method gives us
that the trgjectory x*(+) isan open-loop Nash equilibrium for the original dynamic
game. O.

5 The Classical Approach to Sufficient Conditions

As indicated earlier, Bolza [1] referred to a family of extremals satisfying the
hypotheses of Theorem 2 asafield of extremals. In other treatments, the notion of
afield of extremals (see e.g., Cesari [7]) is defined in terms of a“slope function.”
To see how this concept arises, suppose that we have a candidate for a Nash equi-
librium, say x*(-) = (z3(-),..., 2z} (), ad afamily of extremals {¢;(-,)}}_,
satisfying the following properties.
(i) Thereisavector 3* = (B;,...3%) € RY suchthat foreachj = 1,2,... N
and al fort € [a,b] onehas z(t) = &;(t, 57).
(i) Foreachj =1,2... N,thereexistsaset S; that isasubset of aset of theform
{(t,z)) : t €a,b], x(t) =k < z; < x}(t)+k, k € Ry} suchthat the equation
x; = &;(t, ;) implicitly defines afunction z,; : S; — R having continuous first
partial derivativeson S (i.e. 7; = &;(t, z;)).
(iif) Foreachj =1,2,... N thefunctions¢;(-, -) are twice continuously differ-
entiablein aninterval of theform [a, b] x [A;, B;] suchthat 3} isaninterior point
of [AJ, B7]
For each j, we view the function ¢;(-, 5,) as a set of curves that cover S; with
exactly one curve through each point of S;.

Now define a family of slope functions7; : S; — R, j = 1,2,... N by the
equations:

oE: -
ﬂj(t,zj):%(t,fj(t,xj)), (t,:cj)ESj, ]:1,2,]\7 (12)

Observe that at apoint (¢, ;) € S;, m;(t,x;) is atangent vector of the unique
curve ¢, (-, 3;) that passes through the point (¢, x;). Hence, one has

7065 5) = S 1,), (13)

which, asaconsequence of (jii), impliesthat 7 has continuousfirst partial deriva-
tives. Differentiating (13) yields:

TLG08) + L&) T = THOG08) 1)
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which becomes, via (13),

om;

ot

_ 9%

on;
(tvxj) + ﬂ-j(t’xj)ij(tvl’j) - 12

8.13j (t, l'j). (15)

LettingS = Sy x--- Sy andn(-,-) = (m1(-,-),...7n(+,-)) (viewed asafunction
from [a, b] x S into RY) we refer to the pair (S, 7) asafield F about x*(-) and
say that the trgjectory x*(-) is embedded in the field F. To continue this further,
and to recapture Hilbert's theory we assume that the integrands L, are smooth
enough so that all the partial derivatives taken below exist and are continuous.
Let x*(-) beatwice continuously differentiable function that is embedded in field
JF and consider the functionals, for j = 1,2,... N, J; definedon Y; = {y €
C2([a, b;R) « (¢, (1), y(t)],5(t)) € A;j, a <t < b} by

Ji ()

b
| Bt @7 ) mie vto)
000 — 1y 2 1, [ (1 (0] 1, (0)

Op;

/g {Lj(t’ (1), w7 ()

J
+g§j<t, 5 (£ o), 7)) dy (16)

3t ) G2 (6 (0 ol 1) e

inwhicho = {(t,y(t)) : a <t < b} C R? isviewed asacurvein the plane and
the last integral is interpreted as a line integral. From classical calculus, this line
integral is path independent (i.e., depends only endpoints (a, y(a)), (b, y(b)) € R?
if and only if one has:

a(z,j{[’j(t’ [X*(t)j’y]vﬂj(tvy)) - Wj(tvy)gij(ta [X*(t)jvy]’ﬂ—j(tvy))}
- S{F b @ e} @

Expanding the left side of the above gives us:

0

5 Lt B O gl my () = (1) OLi 1, 1 (4 ol (1.9)) )

Ip;
- 8Lj i l 82LJ‘ 82Lj 87rj

ox;, " |m,0p, T op ax] (18)

inwhich (¢, [x*(t)7,y], m;(t,y)) aretheargumentsof L, anditspartial derivatives
(t,y) are the arguments 7; and its partial derivatives. Similarly, expanding the
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right side gives us:

5‘ aL * 82Lj 82Lj % 82Lj 87rj
6t{8p] (1,1 (07, 9], 3 (1)) } = e Lm0 T o
(19)

with the same convention regarding arguments as above. In view of the compu-

tations regarding the field, for each (¢,y) € S; there is a parameter 5 so that
y = &(t,8) and ;(t,y) = %2 (t,3). Moreover, we also have for each i # j
that @7 (t) = m;(t, x *; (t)). Thus, using these facts, by equating (18) and (19) and
arrangi ng terms we arrive at the fact that (17) is equivalent to having,

0L, 0¢;

oL, PL O,
9, 6t8p] Zaxzapj ot B+ 5o ap, o 0P
2L, 0%,
81?2] 87&% (t.5)
- SoB b g0 ) 20

which holds since we are assuming that £(-, -) isafield of extremals. In the above
computations we have used Eq. (15). Thus, in this setting we have shown the
following version of the Hilbert invariant integral theorem.

Theorem 5.1. Letx*(-) beanytrajectory that can be embedded in afield F, and
supposethat for j = 1,2, . . ., fixed we have two piecewise smooth functions y; (-)
and y»(-) such that the plane curves (t,y;(t)) € S; for i = 1,2 have common
endpoints. Thenitisthe casethat J;(yi () = J;j(y2(-)).

Now define, for afixed trajectory x*(-) embedded in afield F, the “Weierstrass
excessfunctions” Ej(-,-,-,-) : S5 x R x R — R by the formula

Ej (t7 Y, Qap) = Lj (t7 [X* (t)jv pr) - Lj (ta [X* (t)ja y]7 q)

(- q>%<t7 ()l a). (1)

J

Using this notation one can easily show the following result.

Theorem 5.2. Let x*(-) be a smooth admissible trajectory embedded in a field
F = (S, ) and for each j = 1,2,..., N let y;(-) be any function defined on
[a, b] such that (¢, y;(t)) € S; for all ¢ € [a, b] and such that y;(a) = 7} (a) and
y;(b) = x3(b) (i-e, y;(-) is admissible for player j relative to x*(-)). Then one
has:

b
j([X*(')jvyj(')D—fj(X*('))=/ Ej(t,y;(t), mi(t,y; (1), 9;(t)) dt.
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Proof. We first observe that from the definition of the Weierstrass excess func-
tions we immediately have for each j = 1,2,... N that J; (=3 (-)) = L;(x*("))

since, 5 (-) = m;(-, (). Further, from the above theorem we also have that

Ti(y;(-)) = J;j(x3(-)). Thus we have:

L([x* () g @) = L () = Li([x" (), y;(B)]) = Ti(5())
= L([x" (), 5 (O] = T;(y; ()

b

= [ L 0 0l 0) e -
b

[ {Bstebe@r o) o)

= 100) = my e I G 0 0 ). ()
b
= [ Bt @nmt )i

asdesired. O
From this last theorem we immediately have the following game-theoretic ver-
sion of the classical Weierstrass-Hilbert sufficiency theorem.

Theorem 5.3. Ifx*(-) isa smooth admissible trajectory of the variational game
(1)~(2) which can be embedded in a field 7 = (S, p), and if for each j =
1,2,...,Nandy; : [a,b] — R that is admissible for player j relative to x*(-)
one has

Ej(t>yj(t)7ﬂj(t’yj(t))7yj(t)) >0 foral te [aabL

then I;(x*()) < L;([x*(-)?,y;(t)]), which implies that x*(-) is an open-loop
Nash equilibrium for the game (1)—(2).

Proof. The proof follows immediately from the previous theorem. O

Remark 5.1. To compare the Weierstrass-Hilbert sufficiency theorem to our
result in the previous section we observethat Eq. (8) may berewritten, for 5, = 3
fori £ j as

9 9 9
s (1650, G200 S0 35) + 550,800
0> i3 ?
(o)
PV (rew.s). 55 s S5t i) N7

>0

due to our convexity assumption on the integrand p; — L; (¢, x,p;).
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Remark 5.2. Generally speaking, embedding a candidate for a Nash equilib-
rium, say x*(-), satisfying the Euler-Lagrange equations into a field F can only
be guaranteed locally. As a consequence, the resulting sufficient condition only
yields alocal open-loop Nash equilibrium. In practice, for elementary examplesit
ispossible to construct “global fields” which allows one to conclude that the can-
didate isaglobal Nash equilibrium. Sufficient conditions that insure the existence
of an appropriate field for open-loop dynamic games are presently unavailable.
We conjecture that theorems similar to those from the classical variational calcu-
lus can be appropriately modified to provide such conditions. One concept which
will need to be addressed in this regard will be the notion of conjugate points. We
leave these ideas for future research.

6 Examples

In this section we present several examplesillustrating the above, theory beginning
first with a one-player game (i.e., acalculus of variations problem).

6.1 Example

Consider the problem:

b
minimize J(z(-)) = / @(t)* dt (22)
over al piecewise smooth functions z(-) : [a,b] — R satisfying the fixed-end
conditions:

z(a) =z, and z(b) = xy. (23)
The Euler-Lagrange equation in thiscaseis:
d
—4i(t)® =
i) =0

which gives rise to the extremals x(¢t) = at + /8 for constants o, 5 € R. The
candidate for optimality is given as z*(t) = «*t + * in which o* and g* are
chosen so that «*(-) satisfiesthe end conditions (22). Explicitly, it is easy to check
thato* = (z,—xp)/(a—b) andthat 0* = z,—a*a = b(ap—x,)/(a—b) = —ba*.
From this two-parameter family of extremals we must choose a one-parameter
family. Theoneto chooseistolet £(¢, ) = a*t + 3. Geometrically, the family of
equations x = o*t + [ isafamily of paralel linesthat cover the tx-plane with a
unique line (i.e., extremal) passing through each point of the plane. Furthermore,
this givesrise to the desired one-to-one correspondence for the trajectories of the
original problem (i.e., those that satisfy the end conditions (23)) and the piecewise
trajectories Z(-) : [a, b] — R that satisfy the fixed-end conditions:

#(a) =B and i(b) = 3. (24)
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To see, this observethat if =(-) isatrajectory for the original problem then define
Z(+) by the formula

Z(t) ==z(t) —a’t, telab],
and observe that we have Z(a) = 2, — a*a = * and 2(b) = x, — a*b = [*.
Conversely, if z(-) satisfies (24) then we have that:

z(t) = o™t + (1)

satisfies z(a) = a*a + Z(b) = a*a + f* = z, and z(b) = a*b + Z(b) =
a*b+ B* = x;, asdesired.

Now the Weierstrass sufficiency theoremtellsusthat z* (-) isan optimal solution.
What is new here is our proof of that fact, which is based on the direct method.
To see how this works out in the example, observe that for L(t,z,p) = p* and
&(t, B) = ot + 8 we have by Taylor’'s formula:

L(t,&(t, 8), &(t, B) + &s(t, B)p) = L(t, 2(t, B), & (L, B))

+ 2601, ), 00, B)Es(t ) (25)
1 82
X

where~(t, 5,p) € [0, 1]. Herethewbscrigtsgt(~7 yand &s(-, -) are partial deriva-
tives. From the above we want to choose L(-, -, -) to be

(t, (. B), &u(t, B) + (. B, P)Ea(t, B)D)Es (¢, 5)*D

19%L

2007 (t,€(t, 8), &(t, B) + (¢, 8. D)Es(t, B)P)Es (¢, B)*D

L(t, B,p) =

so that the auxiliary problem becomes:

b
minimizej(:?:(~)):/ L(t, &(t), z(t)) dt

over al trajectories Z(+) : [a,b] — R satisfying the end conditions (24). Further
from the above we have the following:

L(t?g(taﬁ)aft(tvﬁ) +€ﬁ(taﬁ)ﬁ) - i’(taﬁaﬁ) =
L(t.£(t, ). €4(.5)) + %ﬁ(t,f(t, B),&(t, 5))Es 8. B)p.

To apply the direct method we must show that there existsafunction G(¢, 5) such
that

Gt(ta ﬁ) = L(ta f(t, 6)) Et(t> ﬁ))
and

Gy(t, ) = %(t,f(t,m,ft(t,ﬁ))fﬁ(t,ﬁ)
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both hold. A necessary and sufficient condition for thisto hold isthat G.s(t, ) =
G (t, 8) or equivalently that

SpLl et 6t 0) = 57 (FE €006t ME(0.5)).

To see that thisis the case we observe that (where we have suppressed the (¢, )
arguments for brevity):

SHLOEE DG = SEE6) -6+ S (1.68) G
0

) oL
_ m( L(tggt)>gﬁ+ (t6,6) oo

3
_ ( O et 6 ﬂ))&s(t,ﬂ))-

The second line in the above is a consequence of the fact that ¢ — £(¢, 3) solves
the Euler-Lagrange equation for each 3 and the last line is just the product rule.
This means we do indeed have the desired function G(-, -) so that we can write

L(tag(t7ﬂ)’§t(taﬂ) + gﬂ(taﬂ)(?) - i(t7ﬂ7ﬁ) = Gt(tvﬁ) =+ Gﬁ(taﬂ)f)

which gives the fundamental identity

L(t,x(t),2(t)) + L(t, (t), 2(t))
= Gu{t,E(0) + Gl 20N = (1, 7(1),

for each pair of trgjectories {x(-), Z(-)} related through «(t) = £(¢, Z(¢)). For the
simple example considered here we can explicitly determineal of these functions.
Indeed, since §; = a*, &3 = 1, L, = 4p®, and L,, = 12p* we have that (25)
becomes

1, o
~12(a* + (¢, B,D)p)*P".

(@ + ) = (@) + 4”5+ 5

Expanding this last statement and collecting terms it is easy to see that v =
~(t, B, p) satisfies the quadratic equation

6py° + 1207 py — p> —4a*p =0

from which ~ is easily determined by the quadratic formula. In addition, we also
must have G (-, -) satisfy Gy (t, 3) = (o*)*and G5(t, ) = 4(a*)? sothat from the
first we must have G(t, 3) = (a*)*t + g(3) sothat ¢'(8) = G(t, B) = 4(a*)?
which impliesthat g(3) = 4(a*)?3 + C where C' is an arbitrary constant. Thus,
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we have G(t, 3) = (a*)*t + 4(a*)3B + C for any constant C. Furthermore, we
have that the auxiliary problem consists of minimizing

b
1(z(-)) =/ 6(a” +(t, 2(t), 2(1)x (1)) *2(t)* dt
over all piecewise smooth trgjectories Z(-) : [a,b] — R satisfying the fixed-end

conditions
Z(a) = " = z(b).

Clearly, the integrand is non-negative for al choices of z(-) and, moreover, is
identically zero when z(t) = 0. Thus, #*(t) = * isan optimal solution and by
the direct method we have =*(t) = o*t + 5* isan optimal solution of the original
problem.

6.2 Example

In this example we consider a two-player game in which the objective of player
j = 1,2 isto maximize the objective functional

L a0 = [ /a0 = o) a0

with the fixed-end conditions

JJ](O) = Tj0 and 1‘3(1) = Tj1-

We first observe that for each j = 1,2 we have p; — L;(z1,22,p;) =
\/Pj — 1 — x2 isaconcave function for fixed (x4, ) since we have
%L, -1

= + <0,
Opf  A(p; — w1 —x2)*

so that our hypotheses apply. In addition, the Euler-Lagrange equations take the
form

d 1 1
= j=1,2.

dt Vii(t) — z1(t) — za(t) \/x] Y— 1 (t) — xo(t)
To solve this pair of coupled equations we observe that if welet v, (t) = (&;(t) —
x1(t) —2o(t)) ~1/? weseethat v;(t) = —v;(t) whichgivesusthat v; (t) = Aje*
for each j = 1, 2. Thus, we have

@j(t) — 21 (t) — 22(t) = aze™,  j=1,2,

wherea;; > 0 isotherwisean arbitrary constant. Adding the two equation together
gives us:
Zbl (t) + i?g(t) — 2(1‘1(t) + ZEQ(t)) = (041 + 042)6%
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which has the general solution
21 (t) + 22(t) = (a1 + ag)te® + Ce?,

where C isaconstant of integration. From thisit followsthat for each j = 1,2 we
have:
@j(t) = (o + C)e® + (o + ag)te™,

giving us

oy + ag ayp + o

2 | < o

1
2i(t) = | 5(a; +C) +
inwhich 3; isanarbitrary constant of integration. Choosing C' = % weobtain

25(t) = 3 [y + (01 + o)) € + 5.

To get acandidate for optimality we need to choose o; and 3; so that the fixed-end
conditions are satisfied. It iseasy to seethat thisgivesalinear system of equations
for the four unknown constants oy, o, 81, B2 Whichisuniquely solvablefor any
set of boundary conditions. This means we can find o, o3, 57,35 to giveusa
candidate for the optimal solution given by:

* 1 * * * *
ri(t) = 5 [0 + (of + a3)t] e?t + 55

From thisit is easy to seethat if we choose

61,0 = 5 [05 + (0 + 03] & + 6

we obtain aone-parameter family of extremalsfor the dynamic gamewhich allows
us to conclude that x*(-) = («75(-),z3(-)) is an open loop Nash equilibrium for
this dynamic game.
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Abstract
In this paper, we review some basic results on linear quadratic differential
games. We consider both the cooperative and non-cooperative case. For the
non-cooperative game we consider the open-loop and (linear) feedback infor-
mation structure. Furthermore, the effect of adding uncertainty is considered.
The overview is based on [9]. Readers interested in detailed proofs and addi-
tional results are referred to this book.

Key words. Linear-quadratic differential games, Nash equilibrium, affine
systems, solvahility conditions, Riccati equations.

AMS Subject Classifications. Primary 49N70; Secondary 49N90, 49N10,
49K 15.

1 Introduction

Many situationsin economics and management are characterized by multiple deci-
sion makers/players and enduring consegquences of decisions. The theory which
conceptualizes problems of this kind is dynamic games. Dynamic game theory
triesto arrive at appropriate model s describing the process. Depending on the spe-
cific problem this model sometimes can be used by an individual decision maker
to optimize his performance. In other cases, it may serve as a starting point to
introduce new communication lines which may help to improve upon the outcome
of the current process. Furthermore it is possible by the introduction as “ nature”
as an additional player in games, which is trying to work against the other deci-
sion makers in a process, to analyze the robustness of strategies of players w.r.t.
worst-case scenarios.

Examples of dynamic games in economics and management science can be
found, e.g., in[8], [19], and [27].

In this paper, we consider a specia class of dynamic games. We study games
where the process can be modeled by a set of linear differential equations and
the preferences are formalized by quadratic utility functions. The so-called linear
quadratic differential games. These games are very popular in literature and a

P. Bernhard et al. (eds.), Advances in Dynamic Games and Their Applications, 37
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recent exposition (and additional references) of thistheory canbefoundin[9]. The
popularity of these games is caused, on the one hand, by practical considerations.
To some extent these kinds of differential games are analytically and numerically
solvable. On the other hand, this linear quadratic setting naturally appears if the
decision makers' objective is to minimize the effect of a small perturbation of
their optimally controlled nonlinear process. By solving alinear quadratic control
problem, and using the optimal actionsimplied by this problem, players can avoid
most of the additional cost incurred by this perturbation.

In a dynamic game, information available to the players at the time of their
decisions plays an important role and, therefore, hasto be specified before one can
analyzethesekind of gamesappropriately. Wewill distinguish two cases: the open-
loop and feedback information case, respectively. In the open-loop information
case, it is assumed that all players know just the initial state of the process and
the model structure. More specificaly, it is assumed that players simultaneously
determine their actions for the whole planning horizon of the process before it
starts. Next they submit their actions to some authority who then enforces these
plansasbinding commitments. So players cannot react on any deviationsoccurring
during the evolution of the process. In the feedback information case, it is assumed
that all players can observe at every point in time the current state of the process
and determine their actions based on this observation.

In this paper, we will review some main results for linear quadratic differential
games. Both the case when players cooperate in order to achieve their objectives
and the case when players do not cooperate with each other are considered. The
reason that players do not cooperate may be caused by individual motivations or
physical reasons. We will take these reasons for granted. In the case when players
do not cooperate, it seems reasonable that all playersindividually will try to play
actionswhich are optimal for themselves. That is, for actions they cannot improve
upon themselves. If there exists a set of actions such that none of the players has
an incentive to deviate from his action (or stated otherwise, given the actions of
the other players his choice of action is optimal), we call such a set of actions a
Nash! equilibrium of the game. In general, a game may either have none, one,
or more than one Nash equilibrium. This leads, on the one hand, to the question
under which conditionsthese different situationswill occur, and on the other hand,
in case there is more than one equilibrium solution, whether there are additional
motivations to prefer one equilibrium outcome to another.

Asaready indicated above, linear quadratic differential games have been stud-
ied alot in the past. We will review some basic results and algorithms to compute
equilibria, for the cooperative case as well as the open-loop and feedback infor-
mation case. The outline of the rest of the paper is as follows. Sec. 2 considers
the cooperative case, Sec. 3 the open-loop information case, and Sec. 4 the feed-
back information case. Section 5 recalls some results for the case when the system

1This after J.F. Nash who proved in a number of papers from 1950-1953 the existence of
such equilibria.
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is corrupted by noise. Finally, Sec. 6 reviews some extensions that can be found
elsawherein literature.

For ease of exposition we will just deal with the two-player case. Throughout
this paper we will assume that each player has a (quadratic) cost function (1) he
wants to minimize given by:

T
Ji(uy,uz) = /0 {27 (1) Qim(t) 4 ] (t) Rigui(t) + uj (t) Rijuy(t) bt +
2T (T)Qr,x(T), i =1,2, j #i. (1)

Herethematrices ();, R;;, and ()7 ; are assumed to be symmetric and R;; positive
definite (denoted as R;; > 0). Sometimes some additional positive definiteness
assumptions are made w.r.t. the matrices (); and Q7 ;. In the minimization, astate
variable x(t) occurs. This is a dynamic variable that can be influenced by both
players. Its dynamics are described by:

&(t) = Ax(t) + Biug + Baua, x(0) = xo, 2

where A and B;, i = 1,2, are constant matrices, and u; is a vector of variables
which can be manipulated by player i. The objectivesare possibly conflicting. That
is, aset of policies u; which is optimal for player one, may have rather negative
effects on the evolution of the state variable = from another player’s point of view.

2 The Cooperative Game

In this section we assumethat players can communicate and can enter into binding
agreements. Furthermoreit isassumed that they cooperatein order to achievetheir
objectives. However, no side-payments take place. Moreover, it is assumed that
every player has al information on the state dynamics and cost functions of his
opponents and all players are able to implement their decisions. Concerning the
strategies used by the players we assume that there are no restrictions. That is,
every u;(.) may bechosen arbitrarily from aset ¢/ which ischosen such that we get
awell-posed problem (in particular, it is chosen such that the differential Eq. (2)
has a unique solution for every initial state).

By cooperation, in general, the cost one specific player incurs is not uniquely
determined anymore. If all players decide, e.g., to use their control variables to
reducethe cost of player 1 asmuch as possible, adifferent minimum isattained for
player 1theninthecasewhenall playersagreecollectively to help adifferent player
in minimizing his cost. So, depending on how the players choose to "divide" their
contol efforts, a player incurs different "minima’. Consequently, in general, each
player is confronted with awhole set of possible outcomes from which somehow
one outcome (which in genera does not coincide with a player’s overall lowest
cost) is cooperatively selected. Now, if there are two strategies, v, and ~-, such
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that every player hasalower cost if strategy v, isplayed, then it seems reasonable
to assumethat all playerswill prefer this strategy. We say that the solution induced
by strategy ~; dominates in that case the solution induced by the strategy ~-. So,
dominance means that the outcome is better for al players. Proceeding in this
line of thinking, it seems reasonable to consider only those cooperative outcomes
which have the property that if a different strategy than the one corresponding
with this cooperative outcomeis chosen, then at least one of the players has higher
costs. Or, stated differently, to consider only solutions that are such that they can
not be improved upon by all players simultaneously. This motivates the concept
of Pareto efficiency.

Definition 2.1. A set of actions (1, w2) is caled Pareto efficient if the set of
inequalities J; (uy, us) < J;(u1,42), i = 1,2, where at least one of the inequali-
tiesisstrict, doesnot alow for any solution (u1, u2) € U. The corresponding point
(J1 (i1, Gi2), Jo(1i1,12)) € R? is caled a Pareto solution. The set of al Pareto
solutions is called the Pareto frontier. O

A Pareto solutionisthereforenever dominated, and for that reason called an undom-
inated solution. Typically, there is always more than one Pareto solution, because
dominance is a property which generally does not provide atotal ordering.

It turns out that if we assume @Q; > 0, ¢ = 1,2, in our cost functions (1) that
there isasimple characterization for all Pareto solutionsin our cooperative linear
guadratic game. Below we will adopt the notation

2
u:= (uy,uz) and A := {o = (aq, a2)|a; > 0 and Zai =1}
=1
2
Theorem 2.2. Assume Q; > 0. Let oy > 0, i = 1,2, satisfy Zo‘i = 1.1If
i=1
@ € argmin, ey {37, a;Ji(u)}, then @ is Pareto efficient.
Moreover, if U/ is convex, then for all Pareto efficient @ there exist o € A, such
that & € arg min, ey {> -, aiJi(7)}. O

Theorem 2.2 shows that to find all cooperative solutions for the linear quadratic
game one has to solve a regular linear quadratic optimal control problem which
dependson aparameter o.. The existence of asolution for thisproblemisrelated to
theexistenceof solutionsof Riccati equations. InLancaster et al.[22, Section 11.3],
itisshownthat if the parametersappearinginan algebraic Riccati equation are, e.g.,
differentiablefunctionsof some parameter « (or, moregeneral, depend analytically
on a parameter «), and the maximal solution exists for all « in some open set V,
then thismaximal solution of the Riccati equation will be adifferentiable function
of this parameter o too on V' (c.q., depend analytically on this parameter « too).
Sinceinthelinear quadratic case the parameters depend linearly on «, thisimplies



Linear Quadratic Differential Games: An Overview 41

that in the infinite horizon case the corresponding Pareto frontier will be asmaooth
function of « (provided the maximal solution existsfor all «). A similar statement
holds for the finite planning horizon case. In case for @l o € V' the cooperative
linear quadratic differential game hasasolution or, equivalently, the corresponding
Riccati differential equations have a solution, then (see e.g., Perko [26, Theorem
2.3.2] for a precise statement and proof) the solution of the Riccati differential
equation is a differentiable function of «, since al parameters in this Riccati
differential equation are differentiable functions of «.

The Pareto frontier does not always have to be aone-dimensional surfaceinR?,
like in the above corollary. Thisis, e.g., aready illustrated in the two-player case
when both players have the same cost function. In that case the Pareto frontier
reduces to asingle point in R2.

Example 2.3. Consider the following differential game on government debt sta-
bilization (see van Aarle et a. [1]). Assume that government debt accumulation,
d(t), isthe sum of interest payments on government debt, rd(t), and primary fiscal
deficits, f(t), minus the seignoragei.e., the issue of base money) m(t). So:

d(t) = rd(t) + f(t) —m(t),d(0) = do.

Here, d(t), f(t), and m(t) are expressed as fractions of GDP and r represents the
rate of interest on outstanding government debt minus the growth rate of output.
The interest rate r > 0 is assumed to be exogenous. Assume that fiscal and mon-
etary policies are controlled by different institutions, the fiscal authority, and the
monetary authority, respectively, which have different objectives.
The objective of the fiscal authority is to minimize a sum of time pro-
fiI& of the primary fisca deficit, base-money growth, and government debt:
= [T e f2(t) + nm?(t) + Ad(t)}dt. The parameters, 1 and \ express

the relative priority attached to base-money growth and government debt by the
fiscal authority.
The monetary authorities are assumed to choose the growth of base money such
that a sum of time profiles of base-money growth and government debt is mini-
mized. That is, Jo = [, e °"{m?(t) + rd?(t)}dt. Here, 1/x can beinterpreted
as a measure for the conservatism of the central bank w.r.t. the money growth.
Furthermore, all variables are normalized such that their targets are zero, and al
parameters are positive.

Introducing d(t) := e~ 2%d(t), m = e 2%m(t) and f := e 2% f(t) the
above model can be rewritten as:

d(t) = (r—fé)()+f() m(t), d(0) = do.

Where the cost functions of both players are:

Ji = / TLP ) i (2) + M) bt and J = / ) + el (o) bt
0 0
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Figure 1: Pareto frontier Example 2.3 if n = 0.1; A = 0.6; x = 0.5; » = 0.06; and
0 = 0.04.

If both the monetary and fiscal authority agree to cooperate in order to reach their
goals, by Theorem 2.2 the set of all Pareto solutions is obtained by considering
the simultaneous minimization of

Je(a) =aJi + (1 —a)Jy = /Ooo{an(t) + B (t) + Bad?(t)}dt,

where 81 = 1+ a(—1+1n) and 82 = k + a(X — k). This cooperative game
problem can be reformulated as the minimization of

s = [Cwdo+iia [y 0]

subject to d() = (r — 18)d(t) +[1 —1] Lﬂ , d(0) = do.
In Fig. 1 we plotted the set of Pareto solutionsincasen = 0.1; A = 0.6; k = 0.5;
r = 0.06; and § = 0.04. O

As Theorem 2.2 already indicates, in general, there are a lot of Pareto solutions.
This raises the question which one is the "best". By considering this question we
enter the arena of what is called bargaining theory.

Thistheory hasits origin in two papers by Nash [24] and [25]. In these papers
abargaining problem is defined as a situation in which two (or more) individuals
or organizations have to agree on the choice of one specific alternative from a set
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Jo

Ji

Figure 2: The bargaining game.

of alternatives available to them, while having conflicting interests over this set
of aternatives. Nash proposes in [25] two different approaches to the bargaining
problem, namely the axiomatic and strategic approach. The axiomatic approach
listsanumber of desirable propertiesthe solution must have, called theaxioms. The
strategic approach on the other hand, setsout aparticul ar bargaining procedure and
askswhat outcomes would result from rational behavior by the individual players.

So, bargaining theory deals with the situation in which players can realize—
through cooperation—other (and better) outcomes than the one which becomes
effective when they do not cooperate. This non-cooperative outcome is called the
threatpoint. The question is to which outcome the players may possibly agree.

InFig. 2 atypical bargaining gameis sketched (see also Fig. 1). The inner part
of the ellipsoid marks out the set of possible outcomes, the feasible set .S, of the
game. The point d isthe threatpoint. The edge P isthe set of individually rational
Pareto-optimal outcomes.

We assume that if the agents unanimously agree on apoint x = (Jy, J2) € S,
they obtain x. Otherwise, they obtain d. This presupposes that each player can
enforce the threatpoint, when he does not agree with a proposal. The outcome «
the players will finally agree on is called the solution of the bargaining problem.
Since the solution depends on the feasible set S aswell asthe threatpoint d, it will
be written as F'(.S, d). Notice that the difference for player ¢ between the solution
and the threatpoint, .J; — d;, isthe reduction in cost player ¢ incurs by accepting
the solution. In the sequel, we will call this difference the utility gain for player i.
We will use the notation .J := (.J;, Jo) to denoteapointin S and = > y(z < y)
to denote the vector inequality, i.e., z; > y;(z; < v;), i = 1,2. In axiomatic
bargaining theory a number of solutions have been proposed. In Thomson [28], a
survey isgiven on thistheory. We will present here the three most commonly used
solutions: the Nash bargainig solution, the Kalai-Smorodinsky solution, and the
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Figure 3: The Nash Bargaining solution N (.S, d).

Egalitarian solution.
The Nash bargaining solution, N(S,d), selects the point of S at which the
product of utility gainsfrom d ismaximal. That is.

N
= - — s 1 < .
N(S,d) argl}leaé(il;[l((]l d;), for J € Swith J <d

In Fig. 3we sketched the N solution. Geometrically, the Nash Bargaining solution
isthe point on the edge of S (that is a part of the Pareto frontier) which yields the
largest rectangle (V, A, B, d).

TheKalai-Smorodinsky solution, K (.S, d), setsutility gainsfrom the threatpoint
proportional to the player’s most optimistic expectations. For each agent, the most
optimistic expectation is defined as the lowest cost he can attain in the feasible set
subject to the constraint that no agent incurs a cost higher than his coordinate of
the threatpoint. Defining the ideal point as

I(S,d) :=max{J; | J €S, J <d},
the Kalai-Smorodinsky solution is then
K(S,d) := maximal point of S on the segment connecting d to I(.5, d).

In Fig. 4 the Kalai-Smorodinsky solution is sketched for the two-player case.
Geometrically, it is the intersection of the Pareto frontier P with the line which
connectsthe threatpoint and theideal point. The components of theideal point are
the minima each player can reach when the other player is fully altruistic under
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Jo

Ji

Figure 4: The Kalai-Smorodinsky solution K (.S, d).
cooperation.

Finally, the Egalitarian solution, E(.S, d), represents the idea that gains should
be equal divided between the players. Formal, E(S, d) := maximal pointin S for
which

EZ(Svd)fdz :EWJ'(S,CZ)—dj7 i,7=1,---,N.

Again, we sketched this solution for the two-player case. In Fig. 5 we observe that
geometrically this Egalitarian solution is obtained as the intersection point of the
45°-line through the threatpoint d with the Pareto frontier P.

Noticethat, in particular, in contexts where interpersonal comparisons of utility
isinappropriate or impossible, the first two bargaining solutions still make sense.

Asalready mentioned above, these bargaining solutions can be motivated using
an "axiomatic approach”. In this case, some people prefer to speak of an arbitration
scheme instead of a bargaining game. An arbiter draws up the reasonable axioms
and depending on these axioms, a solution results.

Algorithms to calculate the first two solutions numerically are outlined in [9].
The calculation of the Egalitarian solution requires the solution of one nonlinear
constrained equations problem. The involved computer time to calculate this F-
solution approximately equals that of calculating the NV-solution.

3 The Open-Loop Game

In the rest of this paper we consider the case when players do not cooperate in
order to realize their goals. In this section we will be dealing with the open-loop
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Figure 5: The Egalitarian solution E(.S, d).

information structure. That is, the casewhere every player knowsat timet < [0, 7]
just theinitia state 2y and the model structure. This scenario can beinterpreted as
when the players simultaneously determine their actions and submit their actions
to some authority who then enforces these plans as binding commitments. For the
game (1),(2) we will study the set of Nash equilibria. A formal Nash equilibrium
is defined as follows.

Definition 3.1.  An admissible set of actions (u}, u3) isaNash equilibrium for
the game (1),(2), if for al admissible (u1,u2) the following inequalities hold:
J1(up,ud) < Ji(ug,ud) and Jo(uf,ud) < Jo(uf,us). O

Here admissibility is meant in the sense that «;(.) belongs to some restricted set,
where this set depends on the information players have on the game, the set of
strategies the players like to use to control the system, and the system (2) must
have a unique solution.

So, the Nash equilibrium is defined such that it has the property that there is
no incentive for any unilateral deviation by any one of the players. Notice that in
general one cannot expect to have aunique Nash equilibrium. Moreover, itiseasily
verified that whenever a set of actions (u7, u3) isaNash equilibrium for a game
with cost functions J;, i = 1, 2, these actions also constitute a Nash equilibrium
for the game with cost functions o; J;, i = 1, 2, for every choice of a; > 0.

Using the shorthand notation S; := BiR;ilBiT , we have the following theorem
in case the planning horizon 7" isfinite.

Theorem 3.2. Consider matrix

A =5 =5
M = 7Q1 7AT 0 . (3)

—Q2 0 AT
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Assume that the two Riccati differential equations,

Ki(t) = —ATK(t) — Ki(t) A+ K;(t)S; K;(t) — Qs, Ki(T) = Qir, i = 1,2,
4

have a symmetric solution K (.) on [0, T7].

Then, the two-player linear quadratic differential game (1)—(2) has an open-loop

Nash equilibrium for every initial state z if and only if matrix

I
H(T) := [I00]e”MT [ Qi1 ] ®)
Qar

isinvertible. Moreover, if for every x there exists an open-loop Nash equilibrium,
thenthe solutionisunique. The unique equilibrium actionsaswell asthe associated
statetrajectory can be cal culated from thelinear two-point boundary value problem

y(t) = My(t), with Py(0) + Qy(T) = [z§ 00]". (6)
100 0 00
HereP= | 000 | andQ = | ~Qur 1 0 |.
000 ~Qor 0 1

Denoting [y; (1), y1 (1), y3 ()]" := y(t), withy, € R", andy; € R™, i = 1,2,
the state and equilibrium actions are:

z(t) = yo(t) and u;(t) = —R;' Bl y;(t), i = 1,2, respectively. O

Assumption (4) isequivalent to the statement that for both playersawith thisgame
problem associated linear quadratic control problem should be solvable on [0, T7].
That is, theoptimal control problem that arisesin case the action of hisopponent(s)
would be known must be solvable for each player. Generically, one may expect
that, if there exists an open-loop Nash equilibrium, the set of Riccati differential
Egs. (4) will have a solution on the closed interval [0, 7] (see [9, p.269]).

Next consider the set of coupled asymmetric Riccati-type differential equations:

Pl = —ATP1 — PlA — Ql + P181P1 + PlsQPQ; Pl(T) = QIT (7)

Py=—ATP, — P,A - Q2 + P2So Py + Py S1 Py Po(T) = Qor. 8)

Existence of a Nash equilibrium is closely related to the existenc of a solution of
the above set of coupled Riccati differential equations. The next result holds.

Theorem 3.3. The following statements are equival ent:
a) Foral T € [0,t;) thereexistsfor all z:y aunique open-loop Nash equilibrium
for the two-player linear quadratic differential game (1)—2).
b) The next two conditions hold on [0, ¢4 ).
1. H(t)isinvertiblefor all t € [0, 7).
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2. The two Riccati differential Egs. (4) have a solution K;(0,7") for all
T e [07 tl).
¢) The next two conditions hold on [0, ¢1).
1. The set of coupled Riccati differential Egs. (7),(8) has a solution
(P1(0,T), P, (0, 7)) foral T € [0,t1).
2. The two Riccati differential Egs. (4) have a solution K;(0,7T") for all
T e [07 tl).
Moreover, if either oneof theabove conditionsissatisfied theequilibriumisunique.
The set of equilibrium actionsisin that case given by:
ul(t) = —R;;' Bl P;(t)®(t,0)zq, i = 1,2.

Here, ®(¢,0) satisfies the transition equation:
B(t,0) = (A — S1P, — SoPo)®(t,0); ®(t,t) = 1. O

Note that there are situations where the set of Riccati differential Eqs. (7),(8) does
not have a solution, while there does exist an open-loop Nash equilibrium for the
game. With

T
P::[JIZ;];D::[AO /?T};S::[Sng};andQ::[g;],

the set of coupled Riccati Egs. (7),(8) can berewritten asthe non-symmetric matrix
Riccati differential equation:

P=—-DP—PA+PSP—Q; PY(T) = [Qir, Qar].

The solution of such a Riccati differential equation can be obtained by solving a
set of linear differential equations. In particular, if thislinear system of differential
Egs. (9), below, can be analytically solved we also obtain an analytic solution for
(P, P») (seeeg. [2]). Dueto thisrelationship it is possible to compute solutions
of (7),(8) in an efficient reliable way using standard computer software packages
like, e.g., MATLAB. We have the following result.

Proposition 3.4. Theset of coupled Riccati differential Egs. (7),(8) hasasolution
on [0, T if and only if the set of linear differential equations

U(t) U(t) U(T) I
Vi(t) | = Vi(t) |5 | Va(T) | = [ Q17 ] )
() e | e ] | Qe

has asolution on [0, T, with U (.) non-singular.
Moreover, if (9) has an appropriate solution (U(.), Vi(.), Va(.)), the solution
of (7),(8) isobtained as P;(t) := V;(t)U~1(t), i = 1,2. O



Linear Quadratic Differential Games: An Overview 49

Next we consider the infinite planning horizon case. That is, the case that the
performance criterion player i = 1,2, likesto minimize is:

lim Ji(xg,ul,u27T) (10)

T—o0

where

T
Ji = /0 (2T (OQu(t) + uT (£) Rizus (t) + uT (£) Rju; (1),

subject to the familiar dynamic state Eq. (2). We assume that the matrix pairs
(A, B;), i = 1,2, are stabilizable. So, in principle, each player is capable to
stabilize the system on his own.

Since we only like to consider those outcomes of the game that yield a finite
cost to both players and the players are assumed to have a common interest in
stabilizing the system, we restrict ourselves to functions belonging to the set:

Us(zo) = {u € Ly | Ji(zo, u) exists in R U {—m,m},tlirglo x(t) = 0} .

A similar remark as for the finite planning horizon case applies here. That is, the
restriction to this set of control functions requires some form of communication
between the players.

To find conditions under which this game has a unique equilibrium the next alge-
braic Riccati equations play afundamental role:

0 = ATPi+ PP A+ Q, — PS1 P, — P1S, P, (11)
= ATP2+P2A+Q2—P252P2—P251P1; (12

and
0=ATK, + K;,A— K;S;K; + Q;, i = 1,2. (13)

Notice that the Egs. (13) are just the ordinary Riccati equations that appear in the
regulator control problem.

Definition 3.5. A solution (P;, P) of the set of algebraic Riccati Egs. (11),(12)
iscalled:
a. stabilizing, if (A — S1P, — S2P,) C C;
b. strongly stabilizing if
i. itisastabilizing solution, and

—AT—I—PlSl PSS, +
o({ ps L _arin e |) i (14)

Here C~ denotestheleft open half of the complex planeand C itscomplement. O
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The next theorem gives an answer under which conditions the set of algebraic
Riccati equationshasauniquestrongly stabilizing sol ution. One of these conditions
X1
X5 |
with X; € R™*"™ which has the additional property that X; isinvertibleiscalled
a graph subspace (since it can be "visualized" as the graph of the map: = —
Xo X ).

isthat acertain subspace should be agraph subspace. A subspace V' = Im [

Theorem 3.6.
1. Theset of algebraic Riccati Egs. (11),(12) has a strongly stabilizing solution
(Py, Pp) if and only if matrix M hasan n-dimensional stable graph subspace
and M has 2n eigenvalues (counting algebraic multiplicities) in C .
2. Iftheset of algebraic Riccati Egs. (11),(12) hasastrongly stabilizing solution,
then it isunique.

Then we have the following main result (see also [11]).

Theorem 3.7. Thelinear quadratic differential game (2),(10) has a unique open-
loop Nash equilibrium for every initia state if and only if:
1. Theset of coupled algebraic Riccati Egs. (11),(12) hasastrongly stabilizing
solution, and
2. thetwo algebraic Riccati Egs. (13) have a stabilizing solution.
M oreover, the unique equilibrium actions are given by:
ul(t) = —R;' Bl P,®(t,0)x0, i = 1,2. (15)

Here, ®(¢,0) satisfies the transition equation:
(t,0) = (A — S1Py — SoPo)®(t,0); ®(t,t) = 1. O
To calculate the unique equilibrium numerically one can use the next algorithm.

Algorithm 3.8.

1. Calculate the eigenstructure of H; := A =5

—Qi —AT |
If H;, 1 = 1,2, has an n-dimensional stable graph subspace, then proceed.
Otherwise go to 5.

A =5 =5
2. Calculatematrix M := | —@Q; —AT 0 |.Nextcalculatethespectrum
-Q2 0 AT

of M. If the number of eigenvalues having astrict negativereal part (counted
with algebraic multiplicities) differs from n, goto 5.

3: Caculate the n-dimensional M -invariant subspace for which Re A < 0 for
al A € o(M). That is, calculate the subspace consisting of the union of all
(generalized) eigenspaces associated with each of these eigenvalues. Let P
denote thisinvariant subspace. Calculate 3n x n matrices X, Y, and Z such
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X
thaalm| YV | =P.
Z
Verify whether matrix X isinvertible. If X isnot invertible go to 5.

4: Denote P, :=YX 'and P, := ZX . Then
uwl(t) = fRi_,ilB?PieAcltmo
isthe unique open-loop Nash equilibrium strategy for every initial state of the
game. Here, A, := A — S1P; — S3P,. The spectrum of the corresponding
closed-loop matrix A.; equals o(M|p). The involved cost for player i is
2 M, o, where M; isthe unique solution of the Lyapunov equation:
ALM; + M;Aq + Qi + PSP, + P;B] R;'R;; R, B; P; = 0.
5: End of agorithm. |

Step 1 in the algorithm verifies whether the two algebraic Riccati Egs. (13) have a
stabilizing solution. Steps 2 and 3 verify whether matrix A/ has an n-dimensional
stable graph subspace. Finally, Step 4 determines the unique equilibrium.

The next example illustrates the algorithm.

Example 3.9.

1. Consider the system @:(t) = —2z(t) + uy (t) + ua(t), z(0) = xo;
and cost functions

Ji = /O (22(t) + u2(t)}dt and J, = /0 (422 (t) +2(0) }dt.

-2 -1 -1
Then, M= | -1 2 0
-4 0 2

The eigenvalues of M are {—3,2,3}. An eigenvector corresponding with the
eigenvalue —3is|5, 1, 4]7.
So, according to Theorem 3.6 item 1, the with this game corresponding set of
algebraic Riccati Egs. (11),(12) has a strongly stabilizing solution. Furthermore,
sinceq; > 0, i = 1,2, the two agebraic Riccati Egs. (13) have a stabilizing
solution. Consequently, this game has a unique open-loop Nash equilibrium for
every initial state x.
The equilibrium actions are:
—1 —4 .

ui(t) = ?x* (t), us(t) = ?a:*(t), where £*(t) = =32 ().
The corresponding cost are J; = 23, Jo = 2842,
2. Reconsider the game from item 1, but with the system dynamics replaced by
z(t) = 22(t) + uy (t) + ua(t), z(0) = xo.
The with this game corresponding matrix M has the eigenvalues {—3, —2, 3}.
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Since M has two stable eigenvalues, it follows from Theorem 3.6 item 1 that the
with this game corresponding set of algebraic Riccati Egs. (11),(12) does not have
a strongly stabilizing solution. So, see Theorem 3.7, the game does not have for
every initial state a unique open-loop Nash equilibrium.

It can be shown (see[9]) that inthisexamplefor every initial statethereare actually
an infinite number of open-loop Nash equilibria. O

4 The Feedback Game

It is often argued that weak time consistency is a minimal requirement for the
credibility of an equilibrium solution. That is, if the advertised equilibrium action
of, say, player oneisnot weakly time consi stent, player onewould haveanincentive
to deviate from this action during the course of the game. For the other players,
knowing this, it is therefore rational to incorporate this defection of player one
into their own actions, which would lead to a different equilibrium solution. On
the other hand, the property that the equilibrium solution does not have to be
adapted by the players during the course of the game, although the system evolutes
not completely as expected beforehand, is generally experienced as a very nice
property. Since the open-loop Nash equilibriain general do not have this property,
the question arises whether there exist strategy spaces I'; such that if we look for
Nash equilibriawithin these spaces, the equilibrium solutions do satisfy thisstrong
time consistency property.

Since the system we consider is linear, it is often argued that the equilibrium
actions should be alinear function of the state too. This argument implies that we
should consider either arefinement of the feedback Nash equilibrium concept, or,
strategy spaces that only contain functions of the above mentioned type. The first
option amounts to consider only those feedback Nash equilibria which permit
a linear feedback synthesis as being relevant. For the second option, one has to
consider the strategy spaces defined, for i = 1,2, by I'/? .=

{u;(0,T)|u;(t) = F;(t)x(t) where F;(.) is a piecewise continuous function},
and consider Nash equilibrium actions (uf,w3) within the strategy space
LY o plfo

1 2 ’ aps . . . .

It turns out that both equilibrium concepts yield the same characterization of

these equilibriafor the linear quadratic differential game, which will be presented
below in Theorem 4.5. Therefore, wewill definejust one equilibrium concept here.

Definition 4.1. The set of control actions u (t) = F(t)x(t) constitute alinear
feedback Nash equilibrium solution if both

J1(u,uy) < Ji(ug,usy) and Jo(uy, us) < Ji(uj,us), for all u; € Féfb. O
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Remark 4.2. In the sequel, with some abuse of notation, sometimes the pair
(Fy(t), F5 (t)) will be called a (linear) feedback Nash equilibrium. O

Similar as with open-loop Nash equilibria, it turns out that linear feedback Nash
equilibria can be explicitly determined by solving a set of coupled Riccati equa-
tions.

Theorem 4.3. The two-player linear quadratic differential game (1),(2) has for
every initial state alinear feedback Nash equilibrium if and only if the next set of
coupled Riccati differential equations has a set of symmetric solutions Ky, K> on
[0,T7:

Ki(t) = —(A— S2B5(1)T K (t) - Kl(t)(A Ssz( ) + K1(t)S1K1(t)
—Q1 — Ky(t)So1 Ks(t), K1(T) = (26)
Ky(t) = —(A—S1K: () Kq(t) — KQ(t)( SlKl( ) + K (1)S2Kx(1)
—Q2 — K1 (t)S12K1(t), K2(T) = Qar. 17)

Moreover, in that case there is a unique equilibrium. The equilibrium actions are:
ul(t) = —R;;' Bl K;(t)z(t), i = 1,2.
The cost incurred by player i iszl K;(0)zo, i = 1,2. |

Next we consider the infinite planning horizon case. Like in the open-loop case,
we consider the minimization of the performance criterion (10). In line with our
motivation for the finite-planning horizon, it seems reasonabl e to study Nash equi-
libria within the class of linear time-invariant state feedback policy rules. There-
fore, we shall restrain our set of permitted controlsto the constant linear feedback
strategies. That is, to u; = F;x, with F; € R™*" 4 = 1,2, and where (F, F3)
belongs to the set

F:={F = (F,Fy) | A+ B1F| + ByF; is stable}.

The stabilization constraint is imposed to ensure the finiteness of the infinite-
horizon cost integrals that we will consider. This assumption can aso be justified
from the supposition that one is studying a perturbed system which istemporarily
out of equilibrium. In that case, it is reasonable to expect that the state of the
system remains close to the origin. Obviously, the stabilization constraint is a
bit unwieldy since it introduces dependence between the strategy spaces of the
players. So, it presupposesthat thereisat |east the possibility of some coordination
between both players. This coordination assumption seems to be more stringent
in this case than for the equilibrium concepts we introduced before. However, the
stabilization constraint can be motivated from the supposition that both players
have afirst priority in stabilizing the system. Whether this coordination actually
takes place depends on the outcome of the game. Only in case when the players
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have the impression that their actions are such that the system becomes unstable,
will they coordinate their actionsin order to realize this meta-objective and adapt
their actions accordingly. Probably for most games the equilibria without this
stabilization constraint coincidewith the equilibriaof thegameif onedoes consider
this additional stabilization constraint. That is, the stabilization constraint will be
in most cases not active. But there are games where it does play arole.

To make sure that our problem setting makes sense, we assume that the set F is
non-empty. A necessary and sufficient condition for thisto hold is that the matrix
pair (A, [ Bi, B ) isstabilizable.

Summarizing, we define the concept of alinear feedback Nash equilibrium on
an infinite-planning horizon as follows.

Definition 4.4. (F}, Fy) € Fiscaled astationary linear feedback Nash equi-
librium if the following inequalities hold:

Jl(mOaFl*aF;) < J1(I07F1,F2*) and JQ(J;O)F;)F;) < JQ(zovFl*vFQ)

for each z(, and for each state feedback matrix F;, ¢ = 1,2 such that
(Fl*,FQ) and (Fl,FQ*)EF |

Unless stated differently, the phrases “stationary” and “linear" in the notion of
stationary linear feedback Nash equilibrium aredropped. It isclear from the context
here which equilibrium concept we are dealing with.

Next, consider the set of coupled algebraic Riccati equations:

0 = —(A—-SK)TK| — Ki(A—S,K,) + K151 K,

—Q1 — K2591 K>, (18)
0 = —(A—-S8K)TKy— Ky(A—S1K;) + KyS:,K»

—Q2 — K1512K. (19

Theorem 4.5 below states that feedback Nash equilibriaare completely character-
ized by stabilizing solutions of (18),(19) that is, by solutions (K, K») for which
the closed-loop system matrix A — S, K, — So K5 isstable.

Theorem 4.5. Let (K, K3) be a stabilizing solution of (18),(19) and define

Fy == —R;;'BIK, for i = 1,2. Then (F}, Fy) is a feedback Nash equilib-

rium. Moreover, the cost incurred by player i by playing thisequilibrium action is
T M

Ty Kil’o, 1= 1,2.

Conversely, if (Fy, Fy) isafeedback Nash equilibrium, there exists a stabilizing

solution (K, K>) of (18),(19) such that F* = —R;;' BT K. O

Theorem 4.5 shows that al infinite-planning horizon feedback Nash equilibria
can be found by solving a set of coupled algebraic Riccati equations. Solving
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the system (18),(19) is, in general, a difficult problem. To get some intuition for
the solution set we next consider the scalar two-player game, where players are
not interested in the control actions pursued by the other player. In that case,
it is possible to derive some analytic results. In particular, it can be shown that
in this game never more than three equilibria occur. Furthermore, a complete
characterization of parameters which giveriseto either 0, 1, 2, or 3 equilibriais
possible.
So, consider the game:

Ji(xo,u1,usz) / {qx®(t) + raul}dt, i = 1,2, (20

subject to the dynamical system
() = ax(t) + bruq (t) + baua(t), z(0) = zp. (21)

The associated relevant algebraic Riccati equations are obtained from (18),(19)
by substitution of Ro; = Rio = 0, A = a, B; = b;, Q; = qi, Ry; = ri, and
si =02 /ri i = 1 2, into these equations. By Theorem 4.5, then a pair of control
actions f; := —%F;, congtitute a feedback Nash equilibrium if and only if the
next equations haveasolutlon =k, i=12:

slacl + 289w129 — 2021 —q1 =0 (22)
52:17% + 28111200 — 2022 — g3 = 0 (23)
a— s1T1 — Saxe < 0. (24)

Geometrically, Egs. (22) and (23) represent two hyperbolasin the (1, x2) plane,
whereas the inequality (24) divides this plane into a“stable” and an “ anti-stable”
region. So, all feedback Nash equilibria are obtained as the intersection points of
both hyperbolasin the “stable” region. Example 4.6 illustrates the situation.

Example 4.6. Considera =b; =r; =1,i=1,2,¢1 = ,and gz = 1. Then
the hyperbola describing (22),(23) are:

=1- *1 + 71 d =1—= + 71 espe t'vely

T T ana r T respectl .

2 2 ! 8371’ ! 2 2 1‘).’132’

Botl hyperbola, aswell astt e"stability-separati ng" line Ty = 1-— xr1, de pIotted

in Fig. 6. From the plot we see that both hyperbola have three intersection points

in the stable region. So, the game has three feedback Nash equilibria O
Next, introduce o; := s;q; and for all z > 0, satisfying 22 > o4, the functions:

)=z — /a2 —o1 — Va2 — oy (25)

f (x) =z +V22— 01— Va2 — oy (26)

fa(x) = z— 22— o1+ V22 — 0y 27)

Ja(z) = 3’+\/562—U1+\/a:2—02. (28)
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Figure 6: A gamewith threefeedback Nash equilibria a = b; =r; =1,q1 = 1,¢2 = 1.

The number of equilibria coincides with the total number of intersection pointsall
of the functions f;(x), i = 1,-- - , 4, have with the horizontal line a (see Fig. 7).
Elaboration of this property yields the following result.

Theorem 4.7. Consider the differential game (20)—(21), with o; = bj—‘ﬂ i
1,2. Assume, without loss of generality, that oy > o5. Moreover, let f;(z), i =
1,---,4, bedefined asin (25)—<28). Then, if:
la. o1 > 0 and oy > o0», the game has
- one equilibrium if —co < a < min f3(z)
- two equilibriaif « = min f3(z)
- three equilibriaif a > min f5(z).
1b. o1 = 09 > 0 the game has
- oneequilibriumif a < /o7
- three equilibriaif ¢ > |/o7.
2a. 01 < 0ando; > o9, the game has
- no equilibrium if max f; (z) < a < /=01 — /=02
- one equilibrium if either
i) a =max f1(x);
i) a < —y/—01 —\/—09,0r
i) —/=01—/~02<a<~01+-02

- two equilibriaif either
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4 -4
a=3
2 -4
0 : -
4
—2 4
fi
—4 L
Figure 7: Thecurves f; foro, = 9; o2 = 1.
i) —v/—01 — /=02 < a<max fi(z), or
i) —/—01++/—02 <a<+—0+/—02
- threeequilibriaif a > /=01 + /—03.
2b. o1 = 09 < 0 the game has
- no equilibrium if —v/—30 < a <0,
- oneequilibriumif a < —2y/—0,
- two equilibriaif —2y/—0 <a < —y/—-3cand0 < a < 2y/—o0,
- three equilibriaif a > 2v/—0. O

Example 4.8. Takea =3,b;, =7, =1,i=1,2,¢q1 = 9and g = 1. Then,

o1 =9 > 1= oy Furthermore, f3(z) —3 =2 -3 — V22 -9+ V22 -1 >

0, if z > 3. So, m>irg1 f3(z) > 3, and therefore —co < a < min f3(z). According
€T

Theorem 4.7, item 1a, the game has one feedback Nash equilibrium. In Fig. 7 one
can also see this graphically. O

Below we present anumerical algorithm to calculate all feedback Nash equilibria
of the two-player scalar game (20)—(21). This algorithm can be generalized for
the corresponding N-player scalar game (see[9]). The algorithm follows from the
next result.
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Theorem 4.9.
1. Assume that (k1,k2) is a feedback Nash equilibrium strategy. Then the
negative of the corresponding closed-loop system parameter A := —a +

S, sik; > 0 isan eigenvalue of the matrix

—a s1 sy 0

Mi—| @ @ 0 —s2
@2 0 a -5
0

1 1 1
392 391 30

(29)

[1, k1, ks, k1ko]T isacorresponding eigenvector and A2 > 0,42

2. Assume that [1, k1, k2, k3] is an eigenvector corresponding to a positive
eigenvalue \ of M, satisfying A\? > 0,,4., and that the eigenspace corre-
sponding with A has dimension one. Then, (k1, k2) isafeedback Nash equi-
librium. O

Algorithm 4.10. Thefollowing algorithm calculates all feedback Nash equilib-
ria of the linear quadratic differential game (20),(21).
1: Calculate matrix M in (29) and o := max; bz‘_“.
2: Cadculate the eigenstructure (\;, m;), i = 1, , k, of M, where )\; arethe
eigenvalues and m; the corresponding algebraic multiplicities.
3: For i =1,--- , k repeat the following steps:
3.1) If (i) \; € R;ii) A\; > 0 andiii) A? > o then proceed with Step 3.2 of
the algorithm. Otherwise, return to 3.
3.2) If m; = 1then
3.2.1) calculateaneigenvector v correspondingwith \; of M. Denotethe
entriesof v by [vg, v1,vo]". Calculate k; := 2 and f; := —%
Then, (f1, f») is a feedback Nash equilibrium and .J; = k;z3,
j =1,2.Returnto 3.
If m; > 1then
32.2) Calculateo; := %2,
3.2.3) For all 4 sequences (¢1,t5), t € {—1,1},
0] Calculate;gj =N iy /\3 —o0j,7=12.
i) Ifx =—a+ Z?Zlyj then calculate k; := %32 and f; :=

v
fﬂ Then, (f1, f2) is afeedback Nash equilibrium and .J; =
kjxd, j=1,2.
4: End of the algoritm. O

Example 4.11. Reconsider Example 3.9 where, fora = —2;b; = r;; = gl =1,
and ¢ = 4, ¢ = 1,2, we calculated the open-loop Nash equilibrium for an
infinite planning horizon. To cal culate the feedback Nash equilibriafor this game,
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according Algorithm 4.10, wefirst have to determine the eigenstructure of matrix:

21 1 0

1 -2 0 —1
M=1, 09 9 1
4 1 =2

0 3 35 7

Using Matlab, we find the eigenvalues {—2.6959, —1.4626 + 0.7625¢,2.9543}.
Since the square of 2.9543 is larger than o := 4, we have to process Step 3 of
the algorithm for this eigenvalue. Since its algebraic multiplicity is 1, we cal-
culate an eigenvector v corresponding with this eigenvalue 2.9543. Choosing
vl = [vg, v1, v v3] == [0.7768, 0.1355, 0.6059, 0.1057] yields

U1 V2

k1 :=— =0.1T44 and ky := — = 0.7799.
Vo Vo

This gives the feedback Nash equilibrium actions;

bik bo ke
L a(t) = —0.17442(t) and uy(t) = ——— g

ui(t) = —
1() 1 T2

(t) = —0.7799z(t).

The corresponding closed-loop system and cost are:
i(t) = —2.95432(t), ©(0) = xo; and J; = 0.1744x2, Jo = 0.779923.

Note that these cost almost coincide with the open-loop case. O

5 The Uncertain Non-cooperative Game

Dynamic gametheory bringstogether three featuresthat are key to many situations
in economy, ecology, and elsewhere: optimizing behavior, presence of multiple
agents, and enduring consequences of decisions. In this section, we add a fourth
aspect, namely robustness with respect to variability in the environment. In our
formulation of dynamic games, so far, we specified a set of differential equations
includinginput functionsthat arecontrolled by theplayers, and playersareassumed
to optimize a criterion over time. The dynamic model is supposed to be an exact
representation of the environment in which the players act; optimization takes
placewith no regard of possible deviations. It can safely be assumed, however, that
agentsin reality follow a different strategy. If an accurate model can be formed at
all, it will in general be complicated and difficult to handle. Moreover, it may be
unwiseto optimize on the basis of atoo detailed model, in view of possible changes
in dynamics that may take place in the course of time and that may be hard to
predict. It makes more sense for agents to work on the basis of arelatively simple
model and to look for strategies that are robust with respect to deviations between
the model and reality. In an economic context, the importance of incorporating
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aversion to specification uncertainty has been stressed, for instance, by Hansen et
al. [18].

In control theory, an extensive theory of robust design is aready in place; see,
e.g., Basar [6]. We use this background to arrive at suitable ways of describing
aversion to model risk in a dynamic game context. We assume linear dynamics
and quadratic cost functions. These assumptions are reasonable for situations of
dynamic quasi-equilibrium, where no large excursions of the state vector areto be
expected.

Following a pattern that has become standard in control theory, two approaches
can be considered. Thefirst oneis based on a stochastic approach. This approach
assumes that the dynamics of the system are corrupted by a standard Wiener
process (white-noise). Basic assumptions are that the players have access to the
current value of the state of the system and that the positive definite covariance
matrix does not depend on the state of the system. Basically, it turns out that under
these assumptions the feedback Nash equilibria also constitute an equilibrium in
such an uncertain environment. For that reason wewill not elaborate that case here
any further. In the second approach, a malevolent disturbance input is introduced
which is used in the modeling of aversion to specification uncertainty. That is, it
is assumed that the dynamics of the system are corrupted by a deterministic noise
component, and that each player has his own expectation about this noise. This
ismodeled by adapting for each player his cost function accordingly. The players
cope with this uncertainty by considering a worst-case scenario. Consequently,
in this approach the equilibria of the game, in general, depend on the worst-case
scenario expectations about the noise of the players.

In this section we restrict the analysis to the infinite-planning horizon case. We
will first consider the open-loop one-player case.

Consider the problem to find

inf  sup C>C{fzzT(t)Qx(t) +uT (t)Ru(t) — w” (t)Vw(t)}dt, (30)
u€Us 1y e 1,4(0,00) J0

subject to
#(t) = Ax(t) + Bu(t) + Ew(t), =(0) = zo, (31

where R > 0,V > 0 and A isstable.

This problem formulation originates from the H ., disturbance attenuation con-
trol problem and isin literature known (see [4]) as the soft-constrained open-loop
differential game. Since no definiteness assumptions were made in Sec. 2 w.r.t. the
matrices Q;, one can use the in that section obtained results directly to derive the
next result.

Corollary 5.1. Consider problem (30),(31). Let S := BR™'BT and M :=
EV~'ET. This problem has a solution for every initial state z if:
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1. The coupled algebraic Riccati equations
AP+ PLA+Q— PSP, — PLMP, = 0
ATPy + P A—Q — P,MP, — P,SP, = 0,

have a strongly stabilizing solution; and

2. Thetwo algebraic Riccati equations
ATK 4+ K1A - K1SK1 +Q = 0,
ATKy + Ky A — KoMKy — Q = 0,

have asymmetric solution K;, suchthat A — SK; and A — M K, are stable.
Moreover, aworst-case control for the player isu*(t) = —R™'BT P x(t).
The corresponding worst-case disturbance isw* (t) = —V 1 ET Pyx(t).
Here, z(t) satisfies the differential egquation;

#(t) = (A — 8P, — MPy)a(t): 2(0) = zo. O

In case one additionally assumes that () > 0, the above result simplifies even
further and one gets the next result. More results (and, in particular, converse
statements) on the soft-constrained open-loop differential game can be found in
[4, Section 4.2.1 and Theorem 9.6] and in [21] some preliminary results for the
multi-player case.

Corollary 5.2. Consider problem (30),(31). This problem has a solution for
every initial state x if the algebraic Riccati equations

ATP+PA+Q—-P(S—M)P=0and ATK + KA+ KMK +Q =0

have a solution P and K, respectively, suchthat A — (S — M)Pand A + MK
are stable.

Furthermore, aworst-case control for the player isu*(t) = —R~' BT Px(t).
The corresponding worst-case disturbance isw* (t) = V-1 ET Px(t).

Here, z(t) satisfies the differential equation

i(t) = (A— (S — M)P)x(t); z(0) = zo.

Moreover, J = xf Pxg. O

From the above corollary we infer, in particular, that if 2y = 0, the best open-
loop worst-case controller isu = 0, whereas the worst-case signal in that case is
w = 0. Thisindependent of the choice of 1/, under the supposition that the Riccati
equations have an appropriate solution. So if a stable system is in equilibrium
(i.e, g = 0), inthis open-loop framework the best reaction to potential unknown
disturbancesis not to react.

Next we consider the corresponding problem within a feedback information
framework. That is, consider
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&= (A+ BF)x + Ew, z(0) = xo, (32
with (A, B) stabilizable, F' € F and

J(F,w,z0) = / OO{xT(Q + FTRF)x — wl'Vwldt. (33
0

The matrices Q, R, and V' are symmetric, R > 0 and V' > 0. The problem is to
determine for each ¢y € R™ the value

inf  sup J(F,w,xzg). (34)
FE]:wELg(O,oo)

Furthermore, if thisinfimum isfinite, we like to know whether thereis a feedback
matrix I’ € F that achieves the infimum, and to determine all matrices that have
this property. This soft-constrained differential game can also be interpreted as a
model for asituation wherethe controller designer isminimizing the criterion (33)
by choosing an appropriate F' € F, while the uncertainty is maximizing the same
criterion by choosing an appropriate w € L1(0, o).

A necessary condition for the expressionin (34) to befiniteisthat the supremum

sup  J(F,w,xg)
we L3 (0,00)

isfinite for at least one F' € F. However, this condition is not sufficient. It may
happen that the infimum in (34) becomes arbitrarily small. Below we present a
sufficient condition under which the soft-constrained differential gamehasasaddie
point.

Theorem 5.3.  Consider (32)—(33) and let S and M be asdefined before. Assume
that the algebraic Riccati equation

Q+ATX + XA— XSX + XMX =0 (35)

has a stabilizing solution X i.e.,, A — SX + M X stable) and that, additionally,
A — SX isstable. Furthermore, assume that there exists areal symmetric n x n
symmetric matrix Y that satisfies the matrix inequality:

Q+ATY +YA-YSY >0. (36)

Define F' := —R™'BTX and w(t) := V'ET XeA~SXTMX)lg, Then the
matrix F belongs to F, the function w isin L3(0,00), and for all ' € F and
w € L3(0,00):

J(F,w,x0) < J(F,w,x0) < J(F,w,x0).

Moreover, J(F,w, zo) = ot Xxo. O
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If @ > 0, condition (36) istrivially satisfied by choosing Y = 0. Corollary 5.4,
bel ow, summarizes the consequences of Theorem 5.3 for problem (34).

Corollary 5.4. Let the assumptions of Theorem 5.3 hold and let X, F, and @ be
asin that theorem. Then,

min  sup J(F,w,z0) = max J(F,w,z0) =zl Xz
Fe]:wELg(O,OO) ( ) weL%(0,00) ( ) 0
and weILI};%(}){,oo)I;Ielg‘ J(F,w,xg) = qurpelgl_ J(F,w,x0) = xl X . O

Next we consider the multi-player soft-constrained differential game. That is, we
consider

a:(t) = (A + BlFl + BQFQ)l‘(t) + Ew(t), J)(O) = T, (37)

with (A, [Bl, BQD stabilizable, (Fl,Fg) e Fand Ji(Fl,Fg,w,xo) =
/ {27 (t)(Qi + F{ R F\ + FY RipF)x(t) — w” ()Viw(t)}dt.  (38)
0

Here the matrices Q;, R;;, and V; are symmetric, R;; >0, V; > 0, and
F = {(F1, F»)|A+ B1F1 + By Fy is stable}.

For this game we want to determine all soft-constrained Nash equilibria. That is,
tofindal (Fy, F») € F such that

sup Jl(Fl,Fg,w,zg) S sup Jl(Fl,FQ,’LU,I’()), V(Fl,FQ) S f
weL3(0,00) weL3(0,00)
(39)

and

sup JQ(Fl,FQ,w,xo) < sup Jg(Fl,FQ,w,xo), V(Fl,FQ) 6.7:,
weL3(0,00) weLL(0,00)
(40)
foral o € R™,

Because the weighting matrix V; occurs with aminus sign in (38), this matrix
constrains the disturbance vector w in an indirect way so that it can be used to
describe the aversion to model risk of player i. Specifically, if the quantity w” V;w
is large for a vector w € RY, this means that player i does not expect large
deviations of thenominal dynamicsinthedirection of Ew. Furthermore, thelarger
he chooses V;, the closer the worst-case signal he can be confronted with in this
model will approach the zero input signal (that is: w(.) = 0).
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From Corollary 5.4, asufficient condition for the existence of a soft-constrained
feedback Nash equilibrium follows in a straightforward way. Using the shorthand
notation

S;:= B;R;'B]',S;; :== B;R;;'R;;R;;' B, i # j, and M, :== EV, 'E”

70

we have the next result.

Theorem 5.5. Consider the differential game defined by (37)—(40). Assume
there exist real symmetric n x n matrices X;, ¢« = 1,2, and real symmetricn x n
matrices Y;, ¢ = 1,2, such that:

— (A= %X2)" X1 — X1(A— S Xs) + X151 X1 — Q1—

X051 X0 — X1 M1 X, =0, (41)
—(A- 81 X1)TXy — Xo(A - S1X1) 4 X259 X5 — Qo—
X181 X1 — XoMyXo =0, (42)
A— 51X — S9Xs + M Xqand A — S1 X1 — S5 Xo + My X5 are stable,
(43)
A — S1 X, — 55X, is stable (44)

— (A= S X2)TY1 = Vi(A = S2X2) + Y1$1Y1 — Q1 — X252 X2 <0, (45)
(A= X)TYs — Ya(A — $1X1) + YaSaYa — Qs — X1S12X1 < 0. (46)

Define F = (F1, Fa) by Fy := —R;;'BI' X;, i = 1,2.
Then F' € F, and F is a soft-constrained Nash equilibrium. Furthermore, the
worst-case signal w; from player i’s perspectiveis:

w(t) = Vi—lETXie(A—Slxl—SzX2+M,,X7-,)txO_

Moreover, the cost for player i under his worst-case expectations are:
jisc(ﬁl,Fg,l'o) = ngix(), 7= ]., 2.

Conversely, if (Fy, F») isasoft-constrained Nash equilibrium, the Egs. (41)—<(44)

have a set of real symmetric solutions (X7, X5). O

Again, notice that if Q; > 0, i = 1,2, and S;; > 0, i,j = 1,2, the matrix
inequalities (45)—(46) aretrivialy satisfied with Y; = 0, ¢ = 1, 2. So, under these
conditions the differential game defined by (37)—40) has a soft-constrained Nash
equilibrium if and only if the Egs. (41)—(44) have a set of real symmetric n x n
matrices X;, i = 1, 2.

Theorem 5.5 shows that the Eqgs. (41)—(44) play a crucia role in the question
whether the game (37)—(38) will have a soft-constrained Nash equilibrium. Every
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soft-constrained Nash equilibrium has to satisfy these equations. So, the question
arises under which conditions (41)—(44) will have one or more solutions and, if
possible, to calculate this (these) solution(s). This is a difficult open question.
Similar remarksapply hereasweremadein Sec. 4 for solving the corresponding set
of algebraic Riccati equationsto determinethefeedback Nash equilibria. But, again
for the scalar case, one can devise an agorithm to calculate all soft-constrained
Nash equilibria. This algorithm is in the spirit of Algorithm 4.10 and will be
discussed now.

Asinin Sec. 4, we will consider here just the two-player case under the sim-
plifying assumptions that b; # 0 and players have no direct interest in eachothers
control actionsi.e., S;; = 0, ¢ # j). For more details and the general V-player
case, we refer again to the literature ([9], [12]). Again, lower-case notation will
be used to stress the fact that we are dealing with the scalar case. For notational
convenience let €2 denote either the set {1}, {2}, or {1, 2}. Furthermore, let:

Py
Ti = (Si + Mi)Gis Tmae = MaxXT;, p; i= ————, (47
7 Si +my;
S;—m;
vi=—14+2p; == Zand'yg::—lJrQE Di-
Si My i€Q

With some small abuse of notation for afixed index set €2, v will aso be denoted
without brackets and comma's. That is, if eg., 2 = {1, 2}, v isaso written as

Y12-
An analogous reasoning as in Theorem 4.9 gives the next Theorem.

Theorem 5.6.
1. Assumethat (x1, x2) solves(41),(42),(44) and ; # 0, i = 1,2,12.
Then A := —a + Zle s;x; > 0 isan eigenvalue of the matrix

—a S1  So 0

P1q1 a 0 __S2
— V1 71 Y1 .
M = P292 0 a __S1 9 (48)
2 Y2 V2

0 P292 pi1q1 a
Y12 Y12 Y12

(1,21, 29, 122]7 isacorresponding eigenvector and A% > 7,4,

2. Assumethat [1,x1, 79, 23]7 is an eigenvector corresponding to a positive
eigenvalue \ of M, satisfying A2 > 7,42, and that the eigenspace corre-
sponding with A has dimension one. Then, (x1, x2) solves (41),(42),(44). O

Using this result we can calculate soft-constrained feedback Nash equilibria by
implementing the next numerical algorithm.

Algorithm 5.7. Lets; := ’;—2 and m; := 3—2 Assume that for every index set €2,
~va # 0. Then, the following agorithm calculates all solutions of (41),(42),(44).
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1: Calculate matrix M in (48) and 7 := max(s; + m;)g;.
2: Calculate the eigenstructure (\;, n;), zZ: 1,---,k,of M, where \; arethe
eigenvalues and n; the corresponding algebraic multiplicities.
3: For i =1,--- , k repeat the following steps:
3.1) If (i) \; € R;ii) \; > 0 andiii) A? > 7 then proceed with Step 3.2 of
the algorithm. Otherwise, return to 3.
3.2) If n; = 1then
3.2.1) calculateaneigenvector z correspondingwith \; of A/. Denotethe
entries of z by (20, 21, 20]". Calculate z; := 22, Then, (1, 22)
solve (41),(42),(44). Return to 3.
If n; > 1then
3.2.2) Cdculater; := s;q;.
3.2.3) For all 4 sequences (t1,t2), tx € {—1,1},
(i) cdculate y; := N + t;—=2—/A? — 0y, j = 1,2.

J si+m;
2
ii)If A = —a+) _ y;thencalculater; := . Then, (w1, z2)
j=1
solves (41),(42),(44).
4: End of the agorithm. O

Example 5.8. Reconsider Example 3.9. That is, consider the two-player scalar
gamewitha = -2, b; =e=1,ry=1,v; =5, i=1,2,¢q1 = 1,and g2 = 4.

To calculate the soft-constrained Nash equilibria of this game, we first determine
all solutionsof (41),(42),(44). According Algorithm 5.7, wefirst have to determine

the eigenstructure of the next matrix:

2 1 1 0
-1/8 5/2 0  5/4
-1/2 0  5/2 5/4

0 —4/42 —1/42 20/42

M =

Using Matlab, we find that M has the eigenvalues {2.4741, .5435,2.2293 +
0.7671:}. Since none of the positive eigenvalues squared is larger than = = 40,
the game has no equilibrium.

Next, consider the case v; = 2. In that case, numerical computations show that
M has the eigenvalues {—6.8522, —5.67222, —1.7290, 3.0535}. The only posi-
tive eigenvalue which is squared larger than 7 = 6 is A = 3.0535. So we have
to process Step 3 of the algorithm for this eigenvalue. Since this eigenvalue has
a geometric multiplicity of one, there is one solution satisfying (41),(42),(44).
From the corresponding eigenspace one obtai ns the sol ution tabul ated below (with
agq = a — s1xl — soxy = —eigenvalue):
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eigenvalue | (z1,x2) Aol +miTy | Qe + MoTs
3.0535 (0.1954,0.8581) | -2.9558 -2.6244

From the last two columns of this table we see that the solution satisfies the
additional conditions (43). Since ¢; > 0, and thus (45),(46) are satisfied with
y; = 0, it follows that this game has one soft-constrained Nash equilibrium. The
with this equilibrium corresponding equilibrium actions are:

uy(t) = —0.19542(t) and u5(t) = —0.8581x(t).

Assuming that theinitial state of the systemis x(, the worst-case expected cost by
the playersare J; = 0.195422 and J; = 0.8581x3, respectively.

Compared to the noise-free case we see that player one’s cost increases by
12.75% and player two incurs a cost increase of 10.97%. O

6 Concluding Remarks

In this paper we reviewed some main resultsin the area of linear quadratic differ-
ential games. For didactical reasons, the results were presented for the two-player
case. The exposition is based on [9] where one can find also additional results
for the N-player case, proofs, references, and a historical perspective for further
reading. In particular, this book also contains results on convergence properties of
the finite planning horizon equilibriain case the planning horizon is extended to
infinite. An issue that has not been addressed here.

For the cooperative game, one can find an extension of results from Sec. 2 to
more general cost functions (like, e.g., indefinite @; matrices) in [14].

For the non-cooperative game, results generalizing on the cost functions consid-
ered here can be found for the open-loop information case in more detail in [10].
For the feedback information case in [13]: the existence of equilibriawas consid-
ered if players can not observe the state of the system directly and use static output
feedback to control the system.

A review on computational aspects involved with the calculation of the various
equilibria can be found in [16], whereas [15] describes a numerical toolbox that
is available on the web to calculate the unique open-loop Nash equilibrium for an
infinite planning horizon.

For the infinite planning horizon case both in the open-loop and the feedback
information case, the number of equilibria the game may have can vary between
zero and infinity. Theorem 3.7 presents both necessary and sufficient conditions
under which the game has a unique equilibrium for the open-loop information
case. An open problem is whether one can aso find for the feedback information
case conditions that are both necessary and sufficient for the existence of aunique
equilibrium. Under such conditions the numerical calculation of this equilibrium
isthen possible using one of the algorithms proposed in the literature as described,
e.g., in[16].
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Severa special casesof LQ differential gameshavebeen consideredin literature.
We like to mention here two cases where also recently new numerical resultswere
reported.

First, the set of weakly coupled large-scal e systemshas been studied extensively by,
e.g., Mukaidani in anumber of papers (see, e.g. [23]). Thisare systemswhere each
player controls aset of states which are only marginally affected by other players.
So, the corresponding LQ game almost equals an ordinary optimal LQ control
problem. It can be shown that under the assumption that the coupling between the
various “subsystems' is marginal the LQ game will have a unique equilibrium.

In [3], the set of positive systems has recently been considered. That is, the case
that both the state and used controls should be positive at any point in time. In
this paper conditions are stated under which such a system has an equilibrium and
some algorithms are devised to calculate an equilibrium.

We hope this survey convinced the reader that the last decennia progress has
been madein the theory about linear quadratic differential gamesand that there are
many challenges|eft in thisareafor research. We would not be complete, if we did
not mention the following important references that contributed to this research
during the last decennium: Feucht [17], Weeren [29], Basar and Bernhard [4],
Basar and Olsder [5], Kun [21], van den Broek [7], and Kremer [20].
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Abstract

In this paper, the optimal control problems of “minmax” type, governed by
parabolic equations with the second control on the boundary (Neumann condi-
tion), are considered. We apply a new dual dynamic programming approach to
derive sufficient optimality conditions for such problems. The idea is to move
all the notions from a state space to a dual space and to obtain a new verifica-
tion theorem providing the conditions which should be satisfied by a solution
of the dual partial differential equation of dynamic programming. We also give
sufficient optimality conditions for the existence of an optimal dual feedback
control.

Key words. Dual dynamic programming, dual feedback control, parabolic
equation, dynamic game, Neumann boundary control, verification theorem.
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1 Introduction
Consider the following optimal control problem (P):

min,, max, J(z,u,v) = / L(t, z,x(t, 2), u(t, 2))dtdz
(0,7]x2

—5—/91(x (T,2))dz +/Eh(t,z,v(t,z))dtdz
subject to
xe (t,2) + At z) = f(t, z,2(t,2),u(t,z)) a.e.on [0,T] xQ, (1)

x(0,2) =¢(0,2) on £, )
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Opx(t,z) =v(t,z) on (0,T) x T, 3)
u(t,z) € U a.e. on (0,7) x Q, 4)
v(t,z) € V on (0,T) x T, (5)

where Q0 C R™, is bounded with C? boundary I' = 99, 9,, is the normal derivative
tol',U C R™,andV C Raregivennonemptysets; L, f : [0, T]xQxRx R™ —
RI:R— Rh:[0,T]xQOxR— R,andp : R**! — Raregiven functions; z :
[0,T]xQ — R,z € W22([0, T)|xQ)NC([0, T); L?(Q))and u : [0, T|xQ — R™
v:[0,T] xT" — R are Lebesgue measurable functions in suitable sets. We assume
that for each s in R, the functions (¢, z,u) — L(t, z, s,u), (¢, z,u) — f(t, 2, s,u)
are (L x B)-measurable, where L x B is the o -algebra of subsets of [0, T] x Q x R™
generated by products of Lebesgue measurable subsets of [0, 7] x 2 and Borel sub-
setsof R, and foreach (¢, z,u) € [0, T]xQx R™,thefunctionss — L(t, z, s, u),
s — f(t, z,s,u) are continuous. Moreover, we assume that (¢, z,v) — h(t, z,v)
isBorel measurablein [0, T x Q2 x V. We call atrio x (¢, z), u(t, z), v(t, z) admissi-
ble if it satisfies (1)—(5) and L(t, z, 2(t, ), u(t, 2)), h(t, z,v(t, z)) and L (z (T, z))
are summable; then the corresponding trajectory x(¢, z) is said to be admissible.
In this paper, we assume that system (1)—(5) admits at least one solution belonging
to W22((0,T) x Q)N C([0,T]; L*(Q)).

The aim of this paper is to present “minmax” sufficient optimality conditions for
problem (P) in terms of dynamic programming conditions directly. In the literature,
there is no work in which problem (P) is studied directly by the dynamic program-
ming method. The only results known to the author (see, e.g., [1]-[12], [14], [16],
and references therein) treat problem (P) as an abstract problem with an abstract
evolution equation (1) with one control and later derive from abstract Hamilton-
Jacobi equations the suitable sufficient optimality conditions for problem (P).
We propose an almost direct method to study (P) by a dual dynamic program-
ming approach following the method described in [17] for the one-dimensional
case and in [10] for the multidimensional case. We move all notions of dynamic
programming to a dual space (the space of multipliers) and then develop a dual
dynamic approach together with a dual Bellman-lsaacs equation and, as a conse-
quence, sufficient optimality conditions for (P). We also define an optimal dual
feedback control in the terms of which we formulate sufficient conditions for opti-
mality. Such an approach allows us to weaken significantly the assumptions on
the data. This paper was motivated first by the paper [15] where minimax con-
trol of parabolic systems with Dirichlet boundary conditions is investigated from
the point of view of existence of solutions. The second motivation is the follow-
ing. It is well known that each Hamilton-Jacobi equation can be considered as the
fundamental equation (Isaac equation) for the corresponding differential game.
This is why many results for Hamilton-Jacobi equation can be interpreted in the
framework of differential games and, conversely, many results and methods of dif-
ferential games have their applications in Hamilton-Jacobi equation. We briefly
sketch how the control « appears in (1) in a game theory framework. Let an initial
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position (¢, -, x (o, -)) be given and a function U :[tg, 7] x Q@ x R — U and a
division © = {tg =190 < 11 < ... < Tr+1 = T}. The control u we define as:

U(t, ) = U(Tiv '7':6(713 ))7 7 <1< Ti+1s 1= Oa la ey k7 (6)

together with arbitrarily control v(¢,z) € V on (0,T) x I'. Both controls define,
by (1)—(5), a trajectory with initial condition x (¢, -) = xo(-). Denote this solution
by x (t,-, to, x0, U,v,0), t € [to, T]. Usually it is called a movement position
and the set of all movement positions is extended to a set X (o, zg, U, ©) of all
solutions of (1)-(5) (x € W22([to, T] x Q) N C([te, T); L*(2))) with v € coV
and « defined by (6). Of course,

{‘T (t7'7t07x07U7U7@)7 te [t07T] IS Ll((O,T) X F)} - X(to,l’o,U,@) '
Now, let us put
X (to, z0, U) = LIMgjam(e)—0X (to, 20, U, ©),

where
diam(0) = max{(r;41 — 1) : 1 =0,1,....k}.

The set X (o, x0, U) contains elements which are limits « (¢,-), t € [to,T] of
sequences z; (+,-) € X (tg,x0,U,0;), Il = 1,2,..., where diam(0;) — 0 if
I — oo. Having that, the function U :[to, T] x Q2 x R — U is called a positioning
strategy and elements of X (¢, zo, U) limit movements. Following this way, we
come to the theory of differential positioning game and value function (for min,,
max, J(z,u,v)) satisfying suitable Hamilton-Jacobi Equation (see, e.g., [18],
[19], [13] compare [4]).

2 A Dual Dynamic Programming

First we describe the idea of a dual dynamic approach to optimal control prob-
lems governed by parabolic equations with the second control on the boundary.
Let us recall what dynamic programming means. We have an initial condition
(to, xo(to, 2)), z € € for which we assume that we have an optimal solution
(Z, @, v). Then by necessary optimality conditions there exists a conjugate function
p(t,z) = (°,9(t, 2)) on [0, T] x © being a solution to the corresponding adjoint
system (see, e.g., [6], [12]). The element p = (y°,y) plays a role of multipliers
from the classical Lagrange problem with constraints (with the multiplier 3° cor-
responding to the functional, the y to the constraints). If we perturb (¢g, (), then,
assuming that the optimal solution exists for each perturbed problem, we also have
a conjugate function corresponding to it. Therefore, making perturbations of our
initial conditions we obtain two sets of functions: optimal trajectories = and corre-
sponding to them conjugate functions p. The graphs of optimal trajectories cover
some set in a state space (t, z, ), say a set X (in the classical calculus of variation
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it is called a field of extremals), and the graphs of the conjugate functions cover
some set in a conjugate space (¢, z, p), say a set P (in classical mechanics it is
called the space of momentums). In the classical dynamic programming approach
we explore the state space (¢, z, x), i.e., the set X (see, e.g., [1]), but in the dual
dynamic programming approach we explore the conjugate space (the dual space)
(t,z,p),1.e., theset P (see [17] for the one-dimensional case and [10] for the mul-
tidimensional case). It is worth noting that although in elliptic control optimization
problems we have no possibilities to perturb that problem, it is still possible to
apply dual dynamic programming (see [11]). It is natural that if we want to explore
the dual space (¢, z, p) then we need a mapping between the set P and the set X:
P> (tzp) — (t,z2(t 2 p)) € X to have a possibility to formulate, at the end
of some consideration in P, any conditions for optimality in our original prob-
lem as well as on an optimal solution z. Of course, such a mapping should have
the property that for each admissible trajectory x(¢, z) lying in X we must have a
function p(¢, z) lying in P such that =(¢, z) = Z(¢, z, p(¢, 2)). Hence, we conduct
all our investigations in a dual space (¢, z, p), i.e., most of our notions concerning
the dynamic programming are defined in the dual space including a dynamic pro-
gramming equation which becomes now a dual dynamic programming equation.

Therefore, let P C R"*3 be a set of the variables (¢,z,p) = (¢,2,9°v),
(t,2) € [0,T) x Q,y° <0,y € R. Leti : P — R be a function such that for
each admissible trajectory x(t, z) there exists a function p(t, 2) = (y°,y(t, 2)),
p € W22([0,T] x Q), (t,2,p(t, 2)) € P satisfying

x(t,z) = z(t, z,p(t, 2)) for (¢,2) € [0,T] x Q. 7

Now, let us introduce an auxiliary C? function V (¢, z, p) : P — R such that for
(t,z,p) € P the following condition is satisfied:

V(t, z,p) = y'Vyo(t,z,p) + yVy(t, z,p) = pVjp(t, 2, p), (8)

V.Vt z,pv (2) = y'V.Vp(t, 2, p)v(2), 9)
for (t,z) € [0,T] x 09, (t,z,p) € P,

where v(+) is the exterior unit normal vector to 92 and VV (¢, z, p) denotes the
gradient of the function = — V(¢, z,p). Condition (8) is a generalization of
transversality condition known in classical mechanics as the orthogonality of the
momentum to the wave front. Condition (9) has the same meaning but taken on
the boundary. Similarly, as in classical dynamic programming, define at (¢, p(-)),
where p(-) = (g°,4(-)) is any function p € W>2(Q), (¢,2,p(z)) € P, adual
value function Sp by the formula

Sp (t,p(+)) := inf, sup, {—go f[t,T]xQ L(r,z,2(7, 2),u(r, 2))drdz
(10)
5 fol (@ (T2)) dz = 0 [, gy, 0 BT 200, z))dez} ,
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where the supremum (infimum) is taken over all admissible pairs x(7, -), v(t, -),
T e [t,T], (x(r,-), u(r,-), T € [t,T]) satisfying:

x(t,z) = &(t, z,p(z)) for z € Q, (11)

0,2 (t,z,p(z)) = v (t,z) for z € 09, (12)

i.e., whose trajectories start at (¢,Z(¢,-,p(-)) and for which there exists such
a function p(r,2) = (3%, y(7,2)), p € W22([t,T] x Q) N C([t, T); L*(2)),
(1,2,p(1,2)) € P, that z(r, 2) = Z(r, 2, p(7, 2)) for (,2) € (t,T) x Q and

y(t,z) = g(z) for 2 € Q. (13)

Then, integrating (8) over €, for any function p(z) = (y°,y(2)), p € W22(Q),
(t,z,p(2)) € P, such that z(-, -) satisfying x(t, z) = Z(t, z,p(z)) for z € Q,is
an admissible trajectory, we also have the equality

Jo V(t, z,p(2)dz + [5, V-V (L, 2,p(2))v(2)dz
(14)
= - f@g y(Z)Vf(t, Z,p(Z))l/(Z)dZ - Sp (t,p ())
with

/ @OVyo (t,z,p(z))dz + 7° V. Vyo(t, z,p(2))v(z)dz = =Sp (t,p(-)),

and assuming that z(¢, z,p(z)) = —V,(t, z,p(z)) for (¢,2) € [0,T] x Q,
(t,z,p(z)) € P.Denote by the symbol Ak the sum of the second partial deriva-
tives of the function » : P — R with respect to the variable z;, ¢ = 1, ...,n, i.e,,

ALh(t,z,p) == Z;l (0%/022) h(t, 2,p). (16)

It turns out that the function V' (¢, z, p) being defined by (14), (15) satisfies the
second-order partial differential equation

‘/t(ta Z7p) + sz(ta va) + H(t’ Z7 _Vy(t7 Zap)7p) = 07 (17)
where

H(t,Z,l‘,p) = yOL(t,Z,x,u(t,z,p))+yf(t,z,x,u(t,z,p)), (18)
HE(taZ7p) = yoh(t7zav(t7z7p))

and u(t, z, p), v(t, z, p) are optimal dual feedback controls, and the dual second-
order partial differential equation of multidimensional dynamic programming
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(DSPDEMDP)
SupuGU {‘/f(ta va) + sz(ta Z,p)

+yOL(7‘7 2, _Vy(ta va)a u) + yf(ta 2 _Vy(tv Z7p)7 U’)} = O' (19)
infvEV{fvzv(t? Z’p)l/(Z) + yoh’(ta Z,’U)} = 0'
(t,z) € (0,T) x 9, (t, z,p) € P.

Let us note that the function Z(¢, z, p), introduced a little bit artificially at the

beginning of this section, is defined in fact by —V,, (¢, z, p), where V" is a solution
to (19), i.e., knowing the set P and V,, we are able to describe the set X in which our
original problem we need to consider. The assumption that the auxiliary function
V(t,z,p) is of C2 is important in this paper and we cannot weaken it. However,
we would like to stress that it is only an auxiliary assumption and it is not put on
a value function which in our case need not to be even continuous.
Remark. We would like to stress that the duality which is sketched in this section
is not a duality in the sense of convex optimization. It is a new nonconvex duality,
first described in [17] and next developed in [10], for which we do not have the
relation sup(D) < inf(P) (D means a dual problem, P a primal one). But instead
of it we have other relations, namely (8) and (14), which are generalizations of
transversality conditions from classical mechanics. If we find a solution to (17)
then checking the relation (8) for concrete problems is not very difficult.

3 A Verification Theorem

The most important conclusion of dynamic programming is a verification theorem.
We present it in a dual form according to our dual dynamic programming approach
described in the previous section.

Theorem 3.1.  Let@(t, 2),u(t, 2), (t,2) € [0,T] x Q, v(t, 2), (t,2) € (0,T) x
99, be an admissible trio. Assume that there exists a C? solution V' (¢, z, p) of
DSPDEMDP (19) on P such that (8), (9) hold. Let further p(t, z) = (¥°,%(t, 2)),
p € W22([0, T xQ)NC([0, T); L*(Q)), (¢, 2,B(t, z)) € P beafunctionsuchthat
Z(t,z) = =V, (t, z,p(t, 2)) for (¢t,z) € [0,T] x Q,0(t, z) = =0, Vy (L, z,p(t, 2))
for (¢,2) € (0,T) x 992. Suppose that V' (¢, z, p) satisfies the boundary condition
for (T, z,p) € P,

7 /Q Voo (T, 2, p)d= = 7° /Q L(~V, (T, 2, p)) d=. (20)

Moreover, assume that:
V;t(ty z,ﬁ(t, z)) + sz<t7 Z,T)(t, z)) + yoL(tv 2, —V;/(t, Z,ﬁ(t, Z))7 ﬂ(t’ Z))
+y(t, 2) f(t, 2, =V (¢, 2,B(t, 2)),u(t, z)) = 0, for (¢, 2) € (0,T) x Q,

— (V) V(t,2,p(t, 2))v(z) + y°h(t, z,0(t,2)) = 0, for (t,z) € (0,T) x O9.
(21)
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Then, z(t, ), a(t, 2), (t,2) € (0,T) x Q,0(t, 2), (¢, z) € (0,T) x 9, is an opti-

mal trio relative to all admissible trios z(¢, z), u(t, z), (¢, z) € [0,T] x &, v(t, 2),
(t,z) € (0,T) x 99, for which there exists a function p(¢,z) = (7°,y(t,2)),
p e W22([0,T] x Q)N C([0,T); L3(2)), p € L*([0,T] x 99Q), (¢, 2,p(t,2)) €
P, such that z(t,z) = —V,(t,z,p(t, 2)) for (t,z) € [0,T] x Q, v(t,z) =
-0, Vy(t, z,p(t, z)) for (t,z) € (0,T) x 9 and
y(0,2) =5(0,2) for z € Q, (22)
y(t,z) = 7y(t, z) for (t,z) € [0,T] x ON. (23)

Proof. Let z(t, z), u(t,z), (t,z) € [0,T] x Q,3(t,2), (t,2) € (0,T) x 09,
be an admissible trio for which there exists a function p(t,z) = (7°,y(t, 2)),
p € W22([0,T] x ) N C([0,T]; L*(Q)), p € L*([0,T] x 9Q), (t, 2, p(t, 2)) €
P, such that z(t,z) = —V,(t,2,p(t, 2)) for (t,z) € [0,T] x Q, v(t,z) =
-0, Vy(t, z,p(t, z)) for (t,z) € (0,T) x 02 and (22), (23) are satisfied. From
the transversality conditions (8), (9), we obtain that for (¢, z) € [0,T] x €,

Vi (t, z,p(t, 2)) + A V(t,z,p(t, 2))
=7° [(d/dt) Vo (t, z,p(t, 2)) + A V,o(t, 2,p(t, 2))] (24)
y(t, 2) [(d/dt) Vit (2, 2)) + AVt 2,p(t, )]
and for (¢,2) € (0,T) x 09,
(V) V(t, z,p(t, 2))v () (25)
= 7" (V) Vi, 2,p(t, 2))v(2).

Since z(t, z) Vy(t, z,p(t, z)), for (t,z) € [0,T] x €, (1) shows that for

(t,2) € [0,T] x Q

(d/dt) Vi (t, z,p(t, 2)) + A Vy(t, z,p(t, 2))

= —f(t, 2, =Vy(t, 2,p(t, 2)), ult, 2))

and boundary control (3) shows that, for (¢, z) € (0,T) x 09,
—0,Vy(t, z,p(t, 2)) =0(t, 2).

(26)

Now define a function W (¢, z, p(¢,z)) on P by the following requirement for
(t,z) € [0,T] x Q,

W (t,z,p(t,2)) =° [(d/dt) Vyo(t, 2,p(t, 2)) -
+AVyo(t,z,p(t, 2)) + L(t, z, =V, (t, 2, p(t, 2)), u(t, z))]

and for (¢,z) € (0,T) x 99,
W(t, z,p(t,2)) = =5° (V2) Vyo (L, 2, p(t, 2))v (2)
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+7°h(t, 2,5(t, 2)).
We conclude from (24)-(27) that for (¢, z) € [0,T] x Q,

W(t,z,p(t,2)) = Vi (t,2,p(t, 2)) + AV (t, 2, p(t, 2))

+yOL(t, 2, _‘/y(ta va(tv Z))v u(t7 Z))

+y(t, Z)f(t, 2, _Vy(t’ va(tv Z))a u(t’ Z))
and for (¢,2) € (0,T) x 09,

W(t7 Zap(tv Z)) = (vz) V(t’ Zap(t7 Z))V (Z)
+5°h(t, 2,T(t, 2));
hence, by (19) and (29), that
W(t,z,p(t,z) <0 for (¢,2) € [0,7] x Q

and by (23),
W (t,z,p(t,z) =0 for (¢t,z) € (0,T) x 9

and finally, after integrating (31) and applying (27), that
P Jio.ryxa [(d/d) Vi (¢, 2,p(t, 2)) + divV Vo (t, 2, p(t, 2))] dtdz
< =T Joorya Lt 2, 2(t, 2), u(t, 2))dtdz.
Similarly, in the set (0,7") x 92 we have:
7° f[O,T]xBQ (V2) Vo (t, z,p(t, z))v(z)dtdz
=7 f[OT won Mt 2,0(t, 2))dtdz.

Thus from (33), (20), (22), (23) and by the Green formula it follows that:

7 [ [1(=V, (T, 2,p(T, 2))) = Vo (0, 2, 7°, 5(0, 2))] d=
+7" f[o,T] (for VaVio (t, 2,5°,5(t, 2))v(2)dz) di
<7 Joryxa L(t, 2, 2(t, 2), ult, 2))dtdz.

So by (35) and (34) we get:

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

—7° [ V4o (0,2,7°,7(0, 2))dz < -7 f[OT]XQ (t,z,x(t, 2),u(t, z))dtdz

7 [ Ua(T,2)dz — 7 f[o T)x00 Pt 2,0(t, 2))dtdz.

(36)
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In the same manner, applying (21) and (29) we have:
W(t,z,p(t,z) =0 for (¢,2) € [0,T] x Q (37)

and
W (t,z,p(t,z) =0 for (¢,2) € (0,T) x 9.

Now from (37), (27), (20), and the Green formula we have:

7 f[o ] (fo0 V=Vio(t, 2,5°, (t, 2))v(2)dz) dt
~7° [, Vi (0, 2,5°,7(0, 2))dz (39)
y f[O,T]xQ L(t, 2,%(t, 2),u(t, 2))dtdz = 5° [ UT(T, 2))dz=.

Combining (36) with (38) gives

-7 f[o T]XQL(t 2,@(t, 2),u(t, z))dtdz —7 fQ (T, 2))dz
Of[o %00 h(t, z,0(t, 2))dtdz < -7 f[o T]XQL(t z,x(t, 2), u(t, z))dtdz
—7° o Uz(T, 2))dz — f[o T)xa0 Mt 2,0(t, 2))dtdz,

(39)
which gives the right-hand side of the inequality for saddle point.

Starting at the beginning of the proof with an admissible trio x(t, z),u(t, z),
(t,2) €10, T)xQv(t, 2), (¢, 2) € [0,T] x 9Q, instead of z:(¢, z), u(t, 2), (£, 2) €
[0,T]x Q,T(t, 2), (t, z) € [0, T] x 052, and following the same way as above with
the inequality for » in (19), we come to the second inequality we need for saddle
point;

7’ f[o,T]xQL(t7Z7x(tvz) u(t, Z))dtdz — 70 [ U(z(T, 2))dz

-7 f[o %09 h(t, z,v(t, 2))dtdz < — f[o )% L(t, z,%(t, 2),u(t, z))dtdz
—° [, UE(T, 2))dz — f[o T)x00 Pt 2,0(t, 2))dtdz.
(40)
O

4 An Optimal Dual Feedback Control

In practice, a feedback control is more important than a value function. It turns
out that the dual dynamic programming approach allows one to also investigate a
kind of a feedback control which we call a dual feedback control. Surprisingly, it
can have better properties than the classical one— now our state equation depends
only on the parameter and not additionally on the state in a feedback function,
which makes the state equation difficult to solve.
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Definition 4.1.  Apairof functions @ = u(t, z, p), from P of the points (¢, z, p) =
(t,2,9% ), (t,2) € (0,T)xQ,y° <0,y € R,intoU and &(¢, z, p) from a subset
P of those points (¢, z,p) = (t, z,4°,y), (t,2) € (0,T) x 99, (t,2,p) € P, into
V is called a dual feedback control, if there is any solution Z (¢, z, p), (¢, z,p) € P,
of the partial differential equation

zi(t,z,p) + Aza(t, z,p) = f(t, 2, 2(t, 2, p), ult, 2,p)) (41)
satisfying Neumann boundary condition
0,%(t,z,p) =0 (t,z,p) on (0,T) x T, (¢t z,p) € P,

such that for each admissible trajectory x(¢, z), (¢,z) € [0,T] x £, there exists
a function p(t,z) = (4, y(t.2)), p € W22([0,T] x ) N C([0,T); L*()),
p € L%([0,T] x 99Q), (¢, 2, p(t, z)) € P, such that (7) holds.

Definition 4.2. A dual feedback control @(¢, z, p), ©(t, z, p) is called an opti-
mal dual feedback control, if there exist a function Z(t, z,p), (¢, z,p) € P, cor-
responding to u(t, z, p), v(t, z,p) as in Definition 4.1, and a function p(¢,z) =
(1,3t 2)), B € W22([0.T] x Q) 0 C((0,T); @), p € L2([0,T] x 99),
(t,2,p(t,2)) € P,(t,2,Dp(t, z)) € P,suchthatdual value function S, (see (10)) is
defined at (t,p(t -)) by U(T z,p), v(T, z, p) and corresponding to them Z (7, z, p),
(1.2,p) € P, € [t,T], .

Sp(t,p(t,-)) =
—7° f[t T]xQ L(r, 2,2(7, 2,p(T, 2)), (T, 2,B(7, 2)) ) )dTd=
—7° [, L (®E(T, 2,B(T, 2))) dz — y° f[t,T]x@Q h(t,z,0(7, 2,0(7, 2)))drdz
(42)
and, moreover, there is V (¢, z, p) satisfying (8) and (9) for which V. satisfies the
equality
7 / Vyo(t, 2, plt, 2))d= + 7 / (V) Vi (£, 2, B(t, ) (2)dz
Q o0

= —Sp(t,p(t,)) (43)

and V,, satisfies

Vy(t,z,p) = —Z(t,2,p) for (t,2) € (0,T) x Q,(t,2,p) € P, (44)
Vy(t,z,p) = —0,T(t,z,p) for (t,z) € (0,T) x 0%, (t,z,p) € P.

The next theorem is nothing more that the verification theorem formulated in
terms of a dual feedback control.

Theorem 4.1.  Let u(t, z,p), ©(t, z,p) be a dual feedback control in P. Sup-
pose that there exists a C2 solution V (¢, z, p) of DSPDEMDP (19) on P such
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2) € W22([0,T] x Q) N

that (8) and (20) hold. Let B(t,z) = (7° ), P
t z)) € P be afunction such that
n

Y,

C([0,T]; L*()), p € L*([0,T] x 09), (¢, 2, (¢,
(Z(t, 2),u(t, z)), where T(t, z) = Z(t,z,p(t,2)) and w(t, z) = u(t, z,p(t, 2)),
(t,z) € [0, T] x Q, 0(t,2) = v(t, z,B(t, 2)), (t,2) € (0,T) x 92, is an admis-
sible trio with Z(¢, z, p), (¢, z, p) € P, corresponding to u(t, z,p), 0(t, z,p) asin
Definition 4.1. Assume further that V,, and V0 satisfy:

Vy(t,z,p) = —Z(t,z,p) for (t,z,p) € P, (45)

Vy(t,z,p) = —0,&(t,z,p) for (t,z) € (0,T) x 0%, (t,2,p) € P,

7 Jo Vio (t, 2,B(t, 2))dz

+7° fOT (faﬂ ) Vo (t, 2,50, 9(t, 2))v(z )dz) dt

46
=7 f[O,T]xQL(t’Z’f(t z,D(t, 2)),u(t, z,p(t, z)))dtdz (46)

0 70 Jo LE(T, 2,B(T, 2))) dz
= Jio.1yx00 It 2, 0(t, 2, B(¢, Z)))dtdz

Then(t, z,p), v(t, z, p) is an optimal dual feedback control.
Proof. Take any function
p(t,2) = (@ y(t,2)), p € WH*([0,T] x @) N C([0, T}; L*(R)),

p € L*([0,T] x 99Q), (t, z,p(t, 2)) € P,

such that z(t, z) = T(¢t, 2, p(t, 2)), u(t, z) = u(t, z, p(t, 2)), (t,2) € (0,T) x Q,
u(t, z) =0(t, z,p(t, 2)), (¢, 2) € [0, T] x 98, is an admissible trio and (22), (23)
hold. By (45), it follows that (¢, z) = =V, (¢, z,p(t, 2)) for (t,z) € [0,T] x Q.
As in the proof of Theorem 3.1, (46) gives:

T Jio.11x0 Lt 2, T(t, 2, B(t, 2)), Ult, 2, B(t, 2)))dtdz
—7° Jo L& (T, 2,p(T, 2))) dz — ° Jo.11x00 Mt 2,0(t, 2, B(t, 2)))dtdz <

~T° Joo.rywa Lt 2. T(t, 2,p(t, 2)), (L, 2, p(t, 2))dtdz

70 o L@(T, 2. (T 2))dz — 0 [ 1100 it 2, (L, 2, B(t, 2))didz,
(47)
and similarly,

~T° Joo.ryw L(t, 2. T(t, 2,p(t, ), A(t, 2, B(t, 2)))dtdz
—7° Jo L (@& (T, z,p(T, 2))) dz — 3° f[O,T]xE)Q h(t,z,0(t, 2z, p(t, 2)))dtdz <

=T° Joo.ry Lt 2. T(t, 2,B(t, ), A(t, 2, B(t, 2))dtdz
fQ T z p T Z)))dz - yO f[07T]><89 h(taZaﬁ(tzaﬁ({;’z)))dtd’z'
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We conclude from (47) that:

5p(0,p(0-)) =
—7 f[o T]XQL(t 2,%(t, 2,p(t, 2)),u(t, z,0(t, 2)))dtdz
—° [, L (E(T, 2,B(T, 2))) dz — y)° f[O,T]x@Q h(t,z,0(t, 2, p(t, z)))dtdz

(48)
and it is sufficient to show that w(¢, z, p), T(t, z, p) is an optimal dual feedback
control, by Theorem 3.1 and Definition 4.2. O
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Abstract

In this paper we review some recent results on non-cooperative and semi-
cooperative differential games. For the n-person non-cooperative games in
one-space dimension, we consider the Nash equilibrium solutions. When the
system of Hamilton-Jacobi equations for the value functions is strictly hyper-
bolic, we show that the weak solution of a corresponding system of hyperbolic
conservation laws determines an n-tuple of feedback strategies. These yield a
Nash equilibrium solution to the non-cooperative differential game.

However, in the multi-dimensional cases, the system of Hamilton-Jacobi
equations is generically elliptic, and therefore ill posed. In an effort to obtain
meaningful stable solutions, we propose an alternative “semi-cooperative” pair
of strategies for the two players, seeking a Pareto optimum instead of a Nash
equilibrium. In this case, the corresponding Hamiltonian system for the value
functions is always weakly hyperbolic.

Key words. Non-cooperative differential games, Nash equilibrium, system of
Hamilton-Jacobi equations, hyperbolic system of conservation laws, BV solu-
tions, optimal control theory, discontinuous ODE, ill-posed Cauchy problem.

AMS Subject Classifications. Primary 91A23, 49N70, 93B52, 35L65;
Secondary 91A10, 49N90, 49N35, 49120, 34A36.

1 Introduction

In this paper we review some recent results on non-cooperative differential games.
Non-cooperative games provide a mathematical model for the behavior of two
or more individuals, operating in the same environment with different (possibly
conflicting) goals. In the case of n players, the evolution of the system is governed
by system of differential equations of the form

n
B(t) =) filww),  a(r)=y. (1)
i=1
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Here the real-valued map ¢ — w;(t) is the control implemented by the i-th player.
Together with (1) we consider the payoff functionals:

Ji = Ji(ryy,un, . un) = gi(x(T)) — / hi(z(t), u; (b)) dt, (2

Notice that (2) is the sum of a terminal payoff g;, depending on the state of the
system at the final time 7', and of a running cost h;, incurred while implementing
the control u;. The goal of the i-th player is to maximize J;.

To see an example in economy, one can consider n.companies which are planning
to sell the same type of product. Let x;(¢) be the market share of the i-th company at
time ¢. This can change in time, depending on the level of advertising (u1, . . ., u,)
chosen by the various companies. At the final time 7" when the products are being
sold, the payoff .J; of the i-th company will depend on its market share «,;(T") and
on its total advertising cost, as in (2).

A major step toward the understanding of non-cooperative games with several
players was provided by the concept of Nash non-cooperative equilibrium, intro-
duced by J. Nash [26]. Roughly speaking, a set of strategies (U7, ..., U) consti-
tutes a Nash equilibrium if, whenever one single player modifies his strategy (and
the other players do not change theirs), his own payoff will not increase. This con-
cept was first formulated in the context of static games, where no time-evolution is
involved. It is natural to explore the relevance of Nash equilibria also in connection
with differential games.

Results on the existence of Nash equilibrium solutions for open-loop strategy
can be found in [17,32]. In this case, each player has knowledge only of the initial
state of the system. His strategy is thus a function of time only, say u; = U;(t).

In this paper, we analyze the existence and stability of Nash equilibrium strate-
gies in feedback (closed-loop) form. Here, the players can directly observe the
state x(¢) of the system at every time ¢ € [0, T'], therefore their strategies depend
on x. More precisely, an n-tuple of feedback strategies

u; = Ul (t,x), i=1,...,n,

is called a Nash equilibrium solution if the following holds. For each 4, if the i-th
player chooses an alternative strategy U, while every other player j # i sticks to
his previous strategy U, then the i-th payoff does not increase:

Ji(r,y, U U UL Uy, U
S Ji(T7y7Uf7"'a i*—laUL’*7 z?k-‘,-la"'ath)'

Therefore, for the i-th player, the feedback strategy u;, = U (t, x) provides the
solution to the optimal control problem

T
3%§{gi<x<T>> -/ hxx(t),ui(t))dt} , ®
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in connection with the system

&= filw,w) + Y fi(@,Uj(t,2)). (4)
J#i

Assuming that the dynamics of the system and the payoff functions are suffi-
ciently regular, the problem can be attacked using tools from P.D.E. theory. As in
the theory of optimal control, the basic objects of our study are the value functions
V;. Roughly speaking, V;(,y) denotes the payoff expected by the i-th player, if
the game were to start at time 7, with the system in the state «(7) = y. As shown
in [17, p. 292], these value functions satisfy a system of first order partial differ-
ential equations with terminal data:
%Vi + H;(x,VV,...,VV,) =0, Vi(T,z) = gi(x), i=1,...,n. (5)

In the case of a two-person, zero-sum differential game, the value function is
obtained from the scalar Bellman-Isaacs equation [17]. The analysis can thus rely
on comparison principles and on the well-developed theory of viscosity solutions
for Hamilton-Jacobi equations; for example, see [2]. In our case, one has to study
a highly nonlinear system of Hamilton-Jacobi equations. Previous results in this
direction include only particular examples as in [3,13,14,27].

In the one-dimensional case, differentiating (5) one obtains a system of conser-
vation laws for the gradient functions p; = V; .., namely:

pie + Hi(x,p)s = 0. (6)

Under the assumption on strict hyperbolicity (which is discussed in more detail
in Sec. 2 the known results on systems of conservation laws can be applied. The
theorem of Glimm [19] or its more general versions [4,21,24] provide then the
existence of a global solution to the Hamilton-Jacobi equations for terminal data
g; whose gradients have sufficiently small total variation.

The Nash feedback strategies can then be recovered from the gradients of the
value functions. Establishing the optimality of this feedback strategy is a non-
trivial task due to lack of regularity. In Sec. 2, we prove the optimality by using
the special structure of solutions of hyperbolic systems of conservation laws.

However, when the state space is multi-dimensional, the corresponding system
of P.D.E’s is generically not hyperbolic, and the Cauchy problem is not well posed.
In Sec. 3, we study in detail a particular one-dimensional example where hyper-
bolicity fails, and construct a family of unstable, highly oscillatory solutions. Our
conclusion is that the concept of Nash equilibrium is not appropriate for the study
of feedback strategies for differential games in continuous time. Indeed, solutions
are extremely sensitive to small perturbations of the data, so that the mathematical
model has no predictive power.

To readdress the situation, one possibility is to introduce some stochasticity in
the system; see [18,25] and the references therein. The presence of random inputs,
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in the form of white noise, has a well-known stabilizing effect since it transforms
the system into a parabolic one. Another possibility, explained in more detail in
Sec. 3, is to allow some degree of cooperation among the players. As proved by
Smale in connection with the repeated prisoner’s dilemma [31], even if the players
do not communicate with each other, over a period of time they can devise strategies
converging to a Pareto optimum. In the setting of differential games we prove that,
if these semi-cooperative strategies are implemented, then the system of P.D.E’s
for the value functions turns out to be always hyperbolic, at least in a weak sense.
Partial cooperation thus removes the most severe instabilities found among Nash
non-cooperative equilibrium solutions.

2 Feedback Nash Equilibrium to Non-Cooperative
Differential Games

Consider a differential game for n players in one space dimension, with the simple
form:

P=fo+Y w,  2(r) =y ®

Here the controls u; can be any measurable, real-valued functions, while f, € IR
is a fixed constant. The payoff functionals are given by:

T
Ji = Ji(rs gt sun) = gi(2(T)) — / s (t)) dit @

A key assumption, used throughout the paper, is that the cost functions h; are
smooth and strictly convex, with a positive second derivative

82
The Hamiltonian functions H; are thus defined as follows. By (3), for any
j =1,...,nandany given gradient vector p; = VV; € IR™, there exist a unique

optimal control value 7 (p;) such that:

pj - uj(py) = hy(u(py)) = max{p; - w — hy(w)} = é;(p;) 4)
Then
Hi(p1,-..,pn) = pi- f0+Zuj(pj) — hi(u; (pi))- ®)

The corresponding Hamilton-Jacobi equation for V; takes the form

‘/i,t+Hi(‘/1,:C7"'7‘/n,l’) 207 (6)
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with data given at the terminal time ¢ = T

In turn, the gradients p; = V; , of the value functions satisfy the system of
conservation laws with terminal data
o pit 2o Hi )=0. nlTa) = g ©
8tpL BCE i\P1y--+3Pn) =Y, Pi ) _gL .

In recent years, considerable progress has been achieved in the understanding of
weak solutions to hyperbolic systems of conservation laws in one-space dimension.
In particular, entropy admissible solutions with small total variation are known to
be unique and depend continuously on the initial data [7,8]. Moreover, they can
be obtained as the unique limits of vanishing viscosity approximations [4]. We
apply these new results to prove the existence and stability of Nash equilibrium
solutions, in the context of differential games.

The key question is whether this system of conservation laws admits a solution.
Moreover, is this solution unique? How is it affected by small perturbations of the
data? Classical P.D.E. theory provides conditions under which the Cauchy problem
is “well posed”, i.e., it admits a unique solution depending continuously on the
initial data. The basic requirement is that the system should be hyperbolic. For a
given system of P.D.E’s, hyperbolicity amounts to an algebraic condition on the
matrices of coefficients and can be checked in practice.

2.1 Hyperbolicity conditions

Now we describe the hyperbolicity conditions for the system of conservation
laws (8). The Jacobian matric A(p) of this system, with entries A;; = 0H,/0p;,
takes the form:

i opigly pidy - piol
P2l & padl - pagll

Alp) = | Ps¢) psdy & - pagy | ©)
pnqslll pn¢'2/ pnd)g z

where ¢ (p;) is defined in (4) and ¢/ (p;) = — (1 (u}(p;))) " is always negative.
The system (8) is strictly hyperbolic at a point p = (py, ..., py) if the Jacobian
matrix A(p) has n real distinct eigenvalues. Our first result provides a sufficient
condition for this to happen.

Lemma2.1. Assumethat all componentsp;,i = 1,...,n, have the same sign.
Moreover, assume that there are no distinct indices # j # k such that:

pidi = piP] = prdy. (10)
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Then the system (8) is strictly hyperbolic at p. Moreover, all eigenvalues \;(p) of
the matrix A(p) satisfy the inequality:

Xilp) # & = f0+2u;(pj) i=1,...,n. (11)
J

We note that if all the p; have the same sign, the eigenvalues will be real. The
further condition (10) ensures that they are all distinct. If this condition fails, say,
we have p;_1¢]_ | = pid] = pit14],, then —p;¢} becomes a multiple zero of
det(B—AI). Inthis case, the system of conservation laws is only called hyperbolic
(not strictly hyperbolic). Furthermore, from (11), the characteristic wave speeds
A; are all different from the speed & at which the state of the system changes. For
a proof of the above result, see [10]. We mention that, in the case of two-player
games, the condition p1p2 > 0 is also necessary for the strict hyperbolicity of
the system. However, one can give an example of a three-player game, where the
system (8) is strictly hyperbolic even without py, p2, p3 having all the same sign.

2.2 Solutions of the hyperbolic system

Next, assume that the system of conservation laws (8) is strictly hyperbolic in
a neighborhood of a point p* = (p7,...,p%). In this case, assuming that the
terminal conditions have small total variation, one can apply the following theorem
(cf. [4,7,8,19]) and obtain the global existence and uniqueness of a weak solution.

Proposition 1.  Assume that the flux function # : IR™ ~ IR" is smooth and
that, at some point p*, the Jacobian matrix A(p*) = DF(p*) has n real distinct
eigenvalues. Then there exists 6 > 0 for which the following holds. If

[P() =Pl <6,  TotVar{p} <4, (12)
then the Cauchy problem
pe+H(p)z =0,  p(0,z)=p(z) (13)

admits a unique entropy weak solution p = p(t, =) defined for all ¢ > 0, obtained
as the limit of vanishing viscosity approximations.

2.3 Optimal trajectory; solutions of a discontinuous O.D.E.

In general, a weak solution of the hyperbolic system of conservation laws (8)
uniquely determines a family of discontinuous feedback controls U = U/ (¢, z).
Inserting these feedback controls in (1), we obtain the O.D.E. for the optimal
trajectory:

(1) = fo+ Y ui(pi(t,2)), (1) = y. (14)

i=1
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Note that the right-hand side of this ODE is discontinuous, due to the discontinuities
in the feedback controls U;” = U/ (¢, ). In spite of this, the solution of the Cauchy
problem (14) is unique and depends continuously on the initial data, thanks to the
special structure of the BV solutions of hyperbolic systems of conservation laws.
Indeed, every trajectory of (14) crosses transversally all lines of discontinuity in
the functions p,. Because of the bound on the total variation, the uniqueness result
in [6] can thus be applied. We explain the ideas below.

First, we observe that the solution p = p(t,x) of (8) has bounded direc-
tional variation along a cone T", strictly separated from all characteristic directions.
Indeed, by assumption, the matrix A(p*) has distincteigenvalues A7 < A\ < --- <
Ar. By continuity, there exists € > 0 such that, for all p in the e-neighborhood

Q={p p—pl<e}h
the characteristic speeds range inside disjoint intervals
Xi(p) € A7, AT (15)

77

Moreover, if p—,p™ € QF are two states connected by a j-shock, the speed
Aj(p~,p*) of the shock remains inside the interval [}, /\j].
Now consider an open cone of the form

I'={(t,z); t>0, a </t <b}. (16)

Following [6], we define the directional variation of the function (¢, z) — p(t, )
along the cone I" as:

N
sup {Z Ip(ti, ;) —p(ti17$¢1)|} ) (7)
i=1
where the supremum is taken over all finite sequences (to, o), (t1, 1), - - -, (tn, TN)
such that:
(t; —ti—1,x; —x;—1) € foreveryi=1,...,N; (18)

see Fig. 1. The next lemma shows that the weak solution p = p(t, =) has bounded
directional variation along a suitable cone I.

Lemma2.2. Letp = p(t,z) bean entropy weak solution of (13) taking values
inside the domain Q7. Assumethat A\, , < a < b < A, for some k. Then p has
bounded directional variation along the coneI" in (16).

See [10] for a detailed proof. Together with " we now consider a strictly smaller
cone, say,

IM"={(tx);t>0,d <z/t <V}, (19)
witha < @’ < o’ < b. Astandard theorem in real analysis states that a BV function
of one real variable admits left and right limits at every point. An analogous result
for functions with bounded directional variation is proved in [10].
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Figure 1: Directional variation along the cone I".

Lemma 2.3. Letp = p(¢,x) be a function with bounded directional variation
along the cone T in (16), and consider the smaller cone IV < T in (19), with
a < a <b <b. Thenateverypoint P = (¢, z) there exist the directional limits:
+ - d - - 3

pT(P)= Q%Rheriper,p(Q), p (P)= QﬁpﬁhprngF,p(Q). (20)
Now, due to the transversality condition and the bound on directional total

variation, the result in [6] can be applied, providing the uniqueness and continuous
dependence of trajectories of (14). We refer to [10] for more details.

2.4 Optimal feedback strategies

We see that from the gradients of the value functions one can recover the Nash feed-
back strategies for the various players. To obtain an existence result for solutions of
differential games, one has to show that, for each single player, the feedback strat-
egy corresponding to the solution of the Hamilton-Jacobi system actually provides
the optimal solution to the control problem (3)-(4). We remark that, if the value
functions V; were smooth, the optimality would be an immediate consequence of
the equations. The main technical difficulty stems from the non-differentiability
of these value functions.

In the literature on control theory, sufficient conditions for optimality have been
obtained along two main directions. On one hand, there is the “regular synthesis”
approach developed by Boltianskii [5], Brunovskii [12], and Sussmann and Pic-
coli [29]. In this case, one typically requires that the value function be piecewise
C! and satisfy the Hamilton-Jacobi equations outside a finite or countable number
of smooth manifolds M. On the other hand, one can use the Crandall-Lions the-
ory of viscosity solutions, and show that the value function is the unique solution
of the Hamilton-Jacobi equation in the viscosity sense [2].
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None of these approaches is applicable in the present situation because of lack
of regularity, for both the value functions and the system itself. Indeed, each player
now has to solve an optimal control problem for a system whose dynamics (deter-
mined by the feedbacks used by all other players) is discontinuous. Our proof of
optimality strongly relies on the special structure of BV solutions of hyperbolic
systems of conservation laws. In particular, the solution has bounded directional
variation along a cone I" bounded away from all characteristic directions. As a
consequence, the value functions V; always admit a directional derivative in the
directions of the cone I". For trajectories whose speed remains inside I, the opti-
mality can thus be tested directly from the equations. An additional argument,
using Clarke’s generalized gradients [15], rules out the optimality of trajectories
whose speed falls outside the above cone of directions. The following Theorem is
proved in [10].

Theorem 2.1. Consider the differential game (1)—(2), where the cost functions
h; are smooth and satisfy the convexity assumption (3). In connection with the
functions ¢, at (4), let p* = (p7,...,p}) be a point where the assumptions of
Lemma 2.1 are satisfied. Then there exists & > 0 such that the following holds. If

llgi — pfllLe <6, Tot.Var.{gi(-)} <, i=1,...,n, (21)

then for any 7' > 0 the terminal value problem (8) has a weak solution p :
[0,T] x IR ~ IR". The (possibly discontinuous) feedback controls U (¢, x) =
u’(p;(t,x)) implicitly defined by (4) provide a Nash equilibrium solution to the
differential game. Thetrajectoriest — x(t) depend Lipschitz continuously on the
initial data (7, y).

It is interesting to observe that the entropy admissibility conditions play no role
in our analysis. For example, a solution of the system of conservation laws consist-
ing of a single, non-entropic shock still determines a Nash equilibrium solution,
provided that the amplitude of the shock is small enough. There is, however, a
way to distinguish entropy solutions from all others that is also in the context of
differential games. Indeed, entropy solutions are precisely the ones obtained as
vanishing viscosity limits [4]. They can thus be derived from a stochastic differ-
ential game of the form

dx = Zfz(z,uz) dt + € dw,

i=1

letting the white noise parameter ¢ — 0. Here, dw formally denotes the differential
of a Brownian motion. For a discussion of stochastic differential games we refer
to [18].
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3 Semi-Cooperative Differential Games
3.1 Lack of hyperbolicity in vector cases

Unfortunately, though strict hyperbolicity can usually be found in one-space
dimension, it is not the case in higher-space dimensions. When the state of the
system is described by a vector x € IR™, m > 2, the system of Hamilton-Jacobi
equations (5) for the value functions is generically not hyperbolic. For the reader’s
convenience, we recall here some basic definitions.

The linear multidimensional system with constant coefficients

3] - 3]
EU—FO;AO(%’U_O (l)
is said to be hyperbolic if, for each vector &€ = (&3,...,&y,) € IR™, the matrix
A©) =D ada )

admits a basis of real eigenvectors [30]. We shall say that (1) is weakly hyperbolic
if all the eigenvalues of A(¢) are real, for every € € IR™.
Next, given a point (z,p) = (2, p1, . ..,pn) € RITM™ with

x GBm7 Di :V:E‘/z = (pila"'7pim) ER’"L B

consider the linearized system

81}1' 8H1 8vj - -
5 +Z{6pja(x,p1,...7pn) '8:%_0 i=1,....n, (3

Jro
where all derivatives are computed at the point (z, p). This is equivalent to (1), with

(Ao = Gt apre ). @)
We now say that the system in (5) is hyperbolic (weakly hyperbolic) on a domain
Q € RY™M™ if, for every (z,p) € €, the linearized system (3) is hyperbolic
(weakly hyperbolic, respectively).

To understand why the hyperbolicity condition fails, in a generic multi-
dimensional situation, consider, for example, a two-player game on IR™. In the
scalar case, we have seen that the 2 x 2 system of Hamiton-Jacobian equations
is not hyperbolic if the gradients of the value functions have opposite signs. In
the multidimensional case, whenever VVi, VV, € IR™ are not parallel to each
other, we can find a vector £ such that VV; - £ < 0and VVa, - £ > 0; see Fig. 2.
In this case, the eigenvalues of the corresponding matrix A(¢) in (2) and (4) are
complex, and the system is called elliptic.
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Figure 2: Hyperbolicity fails generically in multi-space dimensions.
3.2 llI-posedness of the Cauchy problem

When the system is not hyperbolic, the Cauchy problem (5) isill posed. See [16,23]
for recent discussion on this subject. Here we show a brief analysis on how vanish-
ing viscosity approximations can fail to converge to a well-defined solution. For
more details, see [11].

Consider a two-persons non-cooperative differential game in one-space dimen-
sion, with the simple dynamics

T =uy +uz, z(r) =y, ®)
and payoff functionals
T ,2
Uy .
Ji = Ji(Tyy,u1,uz) = gi(x(T)) —/ édt 1=1,2.

Here, u; is the control implemented by the i-th player, while g; is his terminal
payoff. Let V7, V5 be the corresponding value functions, and call p; = V; , and
pe = Vs, their spatial derivatives. The corresponding optimal feedback control
u; for the ¢-th player is

uj (p;) = arg max {pi - w—(W?/2)} =pi, (6)
and the Hamiltonian functions are

H;(p1,p2) = (p1 + p2)pi — p2/2, 1=1,2.

Therefore, p = (p1,p2) satisfies a 2 x 2 system of conservation laws, solved
backward in time

pi,t + Hi(php?)z = 07 pl('r?T) = glyfl’(ir) .

Setting 7 = T — ¢, and still using ¢ as time variable, we obtain a more standard
Cauchy problem, to be solved forward in time:

{ pre— (P1/2+ pip2)a =0,

()
P2t — (p§/2 +p1p2)z - 07
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with the initial data

p1(0,2) = g1..(2), P2(0,2) = g2..(2). (8)

The system (7) can be written in quasi-linear form:

— A(p)p, =0 Alp) = p1+p2 D1 . 9
b~ Al =0, W= (T ©

The eigenvalues of the matrix A(p) are real if pyps > 0, and complex if p;ps < 0.
Throughout the following, we focus our attention on solutions with pyps < 0,
so that hyperbolicity fails. As a first step, we add a small viscosity and consider

the parabolic system
pi — AWP°)p; = ePse - (10)

This system is related to a stochastic differential game with dynamics
dz = (u1 + ug)dt + e dw

where w denotes a standard Brownian motion, as in [18]. Observe that p° =
(p5, p5) provides a solution to (10) if and only if

pe(t,x) = p(t/e, z/e),

where p = (p1, p2) solves the system with unit viscosity

{ Pit — (p%/z +plpZ)r = Plzx (11)

P2t — (p%/Q +p1p2)w = P2,zx -

To achieve an understanding of solutions of (10), it thus suffices to study the
system (11). An interesting class of solutions of (11) are the traveling waves,
having the form p(t,z) = P(x — ot). The function P : IR ~ IR* must then
satisfy the second-order O.D.E.

P" = —[A(P) + oI]P, 12)

where A = DH is the Jacobian matrix in (9) and I denotes the 2 x 2 identity
matrix.
Integrating equation (12) once, we obtain:

P'=(H(P)+oP)— (H(P)+0oP),
where P = (py,p2) is some constant vector. We are particularly interested in
periodic solutions of the O.D.E.:
{ Py = (p1p2 + 3/2) — (pip2 + p1/2) — o(p1 — P1) 13)
phy = (P1p2 + D3/2) — (pip2 + p3/2) — o(p2 — P2),
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taking values inside the elliptic region where pyps < 0. Linearizing (13) at the
equilibrium point (py, p2), one gets:

(14)

2y =—(p1+p2+0)z —Prze,
2y = —paz1 — (P1 + P2 +0)22.

Notice that, if one chooses o = & = —p; — p2, then the two eigenvalues

AL, A2 = —(p1 + P2 +0) £iv/-p1p2
are purely imaginary. By the Hopf bifurcation theorem [28], for every § > 0
sufficiently small there exists a value ¢ = o(d) ~ & such that the corresponding
system (14) has a periodic orbit passing through the point (5, + §, p2).

In this way, we obtain a family of periodic orbits for the system (13), depending
on the parameters p1, p2, and 8. If s — (p1(s), p2(s)) is any such orbit, then

(p1(t,2), p2(t, 7)) = (p1(2 — at), pa(a — at)) (15)

yields a solution of the parabolic system (11) in the form of a periodic traveling
wave. In turn, the functions

(o o) = (n (7). (7)) a9)

provide a solution to the system (10) with small viscosity.
We now recall that, by (6), the corresponding dynamic of the system is:

. « " xr — ot T — ot
#(0) =i +us =p () +pa(F).

In our construction,

pL+tp2RpL+P2 #F OR —PL— P2 .

As the viscosity parameter ¢ — 0+, along each trajectory the controls (uj, u3) =
(p5, p5) are periodic functions of time with fixed amplitude and with period
approaching zero. Because of this oscillatory behavior, there is no strong limit
in L. Yet, a weak limit exists and can be represented in terms of Young mea-
sures [30]. These oscillatory limits can now be interpreted as chattering feedback
controls. The limit trajectories cover the whole -2 plane. They all have the same
constant speed, determined by the weak limit of pj + p5.

A further analysis in [11] shows that these viscous traveling waves have almost
the same instability properties as the constant states.
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3.3 Transition from Nash equilibrium to a Pareto optimum

The eventual conclusion of our analysis is that, except for the one-dimensional case,
the concept of Nash non-cooperative equilibrium is not appropriate to study games
with complete information, in continuous time. The highly unstable nature of the
solutions makes it impossible to extract useful information from the mathematical
model.

In the literature, various approaches have been proposed, to overcome this basic
difficulty. Following [3], one can study a special class of multi-dimensional games,
with linear dynamics and quadratic cost functionals. In this case, the system of
Hamilton-Jacobi equations (5) may be ill posed, but one can always find a unique
solution within the set of quadratic polynomial functions. An alternative strategy
is to add some random noise to the system. This leads to the analysis of a stochastic
differential game [18,25], with dynamics described by

dx:f(xvulv---7un)dt+€dw R

where dw is the differential of a Brownian motion. The corresponding system
describing the value functions is now parabolic, and admits a unique smooth solu-
tion. However, one should be aware that, as ¢ — 0, the solutions become more
and more unstable and may not approach a well-defined limit.

An entirely different approach was proposed in [11], where the authors explored
the possibility of partial cooperation among players. To explain the heart of the
matter, we first observe that the Hamiltonian functions at (5)—(4) are derived from
the following instantaneous optimization problem. Given p,...,p, € IR™, the
i-th player seeks a control value u; which maximizes his instantaneous payoff:

Y =p;- (f0+zuj> — hi(u;) . a7)
J

In the case of two players, the set of possible payoffs (Y7,Y>) attainable as
(u1,u2) € IR*™ corresponds to the shaded region in Fig. 3. The Nash equilibrium
strategy produces the payoffs at N, and corresponds to the Hamiltonian in (5)—(4).

In this context, it is interesting to examine alternative strategies for the two play-
ers, resulting in different Hamiltonian functions. If full cooperation were possible,
then the players would simply choose the strategy that maximizes the sum Y; + Y5
of the two payoffs, i.e., the point C in Fig. 3. In this case, u1, us can be regarded
as components of one single control function. The optimization problem thus fits
entirely within the framework of optimal control theory. The only additional issue
arising from the differential game is the possible side payment that one of the
players should make to the other, to preserve fairness.

Alternatively, the players may choose strategies w1, us corresponding to a Pareto
optimum P. See [1] for basic definitions. In the case where the two players
cannot communicate and are not allowed to make side payments, their behav-
ior can still drift away from a Nash equilibrium and approach a Pareto optimum
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Figure 3: From Nash equibrium to Pareto optimal.

which improves both of their payoffs. For a game modeling an iterated prisoner’s
dilemma, in [31] Smale introduced a class of “good” strategies, which induce the
other player to cooperate. Asymptotically for large times, the outcome of the game
thus drifts away from the Nash equilibrium, approaching a Pareto optimum. It is
remarkable that these strategies do not require any direct communication among
the players. These same ideas are appropriate also in continuous time.

Real life situations where such transition happens can often be observed. For
example, you were invited to a party. You went there, and it turned out to be very
boring. You wished you could leave but it would look bad if you were the first
to leave, so you stayed. Many of the other guests were having the same thoughts
as you, and they stayed also. This is a Nash Equilibrium of this non-cooperative
game. You were not discussing with other guests about leaving, but everybody had
the same intention. Then, if someone eventually got up and approached the host,
many other guests would join him, so the first person would not look bad to be the
first one to leave. So, suddenly everyone was leaving. This is a Pareto optimum.
The key in the transition is the willingness of each player to cooperative, even
though without actual cooperation.

A full description of such transition in differential games can be found in [11].
To illustrate the main ideas, let (U{V, UY) and (Y;", Y5V) be the Nash strategies
and the gains for two players, respectively, and let (U¥, UL) and (Y7, YS) be
the strategies and gains with some Pareto optimum that both players think is fair,
respectively. A strategy is called a good strategy for player 1 if the following three
conditions hold.
(C1) If the gain of the first player is smaller than what he gets by playing the Nash
strategy, then he leans back toward U}V
(C2) If the second player is gaining more than his due profit Y37, then the first
player should again lean back toward UJ".
(C3) If the second player is cooperating, then the first player should approach the
Pareto strategy.

Notice that the first two conditions say that player 1 should play “tough” when-
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ever the other player is taking advantage of him. The last condition implies that
he should play “soft” when the game goes in his favor or when the other player is
cooperating.

For a given Pareto optimum (U{, UL, the definition of a good strategy for
player 2 is completely analogous. One can now envision a situation where each
player adopts a partially cooperative strategy, based on the behavior of the other
player. In [11], we showed that if both players adopt good strategies, then the
outcome of the game will approach the Pareto optimum.

3.4 A smart anti-cheating strategy

Assume that the first player adopts a good strategy, expecting the payoffs
(Y{£,YE). 1tis possible for the second player to “out-smart” him and gain more
than his fair share Y. Indeed, assume p1,p, > 0, and two players are semi-
cooperating, so the system is moving toward the Pareto optimum P. See Fig. 4.

B

Y2

Figure 4: A possible “cheating cycle” by player 2.

At a point D, close to P, player 2 can quickly change his control, moving close to
the Nash equilibrium. The payoffs (Y7, Y5) will move from Y'P to Y ¥, favoring the
second player. Of course player 1 doesn’t like it, and will move towards his Nash
equilibrium. As a consequence, the payoff of the second player will now decrease.
When the payoffs reach a point Y'¥ such that ;£ = Y3, player 2 decides to
cooperate again, setting his control back to U, reaching the pointing G. Now the
new payoffs (Y,©, Y,*) are in favor of the first player, so he decides to cooperate,
and the system is moving toward the Pareto optimum. The whole cycle can then
be repeated.

Notice now, in this cycle, player 2 can make the transition from D to E, and
from F to G very quickly. Along the arc from E to F, player 2 gains more than his
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fair share Y7, while along the arc from G to D, player 2 gains less than Y. If the
time spent along the first arc is longer compared with the time spend on the latter,
his strategy will be profitable in a long run.

Based on this analysis, player 1 could design his counter-strategy, making it a
smart anti-cheating one. In order to discourage the above behavior, player 1 should
quickly go back to his Nash strategy when the other player is not cooperating, and
approach the Pareto optimum slowly in the cooperative case. In other words, if
player 2 tries to cheat, player 1 should not be too quick in restoring cooperation.
By doing so, the gain of player 2 in the long run will not be more than his fair
share 3. Again, see [11] for details.

3.5 Weak hyperbolicity of the semi-cooperative games

If, for any given p1, po, the players choose control values w;(p;, p2) which yield
some Pareto optimum, we say that their strategy is semi-cooperative. When these
strategies are implemented, the value functions will satisfy a different system of
Hamilton-Jacobi equations.

Consider a two-person game with the dynamic

T =uy + usy .
The instantaneous gain functionals Y7, Y5 become:
Y1(p1,p2,ur,u2) = p1- (u1 +uz) — hi(uy),
Yo (p1,p2,ut,uz) = p2 - (u1 + uz) — ha(us).

Let UF (p1, p2, s) denote the Pareto optimum that maximizes the combined payoff
sY7 + Y5 for some s > 0, and let’s write

}/ip(pl7p27s) = le (p17p27 Ulp(plap27 8)7 U2P(p17p275)) .

Assume that the players adopt feedback strategies of the form

ur = ui(p1,p2), uz = ui(p1,p2) ,
then the value functions V7, V5 will satisfy the system of Hamilton-Jacobi equations
Vig+ Hi(Va Vi, Vo Va) =0,
{ Vo + Ho(Vi V1, ViVa) =0,

with
Hl(p17p2) :Yl(plvp?aUf{(plvp?)v“é(plvp?))7
Hy(pi,p2) = Ya(p1,p2, ui(p1,p2), us(p1,p2)) -

A remarkable fact, proved in [11], is that the above system is always weakly
hyperbolic for a very general class of strategies . (p1, p2), under the only assump-
tion that they achieve Pareto optima (Y;*,Y5). In particular, this includes the
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semi-cooperative strategy (uj,u3) = (U{,UZL") considered in this paper. This
means that the Jacobian matrix of the Hamiltonian functions has real (possibly
coinciding) eigenvalues. The result is true for both one-dimensional and multi-
dimensional cases. This looks promising in connection with the Cauchy prob-
lem (5) for the value functions. Indeed, our semi-cooperative solutions will not
experience the severe instabilities of the Nash solutions. It is thus expected that
some existence theorem should hold in greater generality.
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Abstract
Pursuit-evasion gameswith simplemotion on bounded surfacesin 3D space,
like ellipsoids of revolution or two-sided plane ellipses, are considered. In each
case, we state the existence conditions for singular trajectories and specify
the domain of problem parameters where the optimal phase-portrait does not
contain singular trajectories and is similar to the case of Euclidean plane.
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1 Introduction

In this paper we consider differential games on bounded 2D manifolds in 3D
Euclidean space like ellipsoids of revolution or two-sided plane ellipses. Dynam-
ics is simple. This means that the players control their velocity by choosing its
value and direction. The constraints on the control parameters are symmetric and
spherical. The game payoff function is the time required to the pursuer to cap-
ture the evader. Thus, we study here pursuit-evasion games with simple dynamics
and zero capture radius. Moreover, both players have complete information on the
position of each other at each moment of time.

Differential games on various surfaces (manifolds) have been the subject of
investigation in a number of publications. In [1], a pursuit-evasion game on the
plane has been formulated in the presence of obstacle (two shipsin a seawith a
circular island). Its complete solution has been obtained later in [2,3]. The dif-
ferential games on 2D manifolds in the Euclidean space have been investigated
lately: in[4]-[8] (on cone, hyperboloid of revolution), in [9] (on multidimensional
spheres), in [10] (on two-sided plane figures). Some review of such gamesone can
findin[11].

Note that the motion of players along the same shortest geodesic lineis an opti-
mal onein the greater part of the game space (called primary domain). Generaly, a
secondary non-empty domain can also exist. Starting at the points of the secondary

P. Bernhard et al. (eds.), Advances in Dynamic Games and Their Applications, 107
Annals of the International Society of Dynamic Games 10, DOI: 10.1007/978-0-8176-4834-3_6,
© Birkhauser Boston, a part of Springer Science + Business Media, LLC 2009
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domain the pursuer can guarantee a better result comparing with the pursuit along
the geodesic lines. The secondary domain arises due to the existence of two or
more different geodesic lines of the equal length for some positions of the players
on the surface. For the case of the bounded surfaces, the secondary domain can be
empty for some parameters of the game and thus the primary strategies of players
will be optimal in the whole space.

Differential games of simple pursuit on 2D manifolds are of a certain interest
because in some cases they can be a good approximation to more complicated
models, or can serve as test examples for numerical computations.

The game on two-sided plane ellipse is a limit case for the game on a triaxial
ellipsoid, when one of the axesis arbitrary small. Thus, its consideration isimpor-
tant for understanding of the game propertiesin general case. Initsturn, agameon
atriaxial ellipsoid (or on abounded convex surface) can be regarded as a subgame
for a pursuit-evasion game in 3D space with obstacle (state constraint).

2 Problem formulation

Let the motion of players P (pursuer) and E (evader) occurs along the bounded
surface M in R2. Dynamics is described by the following equations:

(G(@)u,u) <1, (G(y)v,v) Sv <1,

where (-, -) isthescalar productin Euclidean space, « = (x1, 22),andy = (y1,y2)
arethelocal coordinates of the players P and E on the surface M. The 2x2 matrix
G (&) issymmetric, positive definite, det G (&) # 0. It iscalled the metric tensor of
the manifold M and locally described by the coordinates ¢ € R2. The matrix G
is said to determine the Riemannian metric on the manifold M with the element
of the arc length ds:

ds® = (G(§)d¢, ), ds = \[(G(&)E, E)dt .

For adifferential game on a Euclidean plane, the metric tensor isan identity matrix
and the expression for the control constraints has the most simple form

2, .2 24,2 2
uy +uy <1, vi+wvy <v.

The value of v can be considered here as the ratio of the velocities of the pursuer
and the evader.
The end of the game will take place when we have the coordinate coincidence
of the players
t=T: z(T)=y(T), )

where the optimal time T is regarded as the game value.
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3 Game space

Consider theabove-formulated differential game on aEuclidian plane, where coor-
dinates of the players P and E are defined through a couple of Cartesian coordi-
nates. In this case, the optimal behavior of the playersisthe motion along theline
PFE and the game value can be written in the form

L(x,y)

1—v

Vl (.’L‘, y) = ’ (3)
where L(z, y) = Lpg isthelength of the segment P E. Turning back to our initial
game problem on 2D surface M inR3, let’s do the following partition of the phase
space D = M x M. Let's say that the point of the phase space belongs to the
primary domain D, if and only if the game value has the same structure as in
the game on a Euclidian plane (3). Now the function L(x, y) is the length of the
shortest geodesic line connecting players. The value of L can be defined from the
corresponding problem of the calculus of variations:

L) —win [\G@E D (=2 €)=y, @

As mentioned above, the optimal behavior of playersin D, is the motion along
the geodesic line. Therefore, the value of the controls parameters of the players
should be taken in the (feedback) form; see[12, p. 139]:

’LL(:L’,y) = —(l(il',y) = _Gil(m) 8L/3x
v(x,y) = vb(x,y) = vG~ (y) OL/dy .

Here, a and b are the unit tangent vectors to the geodesic line at the end points P
and £ correspondingly; see Fig. 1:

lal3 = (G(2)a,a) =1, [bl5 = (G(y)b,b) = 1.

Note that the game value at any initial position can not be greater than the time
of motion along the shortest geodesic line connecting the initial positions of the
players[11].

The subdomain Dy, € M x M iscalled the secondary domain if the following
condition is fulfilled for any position of the players from D5

V(z,y) < Vi(z,y) .

We can see that the whole phase space is a sum of the primary and secondary
domain D = Dy + D-.

Note the following important property of the games on manifolds. There are
some positions of the players on the manifold such that two or more different
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Figure 1: Geometry of geodesic lines on manifolds.

geodesiclines (extremal s of the variational problem mentioned above) can connect
them. In this case, the shortest geodesic line is the extremal with minimal length
L(w,y) = min Lo (2,y) = La(z,y), ae A" CA,
ac

where A isaset of al extremals of (4), A* isaset of the minimal extremals with
equal length. In general, the set A* does not consist only of one element. For the
wide variety of manifolds we can restrict ourself to the consideration of the set A
consisted of two elements A = {+, —}. Inthis case,

L(J},y) :min[L+(m,y),L7(x,y)} . )

Let’s denote I" the domain consisted of al positions of the players with two
different geodesic lines with equal length

(z,y)el: L*(x,y) =L (x,y). (6)

Aswasshown earlier [11], theprimary strategiesarestill optimal if thefollowing
condition holds:
lat +a” | —vbt +b7| <2(1-v). 7

Therefore, the edge of the secondary domain on the intersection with the domain
I" can be defined through the conditions:

(r,y) € B: |at4a |—vbT+b" | =2(1—-v), LT (x,y)=L (x,y). (8)

Theaim of the following investigation isthe consideration of differential games
on ellipsoids of revolution and two-sided plane ellipses. We will try to find the
boundary of the domain I, build it in some special coordinates, and construct the
edge B of the secondary domain when it is not empty. One of the most interesting
guestions is to study the value of parameters when the secondary domain arises.
In this case, singular characteristics are appeared in the phase space and the study
of differential games requires more detailed consideration.
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4 Differential games on 2D bounded surfaces
4.1 Game on the ellipsoid of revolution

Construction of the geodesic lines. Consider the ellipsoid of revolution about the
major axis (oblate spheroid). Without loss of generality, take the semiminor axis
equal to the one and eccentricity e as aparameter defined the surface M. Then the
semimajor axis of ellipsoid equalstoa = 1/v/1 — £2.

Introduce the so-called elliptic coordinates of a point on the manifold M as:

. _ Sospcos 0
T Vi—e
The problem of the construction of geodesics leads to the following problemin
the calculus of variations. It has been proved [13] that the extremals of the curve

length functional (4) are contained in the set of extremals of the curve action
functional (square root is omitted):

Ys =sinpcosf, z,=sinb .

t1

Bley) = min [(GO&E ar gt =2, )=y, O
to

wheret isthe natural parameter of the curve. We should put the auxiliary condition

that the velocity of the motion on a geodesic line equals one.

In elliptic coordinates, the Lagrangian of the functional (9) has the form
. 2 sin? p cos? # e2sin2psin20 | .
L(p,0,0,0) = o ——— T )P T
(¢,0,9,0) (COb t— = )sﬁ tSaoa ¢
e 2 cos? psin? 0 ey
1—e2

asearlier f meansthe differentiation of the function f with respect to ¢.
Euler-Lagrange equations are written as follows:

oL d oL 2 .

%—Ea—gbzoz %sin2apsin299—|—2(1—520052<p)cos29¢
+ 2 sin 2 cos? 0(p? + 0%) — 2(1 — 2 cos? ) sin 20 0
=0

oL d oL . g2

% " dias =V 2(1—62—|—62c082931n29)9+%sin2<psin20¢+

+ (1 — 2 sin? ) sin 20 H? + €% cos? @ sin 20 62
— 2e%5in 2¢psin? 00 = 0.
Thelast equation can be replaced by the condition that the vel ocity along the curve

hasto be equal one, L(p, 0, $,0) = 1. Such asystem of differential equations can
be solved either numerically or analytically using Jacobi special functions.
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Construction of the boundary JI'. The symmetry of the surface M leads to
the following statement: there are two different geodesic lines with equal length
connecting players only if this pair of points is on the same ellipse, generating
original elipsoid (generatrix). It is a necessary condition. To obtain the sufficient
condition on this statement we have al so to require that the distance between points
P and E should exceed the distance from one of the points to the corresponding
focus, defined using Jacobi equation; see [14]. To find the position of the focus
we should fix one of the points, e.g., P, and solve the following problem of the
calculus of variations—initial value problem for the Jacobi equation.

Consider the curve functional like (4): L(v) = [ F(p,0,0") dp, where the
variable ¢ isplaying arole of the independent variable. The Lagrangian iswritten
asfollows:

e2sin?pcos?f  e%sin2psin26 ,
1—e2 2(1—¢€?)

. 1/2
(s 2 cos? psin? @ o2 .
1—¢2

F(p,0,0") = |:COS29 +

In this expression, the derivative f’ means the differentiation of the function f
with respect to the parameter ¢. Then the Jacobi equation takes the form

(Ph/)/ - (R - Q/)h =0, h(@O) =0, h,(‘pO) =1,

1—e? R(p) = F,
o ~ AT 22 ¥) = Loo
0'=0 1—e2cos? ¢

2 sin p cos

=0 /A —e2)(1—e2cos?p) |
Substituting these expressions into the equation leads to the following ordinary
differential equation:

where

1 —¢e2cos?p

0’=0 = _ =2
o 1—c¢

P(p) = Fyor

Qp) = Forg

h"(1—e%cos® p)—h' e*sinpcos p+h =0, h(pg) =0, h'(py)=1. (10)

The next zero of its solution determines the position of the focus.

For the case of sphere (¢ = 0), we have simple equation h”” + h = 0 with
initial conditions 2(¢g) = 0, h'(ve) = 1. Its solution h(y) goesto zero only in
the diametrically opposite point ¢ = ¢ + 7. The situation for an arbitrary case
(0 < e < 1) isshown in Fig. 2. We can see that two foci of the Jacobi equation
P, and P, exist. Therefore, the position of the playersis in the domain I" when
the point E islocated between the points P, and P,. The boundary situation takes
place when the player F is exactly at one of these foci. Note that the domain T"
does not depend on the parameter v.
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Figure 2: Position of the foci of Jacobi equation.

Let’s present results of the construction of the boundary OT" in polar coordinates
(r, ). Thefirst coordinate r is the length of the generatrix’s segment connecting
P and E, the second coordinate ¢ is an angle between the radius vector of P and
semimajor axis of the ellipsoid. For e = 0, the interior of the domain I" is empty
and the plot of OI" consists of two coincident circles. However, when the value of
¢ increases the boundary splits and the domain I becomes non-empty; see Fig. 3.

Construction of the edge B. For the beginning let us write the expression for
thetangent vector to the geodesic lineon ellipsoid. According to the definitionitis:

1 .
———(singpcosf ¢ + cos psinf 0)
N V1—g? i
() = cospcosfp —sinpsind

cos 06

For the case # = 0 corresponding to the position of players on the generatrix, this
expression is simplified and takes the form:

The position of the playersin I" belongs to the edge B of the secondary domain
if the following equation takes place:

lat +a” | —vbt +b7|=2(1-v).

Since thereis amirror symmetry with respect to the plane ¢ = 0, one has for the
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Figure 3: DomainT.

point £ with a coordinate ¢ = ¢ the following equality:

sin ¢

!
btab —2| V1i—e
cos g1 1
0

-~ / e2sin ¢ | .

Anal ogous expression can bewritten for another point P with coordinates o = ¢,
0 =0:

and thus

£2sin? g
1—¢2
Consequently, one gets the following equation for the edge B:

/ e2sin? g | . / e2sin? @
1—&-71782 |po| — v 1+71752 1] =1-v. (11)

The result of the numerical construction of the edge B is presented in Fig. 4. The
edge consists of four arcs, the domain I'; is a part of the primary domain such
that I'/T"; C D,. We see that the secondary domain arises near the boundary oT".
This gives an idea for the following constructions. Let’s build the curve in the
space of parameters e and v which divides it into two parts. In one of them, A,
the secondary domain isempty and the primary strategies are optimal in thewhole
space. In the other one, A, isnot true. Such acurveis shownin Fig. 5.

|a++a*\:2 1+ |g00‘
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Figure 4: Appearance of the secondary domain for ¢ = 0.75.

4.2 Game on two-sided plane ellipses

Thedifferential gameson two-sided plane ellipses hasbeen partially studied before
in [11]. The domain OI" has been built in elliptic coordinates and the curve like
in Fig. 5 has been also defined. In this paper, we will construct the edge B of
the secondary domain and thereby give an answer to a question when singular
trajectories should be taken into account.

Construction of the geodesic lines. Let’s consider a two-sided plane ellipse
&;. The players can move from one side of the ellipse to the other throughout the
edge—aline of ellipse. Asit was taken before, the semiminor axis equals one and
the parametrization is defined through the eccentricity «.

When two players P and E are on the same side of the ellipse, the shortest
(geodesic) lineisthe segment PE. In this case, an optimal strategy of the players
isto move along this segment. Thisisproved for the differential gameswith empty
secondary domain. Assume that the players are now on the different sides of the
ellipse £;. Then the geodesic line connecting them is the broken line P M E with
the break point M on the edge of the ellipse. Note that two different geodesic lines
with equal length can exist and connect players only in this situation, when they
are on different sides. In particular, when the players P and E are at the different
foci of the ellipse, there exist the infinitely many geodesics connecting them. In
other cases, there are either two or one geodesic line.

For the construction of the geodesic line PM E, one can apply alot of algebraic
and geometrical methods. On the one hand, we can parameterize the boundary of



116 A. Akhmetzhanov

Ay

Ay

Figure 5: Partition of the parameters’ space.

M
&

Figure 6: Construction of the geodisic on atwo-sided plane ellipse.

the ellipse £, by means of the value of « and find the geodesic line as the global
minimum of the length of PM E, Lpy g = min Lpyy, 5. On the other hand, we
can use the optical interpretation for which the geodesic line is the shortest way
of the light. However, the most convenient method to use is the following one.
Fix a position of the players on the ellipse and consider the confocal family of the
ellipses with foci in the points P and E. We can see that the geodesic line PM E
can be defined through the ellipse & which is only tangent to £; and does not
have any points of intersection. The point of the tangency isthe break point of the
geodesic line. If there are several points of the tangency there are several number
of geodesic lines correspondingly. Their lengths are equal to each other by one of
the properties of an ellipse.

Construction of the edge B. Inthe sequel, we represent the construction results
of the manifold B using the following statement. Two points points P and £ on
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the ellipse can be connected by two different geodesics if and only if: 1) they are
onthedifferent sidesof theellipse; 2) they belong to the ellipse &, with semiminor
axis0 < b < 1 whichisconfocal to the £;; and 3) the tangent lines to the ellipse
&p at thepoints P and E intersect outside of the ellipse &; . This statement does not
have yet an analytical proof, but was checked by intense numerical simulations.
Consider a couple of points on the ellipse &, and emit the tangent lines from
these points; see Fig. 7. They will intersect at the point IV outside of theellipse &, .

Figure 7: Construction of the pair of geodesics with equal length.

Let us construct the couple of the tangent lines to the ellipse £; emitted from the
point IV, the points of the tangency M, » will be the break points of the geodesic
lines P M, » E with equal length.

Therefore, the boundary of thedomainT" consists of the points such that the tan-
gent lines emanated from them intersect on the ellipse £;. To construct the edge
B, one can use the above-mentioned geometrical fact. The result of numerical
computations for various values of parametersis shown in Fig. 8 in elliptic coor-
dinates. We can see the evolution and expansion of the secondary domain in the
game space. Note that it tends to some limit.

5 Conclusions

Inthispaper, the differential gameswith simplemotion on 2D surfaces (manifol ds)
are considered. The structure of the solution of such games may be a smple one
(with no singular trajectories, possibly with dispersal surfaces) or a complicated
one (with singular trajectories and surfaces). The existence of singular trgjectories
depends upon the specific shape (parameters) of the game space.

Wehaveconstructed thefull solution of thedifferential gamesof thefirst (simple)
kind, for which the so called secondary domain is empty. The problems of the
second (complicated) kind have found a partial solution.
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Manifoid T

G 3 v=0.3 v=10,3

e=0.3 e=06 e=09
v=06 v=06 v="08

=03 £e=06 e=0.9
v=009 v=09 v=09

Figure 8: Evolution of the manifold B.
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Abstract

A pursuit game is called dternative if it may be terminated by the pur-
suer on one of several given terminal manifolds and corresponding payoffs of
Boltza type associated with those variants differ only in their terminal parts.
For the case of only two alternatives, we describe an approach for construc-
tion of the strategies when solutions for all games with fixed targeted terminal
aternatives are known. Some alternative dominates the second if it has aless
cost for the pursuer. We assume that the pursuer targets a particular alternative
only if the dominating condition is stable along the respective optimal trajec-
tory. Thus, it remainsto study alternative pursuit gamesonly in the subdomains
where the dominating conditions are unstable. When the playing space has a
specific structure, the state has to leave these subdomains through a manifold
with matched alternatives. To get a solution, three interconnected auxiliary
games are to be set up. We present the Hamilton-Jacobi-Isaacs equations for
these games. Also, we describe aprocedure to construct locally gradient strate-
giesthat optimize the local growth of approximations for the minimum of the
alternative value functions.

Key words. Targeted alternatives, dominating conditions, Hamilton-Jacobi-
Isaacs equations, locally gradient strategies.

AMS Subject Classifications. Primary 49N75; Secondary 91A24.

1 Definitions and assumptions

Let the state be described by the vector z € Z in the playing space Z C R™, and
obey the following eguation:

a(t) = £((t), up(t), uc(t)), 2(0)=2", @

wheref : Zx U, x U, — Z,z° € Z, andthe control historiesu,, (-) = {u,(t)}+>0
and u.(-) = {u.(t)}+>0 belong to the sets of measurable (piecewise continuous)
functionsQy, and Qy, taking valuesinthecompact setsU,, C R"» andU. C R"-.
Suppose that f is continuous function of all its variables, locally Lipschitz in z,
and meetsthe inequality |f(z, u,, ue)| < »(1 + |z|), 2 = const > 0,z € Z.

P. Bernhard et al. (eds.), Advances in Dynamic Games and Their Applications, 121
Annals of the International Society of Dynamic Games 10, DOI: 10.1007/978-0-8176-4834-3_7,
© Birkhauser Boston, a part of Springer Science + Business Media, LLC 2009
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Let strategies be rules to select values of control variables with use of available
information (e.g., open-loop controals, purefeedbacks, memory strategies, discrimi-
nating feedbacks[1],[2]). Let any pair of admissiblestrategiesS = (S,, S.) gener-
ate through (1) the pair of control historiesug (-, z%) = {u,(t,2°,8)}+>0 € Qu,
and ul(-,z°%) = {u.(t,2z° S)}+>0 € Qu,, aswell as the trgjectory z° (-, z°) =
{z(t,2°,8)}+>0 € Z, that is absolutely continuous and satisfies (1) with u, (t) =
us (t,2°) and u,(t) = uf (¢,z°) almost everywherefor ¢ > 0.

Let P can terminate the game on any of two given manifolds M, C Z and
M, C Z of class C? localy. Let z° € Z, and S = (S,,S.) be a pair of the
admissible strategies [1], [2]. Let 75 (z") and 7 (2°) be the instants of reaching
M, and M,, aong the corresponding trajectories:

S/ 0 min{t > 0: z5(¢,2°) ¢ M;} if 3t >0: 2z5(t,2°) € M,
7 (2") = . . ()
—+00 otherwise, [ € L = {a,b}.

Let K! : M; - Rt and L4, : Z x U, x U, — R* be of class C*, and
the performance indices (payoffs) P, and P, be of Boltza type with the common
integrand L,

K'(a(r )+ [ 28, (1,2 dt
Pi(2°,S,,S.) = if 77 (20) isfinite,  (3)
400 otherwise, [ € L,

where £3,(t,2°) = Lap(2°(t,2°),uf (t,2°),ud(t,2°)), t > 0. Suppose also
that K* and K coincide on

Mep =M, N My .

By &, denote the game with the terminal manifold

Ma,|b =M, UM, (4)
and the payoff
Pls(zﬂ)(zs(t7zo)7ug(t7zo> ( 0))
P(2°, 8, Se) = if15(z°) € L,
400, if 5(2°) undefined ,
where
l if 7°(2°) = min (75 (2°), 7 (2°)) and 77 (z°)
15(2°) = isfinite,

undefined otherwise.
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All above-mentioned functions of time generated with use of pairs of the admis-
sible strategies are supposed to be defined, unique, and indefinitely continuablein
time.

Let us associate with & two games, &, and &, that correspond to the fixed
targeted termination alternatives, M,, and M,,. Let 75 (z°) and 7° (z°) be the ter-
mination instants (see (2)), and P, and P, be the payoffsin &, and &,; see (3).
Also, supposethat &, ;, isthe game with the open-loop targeted termination alter-
native that has M, ;, (see (4)) as the terminal manifold and the payoff P, ; equal
t0 Pyo (0 (see (3)) with 1°(z°) € L assigned by P. Unlike & where the value of
accomplished alternative [ (z") depends on the strategies chosen by all players,
1°(2") isan additional control parameter for P in &,,;,.

Let solutions of &, and &, beknown, and S = (S}, S!) be the pair of optimal
strategies of the players, V!(z°) be the value function, z;(¢,z°) be the optimal
trajectory, and 7;(z") be the optimal duration of &, for z° € Z,1 € L. Let D° be
the part of playing space where both alternatives are matched:

D% = {z°: V(z°) = V’(2°)}. (5)
Let Z9 be the part of the playing space where a dominates b:

2% ={2°: vez°) < VP(2z")}.

a

Also let, Z, and Z; be the parts of the playing space where the domination
condition for @ or b is stable along the optimal trajectory of &, or &;:

Z,={2": Vz,(t,2°)) < VO(2,4(t,2°))&24(t,2°) & My, Vt € [0,7,(2°)]},
Zy = {2°: V(zy(t,2°)) < V(2 (t,2°)) &2z (t,2°) & My, Vt € [0, 7(2°)]} .

We distinguish a negligible violation of the initial dominating condition for a
along the optimal trajectory of &, starting at z° when

3t € [0,7a(2")] 1 V(2za(t,2°)) = VP (za(t, 2°))
and a substantial violation when
Je> 03 €[0,7(2°) — ]Vt € [t/ t' +¢]: VU (za(t,2°)) > VO(2a(t,2°)) .

Let B, and Z; be the parts of the playing space where the initial dominating
condition for « is violated negligibly and substantially. Denote by Z,, the closure
of Z,. Define 7, Z,, Z,,, and Z; similarly. Let Z,,, = Z, U Z,, and Z,y; bethe
compliment of Z\Z, ;.

Let &, and &, betwo games of players P, and £} and P, and E» with playing
spaces Z; and Z,. Let Sp, (z) and Sp,(z2) be the feedback optimal strategies of
Py in®; and P in &5, and g be amapping from Z, to Z;. In this case, we call



124 |. Shevchenko

&, strategically equivalent to &, for the pair of players (P;, P») in Z according
to the mapping g and denoteit as

(Zg\zg)
(P2,Py)

it Sp, (22) = Sp, (g(22)). If, additionally,

(Z2,8)

1,
(B2,E1)

we express these two relations as:

(Zz,g)
{(P2 Pl) (E2,E1)}

If 20 € Z;, then:
vt e [0,7(z%)] : 15 (2(t,2°) =1, 1€ L.
Therefore, it is reasonable to assume that & is strategicaly equivalent to &,,;, for
both pairsof players {(P, P), (E, E)} inZ,;, according to the mapping g— where
g=(z) =z, Vz € Z,;, i.€,

(Za\b»gz)

G, . 6
wppy ey P ©)

It meansthat if z° € Z,1,, then P targetsthe alternative ensuring the least cost at
z" or any of them when both options are matched. In accordance with (6),

V(z°) = V(%) V2° € Zyy, (7)
where VV and V*I* are the value functions of & and &,)5- Note that by definition
of Qja\b’

Vel (2%) = min(V(2°), V*(2%)) . 8
Let z¥ € Z— # (0, and a pair of the admissible strategies S = (SP,S ) be

chosen by the players By definition, B; separates Z; and Z;, | € L. Let 75 (2°)
and Tgb (z°) be the instants when the state reaches B, and B;, along the trgjectory
z°(-,2"), and (see (2))

T (2°) = min(r? (2°), 73 (2°), 75, (2°), 75, (2°)) -
Let&— bethegamewnh theplaying spaceZa‘ o theterminal manifoldazm =
Mg U Mb U B. U By, and the payoff P - be described as:
Pi(z°,S,, Se) ifTM (z°) = 75, (2°),

Pap(2%, S5, 80) = A V(@S (75 (), 29)) + Ja™ ™) £, (1,20t
if 75 (20) = 75, (20), L € L.

min
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In ZaTb’ a targeted alternative could not be fixed because neither dominating
condition is stable there. Let us assume that

(Zm»gz)

(p.Py(,E)) Al

and study & under some additional hypotheses. Namely, assume that (see (5)):

sign[(V(2°) = V7 (2°)f(2°,u5" (0,2%),us" (0,2°))] =
sign[(V2(2°) — V2 (2°))f(z°, us’ (0,2°),uS’ (0,2°))], Vz° € D.

N

9

=

Also, consider only Z that hasthe structure shownin Fig. 1, where D° = FUAUD,
and F correspond to positive, A to zero, and D to negative signsin (9); see [8] for
more detail.

Figure 1: Decomposition of the playing spacein &.

2 The Hamilton-Jacobi-lIsaacs equations

Letz’ € F, S = (S,,S.) bethe pair of strategies chosen by the players, v =
v8(2°,u5 (0,2°), ug (0,2°)) betheinstant direction of corresponding shift. Then,
Vs (2°) > Vis (2°) if v° directed to Z

and
Vbs(2°) > V% (2°) if v directed to Z; .

Therefore, £ should choose the strategy S/ that being coupled with astrategy S
of P on F provides

b
V:(sg,s{)(zo) = Vy(sf,sf) (ZO) )
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and keep the state on F by this choice; see, e.g., [1], [3], [7]. Moreover, along the
optimal trgjectories starting in Za—lb, the state first hasto go on F and then directly
to A c B, N B, where

(A;'%E)

b G, lel.
{(P,P),(E,E)}

Thus, in the backward construction of the solution of 6a—|b, three additional
games—&g, B, and & r-—emerge, and the following relations hold:

= Z’v =
6 TE ep en U e el
(P.P) (B.2)) {(P.P) (BB}

Let
H(z,up,ue,)\) = /\f(z7up,ue) + ‘Cab(z7upaue) (10)

be the Hamiltonian. The HJI equations[2], [5]
uI:lein Iax H(z;,up,ue, \;) = H(z;, u;(zj, M), ul(zz, A7), A7)

= H(z;,M\) =0 for &,

. F F
urglelblp uEEHL}ea:XzeFH(ZF’uP’ue’)\F) = H(ZF7up (ZF, AF)7ue (ZFv /\F)7>\F)

= HF(ZF,)\F) =0 for G,

min max H(z;,up, Ue, \;) = H(zl,u;(zl,)\l),ule(zl,)\l),)\l)
u,€l, ucel,

= H'(z;,\) =0 for®,, lcL,
(11)

differ only in the additional restriction which are imposed on the choice of £ on
F to ensure that the state moves along F'. The equations of characteristics

;= Hy (23, \), 2r = H3 (2r,Ap), 7 = H}(z1,\),
A= —H;(z,\), Ar=—H} (zp,\p), A =—Hj(z,\),
and the boundary conditions
V!(2) = VF(2)]lser = 0,
[VE(2) = V!(2)]laea = 0, (12)
[V'(z) = K'(2)]lzem, = 0,

may be used when one attempts to solve (11) for &;, & and &;, | € L. Then,
the adjoint variables are the gradients of the value functions along the optimal
trajectories

)‘[:sza AF:‘/zFa )\l:‘/zl7
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and the value function V in & is evaluated as:

Vi) ifzez,
V(z) = V¥(z) ifzeF,
Viz) ifzeZ,lelL.

However, V@, V?, and V¥ could be hardly obtained. In particular, it is related
to the fact that the initially unknown value function V* defines the boundary
conditions for V@ and V?; see (12). Also, this function itself is a solution of the
game & i with the state constraints (see (11)) that introduce additional complexity

(1], (2], [4], (6], [7].

3 Locally gradient strategies

Let us construct approximate strategies that correspond to the locally optimal

choice of targeted dternative by P notonly inZ,; (see (7)) butin ZaTb aswell. For

this purpose we need somehow to approximate V¢!°(z) (see (8)) and its gradient
(whereit exists). Follow [9], [10]; let us use a parameterized family of functions

U§’U2 + Ulvg

Mg('U17'U2): 3 3
V] + vy

) 55U17U26R+7

that possess some remarkabl e properties.

Lemma3.l. M¢(vy,vs) providesan upper approximation for min(vy, ve) such
that:

min(vl,vg) < Mf(’Ul,UQ) if’Ul 75 V2,

min(v,v) = M*(v,v) = v,

and

lim Mg(vl,U2> =

{U1 if V1 < Vg (13)
{—+o0

V2 if’U1>U2, f,vh’Ug,UeRJr.

d

The partial derivatives for M (vy, vo) may be written as:
1
M,§ (vl’ ’UQ) _ vg—i(vivg—i + f?}f’l}?,,i + (1 - g)vl +£)

vi(vf + v5)?
5,1}1,1}2 €R+, 1=1,2.

)
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Lemma3.2. Mg (vi,v2) approximates the partial derivative of min(vy, v2)
(whereit exists) such that:

1 ifv; < V3—j,
E1i141_1 Mfi(vl,vg) =4q1/2 ifvy =wvy, 14
—+00 '
0 ifUi>U3,Z‘, §,v1,v2€R+, 1=1,2.
O
Assumethat in (11):
u'(z,\) = ul(z, \ —u JA),
(2 0) = (2. ) = (2. 5
ul(z,\) =ul(z,\) =ul(z,)\), z€Z AcR"IcL.
Let (compareto (7))
We(z) = MS(V*(2),V"(2)), z€Zg. (16)

Let us define approximate feedback pursuit {S5(z) }¢~o and evasion {85(z)}e>o0
strategies as follows (see (15)):

S5(z) = uy(z,Wi(z)), Si(z)=ui(z,W;(2)), (17)
where
Wy (2) = Mg, (V(2), VP (2))V; (2) + M, (V(2), V' (2)V, (z) . (18)

Let (see (10))
H*(z) = H(z,S5(2), ¢ (2), W (2)) (19

andf, L, uy, and u be at least continuous functions.
Theorem 3.1. 1fz° ¢ D then lim¢_, ;oo H*(2%) = 0.

Proof. Letz° ¢ DY and the value functions V' and V¢ take different values at
z°; see (5). Supposethat 11°(20) = V2(2); see (8). By definition (see (19)):

HE(2") = Wi (2°)f (2, uy (2°, Wg (2°)), g (2”, W (2°)))+

20
'Cab(zovu;(zoaWzg(zo))vuZ(Z()szé(zo)))' ( )
By Lemma 3.2 (see also (18)):
1i €(20) = V9(20) .
Jim W (z) = Vi (z)

Therefore, from (11) and (20) we have:
lim HS(z°) = H*(2°, V2(2°)) = 0.

=+
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Let S. be an admissible strategy chosen by £, and (1) generates the trajectory
2(55-5:) (., 20) for every pair of strategies (S5, S.), V€ > 0.

Theorem 3.2. 1fz° € D° and

lim H®(z) = -k, k>0,

E—+o0

thenthereexist 7 > 0 and &, > 0 such that (see (8))
Va\b(z(Sf),SE)(T7 ZO)) < Va\b(z())
for every &€ > &, and for every admissible strategy S..

Proof. Along with the trajectory, the pair (85, S.) determines aso the players

3 3 3
controls u;sp,se) (t,2z°) and ulr%) (t,z°), the integrand LEL“Z”’SC) (t,z°) and the

Hamiltonian

3 3
H(2 S5 (8,20), ™% (1,20), 07 (1,2°), WE (20555 (1,2))) - (20)

as functions of time, ¢ > 0. Denote (21) as H(S>+5<) (¢, z0). Obviously,

d 13
HUSS(t,2%) = SWE@SES(1,2%) + £57° (1,2°)

Under the assumptions made above, H (85:Se) (t,z") isacontinuous function of
time, t > 0. It follows from (11) and (20) that

HS5)(1,2°) < HE (205559 (1, 2°))
and there exist 7 > 0 such that V¢ > &
HE (25559 (1,2°) <0, Vtelo,7].

3
Since L‘i‘i”’se)(t, z") > 0, the following condition holds:
d
%Wf(z(sg’sf)(t,zo)) <0, Vtel0,7].

Therefore (see Lemma 3.1),
Vel (2(55:5) (7, 20)) < WE(2(55:5) (1,2%)) < Wé(2°) = Velb(20) .
O

Theorem 1 shows that, at the states with a dominating alternative, the family
{S5(2) }¢>0 could provide an approximation for the strategy S,‘}“’(z) targeted the
locally least cost. According to Theorem 2, at the states with matched alternatives,
P should use strategies from the family {S5(z)}¢~o only if HS(z) < 0, V¢ > &.
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4 Conclusion

In this paper, we describe the HJl equationsthat met by exact smooth parts of solu-
tions and an approach for generating approximate strategies in alternative pursuit
games. In the latter case, assumed that the players optimize local growth of mini-
mum of the costs corresponding to the fixed termination aternatives. Convergent
upper and low approximations of the min function from [9] and known solutions
of the games with fixed alternatives are used to construct explicit expressions for
the strategies. Dynamic and guaranteed properties of the obtained approximating
control laws must be carefully studied for every particular game; see, e.g., [10].
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Abstract

For apursuit-evasion game with two pursuers and two evadersweintroduce
classes of functions that represent upper and lower approximations of the min
function. Using these functions and a Liapunov type of analysis we formulate
several sufficient conditionsfor theguaranteed captureand evasion for thecases
with continuous and discrete observation times for the players. Both pursuers
and evaders are modeled as nonlinear systems that are affine functions with
respect to their control inputs.

Key words. Pursuit and evasion games, Liapunov stability, differential games.
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1 Introduction

Differential games of the pursuit-evasion type have along history. Optimality of
the strategies for the playersin a pursuit-evasion game was introduced and studied
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by Isaacs [8] by formulating the Hamilton-Jacobi-Isaacs (HJI) partial differential
equation (PDE). A solution for atwo-player differential game with two identical
vehicleshave been computed in [ 18] and aconvergent approximation method based
on the time-dependent HJI equation was formulated in [19]. Concept of solutions
of pursuit-evasion games based on a strategy of extremal aiming was considered
by Krasovskii and Subbotin[10]. In[1] solutionsof the differential game problems
were assumed in a viscosity sense [4] and some approximation schemes were
proposed to compute solutions for particular differential games. Strategies for the
players in some specific more than two players pursuit-evasion games, based on
the solutions of the HJI equation, were presented in [6], [2], [14], [21], [11], and
[22]. Application of generalized characteristics of PDEs to differential pursuit-
evasion games was studied in [15,16]. Strategy that guarantees evasion for the
single evader that is based on fast approximations of viscosity solutions of the
modified HJI equation [19] using polytopic functions was proposed in [7].

Differential game of encounter with one pursuer and one evader with discrete
observation times was introduced in [13]. Later, the case of differential games
with two players where one player has incomplete information due to delays was
considered in [3]. The results presented in [13] were later extended using a cost of
information for more complicated models for the pursuer and the evader in [20].
Methodology for studying pursuit-evasion games with several pursuers and one
evader with discrete observations that is based on the comparison with differential
games with continuous observation was studied in [17].

Another approach to define strategies in the pursuit-evasion gamesusing aLia
punov type of analysis (see, for example, [9]) was considered in [23]. Using a set
of appropriate functions of the norms of relative distances between pursuers and
evaders, strategies for the playersin multi-player pursuit-evasion games were for-
mulated. The players were represented by the simple kinematic models. One of
the most important features presented in this work was the fact that this method-
ology can be applied to a pursuit-evasion game with arbitrary number of players.
In this paper, we extend the results presented in [23] to include more complicated
nonlinear models that are affine in control strategies for the players in the game.
We restrict the game to the case of two pursuers and two evaders but the method-
ology may be easily extended to the case of a game with more than four players.
Additionally, we propose two sets of functions that provide convergent approxi-
mations of the min function in order to formulate strategies that guarantee either
capture or evasion of both evaders. Also, conditions are formulated in the case of
continuous and discrete observation times [17].

The organization of the paper is as follows. In Sec. 2 we introduce two sets
of functions that represent two convergent sequences of the min function. One of
the convergent sequences is aways less and the other is always greater than the
min function. Then, we use a Liapunov type of analysis and the corresponding
class of approximation functions to derive strategies that guarantee either capture
or evasion of the evaders under continuous observations. In Sec. 3, we provide
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equivalent results under the assumption of discrete observation times along the
lines of the results presented in [3].

2 Pursuit-evasion game

In this section, our first goal isto formulate strategies for two pursuers that would
guarantee capture of both evaders in the pursuit-evasion game with two pursuers
and two evaders. Before doing so, a lower approximation of the min function is
needed. Thus, let us consider afunction

$5(y1,92) = s (W)llyall + (1 — as(y)) 2]l @)
where y; and y, are real vectors of arbitrary dimensions and || - || denotes the
standard Euclidian norm. Also, we assumethat y = [y, yZ]7 isanonzero vector,
that is, ||y|| # 0. Scalar function o (y) is defined by:

as () =L sy -lnl a0 @
lyall® + llg2ll® 1+ B(y)° g2l ’
where ¢ isagiven positive constant. Then:
. /2, flyill = llyzll
limas () =9 1.l < [le] ®
0, [yl > llyell
implies
Jm o5 (y1,y2) = min {{ly |, =]} - 4

From Eq. (4) it follows that by increasing § we can approximate the min function
with an arbitrary accuracy. Additionally, from Egs. (1) and (2), we obtain

Iy l° lyall + llyall° vl
, = , 0>0 5
¢5(y1 y2) ||y1H§ T ||y2||5 ( )
which implies
min {|[y1[, [[y2/l} < ds(y1,92) (V6)(5 > 0) (6)

since the inequality

(min {lyall, ly2ll} = Nyall) llyo1° + (min {yall, lgall} = lyall) 21’ <0 ()

isawaystrue. Thus, not only may we approximate the min function with an arbi-
trary accuracy but we guarantee that the convergence is “from above." As men-
tioned at the beginning of this section, thisfact would be of particular significance
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in formulating strategies for the pursuers that would guarantee the capture of both
evaders. Now, let us assume that vectors y; and i, are nonzero vectors and let
a = |ly1|| and b = ||y=|| be corresponding positive numbers. Then, the following
function:

a’b + ab’ b+ af®

ad+b 1+
where 5 = b/a, isadecreasing function of § in the casewhen a # b. Noticethat if
a = btheny(§) = min{a, b} = afor any positive § and the case needs no further
analysis. Now, assuming without any loss of generality that b = max{a, b}, inthe
case when a # b, one may easily show the following:

$(0) =

6>0, 8

»(01) > ¥(82) & (b—a)(5 — 5%) > 0 9

which implies that the function ¢ (J) is a decreasing function with respect to
positive values of 6 when b # a. Noticethat 5 = b/a > 1 sinceb > a. Thus, in
addition to the already established properties of the function ¢s(-, ), we proved
that (0) = ¢s(||y1ll, |ly2]]) is astrictly decreasing function with respect to the
positive values of ¢ when y; and y» are nonzero vectors such that ||y: || # ||yz]|-

Now, let us consider a pursuit-evasion game with two evaders (denoted by the
index set {1, 2}) and two pursuers (denoted by the index set {3,4}). The agents
dynamic models are given by:

dl’i
dt
where z; denotes the i-th agent position and w; denotes its input. The inputs are

assumed to be continuous functions of the state vector - = [27, 22" 21, 2117 that
satisfy the following constraints:

= f(zi,wi) = hi(xs) + gi(zi)u, 1=1,2,3,4, (10)

||’U,1H < iy g > 0, Vi € {1,2,3,4} . (11)

In addition, let us consider the following function:

v(z) = ps(x1 — x5, 1 — x4) + ¢P5(T2 — T3, 02 — 34) . (12

In order to define the strategies for the players, let us consider the problem of
optimizing the derivative of the function v(x) [23]:

dv
min  max - ¢ . 13
llusl|<ps [urll<pa { dt} (13)

lual|<pa |luz||<pz

Dueto thefact that the dynamic systems (10) are affinein control, the control laws
for the pursuers and the evaders corresponding to (13) are given by:
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u¢ (z) = argmax {2} = argmax{a%gi(xi)ui}
[l |l <pei [l |l <pei L
90 T || ¢ -
— gl @) 2" || e 1,2 "
uf () = argmin {%} = arg min %gz(%)uz}
[l | <pi [l I <pi )
T -
= g @) 22" || ie 3.4}

It is important to note that without loss of generality we assume that the control
lawsin Eq. (14) are well defined, that is, || 2% g;(:)|| # 0, i € {1,2,3,4}, along
the agents' trajectories. From Eq. (14), it follows that the evaders are maximizing
and the pursuers are trying to minimize the growth of the function v(z) which
is an upper approximation of the min function. The soft capture is defined in the
standard way as the following.

Definition 2.1. The soft capture of the i-th evader by the j-th pursuer, for agiven
capture radius R, is defined by the condition ||z; — z;|| < R.

From this point, we will use term “capture" whenever soft capture occurs. Now,
let us assume that the pursuers choose their strategies according to Eq. (14) and
formulate the following theorem.

Theorem 2.1. Assume that the initial condition g, at the initial time ¢, is such
that the players are outside of the capture region defined by a positive number R
and

along the trajectories of the agents’ dynamic systems (10) for the input strategies
u; = uf(x), i € {1,2,3,4} defined in (14). Then the capture of both evaders is
guaranteed in a finite time for any feedback strategies of the evaders that satisfy
constraints in (11) if the pursuers choose strategies u; = u(z), i € {3,4} given
in (14).

Proof. First notice that for u; = u?(z), i € {3,4}, and any feedback strategies

u;(x),7 € {1, 2} of theevaders, from Egs. (10), (11), (13), (14), and (15) it follows

that:

dv o o dU o o o o

E(ul (.’L‘), u2($>7 u3($)7 u4(m)) < E(Ul(m>7 u2($), ’LL3(.’E), u4(x)) <—7.
(16)

By integrating Eq. (16) between ¢, and ¢, we obtain:

v(x(t)) < —y(t —to) + v(zo) = v(x(t)) < R for t > t. =ty + vzo) ~ B .

17
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Sincetheinitial conditionimpliesthat the playersare outside of the captureregion,
from Egs. (5) and (12) it follows that v(z) isfinite. Thus, . is afinite number
too. Then, for t = ¢. we obtain:

v(z(te)) = ¢s(w1(te) — w3(te), 21(te) — za(te)) (18)
+¢5(x2(tc) - (E3(tc)a (EQ(tc) - {I?4( c)) S Ra
which implies
¢6(x1(tc) - $3(tc),ﬂ71(t0) - $4(tc)) S R (19)
bs(w2(te) — ws(te), za(te) — zalte)) < R
since ¢5(+, -) isanonnegative function. Using inequality (6) we obtain:
min{||zy (tc) — z3(te) ||, |71 (te) — zalte)|} < R (20)
min{||za(tc) — z3(te) ||, [[22(te) — za(te)|} < R.
Finally, notice that inequalities in (20) mean capture of the first and the second
evader at thefinitetimeinstant ¢.., respectively. Q.E.D. O

In order to define strategies for the evaders, we consider the following function:

ws(y17y2)=%7 >0, (21)
Vlyall® + Mgzl
where § is a given positive constant. Again, y; and y, are assumed to be real
vectors of arbitrary dimensionssuchthat y = [y{, yZ]" isanonzero vector. Then,
the following limit property:

Jim V1+e=1if ce|0,1] (22)
— 00
implies that

s (y1, y2) = min{ [yl [ly2[} - (23

Additionaly, itistrivial to show that thefunction definedin (21) isalower approx-
imation of the min function, that is:

@s(y1,y2) < minfly[], ly2l[}, (v6)(6 > 0). (24)

Now, from Egs. (23) and (24) it follows that the min function can be approximated
arbitrarily close “from below" by the function ¢ (-, -) for an appropriate choice of
0. Again, let usassumethat vectorsy, and y, are nonzero vectorsandleta = ||y ||
and b = ||y2|| be corresponding positive numbers. Then, similar to Eq. (8), we
define the following function:

ab
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At this point we claim that the function x(d) is an increasing function of the
variable 0 for ¢ > 0. This can be easily proved by using the following inequality:

Vadr + b5 > %/a% + 192, fora>0,b>0,00 >0, >0, (26)

that is stated as Problem 1289(d) on p. 128in [5] and asolutionis provided in [12]
on p. 281 asasolution to Problem 187(d). Similar to the analysis provided for the
function ¢; (-, -) defined in (5), we have shown that x(0) = ps(||yal, [|y=2]]) isa
strictly increasing function with respect to the positive values of 6 when y; and
yo are nonzero vectors. Notice that the additional condition ||y1|| # |ly=]| is not
needed here.

In order to define guaranteed strategiesfor the escape of the evaders, we propose
the following functions:

vi(x) = ps(z; — w3,y — x4), 1 € {1,2}. (27)

Corresponding to functions v;(z), ¢ € {1,2} defined in (27) we compute the
strategies:

u¢ (z) = argmax {4} = arg max{gz'% gl(xz)uz}
i [l <pei s | <pi L ‘
T : -t
= gl (@) 35" |85 gi()|| . ie{1,2)
o ; dv; : dv; (28)
u? (z) = argmin { 2%} = arg min ﬁjgj(xj)uj}
llusll<w; llujll<p; .
v, T || ow; o -
= gl @) 3" | Ggen|| ey ie (12}

Then, similar to Theorem 2.1, we formulate the sufficient conditions for the guar-
anteed evasion of the i-th evader (i € {1, 2}) asthefollowing.

Theorem 2.2.  Assume that the initial condition ), at the initial time ¢, is such
that the players are outside of the region defined by the set {« : v;(x) > R} and

dl}i
dt

>0, Vt >t (29)

along the trajectories of the agents’ dynamic systems (10) for the input strategies
u; = uf(x), j € {1,2,3,4} defined in (28) with respect to the function v; in
(27). If the i-th evader chooses its strategy to be u; = u?(x) as defined in (28),
then it will avoid being captured by the pursuers for any choice of their feedback
strategies that satisfy Eq. (11).

Proof. If wechooseu; = u?(z) definedin (28) for both evaders and any feedback
strategies u;(x), i € {3,4} for the pursuers, from Egs. (10), (11), (13), (28),
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and (29) it follows that:

dv; ° ° dv; 0 o o o
dt (U1($)7U2($),U3(.TJ),U4(Z(J)) Z E(Ul(I),UQ(JJ),Uz;(J?),U4(.75)) Z 0.
(30)
By integrating Eqg. (29) between ¢, and ¢ we obtain:
’Ui(l‘(t)) Z ’Ui(l‘o), Vit Z to . (31)

From Eq. (27) and inequalities (24) and (31) we obtain:

min{||z;(t) — z3(#) |, [|z:(t) — za(®)|[} = vi(z(t)) = vi(zo) = R, Yt >t .
(32
Q.ED. O

Notice that one of the differences between Theorems 2.1 and 2.2 is in the spec-
ification of the initial conditions. In Theorem 2.1, the set of initial conditions is
exactly defined in terms of the min function, where in Theorem 2.2 it is given as
an approximation in terms of functions s (-, -) dueto Eq. (27). For example, for
0 = 1 from Egs. (5) and (21) it followsthat ¢ (y1,y2) = 0.5¢1(y1, y=2) for any y;
and y» such that y = [yf, 427 is anonzero vector. Then, assuming the players
start the game outside of the capture region defined by a positive number p, we
would have the following sequence of inequalities:

p < min{||z;(to) — z3(to) |, [|7:(to) — a(to)||}
< o1(xi(to) — z3(to), z4(to) — w4(to)) (33)
= 2¢1(wi(to) — w3(to), zi(to) — a(to))
= 2’01'(1‘0), i€ {1,2}

implying v;(z9) > 5. Thus, to satisfy inequality (32) one would have to set
p = 2R. By increasing 6 one may show that p would convergeto R (R represents
the exact capture region) which meansthat the specification of theinitial condition
regionwould beinfluenced by the choice of § inthe case of the guaranteed strategies
for the evaders.

At the end of this section it isimportant to note that the results of Theorem 2.1
can be easily extended to the case of a pursuit-evasion game with arbitrary number
of players as long as the number of pursuersis larger or equal to the number of
evadersby following themethodol ogy proposedin[23]. Inorder to apply theresults
of Theorem 2.1 to the case when the number of evadersislarger than the number
of pursuers, one would need additional conditions that might be of discontinuous
nature and this topic will be considered in our future research. Since the results of
Theorem 2.2 are formulated for each evader independently, it is a straightforward
consequence that these conditions can be extended to include the case of apursuit-
evasion game with an arbitrary number of pursuers and an arbitrary number of
evaders.
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3 The game with discrete observations

In this section, following the approach of [3], we assume that afixed set of obser-
vation time-instants is given:

o<t <t <--- <t <L (34)

Assume that the pursuers can observe the evader’s state vectors only at certain
time instants¢,, i.e., they know vectors 4 (¢;), x2(¢;) fori = 0,1,2, ..., but they
have continuous measurement of their own states x3(t), z4(t). Thus, the control
strategies of the pursuerscan useonly thevaluesof 1 (t;), z2(¢;) and x5 (¢), z4(¢).
Without the loss of generality it is sufficient to assume that the pursuers al so know
the vectors x3(t;), z4(t;) only. Thus, the most flexible feedback control of the
pursuersis of the following type:

uj(z(t;),t), t; <t<ti, i=0,1,..., j=34
t;) =

2(t:) = (2 (1), w2(t), w3 (1), 24 (1))

Suchacontrol iscalled piecewise open-loop control. At timeinstant ¢; the pursuers
observe the vector «(¢;), substitute it into the function (35), and apply it on the
interval [¢;,t;11]. Theresulting piecewise open-loop contral is:

(35

uj(t):uj(x(ti),t), ti StStH_l, i:O,l,... . (36)

These piecewise open-loop control strategies are meaningful if some knowledge
of x(tH_l) = (Il(ti+1) (ti-i—l) (ti+1) (tz+1)) is available. Based on the
knowledge of x(t;) = (z1(t;), z2(t:), x3(t;), x4(t;)), it is straightforward to see
that:

zj(tiv1) € Dj(z;(t:), Jj=1,2,3,4,

where D; (z,;(t;)) isthe j-th player’s reachable set at the time ¢;.1, when starting
the motlon at theinstant ¢; from the position z; (¢;). Introducing the so-called jump
vectors pj;, one can rewrite thisin the form

wj(tiv1) = xj(t:) +pji,  pji € Dy (t:)) = Dj(a;(ts) — ;(t) 37)
j=1,2,3.4.

Heretheset D;(x;(t;)) — x;(t;) isthe set of al vectorsy such that y + x;(¢;) €
Dj(z(t)). The above rel anons can betreated as adiscrete ana og of the dynamic
Egs. (10).

The vectors p;; of the set D;(x;(t;)) have the following representation. Inte-
grating both sides of (10) on the segment [t;, t;41] one obtains:

ri(tign) = () + / by ()t + / g (6)us (bt

i Jlg
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Comparing with (37) one can see that the jump vector can be written in the form:

tit1 tit1
pi= [ ma et [ g ).
Note that the open-loop control w(t),t; <t < t;;1, generating a given p;; may
be nonunique: the set D;(x;(t;)) consists of all the vectors permitting such rep-
resentation.

The system (37) tracks the state vectors for discrete instances only. For an
intermediate instant ¢, ¢; < t < t;1, the pursuers have the precise information
about their own positions z:5(t), x4(t) and an estimation for x4 (t), z2(t) based on
the last observation x1 (t;), x2(t;).

Based on the dynamics (37) and using the vectors © = (z1, 22,23, %4),
p = (p1,p2, 3, pa) ONe can suggest the following discrete version of the condi-
tions (13), (15):

min = max v(z +p) —v(z) < —va, pj € Dj(z;), j=1,2,3,4. (39)
{ps,pa} {p1,p2}
Notethat the parameter v in (15) hasthe dimension of vel ocity, whilethedimension
of v4 hereisthe distance.
A statement similar to Theorem 2.1, giving a sufficient capture condition, can
be formulated for the case of discrete observations.

Theorem 3.1. Assume that the initial condition x¢ at the initial time ¢, is such
that the players are outside of the capture region defined by a positive number R.
Then the capture of both evaders is guaranteed in finite time if the pursuers choose
the piecewise open-loop strategies of the form (35) based on the jump vectors p;
defined in (38).

The proof of Theorem 3.1 is the finite-difference analog of the proof of Theo-
rem 2.1. Since each step reduces the value of the function v () by ~4, the number
of stepsrequired for the capture is defined as the smallest integer N satisfying the
inequality:

N~yg > v(zg) — R.

Now the estimation for the capturetimeis: t. < ty.

The pursuers can choose to minimize the number of observations. In (38), the
instant ¢, 1 isconsidered asafixed parameter. Now we assumethat it can vary, and
will search for the instant ¢, ; farthest from ¢;, i.e., giving the maximal interval
A; = t;41 — t;, such that the condition (38) still holds:

max min  max v(z +p) —v(zr) < —y4, pj € Di(x;), j=1,2,3,4.
titv1 {ps.pa} {p1,p2}
(39)

Notethat thedomain Dj (x;) heredependsupont; . ;, and thevalueof A; depends
upon z, A; = A;(x). Generally, maximizing the time 7, leads to the equality
in (39).
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Successive observation moments can be identified on the following basis:

Generally, this may reduce the number of observations N required for the cap-
ture.

Under certain conditions the number of observations required for evaders may
be only one observation at the initial time t. We formulate a sufficient condition
for this.

Theorem 3.2.  Assume that the initial condition x at the initial time ¢, is such
that the players are outside of the region defined by the set {z : v;(x) > R} and
there exist open-loop controls for evaders w4 (t), uz(t), t > to, such that

dv
E(l’,ul(t),UQ(t)7U3,U4) >0 (41
for all values of us, u4 and all 2 along the trajectories and for all ¢ > ¢o. Then
both evaders avoid being captured by the pursuers.

The proof uses the estimations obtained in Theorem 2.2. In more complicated
situations, further observation points¢; could berequired. Notethat using an open-
loop control, asin Theorem 3.2, meansthat only one observation at theinitial time
to ismade.

Conclusions

In this paper, a number of sufficient conditions that guarantee either capture or
evasion of two evadersin afour-player pursuit-evasion gameisprovided. The play-
ers’ dynamics are represented by nonlinear models affine in control. Conditions
are formulated using a Liapunov type of analysis by considering functions that
are convergent approximations of the min function. Guaranteed strategies are pro-
vided in both cases when either continuous or discrete observations are available
to the players.
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Abstract
Rufus Isaacs introduced Princess and Monster games in the final chapter of
his classic book. The value of the Princess and Monster game on an interval is
as of yet unknown. We present some numerical results to estimate this value.
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In the final chapter of his classic book Differential Games, Rufus Isaacs intro-
duced the ‘Princess and Monster’ games. A Monster and a Princess may move
about in a restricted space, more specifically in a network, and the Monster tries
to catch the Princess. They are not able to see each other and that is why this type
of game is known as a Search Game [3,7,9]. It is different from the more famil-
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iar Game of Pursuit [5], in which both players have visual contact. In most of the
Search Games that have been solved so far, the Princess is immobile; e.g., [6,12].
The only Search Game with a mobile Princess on a graph that has been solved is the
Princess and Monster game on a circle, and this was done a long time ago [1,13].
In a complementary paper [4] we have shown that the Princess and Monster game
on aninterval [—1, 1] is not trivial (not trivial in the sense that for the Monster it is
not optimal to start at one random end and then go as fast as possible to the other;
if the Monster would move in this way, then we say that he is a sweeper, as in [10])
and that the value! V' of the game exists and is bounded by 15/11 < V < 13/9.
These bounds were obtained by analytical considerations and computations that
can be checked by hand. In this paper, we consider a restricted game that has a
value V,. < V. By numerical simulations we show that V,. &~ 1.373. Here, we con-
centrate on a numerical approach of the problem. Analytical results can be found
in [4].

1 Rules of the game

The rules of the game are as follows. The Monster M and the Princess P may
choose an arbitrary initial point on the closed interval [—1, 1]. The Monster moves
at speed bounded by 1, so the trajectory of M, M(t) is a continuous function
with Lipschitz constant 1. The Princess may move at arbitrary speed. In [4] we
have shown that M always moves at maximum speed and that 77 need not move at
speed greater than 1. If a player moves at speed 1 then we say that the player runs.

The minimax theorem in [2] implies that the value of the game V exists. The
precise optimal strategies for the Monster and the Princess are not known, but we
have derived some properties of optimal strategies in [4]. We have shown that it
is optimal for the Princess to never cross the mid point and if she reaches an end,
then she should stay there. If the Monster reaches an end, however, then he should
turn and run to the opposite end.

2 A restricted search game on the interval

We have indicated in [4] that V can in principle be computed in an iterative manner,

but the convergence is very slow and not numerically feasible. In this paper we

take a different approach and restrict the number of pure strategies of the players.
For the Princess we allow the following pure strategies:

P The Princess chooses an infinitesimal small e > 0. She either hides at an

end point and remains immobile, or she chooses an arbitrarily initial point in

the intervals [—1 + ¢, —¢] U [, 1 — ¢] and remains immobile there until the

7o be precise, the value of the game is determined up to e: given any e > 0 there exists a
mixed strategy for the Princess that guarantees her a payoff of V' — . We ignore this ¢ in
our notation.
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sweeper coming from the nearest end is € close. Then she runs to the middle
and turns when she gets ¢ close, where she turns and runs back to the nearest
end.

We note that an optimal strategy for the Princess is always optimal up to e > 0,
as remarked already in the footnote above. The smaller ¢, the nearer the Princess
reaches the value of the game.

For the Monster we allow pure strategies of two types (the strategies of M and
‘P are indicated by M and P, respectively):

M; Choose an arbitrary initial point on [—1, +1] and choose a direction, right or
left. M runsin that direction until the end and then he runs back. In particular,
if M, as a sweeper, starts at an end then runs to the opposite end.

M, Choose an arbitrary initial point on [—1,+1] and choose a direction. M
runs in that direction until he meets the sweeper coming from the opposite
end. Then M turns and joins the sweeper. Subsequently, he keeps running
in this direction till the end (at either +1 or —1) has been reached and then
returns to the opposite end.

We are unable to prove that the strategy P is optimal for the Princess, but we
conjecture that it is. If it is, then the game is solved.

Theorem 2.1. If the Princess uses a mixed strategy that consists of the pure
strategies in P, then the optimal response of the Monster is to use a mixed strategy
that consists of pure strategies in M, and M.

It is possible to prove this theorem following the approach of Sec. 5 in [4]. We
only give a sketch of the proof here. If the Princess uses these pure strategies, then
she remains immobile and runs only if the sweeper is e-close, or she hides at an end
and remains immobile all the time. Therefore, at time ¢ > 0, either the Princess is
immobileand P(t) = £1orP(t) € (—1+t+¢e,1 —t—¢), orshe is running and
P(t) = £(—1 + ¢ + ¢). The Monster knows this. If he starts at an end, then his
only sensible strategy is to run to the other end. If he starts in the middle, then he
should run in one direction to increase the chance of catching the Princess while
she is still immobile. Then if he is e-close to a sweeper, the Monster may turn and
then it is sensible only to run to the other side, or he may continue his run to the
end, turn there and run to the other side. If we ignore &, which we may in the limit,
then we get the pure strategies given above for the Monster.

The strategies in P are of two types. The Princess either hides at an end and
stays put, let’s call this strategy F, or she uses a strategy I of hiding at an internal
point and moving close to the central point at time 1 — ¢, staying away from the
sweepers for as long as possible. If the Princess only plays E then the Monster
only plays the sweeper strategy and the value of the game is 1. It is better for the
Princess to mix £ and I, which she does in the strategy P. In this way, the Monster
is forced to use pure strategies that get to the central point before the sweeper does.

The value of this version of the search game, with the given restricted classes
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of strategies, is indicated by V... Because of Thm. 2.1 it satisfies V. < V.

3 Approximation of ), by Discretization

We analyze the restricted game by numerical simulations. As a first very rough
approximation of V, discretize the interval [—1, 1] and take two grid points only
—1 and +1: the mesh of this simple grid is Az = 2. Discretize time accordingly
into time steps of A¢ = 2. It is not hard to see that it is optimal for both players
to choose a grid point at random. The Monster moves to the other grid point, the
Princess remains where she is. The value of this simple discretized game is 1.

As a second approximation discretize by three grid points —1,0, 1. Discretize
time accordingly into time-steps of At = 1 allowing the Princess an e-advantage:
the Princess may move on time n —e while the Monster moves ontime n forn € N.
There is an obvious symmetry in the game: each player choses —1 and +1 equally
likely. Let’s call this the end point strategy E as opposed to the mid point strategy
C (of “Center”) in which the initial point is 0. If the Monster chooses an end point,
then he runs the opposite end as quickly as possible. If the Princess chooses an end
point, then she stays there. If the Monster chooses the mid point, then he runs to
a random end and runs back. If the Princess chooses the mid point, she runs to a
random side at time 1 — e. So we get a 2 x 2 matrix game (consistently ignoring ¢):

r C
E|l1 15
cl2 0

in which the Monster chooses a row and the Princess a column. The value of this
game is slightly larger: 6/5.

We discretize the game. The Princess and the Monster may only choose an

initial position on a fixed equidistant grid with 2n points, both endpoints included
in this counting (n = 1,2, ...). Hence, the mesh size A equals 2/(2n — 1). The
case with n = 1 coincides with the first approximation given above. The Princess
moves at the time steps A — ¢,2A — ¢, ... and the Monster moves at time steps
0,A,2A,.... The game is over as soon as they occupy the same grid point. In
particular, if the Princess and the Monster choose the same initial grid point, then
the game is immediately over and the capture time is 0.
Remark It is obvious that the probability for both players choosing the same
initial point is positive for the finite grid case. Because of the assumption that in
such a case capture is immediate, this is to the disadvantage for the Princess and
this suggests that the value of this game is a lower bound for V,. and with increasing
n it will converge from below to V..

We discretize the interval by putting a symmetric grid with respect to the mid
point. There are n equidistant grid points smaller than 0 and there are »n equidistant
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grid points greater than 0 at:
{-1,-1+A,...,-1+(n—1DA} U {1,1-A,...,1—(n—1)A}.

We denote the value of the discretized game by V,,. Our analysis of the game in
[4] can be used to demonstrate that V,, — V,. as n — oo. We only sketch the
argument here.

It is not difficult to show that, now that the hiding place of the Princess is limited
to a grid, the Monster starts his search from a grid point. One of our results is that
the Monster runs all the time, so at the discrete time steps the Monster is at one of
the grid points. Hence, the discretization does not limit the Monster, which implies
that V,, < V... On the other hand, any continuous strategy of the Princess from P
can be shadowed on the grid by a discrete strategy that is within a mesh distance.
The continuity properties of the payoff then imply that V,, T V.. for an increasing
number n of grid points.

Table 1: Numerical approximation of V,.

n Vn

1 1

2 | 1.266
4 | 1.330
8 | 1.354
16 | 1.365
32 | 1.370
64 | 1.373

The matrix in the discretized game has size 8n x 2n and we are unable to compute
V,, for larger n. Our results seem to suggest that the limit value is V,, = 11/8.

The results of our simulations show that the Princess uses three types of strate-
gies: (a) she hides at either end point, with a positive probability ~ 0.127 at each
end point; (b) she hides at 4-¢ until time 1 — ¢ and runs to a random end with total
probability ~ 0.236 evenly divided over the two points; (c) she takes an initial
position in (—1, 1) according to a continuous probability distribution, as depicted
in Fig. 1.

The Monster also uses two discrete strategies and one continuous strategy. He
uses the sweeper strategy with probability =~ 0.80, evenly divided between the
two sweep options. He starts at =(—1 + <) and runs to the opposite end and back
with probability ~ 0.075 for each option, or he picks an initial position in (—1, 1)
according to a continuous probability distribution, as depicted in Fig. 2. If the
initial position < 0, then he runs to the right end and subsequently back; if the
initial position is > 0, then he runs first to the left end and then back. Note that
the Monster only uses the pure strategies of A7, and he only uses half of these: if
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Figure 1: Probability density of the continuous Princess strategy.
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Figure 2: Probability density of the continuous Monster strategy.

M(0) < 0 then he runs to +1 and back to —1; if M(0) > 0 then he runs to —1
and back to +1

The probability density in Fig. 1 suggests a piecewise linear function, but there
is no obvious analytical function for the probability density in Fig. 2. Finding an
analytical solution of the restricted game appears to be a difficult problem.
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4 Approximation by means of Taylor expansions

We now take a different turn and try to approximate the analytical solution of
the restricted game by developing Taylor expansions. The starting assumptions
here are that both players use a continuous initial distribution, with delta functions
(concentrated masses) at both ends. For the Monster we assume a continuous initial
density distribution A; on (—1, +1) for immediate left turns after the start and a
continuous initial density distribution A, on (—1,+1) for immediate right turns
after the start. Because of symmetry, M;(z) = M, (—x). The remaining mass,
1— 1+1 (M;(z) + M, (—=z))dz, is split into two equal parts which will refer to the
mass concentrations at both ends. The functions P, and P, are likewise defined for
the Princess, the only difference being that the Princess does not immediately after
the start turn left or right, but first does not move and then, at moment min{1 +
x,1 — x} — ¢, with = being the initial position of P, turns left or right. This e-
value is arbitrarily small (and positive) and indicates the fact that the Princess is
followed on her heels by the Monster if both run in the same direction. Obvious
constraints are that all these densities are nonnegative.
Assume the functions P, and M; are linear, i.e.,

P(z) = c+dx, Mi(xz) =a+ bz,

on the interval [—1, +1] and where the constants a, b must be chosen by the Mon-
ster, and ¢, d must be chosen by the Princess, subject to the constraints already
mentioned. Thus we face the game

milfl max T,
where T" denotes the time of capture. Expressing 7" in terms of the variables a, b, ¢, d
and subsequently solving the minmax problem (using Maple) we find

654 624 2240 | 140
T 137 0T w3er ¢ a3 T amer

and the value of the game is 1.345.

Please note that the admissible class of strategies for the Monster does not
include the optimal strategies as obtained in the discretized game (where, for
instance, M, starting from a point in (—1,0), would only move to the right and
not to the left). Note also, that the class of admissible strategies for the Princess
are different from the one before (after an initial rest, she simply runs to one of the
two ends and stays there). In spite of the fact that the optimal strategies (as dealt
with in the previous section) are outside the current admissible classes used, it is
surprising to see how close the numerically obtained values are.

This method can easily be adapted to include different classes of strategies for
the Monster and Princess, such as for instance to include the possibilities of the
previous section. Moreover, the method can be extended to include second and
even higher-order terms in the expansions of M; and P,.

a
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5 Conclusion

In this paper, we present computer simulations of a search game with a mobile
hider and we take some preliminary steps to develop Taylor expansions of the
optimal mixed strategies. A solution of this game has eluded us so far.

We have given the Princess a mixed strategy P that contains pure strategies
of two types: immobile hiding at an end point £ or mobile hiding in an internal
point 7. Our numerical simulations show that in this restricted game the Princess
plays E with probability around ~ 0.25 and plays I with probability ~ 0.75. The
response of the Monster is to act as a sweeper .S or to start out from an internal
point and running up and down the interval, possibly turning upon meeting the
sweeper. Let’s call this .J. The strategies I and .J are mixed, but let’s think of them
as pure strategies for a moment so that we can set up a 2 x 2 zero-sum game matrix.

Our numerical simulations show that the Monster plays S with probability ~ 0.8
and J with probability ~ 0.2. The payoff of S against F and [ is easy to compute.
The payoff of J against £ is not so easy to compute. Our simulations indicate that
in the strategy .J the Monster starts very near one end and that he runs to the other
end and back, as indicated by the probability density in Fig. 2. The payoff of this
strategy against £ is very near 3, so let’s estimate it at that. The payoff of .J against
I is unclear, but if the value of the game is 11/8, which our numerical simulations
suggest, then the matrix of the game should be as follows:

E 1
S|1 15
J |3 bl6

In this matrix game, the Princess plays E with probability 0.25 and the Monster
plays S with probability 0.8125, in agreement with our numerical results.

Our simulations clearly imply that strategy M is irrelevant and only those pure
strategies in M are used in which the Monster first runs towards 0. It is probably
not easy to give a solid proof of these facts, but it is possible to give some intuition
for it and we would like to thank one of the anonymous referees for supplying this
intuition to us. The strategies in M, and M, are designed against a Princess that
hides in an internal point. Such a Princess moves from the internal point towards 0
and the Monster catches her if he moves to 0 as well. That is why only half of the
strategies in M are used. The Princess is near 0 at a time near 1, so the Monster
should make sure that he is at 0 near time 1. In other words, the Monster preferably
starts near an end point, as in the distribution of Fig. 2. Once the Monster has started
out near an end point, he has an option of turning once he meets a sweeper from
the opposite end, as in M. If he does, then it takes him longer to find a Princess
that is hiding at an end point. Also, if this Monster meets the sweeper and has not
caught the Princess, then he knows that the Princess is out of reach and will be
found at an end point. Thus, it makes sense for the Monster to continue his way,
as he does in strategy M.
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Abstract
We investigate two-player zero-sum differential games in which the first
player has more information on the terminal payoff than the second one. For
this game we explain how to build numerical schemes for the value function
and use these schemes to construct e-optimal strategies for the players.

Key words. Differential games, lack of information, approximation, optimal
strategies

AMS Subject Classifications. Primary 91A23; Secondary 49N70

1 Introduction

Since Aumann and Maschler’s seminal paper [1], repeated games with lack of
information have attracted a lot of attention. In this zero-sum two-player model,
one of the payers has a private information on some parameter of the repeated
game while the other player has only some belief on this parameter.

In a series of papers [3], [4], we have explained how to adapt Aumann and
Maschler theory to differential games with lack of information on one or two sides
and have characterized this value in terms of “dual solution” of some Hamilton-
Jacobi equation. In this paper we concentrate on differential games with lack of
information on one side and address two issues: first the numerical approximation
of the value; second the construction of e-optimal strategies of the players. Both
problems are strongly connected: indeed we use the numerical approximation of
the value to build e-optimal strategies.

Let us point out that the two problems cannot be deduced in a straightfor-
ward way from classical approaches. Indeed, the key point in the numerical
approximation of classical differential games is that the value satisfies a dynamic
programming principle (see [7] and the references therein, for instance). This is
not the case here: all we have is that the value function and its convex conjugate
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V™ (see below) satisfy a subdynamic programming, which is strict in general for
both functions. This is linked with the fact that the informed player has to use
his information without revealing it too quickly, while the non informed player
has to use the observation of his opponent’s controls to learn something about the
unknown parameter. Note that we have somehow to describe such behaviour in
the construction of optimal strategies for the players.

In order to describe our results, we now briefly recall the framework and main
results of [3]. The dynamics of the differential game is given by:

{ ' (t) = fz(t),ult),o(t)),  ult) €U, v(t) €V, )

l‘(to) = Xp

where U and V' are compact subsets of some finite dimensional spaces and f :
RN x U x V — RY is Lipschitz continuous. The terminal time of the game is
denoted by 7". The game starts at time ¢, € [0, 7'] from the initial position z.
Letg; : RN — Rbe I terminal payoffs (where I > 2), p = (p;)i=1,....; belong
to the set A(7) of probabilitieson {1, ..., I'}. Atthe initial time ¢, the parameter i
is chosen at random according to the probability p and is communicated to Player
I only. Then the players control system (1) in order, for Player I, to minimize the
terminal payoff g; (z(7")), and for Player 1l to maximize it. Note that Player Il does
not really know which terminal payoff he is actually optimizing because he ignores
which index i has been chosen. The key assumption is that both players observe
their opponent’s control. We also suppose that both players have a full knowledge
of the dynamics f, of the payoffs g; (: € {1,...,1}) and of the probability p. So
the unique difference in their information structure is that Player | knows the index
1 chosen according to probability p, while Player Il does not. However Player Il
can try to guess his missing information by looking at his opponent’s behavior.

In [3], we proved that this game—under Isaacs’ condition recall below—nhas a
value: namely the equality

I

inf - sup S piEas (g (X)) = @)
(a)E(Ar (1)) geB, (t()); 7 T

sup inf Zpl @ (gi (X;o,ro,ozi,ﬁ>)

BEB.(to) (@i)E(Ar(to))! £
holds. In the above expressions, a; € A, (to) (for i = 1,...,I) are I ran-
dom strategies for Player I, 3 € B,.(ty) is a random strategy for Player Il and
E., (g, (X b, %0, 5)) is the payoff associated with the pair of strategies

(ai, () for the terminal payoff g;: these notions are explained in the next section.
Player | chooses his strategies & = («;) according to the value of the index i,
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while Player I1, on the contrary, plays a strategy 3 independent of 4. This reflects
the asymmetry of information of the players. In (2) the sum >, p; (-) is just the
expectation of the payoff when g; is chosen according to the probability p. We
denote by V (¢, o, p) the value of the game given by (2).

The first result of this paper, described in details in Sec. 3, is about the approx-
imation of the value V. Let us fix a large integer L and let us denote by = = 7'/L
the time-step of discretization. We set

ty = kT for ke{0,...,L}

and we define by backward induction on & the function V. (¢, -, -) : RN x A(I) —
R:

for k = L7 T X p szgz

and (assuming V- (tx1, -, -) is built)

V. (tg, z,p) = Vex, <Lnellr} meaxV (1, + 7f(x,u,v), p)) , 3)
where Vex,,(-) denote the convex hull with respect to p. Then we prove that the
function V. uniformly converges to V as = — 0. This time discretization of the
value is surprizingly close to the discretization of the value of the classical (i.e.,
with symmetric information) zero-sum differential game with terminal payoff
>, pigi(x) (see [2]): the only difference is the fact that we have to take the convex
hull with respect to p.

The second result of the paper is a construction of e-optimal strategies for the
players. For Player I it is based on the previous time discretization. Let us recall
that, if we were in a classical differential games, a possible construction would be
the following: suppose the state of the system has reached some = € R at some
time ¢, Player | would just play on the time interval (¢, ¢;.41] the constant control
u € U which minimizes min,cy max,ey V. (tgt1, z + 7f(z,u,v)) (recall that
in this case V. is built by (3) without the convex hull).

In our game with lack of information on one side, Player’s | strategy is much more
involved. The key point—which is completely new in the framework of differential
games—is that the construction of his strategy requires the joint construction of a
random processes (p;) living on A(I). An interpretation of this random process
is the following: even if Player | knows which parameter i has been chosen by
nature, he also knows that Player Il ignores it. The random process p; somehow
represents the a-posteriori information he allows Player | to get on the parameter i.

Let us now describe how Player | builds his strategy: when the system has
reached some state x at time ¢;, and when p, equals some p, Player I first chooses
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some \; > 0,p’ € A(I)and w’ € U in such a way that (recall (3))

=1 Ny =p,
J J

(g, 2, p) Z/\ (Iuréllrjlmaxv (tht1,x + 7f(z,u,0), p])> ,

u/ being optimal in min,ey maxyev Vi (tgy1,2 + 7f(x,u,v),p’). Then he
chooses randomly the control «/ with probability \7p! /p; (where 4 is the param-
eter chosen by nature) and plays this constant control w7 on the time-interval
(tr,tg+1]). If u? has been chosen, he also updates the process p; by setting p, = '
on (ty, tx+1]. The probability A p! /p; is precisely the one under which the pro-
cess (p;) is a martingale for Player 1. Such a construction is strongly related with
the so-called splitting method in repeated game theory [1], [9]. It turns out that the
strategy built in this way is e-optimal for Player | as soon as the time-step 7 of the
discretization is sufficiently small. The rigorous construction and its optimality
are explained in details in Sec. 4.

For Player I, e-optimal strategies are built by using the approximation of the
convex conjugate of the value function. Surprisingly, Player Il also has to built a
random process, but this time in the dual variable p € R’. This is done in Sec. 5.

2 Main notations and assumptions

In this section we introduce the main notations and assumptions needed in the
paper. We also recall the main results of [3]: existence of a value for the game for
lack of information on one side, as well as the characterization of the value.

Notations: Throughout the paper, 2.y denotes the scalar product in the space R",
R, or R’ (depending on the context) and | - | the Euclidean norm. The ball of center
2 and radius  will be denoted by B,.(z). The set A(I) is the set of probabilities
measures on {1, ..., I}, always identified with the simplex of R’:

I

p=(p1,...,p1) € A(l) & Zpl-:landpiz()forizl,...f.
i=1

The dynamics of the game is given by:

{ /() = fa(t),u(t),v(t)), u(t) €U, v(t) €V . @)

Z(fo) = X9-
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Throughout the paper we assume that:

i) U and V are compact subsets of some finite dimensional spaces,
ii) f: RN x U x V — R is bounded, continuous, Lipschitz
continuous with respect to the x variable, ()
iii) fori=1,...,1, g; : RN — Ris Lipschitz continuous
and bounded.

We also assume that Isaacs condition holds and define the Hamiltonian of our
primal HJ equation:

H(,€) = minmax f(z,u,v).¢ = maxmin f (2, u,v).¢ (6)

forany (x,¢) € RN x RN,

For any ¢y < T, the set of open-loop controls for Player | is defined by:
U(to) = {u: [to,T] — U Lebesgue measurable} .

Open-loop controls for Player Il are defined symmetrically and denoted by V().
For any (u,v) € U(ty) x V(to) and any initial position 2o € RY, we denote by
t — X" the solution to (4).

A pure strategy for Player | at time ¢, isa map « : V(tg) — U(ty) which is
nonanticipative with delay, i.e., there is a partition ¢y < t; < --- < t;, = T such
that, for any vy, vo € V(to), if v1 = vy a.€.0n [tg, t;] forsomei € {0,...,k—1},
then a(v1) = a(vy) a.e. on [to, tit1].

A random strategy for Player 1 is a pair ((Qq, Fa, Pa), @), Where
(Qa, Fo, P, ) isaprobability space (chosen byPIayerllntheset{([O 1%, Fr, Py),
k € N*} where Fj is the Borel o-algebra on [0, 1]* and Py, is the Lebesgue
measure) and « : Q, X V(to) — U(to) satisfying:
(i) « is measurable from €2, x V(o) to U(ty), with , endowed with the
o—field F, and U (ty) and V() with the Borel o —field associated with the

L' distance,
(i) there isapartition to <t1 <--- <ty =Tsuch that, forany vy, ve € V(to),
if v1 = vy ae. on [to, ] for some i € {0,. — 1}, then a(w,vq) =

a(w,ve) a.e.on [tg, t;+1] forany w € Q.
We denote by A(t() the set of pure strategies and by A,.(to) the set of random
strategies for Player I. By abuse of notations, an element of A,.(ty) is simply
noted a—instead of ((Q,, Fa, P4 ), @)—, the underlying probability space being
always denoted by (24, Fo, Pa).
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In order to take into account the fact that Player | knows the index i of
the terminal payoff, an admissible strategy for Player | is actually a I—uple
&= (0417 Ce ,Oq) S (Ar(to))l.

Pure and random strategies for Player 11 are defined symmetrically; B(¢) (resp.
B..(to)) denotes the set of pure strategies (resp. random strategies). Generic ele-
ments of BB, (¢, ) are denoted by 3, with associated probability space (3, Fg, Pj3).

Lemma 2.1 (Lemma 2.2 of [3]). For any pair («,3) € A,(tg) x B(tp) and
any w := (w1,ws) € Qy x Qg, thereisa unique pair (u,,v,) € U(tg) x V(to),
such that

O‘(wlavw) = u, and 6(w23uw) =V - (7)
Furthermore, the map w — (u, v.,) is measurable from €2, x Qg endowed with
Fo @ FgintoU(to) x V(ty) endowed with the Borel o —field associated with the
L' distance.

Remark 2.1. In [3] we have worked with a slightly different notion of nonantic-
ipative strategy. It is not difficult to see that the above result as well as Theorem
2.1 remain true with the definition of strategy given here.

Notations: Given any pair (o, 8) € A,(to) x By (to), we denote by (X [o-*0-7)
the map (t,w) — (X;%" ") defined on [tg, T] x Qg x Qa, where (ug,, v,,)
satisfies (7). The expectation E, 3 is the integral over €2, x Q3 against the proba-
bility measure P, @ P 5. In particular, if  : R — Rissome bounded continuous
map and ¢ € (to, T'], we have:

Eos (0 (X070 ))i= [ g (X dPawPae), @

Qo X

where (uy,, v,,) is defined by (7).

For p € A(I), (to, o) € [0,T) x RYN, the payoff associated with a strategy
& = (a)i=1,..1 € (Ar(to))l of Player | and a strategy 5 € B,.(to) of Player Il
is defined by:

I (to, 0, &, B,p) = ZI:piEoziﬁ (!Jz' (X?’wo’ai’ﬁ» ; 9)
i=1

where E,,, 3 is defined by (8).
Let us now recall the main result of [3].

Theorem 2.1 (Existence of the value [3]). Assume that conditions (5) on f and
on the g; hold and that Isaacs assumption (6) is satisfied. Then the following
equality holds:

inf sup jt , L 7d7ﬁvp = (10)
GE(Ar(to))! BeB, (to) (fo-0 !
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sup inf J (to, xo, &, B,p) . (11)
BEB,(to) A€ (Ar(to))! (to, 0 )

e denote by V (¢, z¢, p) the common value of both expressions.

In order to give the characterization of V, we have to recall that the (Fenchel)
conjugate w* of amap w : [0,7] x RN x A(I) — R is defined by:
w*(t,x,p) = max p.p—w(t,z,p) V(t,z,p) € [0,T] x RN x R" .
PEA(I)

In particular, V* denotes the conjugate of V. If now w is defined on the dual space
[0,T] x RN x R!, we also denote by w* its conjugate with respect to p given by:
w*(t, z,p) = mz}{xp.f) —w(t,z,p) V(t,z,p) € [0,T] x RN x A(I) .

PERT
Proposition 2.1 (Characterization of the value, [3]). Assumethat conditions (5)
on f and on the g; hold and that | saacs assumption (6) is satisfied. Then the value
function V isthe unique function defined on [0, ] x RY x A([) such that:

(i) V isLipschitz continuous in all its variables, convex with respect to p and
such that

I
V(T,z,p) = Zpigq;(x) Y(z,p) € RN x A(I),

(ii) foranyp € A(I), (t,z) — V(t,z, p) isaviscosity subsolution of the primal
HJ equation
w; + H (z, Dw) = 01in [0, T] x RY (12)

where H is defined by (6),
(i) for any p € R!, (t,x) — V*(t,,p) isa viscosity subsolution of the dual
HJ equation
w; + H* (2, Dw) = 01in [0,T] x RY (13)

where H* (z,¢&) = —H (z, —¢) for any (z, &) € RN x RV,
We say that 'V is the unique dual solution of the HJ equation (12) with terminal
condition V(T z,p) = Zle pigi(x).

Remark 2.2.

(1) We recall that the notion of viscosity solutions was introduced by Crandall-
Lions in [5] and first used in the framework of differential games in [7] (see
also [2]). The idea of introducing the dual game and the Fenchel conjugate
of the value functions comes back to De Meyer [6] for repeated games.

(2) A function w satisfying conditions (i) and (ii) only is called a dual subsolu-
tion of (12), whereas a function w satisfying (i) and (iii) only is called a dual
supersolution of (12). The reason for this terminology is the following com-
parison principle given in [3]: if wy is a dual subsolution of (12) and w-, is a
dual supersolution of (12), then w; < ws.
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(3) Theorem 2.1 is given in [3] for differential games with lack of information on
both sides. One easily checks that the characterization given in [3] is the same
as the one given here in the special case of lack of information on one side.

We shall also need below the following reformulation of V* (Lemma 4.2 of [3]):

V* t;xyﬁ = inf sup max {f)l 7Ea (gl Xt,:n,a,ﬁ )}
( ) BEBr(to) ac A, (to) t€{1,- T} B (X7 )

= inf sup  max {pz _E, (gi b )} '
BEB(to) ae A(ty) €1, T} s ( T )

(14)

The function V* is the value function of the dual game.

3 Approximation of the value function

Let us fix a large integer L and let us denote by = = T'/L the time-step of dis-
cretization. We set

tp = kT for ke{0,...,L}.
We define by backward induction on k the function V. (¢, -,-) : RN x A(I) = R

by:
for k = L, (T, x,p) = szgz

and (assuming V. (tx11, -, -) is built)

V., (tg, x,p) = Vex, (IDEIIIJI mea‘}V (e, + 7f(x,u,0), p)> , (15)
where Vex, (-) denote the convex hull with respect to p.
One easily checks the following.

Lemma 3.1. Under assumption (5) on f and on the g;, the map (tx,z,p) —
V.- (tx, x, p) is Lipschitz continuous with a Lipschitz constant independent of 7.

Theorem 3.1. Assumethat conditions(5) on f and onthe g; hold and that | saacs
assumption (6) is satisfied. Then the map V. converges uniformly to the value
function V on compact subsets of [0, 7] x RN x A(I), in the following sense:

lim V,(te,2',p') = V(t,z,p) V(t,z,p) € [0,T]x RN x A(I) .
T =0T, t, = t,
=z, p—p
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Proof of Theorem 3.1: By Lemma 3.1, the (V) are all Lipschitz continuous with
a Lipschitz constant independent of . Let w be any cluster point in the topology
of uniform convergence on compact subsets of [0, 7] x RN x A(I) of V., as
T — 0T. By construction of V. and Lemma 3.1, w is Lipschitz continuous in all
its variables, convex with respect to p and satisfies

w(T, z,p) szgz V(z,p) € RN x A(I) . (16)

We have to prove that w is a subsolution of (12) for any p and its conjugate a
subsolution of (13) for any p.

Let ¢ be a test function such that w(-, -, p) — ¢ has a strict local maximum at
(to,xo). Then from standard arguments (see [2]), there are ({1, ) converging to
(to, o) such that V.(-, -, p) — ¢ has a local maximum at (¢, «). Then, for any
x € RV,

VT(tk+lax)p> - (b(ﬁ]qul’x) S VT(t/ka?p) - d)(tkaxk)

Thus,
0 = Vemp [minueU maXyev V‘r(thrb T+ Tf(l’, u, U>7P)] - VT(tkH xkvp)
< mingey maxyev Vo (tetr, 2x + 7f (2, u,0),p) — Vo (tg, T, D)
< mingey maxyey G(ter1, v + 7f(2,u,v)) — ¢(ty, 21) ,

which implies by standard arguments (see [2]) that

0 0
a(f (to,zo) + inelg}meax f(zo, u,v). 8f (to,x0) > 0. a7
Hence, w is a dual subsolution of (12).

For proving that w is a supersolution in the dual sense, we first note that V*
uniformly converges to w* on compact subsets of [0, 7] x RY x R!. We also
underline that (15) becomes, for any 2 € RY,

V:—(tv :Caf)) = IMaXpeA(I) pﬁ - minuGU maxyecy \ (tk+17 T+ Tf(l‘, u, U),p)
< maxyey mingey V (tkr1,x + 7f (2, u,v), p).

Letusnow fix p € R, and assume that w* (-, -, p) — ¢ has astrict local maximum at
(to,xo). Again from standard arguments, there are (¢, ) converging to (o, zo)
such that V*(-, -, p) — ¢ has a local maximum at (x, zx). Then

0 < maxyey mingey V (tkt1, 2r + 7f (2, u,0),p) — VE(tg, 25, D)
< maxyey Minyey ¢(tkr1, Tk + 7f (2,4, v)) — ¢(tk, Tk, )

from which we deduce that

¢ 99
>
e (to, o) + glggf({}rém f(zo, u,v). Iz (to,xo) > 0.



168 P. Cardaliaguet

Therefore, w is a subsolution of (13), i.e., a supersolution of (12) in the dual sense.

Since w is a sub- and supersolution of (12) in the dual sense and satisfies the
terminal condition (16), we have w = V. But this holds true for any uniform limit
of V., as 7 — 0T. Hence, V., uniformly converges to V. O

Remark 3.1. We note for later use that an alternative discretization of the value
function V can be given by the relation

V. (tg, z,p) = Vex, (glelgwecg}?f,u,v) V. (tgs1, o+ TU),p)) (18)
(instead of (15)) where Cof(x,u,V) stands for the convex hull of the set
flx,u, V).

The proof is the same as for Theorem 3.1 because we get in (17), for any
(x,€) € RN x RN,

min max w. = min max w.
uweU weCof(z,u,V) welU we f(z,u,V)
= minmax f(x,u,v).£ .
uelU veV f( B )f

4 Construction of optimal strategies for Player |
4.1 Construction of the strategy

In order to describe precisely the strategy given in the introduction, we have to
start with two definitions.

Definition 4.1 (Feedback). A pair of maps (u*, p*) is a feedback if there is a
partition to = 0 < t; < --- < t, = T of [0, T, a probability space (2, F,P)
and L random maps

(U oty ) P (ot ) s 2 x RN 5 A(T) — U x A(I)

(for k € {0,..., L — 1}) such that:

(i) forany zg,...,2r_1 in RN and any py,...,pr_1 in A(I), the family of
random variables {(u* (-, t;,2;,p;), P* (.15, 2;,p;))} ;= 1, &re Mutu-
ally independent.

(i) forany k € {0,...,L — 1}, the map
(w,2,p) = (u*(w, ty, z,p), p*(w, tx, z,p)) is measurable when RY, A(T)
and U are endowed with the Borel o-algebra.

Definition 4.2 (Strategy associated with a feedback). Givenafeedback (u*, p*),
an initial time £ € [0, T, an initial position z € R and an initial probability
p € A(I), one defines a random strategy o € A,.(t) by setting:
o (2, Fu,Po) = (Q,F,P), where (2, F,P) is the probability space on
which (u*, p*) is defined.
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e « and the process (p;, ) are defined by induction on the time intervals of the
form [ty,tx+1), Where tg = 0 < --- < tr, = T is the partition associated
with the feedback (u*, p*):

- Let ko be such that ¢ € [tg,,tk,+1). Then we set a(w,v)(t) =
u*(w, thy, T, p) ON [t,tg,+1) and py, = p.

- Let &k > kg + 1. Assume that we have defined P forall ¥’ < k and o
on [t, ¢x). Then we extend o to (x, tx41] by setting

a(w, ) (t) = u* (W, tg, XL, pry (W) for t € (g, trra], v € V(D)

and we update the process (py, ) by setting

Pty (w) =p" (w’ Lk, Xtt,;i’aw’ptk (w))
We say that « is the random strategy associated to the feedback (u*, p*) at (¢, z, p).

Remark 4.1. The above notion of strategy is strongly inspired by Krasowskii-
Subbaotin step-by-step motions associated with feedbacks [8].

We are now ready to explain the construction of the feedbacks which give rise
to e-optimal strategies for Player I. We actually have to built I feedbacks, because
Player | can take advantage of his knowledge of the index i. As before, we consider
a large integer L, 7 = T/ L denotes the time-step. We also set Q = [0, 1]%, F the
Borel o-algebra and P the Lebesgue measure on €.

Foreachi € {1,...,,I}, t, = k7 (with k € {0,...,L —1}), z € R and
p € A(I), we define (u}(w, tg, z, p), pi (w, tx, z,p)) as follows: let X = ();) €
A(I+1)and p? € A(I)forj =1,...,(I + 1) be such that

I+1

Z \ipl =p
j=1

and

I+1
Aj | mi a V. (thit, ) ) < Vi(ty, z,p) + 72
; j (glelgwecg}(;fu’v) r(ths1 J:+Twp)) <V, (tg,x,p)+7

Let w/ € U be r2-optimal in min,cy max,ecof(z,u,v) Vr(test, © + 7w, p7).
We also choose the functions A = A(z,p), p? = p/(x,p) and w? = u/(x,p) in
such a way that they are Borel measurable with respect to (z, p) (this is why we
only require them to be 72-optimal). Then we set

(u:(wvtk>$7p)7p;k(wvtlwxvp)) = (u],p7)

if w e Z )\j'Pg//Pi» Z )\j'Pg//pz‘

J'<j J'<3
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forje{l,....,]+1}andi e {1,...,I}ifp; #0,and

(u:(wvtkvx’p)api*(watkvxap)) = (ulvpl)

for any w otherwise. If p; # 0, this means that (u/, p?) is chosen with probability
\ip; [ pi.

Let us also point out that by construction, the feedback (u}, p;’) depends on
ie{1,...,I}andon T = 1/L. For simplicity we do not explicitly note this latter
dependence.

4.2 Optimality of the strategy

The following result states that the strategy built in the previous way is e-optimal.

Theorem 4.1. Assume that conditions (5) on f and on the g; hold and that
Isaacs assumption (6) is satisfied. For any ¢ > 0, ¢ € [0,7), z € RY and
p € A(I), thereis some 7y > 0 such that the strategy &, = (o ;) associated to
the feedbacks (u}, p¥) at (¢, z, p) is e-optimal for Player | inthegame V (¢, z, p)
for any 7 € (0, 7).

Remark 4.2. By “&. is e-optimal for Player | in the game V (¢, z, p)” we mean
that &, is e-optimal in (10).

Proof of Theorem 4.1: Letus fix 7 = T'/L (with L > 1) and let (v}, p;) be the
feedback built above. We first claim that there is some constant M such that, for
any k € {0,..., L}, 7 € RN, p e A(I), we have

sup j(tkaj7&Taﬁ7]§) SVT(tkai‘7p)+M(L_k)T2) (19)
BEB(tr)

where &, = (a;) is the random strategy associated to the feedbacks (u}, p;) at
(te, Z, D).

In order to define the constant M, let us note that there is a constant M/; which
only dependson || f||s and on || D f ||~ (see assumption (5) on f) such that, for any
ke {0,...,L —1}andany x € RV, forany v € U and any control v € V(t),
there is some w € Cof(xz,u, V') such that

Xf:ﬁuv —(z+71w)| < M7 .
Let also denote by M5 a Lipschitz constant of V.. (which does not depend on 7).
Then we set M = (M7 M, + 2).

We show inequality (19) by backward induction. It obviously holds true for
k = L. Let us assume that it holds true forsome k+1 € {1,...,L}. Letz € RN
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and p € A([) be fixed. We note that, from the definition of the feedback (u, p;’)
(see the notations of the previous subsection), for any 5 € B(ty), we have

Xgebeanal = X 8:9005 with probability A;p! /pr,

where S
= X
e «;; isthe random strategy associated to the feedback (u}, p}) at (tx+1, z;, p’)
e and (5, € B(ty4+1) is defined, for any u € U(txy1), by B;(u) = B(u)
where u/ € U(ty) is given by u/(s) = w/ on [ty,tr41) and u/(s) =
u(s) on [tr41,T]. _ .
From the definition of M7, there is some w? € Cof(Z,u”, V') such that:

|z — (Z + 7w!)| < My, (20)
Hence,

z,a p) = I 5 T, 0 s
I (tk, @, 67, 0:0) = 2oicy PiBasr [Qz‘(X?“ o ﬂ}
I I+1 _ i thot 1,2 5,053
Dim1 Zjil Pi\ip] [PiEa,, {gi(XT"+1 5,0 ﬁ])}
I+1 L i
< 2501 A S eB(tys1) 2oim PiBas, [gi(XTk+1 T30 )} .

From the induction assumption we have:

I

j t FPRTYNC
sup 3 plB, [ )
B eEB(tr+1) i=1

< Vi (tgg1,25,p7) + M(L — (k +1))7°.

Therefore, using first (20) and the M, —Lipschitz continuity of V., then the choice
of u/, \;, and p’,

j(tkaja d‘f‘vﬁap) S Zfli AJ (VT(tk"f'l?xj’pj) + M(L - (k + 1))7-2)
< SN (Veltogr, 7+ 7w?  p7) + My Mor? + M(L — (k + 1))72))
S Z]Iii )\j maxwecof(w7uj7v) (VT(tk+1, T+ Tw7pj) + M1M2T2
+M(L— (k+ 1))72))
V., (ty, Z,p) + (My My + 2)7% + M(L — (k +1))72.

IN

So inequality (19) holds because M = (M; M + 2).

Let us now fix ¢, z, and p and let &, = («,;) be the admissible strategy
associated with the feedbacks (v}, p;) at (¢, z, p). Let k besuchthat? € [ty—1,tx).
Then we have:

supgep(p J (¢, 7, &r, 3,0)

SUPgeB, (1) j(ﬂf, &T7ﬂ7ﬁ) =
< maxX|p_z|<Mr SUPgeB(t,) j(tlm x, Oy, ﬁ»ﬁ)a
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where ¢, is the random strategy associated with the feedbacks (u, p}) at (¢, x, p)
and M is a bound on | f|. Hence by (19),

supﬁezs,,,(f) ‘7(5) j? d‘ra ﬁaﬁ) S maX|mff\§]\4‘r VT(tkv xvﬁ) + M(L - k>7-2-

Letting 7 = T/L — 0%, max,_z/<am- V- (tk, z,p) converges to V (¢, z, p) and
(L — k)72 converges to 0. Therefore, for 7 small enough, say 7 € (0, 7o), we have

Sup \7(77:%7&7'7/67ﬁ) S V(E7f7ﬁ)+€'
BEB ()

a

5 Approximation of the dual game and construction of a e-optimal
strategy for Player 11

In this section we build a e-optimal strategy of the non informed player. The
main idea is that it is enough to play a e-optimal strategy in the dual game. As
for the first player, one needs for this to build a time-approximation of the con-
jugate of the value function. Then we show that e-optimal strategies in the dual
game V*(¢,z,p) are e-optimal strategies in the initial game V (¢, z, p) provided
p € 9,V (t,z,p). We finally build the e-optimal strategy for Player I1.

Let us fix as before a large integer L, set 7 = T/L and t, = k7 for k €
{0, ..., L}. We define by backward induction the function C.. (with C as “conju-
gate™)

for k = L, C.(T,x,p) = max{p; — g;(x)}

and (assuming C(tg+1, -, -) is built)

C.(t,z,p) = Vex; <£ré1‘r/1 wecror}%i[]m) C(tgy1,x + Tﬂ),p)) (21)
where Vex;(-) denote the convex hull with respect to p and Cof(x,U,v) the
convex hull of the set f(x, U, v).

One easily checks the following.

Lemmab5.1. Assumethat conditions (5) on f and on the g; hold and that Isaacs
assumption (6) is satisfied. Then the map (tx, z,p) — C,(tx,x,p) is Lipschitz
continuous with a Lipschitz constant independent of 7.

Theorem 5.1.  Assumethat conditions(5) on f and onthe g; hold and that | saacs
assumption (6) is satisfied. Then the map C.. converges uniformly to the conjugate
of the value function V* on compact subsets of [0, 7] x RN x RI,i.e,

lim C.(ty,2',p) = V*(t,z,p) Y(t,z,p)€[0,T] x RN x R".
T =0t t, =t
=z, p—=p
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Remark 5.1. As in the construction of the approximation of the primal game,
we could use instead of formula (21) the following:

C,(ty,z,p) = Vex; <£Tél‘1/l max C.(tgs1,z + 7f(z,u, v),p)> .
Proof of Theorem 5.1: The proof is exactly the same as that of Theorem 3.1.
We show that, if w is any cluster point in the topology of uniform convergence
on compact subsets of [0, 7] x RN x R! of C, as 7 — 07, then w is Lipschitz
continuous in all its variables, is convex with respect to p and satisfies

w(T,z,p) = imaxl{ﬁi —gi(x)} Y(z,p) € RN x R". (22)
Moreover, arguing as in the proof of Theorem 3.1, one can check that w is a
subsolution of the dual HJ Eq. (13) and w* is a subsolution of the primal HJ
Eq. (12), which shows that w* = V, i.e., w = V*. Hence, any accumulation point
of V. is equal to V*, which shows our claim. O

We now explain that Player Il can use e-optimal strategies in the dual game in
order to play in the initial game.

Lemmab5.2. Assumethat conditions (5) on f and on the g; hold and that |saacs
assumption (6) is satisfied. Let p € 9,V (to, z0,p) and 3 € B,.(ty) be e-optimal
in the dual game V*(to, zo,p) (i.e, in (14)). Then 3 is e-optimal in the game
V(to, zo,p) (i.€,in (11)).

Proof of Lemma 5.2: Let 3 be e-optimal in the dual game V*(tg, zo, p). Then
we have

V*(to,x0,p) = infgsup, max;{p;, — Eg(gi(X?’mo’a’ﬂ))}

> max;{p; — inf, Eﬁ-(gi(Xfro’zo’a’B))} — €.

Hence,

V(t05$07p) ﬁ'p_v*(t07x0aﬁ) _

p-p — max;{p; — inf, Eﬁ(gi(X%O’wo’a’B))} +e
p-p— > pi{pi —infa Eg (gg(XtTO’xo’a’ﬁ))} +e
> pi{inf, EB(QQ(X?M’Q’B))} +€

inf& j(th Zo, da ﬁ7p) + €.

VAN VAN VAN VAN

So /3 is e-optimal in the game V (¢, x9, p). O

We are now ready to describe an e-optimal strategy for Player I1. As for Player I,
Player I has to build a random process (p;, ) (now in R') jointly with his strategy.
For this he constructs a feedback (v*, p*) (defined here on © x {t.} x RN x RT)
by using the time discretization of the game explained above.
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Let L be a large integer, let 7 = T'/L be the time-step and let us set 2 =
[0,1]F, F the Borel o-algebra, and P the Lebesgue measure on . Let k& €
{0,....,L —1},p = (p;) € R, x € RN and w € € be fixed. We define
(v*(w, t, =, p), P*(w, tg, z,p)) as follows : let A = (\;) € A(I+1)andp/ € R!
forj=1,...,(I + 1) be such that

I+1

+

Np! =P
1

J

and

I+1
A (min - max  Cr(tprr,z+7w,p’) ) < Cr(ty,z,p) +72.
Z J (vGV weCof(z,U,v) ( k+1 p ) - T( k p)

Letv/ € V be r2-optimal in min, ¢y MAaXyeCof (z,U,0) C +(teg1, z+7w,p7). We
choose the functions A = \(z, p), p/ = p’(x,p) and v/ = v’ (x,p) in such a way
that they are Borel measurable with respect to (x, p). Then we set

(0" (W, thy 2, D), D (W, by, 9)) = (/7)) i wi € [ DN, Y Ay

J'<j J'<J

forj € {1,..., I+ 1}. This means that Player Il plays the control v7 on [t, ts1)
with probability \;, while the random process (p, ) moves from p to p.

We point out that the feedback (v*, p*) depends on = > 0, although we do not
write it explicitly. As in Definition 4.2, we can associate with such a feedback a
random strategy (which is now built jointly with a random process (p;, ) on RY).

Theorem 5.2.  Assumethat conditions(5) on f and onthe g; hold and that I saacs
assumption (6) is satisfied. Lete > 0,7 € [0,7],z7 € RN andp € A(I). Let also
p € 0,V (t,,p). Then thereis some 7, > 0 such that the strategy /3, associated
tothefeedback (v*, p*) at (¢, x, p) ise-optimal for Player Il inthegame V (¢, z, p)
for any 7 € (0, 79).

Proof of Theorem 5.2: From Lemma 5.2 we just have to prove that 3, is e-
optimal in the dual game V*(¢, z, p). Following the proof of Theorem 4.1, it is
enough to show that there is some constant M such that, for any k € {0,..., L},
any z € RN and any p € R’, we have

sup  Ji(tg, T, Bryp) < Cr(ty, 7, ) + M(L — k)12, (23)

acA(ty)
where (3. is the random strategy associated with the feedback (v*, p*) at (tx, Z, D)
and where we have set, for any t € [0,7], z € RN, p € R and (« ﬂ) €
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Tz, 0, 08,p) = max (ﬁi —Eugp {gz(Xéiaﬁ)D :

i=1,...,1
In order to define the constant A, we note as in the proof of Theorem 4.1 that
there is a constant M; which only depends on || f||~ and on || D f]|~ such that,
forany k € {0,...,L — 1}, 2 € RN, w € U(ty) and v € V, there is some
w € Cof(x,U,v) such that:
XEeomuv (x+7Tw)| < Myt .

tht1

Let M, be a Lipschitz constant of C.. (which does not depend on 7). Then we set
M = (MM, + 2).

We show inequality (23) by backward induction. In obviously holds true for
k = L. Let us assume that it holds true forsome k + 1 € {1,...,L}.

Letz € RN and p € R! be fixed. From the definition of (v*, p*) we have, for
any a € A(ty),

Xhemonfe — xlien®3:99:05 with probability A,

where

T J
o z;=X/Tor

tht1 !
e [3; is the random strategy associated to the feedback (v*, p*) at (tx41, z;, p’)
e and a; € A(tg41) is defined, forany v € V(tx41) by a;(v) = a(v'),
where v/(s) = v’ on [ty, tg11) and v'(s) = v(s) on [try1,T] .
Let w’ € Cof(Z,U,v7) be such that

|2 — (@ + Tw’)| < MyT? (24)
Then:
Ji(tk, T, o, B7,p) = max; (ﬁz‘ —Eg, {gi(XtT’“’f’a”B*}
= max; (Zf—ii i(p] — Eg, [gi(X?“’Ij’aj’ﬁj) ))
< ZJII% Aj SUDo/ e Aty ;) TAX; ]3? —Eg, gi(Xy““’%’a,”Bj)D )
From the induction assumption we have:

~ tk+1,Z]',a,,ﬁj
sup max (p] — Eg, |¢;(X )
o' CA(thyr) © ( B [ z })
< CT(t/H-lv'rj?ﬁj) + M(L - (k + 1))T2 :

Therefore, using first (24) and the M5 —Lipschitz continuity of C.., then the choice
of v7, \; and 7, we get as in the proof of Theorem 4.1

jl(tkvi'v aaﬁ‘rvﬁ) é Zjii )‘j (Cr(thrlvxj,ﬁj) + M(L - (k + 1))7—2)

S Cr(tkvi'7ﬁ) + (MlMQ + 2)7-2 + M(L - (k + 1))T2a

when inequality (23) holds thanks to the choice of M = (M; M, + 2). O
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Abstract

We deal with the approximation of a generalized Pursuit-Evasion game with
state constraints. Our approach is based on the Dynamic Programming principle
and on the characterization of the lower value v of the game via the Isaacs
equation. Our main result is the convergence of the fully-discrete scheme for
Pursuit-Evasion games under continuity assumptions on v and some geometric
assumptions on the dynamics and on the set of constraints Q. We also analyze
the Tag-Chase game in a bounded convex domain when the two players have
the same velocity and we prove that in the constrained case the time of capture
is finite. Some hints to improve the efficiency of the algorithm on serial and
parallel machines will be also given. An extensive numerical section will show
the accuracy of our method for the approximation of the value function v and of
the corresponding optimal trajectories in a number of different configurations.

Key words. Differential games, pursuit-evasion games, state constraints,
Isaacs equation, fully-discrete scheme, feedback controls, Tag-Chase game,
parallel algorithms.

AMS Subject Classifications. Primary 65M12; Secondary 49N70, 49L.25.

1 Introduction

In this paper, we present and analyze a numerical approximation scheme for 2-
player Pursuit-Evasion games with state constraints. The scheme is based on the
dynamic programming approach and the convergence results are obtained in the

P. Bernhard et al. (eds.), Advances in Dynamic Games and Their Applications, 177
Annals of the International Society of Dynamic Games 10, DOI: 10.1007/978-0-8176-4834-3_11,
© Birkhauser Boston, a part of Springer Science + Business Media, LLC 2009



178 E. Cristiani and M. Falcone

framework of viscosity solutions (see the survey papers [3,7,17] for a general
introduction to this topic without constraints).

Our main result shows that the solution of the fully-discrete problem converges
to the time-discrete value function as the mesh size Az goes to zero provided a
technical “consistency" assumption on the triangulation is satisfied. Moreover, an
a priori error bound on that approximation is proved in Theorem 3.1 and a very
easy sufficient condition guaranteeing consistency is shown (Corollary 3.3). The
proof of the main result is obtained by extending to games a technique presented
in [18] for the minimum time problem without state constraints and adapting the
approach for state-constrained control problems presented in [10].

Note that the convergence of the fully-discrete solution to the solution of the

continuous problem in the free (i.e., unconstrained) case is proved in [6], but this
result cannot be directly extended to the constrained case. In [10], a convergence
result is proved for constrained control problems, but it strictly relies on the fact
that the time-discrete value function is continuous so we cannot apply the same
ideas here.
In order to prove convergence of the approximate solution of the fully-discrete
scheme to the value function, we have coupled our result with the convergence
result obtained by Bardi et al. [8] (see also [21,20]) in the framework of Pursuit-
Evasion games. This allows to conclude that, under suitable assumptions, the
convergence of the fully-discrete solution converge to the solution of the continuous
problem when the time and space steps, At and Ax, go to zero (although a precise
estimate of the order of convergence is still missing).

It should be noted that very few results on constrained differential games are
available although several interesting problems with state constraints have been
studied in the classical books by Isaacs [19] and Breakwell [9]. The aim of those
contributions is mainly to analyze the games under study in order to determine
directly the optimal strategies for the players avoiding in this way the Isaacs equa-
tion. The main theoretical contributions to the characterization of the value func-
tion for state constrained problems are, by our knowledge, the papers by Alziary
de Roquefort [1], Bardi et al. [8], and Cardaliaguet et al. [12]. From the numer-
ical point of view, the list of contributions is even shorter. The first examples of
computed optimal trajectories for Pursuit-Evasion games appeared in the work by
Alziary de Roquefort [2]. In Bardi et al. [6], there are some interesting tests in
Q c R? with state constraints and discontinuous value function. In [4], the effect
of the boundary conditions for the free problem in R* is studied. In the paper
Cardaliaguet et al. [11], a modified viability kernel algorithm (see [13] for more
details on this approach) is presented and a convergence proof for that approxi-
mation scheme is given. Finally, let us also mention the paper of Pesch et al. [22]
where the optimal trajectories are computed by means of neural networks (again
avoiding the solution of the Isaacs equation).

Another contribution of this paper is the analysis of the constrained Tag-Chase
game where the two players run one after the other in a bounded convex domain
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with the same velocity. In this case, the value function is discontinuous and most of
the theoretical results we know for the Tag-Chase game do not hold. We prove that
the time of capture is finite if the capture occurs whenever the distance between the
Pursuer and the Evader is less than a positive parameter ¢ (the radius of capture).
This shows that the presence of constraints can change dramatically the result of
the game. In fact, in the unconstrained Tag-Chase game where both the players
have the same velocity, the Evader always wins (and the time of capture is +o00).
The paper is organized as follows. In Sec. 2, we set up our problem, introduce
the notations and present our approximation scheme. Section 3 is devoted to the
convergence analysis, we prove first some properties of the discrete value functions
vy, and vl corresponding, respectively, to the solutions of the time-discrete and
fully-discrete schemes. The final convergence result is obtained coupling the error
estimate of Theorem 3.1 with the results in [8]. In Sec. 4, we deal with the Tag-
Chase game in a convex domain showing that this problem has a finite capture
time also when the two players have the same maximal velocity. Section 5 presents
some hints for the construction of the algorithms and, in particular, it deals with two
features which allow to reduce the computational cost for the solution of the Isaacs
equation: a high-dimensional interpolation technique and the symmetry properties
of the Tag-Chase game played in a square domain. Finally, Sec. 6 presents several
tests for different geometric configurations of the state constraints (convex and
non-convex) as well as for various choices of the relative velocities of the two
players. We analyze the results in terms of the value function v but also in terms
of the optimal trajectories that one can compute using v.

2 The fully-discrete approximation scheme

Let us start introducing the problem and our notations. The system describing the
dynamics is
{909~ Fleho(0. 80 £>0 @
y(0) =z,

wherey(t) € R?" isthe state of the system, a(-) € Aandb(-) € Bare, respectively,
the controls of the first and the second player, A and BB being the sets of admissible
strategies defined as

A ={a(-): [0,400) — A, measurable} ,
B = {b(-) : [0,4+00) — B, measurable},
and A and B are given compact sets of R™. We will always assume that

f:R?" x A x B — R?" is continuous W.I. to all the variables and
there exists L > 0 such that | f(y1,a,b) — f(y2,a,b)| < Lly1 —y2|  (2)
forall y,,y2 € R*®, a € A, b€ B.
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We will denote the solution of (1) by y(¢; x, a(-), b(-)).

A target set 7 C R?" is given and it is assumed to be closed. The first player,
called the Pursuer and denoted by P, wants to drive the system to 7. The second
player, called the Evader and denoted by £, wants to drive the system away.

We deal with the natural extension of the minimum time problem, so we define
the payoff of the game as the first (if any) time of arrival 7'(«) on the target 7 for
the trajectory solution of (1) starting at . Note that, as usual, we set T'(z) = +oo
if the trajectory will not reach the target. The two players are opponents since the
first player wants to minimize the payoff associated to the solution of the system
whereas the second player wants to maximize it.

From now on, we restrict our analysis to Pursuit-Evasion games although some
results are still valid in a more general context. We denote the coordinate of the
space by x = (xp,zg) Where 2 p, x5 € R™. Each player can control only his own
dynamics, i.e., f has the form f(z,a,b) = (fp(zp,a), fe(xs,b)). The state of
the system is y(t) = (yr(t),ye(t)) and a typical target has the form

T:{(l'p,l'E)€R2ni|$p—l'E|§€}7 e>0

so in the unconstrained case the target is unbounded. As we said in the Introduc-
tion, we want to construct a numerical approximation for Pursuit-Evasion games
with state constraints. This means that player P has to steer the system to the tar-
get satisfying the constraint y» (¢) € Q, for every t whereas player E must satisfy
ye(t) € Qy for every t, where Q4 Q) are given bounded sets. The whole problem
is set in Q@ c R2™ where  := ©; x Q. Note that one player cannot force the
other to respect or ignore the state constraints just because every player can affect
only his dynamics and he is completely responsible for his strategy/trajectory. In
the constrained game it is natural to replace 7~ with 7 N €.

The analysis of the continuous model with state constraints via dynamic pro-
gramming techniques which is the basis for our approximation can be found in [8].
Let us start giving the time-discrete and the corresponding fully-discrete version
of the differential game with state constraints. We will consider a discrete version
of the dynamics based on the Euler scheme, namely

Yn4+1 = Yn + hf(yna A, bn)
Yo =,

where h = At is a positive time step and we denote by y(n;x, {a,}, {bn}) its
solution at time nh corresponding to the initial condition z = (zp,zg) and to
the discrete strategies {a, },{b,}. The state constraints obviously require that
y(n;z, {an}, {bn}) € Qforalln € N.

We define the constrained admissible strategies for each player

Az :={a(-) € A:yp(t;x,a(-)) € Qy, forallt >0}
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B, = {b(-) € B:yr(t;z,b(-)) € Qa, forall t > 0}

and their time-discrete version

Al = Ha,} s a, € Aand yp(n; 2, {a,}) € Qy, foralln € N}

B .= {{b,} : b, € Band yg(n;z,{b,}) € Qy, forall n € N}.

Note that the constrained strategies now depend on x and on the state constraints.
We will always assume that A, # 0, B, # 0, A" £ (), and B! £ @ forall z € Q
and A sufficiently small.

In the same way, we have to define the sets of admissible controls for every
point z € Q. Let us start with the continuous problem. Following [20,21], we will
select the subsets of admissible controls, denoted by A(y) and B(y), for every

y=(yp,yp) € Q\ T,

A(y) ={a € A:3r > 0suchthatyp(t;yp,a) € Q; fort € [0,7] and
y%GB(yPar)mﬁl}a (3)

B(y) ={b€ B:3r > 0suchthatyg(t;yy,b) € Qs fort € [0,7], and
vy € Blyp,r) N2}, (4)

For the time-discrete dynamics we define an analogue of subsets of A(y) and B(y)
as follows:

An(y):=={a€ A:yp+hfp(yp,a) € %}, ye Q\T, (5)

Bi(y) :={b€ B:yg+hfe(ye,b) € Do}, yeQ\T. (6)

The meaning of the above definitions is very clear: in order to guarantee that
his trajectory satisfies his own state constraints over a time interval h, player P
(respectively, player E) has to choose his control in Ay, (y) (respectively, By, (y)).
These subsets describe at every pointy € 2\ 7 the “allowed directions" for each
player, naturally they depend also on h, the dynamics and the constraints. Note
that A, (y) = A (respectively, By, (y) = B) in the unconstrained case.

We will also assume that

Jho > 0s.t. Ap(x) # D and By (x) # 0 forall (h,z) € (0,ho] x Q.  (7)

Definition 2.1. A discrete strategy for the first player is a map o, : B? — A%
It is nonanticipating if o, € T, where

"= {a, : B" = A" : b, = b, forall n. < n’ implies
a[{b}Hn = aw[{gk}]n foralln <n'}. (8)
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Let us define the reachable set as the set of all points from which the system can
reach the target

"= {x eR": forall {b,} € B" there exists o, € I and 7 € N
such that y(n; z, ag [{bn }], {bn}) € T+ (9)

Then we define

nh(xv {an}v {bn}) = { Tloré{n eN: y(n;m’ {a"}’ {b”}) € T} i Z QZ .

We will consider for our approximation the discrete lower value of the game, which
is
Tp(z) = inf  sup hnp(z, as({bn}], {bn})
agelrh {bp}eBh

and its Kruzkov transform
op(z) =1—e 1@ 2 ecq. (10)

Note that a similar construction can be done for the upper value of the game.
The Dynamic Programming Principle (DPP) for Pursuit-Evasion games with state
constraints is proved in [8] which also gives a characterization of the lower and
upper value of the game in terms of the Isaacs equation. From the discrete version
of the DPP (see [8]), we can conclude that the time-discrete value function vy, is
the unique bounded solution of

beB (z) acAp (x)
vp(x) =0 reTNQ

(HI1,—)

where 3 := e~" and the maxmin is obviously computed on the sets of admissible

controls for the constrained game. In order to achieve the fully-discrete equation we

build aregular triangulation of Q denoting by X the setofitsnodes z;,i = 1,..., N

and by S the set of simplices S;, j = 1,..., L. V(S;) will denote the set of the

vertices of a simplex .S; and the space discretization step will be denoted by &

where k := max;{diam(S;)}. Let us define D = (Q\7) N X.

The fully-discrete approximation scheme for the constrained case is

{vh(aj): max min {Buy(z + hf(z,a,b)}+1 -8 € Q\T

vi(m;) = be%?ézl)aeglhu(lxl {Bvf(zi + hf(zi,a,b))} +1 -3 x; €D

h
vF(z;) =0 r €TNX

(@) = 3 M@ (a), 0 M(@) <1, Y0 =1 zeq.
(HJI’;—Q)
As in the unconstrained problem, the choice of linear interpolation is not an obli-
gation and it was made here just to simplify the presentation. Let us denote by 1W*
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the set
Wk :={we C(Q): Vw(z)=constantforallz € S;,j =1,...,L}.

The proof of the following theorem can be obtained by simple adaptations of the
standard proof for the free fully-discrete scheme (see, e.g., [6]).

Theorem 2.2.  Equation (HJIf—) has a unique solution vy € W* such that
oF Q= [0,1].

Sketch of the proof. The right-hand side of the first equation is (HJI5—2) defines
amap F : RV — RY where N is the cardinality of the set of nodes in the trian-
gulation. The proof relies on the fact that F' is a contraction map so there exists a
unique fixed point V* and vf (z;) = V;*,i = 1,..., N. |

3 Convergence of the fully-discrete numerical scheme

The convergence of the fully-discrete scheme will be based on two ingredients.
The first is an a priori bound for v¥ — v, which will be obtained studying the
properties of v;, on a family of approximate “reachable sets". This bound is proved
for a general dynamics f and does not depend on the regularity of v. Then, we
couple this bound with the convergence result in [8] where they prove that v,
converges to v uniformly in Q \ 7.

Let us define Ry := 7 and

n—1
Ry = {x €0\ U R, : forall b € By, (x) there exists a,(b) € Ap(z)
=0

such that z + hf(x, a,(b),b) € Rn_l} , n>1. (11)

See [18] for an analogous definition in the framework of the minimum time prob-
lem.

Remark 3.1. By definition, the shape of the sets {R,, } ,en strictly depends on
f, Q, Aand B. Moreover, the following properties hold true:

1. R, NR,, =0forall n # m;

2. If R, = 0 for some p € N, then R, = () for any ¢ > p;

3. Thesets {R,, } e are the level sets of v, and vy, has jump discontinuities on
the boundary of each of them.

In the sequel will always assume that

Q= G R;. (12)
=0
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Note that (12) can be interpreted as a sort of small time controllability assumption
and that it is not really restrictive since if there exists a point z € Q\ U; R; this
means that player P cannot win the game from that point (i.e., he cannot drive the
system to the target) and then vy, (z) = 1.

We introduce two important assumptions on the triangulation. Let S € S be a
simplex, the first assumption is (see Fig. 1):

Figure 1: A simplex S crossing R, Rn—1, and Ry +1.

r€SNR,=V(S) CRp_1 UR,URpt1. (13)

It means that the space discretization cannot be too coarse with respect to the time
discretization. The second assumption is the “consistency” of the triangulation
(see Fig. 1).

Definition 3.2. We say that a triangulation is “consistent” if SNR,, # () implies
that there exists at least one vertex z; € V() such that z; € R,,.

The above assumption requires that every simplex of the triangulation cannot cross
a level set R,, without having a vertex in it and, as we will see, is crucial for the
convergence of the scheme. This condition will be always satisfied for & sufficiently
small as we will see in Corollary 3.4. Let v, and v denote, respectively, the
solution of (HJI,—2) and (HJI%—2). We now state the main result of the paper.

Theorem 3.3. Let 2 be an open bounded set. Let (2), (12), (13) hold true and
let the triangulation be “consistent”. Then, for n > 1:

a) vp(z) <wup(y), foranyzx e O R;, foranyye Q\ O Rj;
§=0 3=0
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b) vp(z) =1—e ™" foranyz € R,;
¢) vi(x)=1—e "+ 0(k) Y e " foranyz € Ry;

j=0
d) There exists a constant C' > 0 such that
Ck
|on(2) — vi ()] < T foranyzeR,.
— €

Proof. ) By induction. For n = 0 the statement is true since
0=wvp(z) <vp(y) forallz e 7T, forallye Q\T.

Let the statement be true up to n — 1. Suppose by contradiction that

there exists = € | R; and y € O\ | J R; such that vy, () < va(x).
j=0 7=0

Therefore, there exists a (discrete) trajectory that starts from Q\ |J R; and reaches
j=0

the target in less then n time steps passing through R.,,. The cantradiction follows

by the definition of R,,.

b) By the definition of R, for any = € R,, we can find n + 1 points (9, g =
0,...,n such that z(¥) = x and 2(¥ € R,,_,. Introducing for simplicity the
notations a, := a,,» and b, := b, We can write the sequence of the points 2@
more explicitly as

plat)) — p(a) 4 hf(:v(q)7dq(b;)7b2) )

where we use the * to indicate the optimal choice. As a consequence, the state of
the system can reach the target in n steps and then vy, () < 1 —e~™". Suppose by
contradiction that vy, (x) < 1—e~"". Asinb), this means that the state has reached
the target starting at « in less then n time steps but this is impossible since . € R,,.

c) By construction we have v (z;) = 0 forall 2; € RN X. We now consider a
generic pointz € R and let S be the simplex containing z. Since the triangulation
is “consistent”, S must have at least a vertex z;, € R and then v¥(z) = O(k)
for all z € R, since vf € W, This implies, for all z; € R1 N X,

vf () = Bof(z; + hf (20", b%) +1— 3= pBO(k)+1 -8,

since x; + hf(x;, a*,b*) € Ry. We now consider a generic point € R;. By the
same arguments there exists at least one vertex z;, € R4 such that

or(z) = vr(x;,) + O(k) = BO(k) +1 =B+ O(k) =1 — B+ (1+p)O(k).
Forany z; € Ro N X,
vi(e) = B — B+ (1+ B)O(k)) +1—B=1- "+ (3+ )O(k) ,
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and, for any x € Ry it exists z;, € R such that
oF(z) = v (x5,) + O(k) =1 — %24+ (1 + B+ B2)O(k).

Continuing by recursion we obtain, forany z € R,

n

@) =1-6"+0k) Y B

j=0
d) By b) and ¢) there exists a positive constant C; such that

Cik
1—eh’

L Cik
() = whlo)] = Cok 325 < 725 =

d

Corollary 3.4.  Let Q be an open-bounded set. Let (2), (12) hold true. Moreover
assume that

mir117|f(a:,a,b)| >fo>0 and 0<k< foh. (14)

Then, for k — 0%, v} converges to vj, uniformly in €2 for any h > 0 fixed.

Proof. First note that condition (14) is a sufficient condition for (13) and for the
consistency of the triangulation. Therefore we can apply Theorem 3.3 and we
easily conclude. O

Remark 3.5. The result in the above corollary does not rely on the fact that we
use a split dynamic f = (fp, fr) but we notice that it is not clear how to get the
Hamilton-Jacobi-Isaacs equation associated to the problem in the case of a general
dynamics with state constraints. In [21] there is an attempt in this direction but
unfortunately the case considered there does not include Pursuit-Evasion games.

In order to obtain uniform convergence of v to the solution of the continuous
problem when 4 and & tend to 0™, we couple our result with those in [8] which
are restricted to Pursuit-Evasion games. Let us denote by v the value function for
the continuous problem as defined in [8]. In order to provide sufficient conditions
for the continuity of v, we need to introduce further assumptions. Whenever we
say that w : [0, 4+00) — [0, 4+00) is @ modulus we mean that w is nondecreasing,
it is continuous at zero, and w(0) = 0. The first assumption is about the behavior
of the value function v near the target 7.

There is a modulus w such that v(z) < w(d(x,T)) forallz € Q (C1)
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where d(z, T) = inf e 7{|z — 2|}
The second is a small time controllability assumption for the Pursuer.

There is wp (-, 12) modulus for all 2 > 0 such that for all
wy,wy € § there are a(-) € A, and atime ¢,,, ., satisfying (C2)
YP (twy wes w1, a(-)) = we and 0 < tyy, w, < wp(|wr —wsl, [wal).

The third is a small time controllability assumption for the Evader.

There is wg (-, R) modulus for all R > 0 such that for all
21, 29 € Qg there are b(-) € B, and atime ¢, ., satisfying (C3)
yE(tZl,ZQ;Zl7 b()) = 22 and O S tZl,Zz S uJE'(|21 - 22|7 |22|)

The proof of the next theorem can be found in [8].

Theorem 3.6.  Assume that (2), (C1), (C2), and (C3) hold. Then, the value func-
tion v is continuous in 2 x Q5 .

Let us introduce the following regularity hypothesis on the boundary of 7.

For each = € 07 there are r,§ > 0 and = € R?" such that
{ U B2’ +t=,t0) c Q\T forany 2’ € B(z,r) NO\T. (15)
o<t<r

Note that a comparison principle for sub- and super-solutions for the same Hamil-
tonian is proved in [8] under additional regularity assumptions on 9(2\7"). More
precisely, the assumptions needed are the uniform interior cone conditions for 24,
Qo,and 7.

We have the following

Theorem 3.7. Let Q be an open-bounded set. Let (2), (7), (C1), (C2), (C3), and
(15) hold true. Finally, assume that

fe(xp,A(z)) and fgr(zg, B(x)) areconvex sets. (16)
Then, for h — 0%, v, converges to v uniformly in €.

Proof. The assumption (16) guarantees that the value function v, for the time-
discrete problem defined in (10) coincides with that used in [8]. Moreover, assump-
tions of Theorem 3.6 are fulfilled so that v € C(Q). Then, the proof follows by
Theorem 4.2 in [8]. O

Coupling the previous results we can prove our convergence result for the
approximation of Pursuit-Evasion games.

Corollary 3.8. Let the assumptions of Corollary 3.4 and Theorem 3.7 hold true.
Moreover, assume that & = O(h'*e),fora > 0. Then v’ converges to v uniformly
in Q for h tends to 0.
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Proof. Since 1 — e~ = O(h) for h tending to 0 we have for any = € Q:
o () —v(2)] < |v(2) = o ()] +[on(@) —v(@)| < O(h®)+[on(z) —v(2).

O

Aswe said in the Introduction, a convergence theorem has been proved in[11,12]
for a different approximation scheme based on viability theory. The approach is
different in several respects. The first is that the techniques used in the proof are
based on the characterization of the epigraph of the value function of the game
in terms of a Discriminating Kernel for a suitable problem. By this technique
the authors can easily deal with semicontinuous Hamiltonians and construct a
discrete Discriminating Kernel algorithm. This technique is based on an external
approximation of the epigraph of the value function via a sequence of closed sets
D,, p € N (see [13] p. 224). This construction is rather expensive for games and
can be hard to pursue particularly in high-dimension even if one can try to localize
the algorithm near the boundary of the Discriminating Kernel (i.e., nearby the
graph of the value function).

4 The Tag-Chase game with state constraints

The Tag-Chase game is a particular case of Pursuit-Evasion games. We consider
two boys, P and FE, which run one after the other in the same 2-dimensional
domain, so that the game is set in Q = ﬁf C R* where ©; is an open-bounded
set of R2. We denote by (zp, xx) the coordinates of Q where 2p, x5 € Q1. P
(respectively, E) can run in every direction with velocity Vp (respectively, Vi) so
that the dynamics of the game is

tp=Vpa aEBg(O,l)
tg=Vgb bEBQ(O,1)7

where By(0,1) = {z € R? : |z| < 1}. The case Vp > Vg is completely studied
in [1,2]. The value function "= — In(1 — v), which represents the capture time,
is continuous and bounded in its domain of definition. Moreover, the convergence
result we obtained in Sec. 3 applies to this case.

On the other hand, the most interesting case is certainly Vp = Vg, i.e., when
the players have the same dynamics and no advantage is given to any of them. In
this case it is easily seen that the value function 7" is discontinuous (at least on
07T) and then all theoretical results based on the continuity of the value function
does not hold.

In this section we will give an answer to the following question: "if Vp = Vg,
is the capture time finite?”.

If the Tag-Chase game is played without constraints on the state and both players
play optimally, it is immediately seen that the distance between P and F remains
constant and then capture never happens (the optimal strategy for F is to move
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for ever as fast as he can along the line joining P and E in the opposite direction
with respect to the position of P). On the contrary, if the state is constrained in a
bounded domain, such a restriction seems to play a key role against the Evader, as
the following proposition shows.

Proposition 4.1. Let 2, be open and bounded. Moreover, let the target be
T ={(zp,zp) €Q: |zp—zp|<c}, e>0. a7

Then,

1. If Vp > Vg, then the capture time ¢t. = T'(zp,zg)=—In(1 — v(zp,zg)) is
finite and bounded by
¢ < lzp 2Bl
-~ Vp-VE
2. If Vp = Vg, e # 0and Q; is convex then the capture time ¢.. is finite.

Proof.

1. This first part of the proof can be found in [1]. We fix a strategy for P and
leave E free to decide his optimal strategy. First, P reaches the starting point
of E covering the distance |z p — x| and then he follows the E’s trace. The
conclusion follows by elementary computations.

2. The basic idea of the proof is the same of the previous case but we have to
change the strategy for the Pursuer in order to have a finite upper bound.
P runs after £/ always along the line joining P and E (P can do it by the
convexity of Q) while E chooses his own optimal trajectory as before. We
can characterize the strategy of E by a function 6(t) : [0,4+00) — [0,27)
which represents at every time the smallest angle between the velocity vector
of E and the line joining P and E (see Fig. 2). Let us denote by dpg(t) the

Figure 2: Trajectories of P and E in Proof of Proposition 4.1.

distance between P and F at time ¢. We claim that, for any fixed ¢,

0(t) #0=dpg(t) <0 (18)
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where’ = %. Due to the state constraints, 6(¢) cannot be equal to 0 for a time
interval longer then diag(€21)/Vp and after that must be different from 0 for
a finite time interval because &/ must change his trajectory at least when he
touches 052, . Therefore, if (18) holds then dpg(t) — 0 for t — oo and then
for any € > 0 there exists a time ¢ such that dp(¥) < ¢ (the capture occurs).
In order to prove (18), let us define the two vectors E(t) and P(t) which are,
respectively, the position of P and E at time ¢ and the vector r(t) := E(t) —
P(t). By definition, we have dpg(t) = |r(t)|. Without loss of generality,
suppose that at time ¢, P(¢) is in the origin and E(¢) lies on the x-axis and

y

e

AN N
NIZNGZA

Figure 3: Vectors P, P’, E, E’, and r’ as in Proposition 4.1.

that Vp = Vg = 1 (see Fig. 3).
Then

P'(t) =(1,0) and = (1,0).
Moreover, by construction we have
E'(t) = (cos0(t),sinf(t)) and ¢'(t) = E'(t) — P'(t).

It follows that /() = (cos 0(t) — 1,sin6(t)) and

op(t) = ] ' (t) = cos(t) — 1 (19)

so that (18) holds. O

5 Some hints for the algorithm

In this section we give some hints for an efficient implementation of the algorithm
for the solution of differential games. The main goal is to reduce the computational
cost since this is a crucial step toward applications. The first hint deals with a
fast way to compute the term v (z; + hf(x;,a,b)) in high-dimensional spaces.
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In fact, the linear interpolation used in the definition of the fixed point iteration is
appealing from the theoretical point of view but not very efficient since it would
require the solution of a linear system of size 2n + 1 for every z;, a, and b. The
procedure we suggest solves this problem by a sequence of linear interpolations in
1-dimension. The second hint exploits the natural symmetry in the game problem
whenever it is played in a square domain in order to reduce (by a factor 2 in two
dimensions and 4 in four dimensions) the domain where the solution is actually
computed. Both procedures have shown to be very efficient and have contributed
to a dramatic reduction of the CPU time.

5.1 Interpolation in high-dimensions

It is important to note that the semi-Lagrangian scheme (HJI%—2) requires that at
every iteration, at every node and every a and b, the value vf (z; + hf(zi,a,b))
is computed and this computation needs an interpolation of the values of Ufb at the
nodes. [14] extensively analyzed a fast and efficient interpolation method in high-
dimension suitable to our purposes. We recall briefly this method giving a precise
error estimate.

Consider a point 2 = (1, ...,z,) € R™ and the cell of the grid which contains
it (see Fig. 4 for an example in 3D). Suppose that a function f is known in the 2™
vertexes of the cell and we want to compute the value f(z) by linear interpolation.
The basic idea is to project the point - onto lower and lower dimensional subspaces
until dimension 1 is reached. More precisely, choose a dimension (in Fig. 4 we
chose x1) and project the point z in that dimension on both sides of the cell finding
the points P! and P; . Then, choose adirection different from the first one (we chose
x5) and project the points P} and Ps on the sides of the cell finding the points P2,
P3, P, and PZ. Iterate the projection procedure 2" ! — 2 times in the same way
until all vertexes of the cell are reached. At this stage a tree structure containing

all points Pij i =1,...,2" 5 = 1,...,n is computed from top to bottom.
Now evaluate by unidimensional linear interpolations the values of f at the points
P! i=1,...,2", j=1,...,ninthe reverse order with respect to that used

to find them (from bottom to top). This procedure leads to an approximate value
of f(x) obtained by 2™ — 1 unidimensional linear interpolations. It is interesting
to give a precise error estimates of this first-order interpolation method.

Theorem 5.1. LetR"™ D Q :=[a1,b1] X ... X [ap,by] and & = (z1, ..., 2,).
Assume f € C?(Q;R) and let q(x), z € Q be the approximate value of f(z)
obtained by the n-dimensional linear interpolation described above.

Then, the error E(z) := f(z) — g(x) is bounded by

|E(z)] < E ?‘Mi, forall z € @,
i=1

82
where M; = rzneaéq%;ﬂ and A; = b; — a;.
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Figure 4: Example in 3D.

Proof. The proof is easily obtained by induction using the basic theory of linear
interpolation. The interested reader can find the complete proof in [15]. O

5.2 Reducing the size of the problem

If the dimension of the space is greater than 4, the algorithm has a high computa-
tional cost. As already noted in [2,22], due to the state constraints it is not possible
in general to use reduced coordinates & = xp — x g unless the problem has a spe-
cial structure. In fact, using reduced coordinates we loose every information about
the real positions of the two players, so that we cannot detect when they touch the
boundary of the domain (and then change the dynamics consequently). Note that
if we consider the 2-player Tag-Chase game constrained in a circle (see for exam-
ple [9]), the problem can be described by three coordinates instead of four since
the problem is invariant with respect to the rotation of the domain. Obviously, this
is not true if the game’s field is a square as in the case of the numerical tests we
carry on in this paper.

Although it is not always possible to describe the game in a reduced space
due to the state constraints, we can simplify the computation taking into account
the symmetries of the problem, if any. We explain our technique first in the 1-
dimensional case and then in the 2-dimensional case. From now on we denote by
n the number of grid nodes in each dimension.

Unidimensional Tag-Chase game
Assume that each player can move along a line in the interval [—x, ]2, then the
game is set in the square [—x, 7).

In Fig. 5 we show the level sets of the solution 7" = —log(1 — v) in the case
Vp =2, Vg =1, o = 2 and an optimal trajectory starting from (—1.5,0). It is
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Figure 5: Level sets of the solution 7" = — log(1 — v) for Vp =2, Vg = 1.

easy to see that
v(zp,zg) =v(—xp,—xzg) forallzp,xp € [—x0,z0]

so that we can recover the entire solution either from the triangular sector
Snw ={(zp,xg) : zp < xg}orfromtherectangularsector Sy = {(zp,2p) :
xp < 0}. This corresponds to the fact that it is sufficient to compute the solution
for all the initial positions of P and E in which P is on the left of £ or P is in
the left side of the domain [—x(, o] (see Fig. 6). There is an important difference

P E l , E P,
@ v | *— hd

Figure 6: Two initial positions which correspond to the same value for v.

between the two approaches. In fact, the target 7 = {(zp,xg) : xp = zg} is
entirely contained in Syw but not in Sy,. Moreover, since the target divides the
domain Q = [—x, 0]? in two parts and no characteristics can pass from one part
to the other, all the optimal trajectories starting from Sy, remains in Syy. This
is clearly not true for Sy, . As a consequence, if we compute the solution only in
Sy this will be not correct because not all the usable part of the target is visible
from the domain.

Unfortunately, the domain Syyw has not a correspondence in the two-
dimensional Tag-Chase game. In fact, the target 7 does not divide the entire space
Q = ([0, 0] X [—20, T0])? into two parts since the co-dimension of the target
is strictly greater than 1. On the contrary, we will see that the domain Sy has a
natural generalization in the two-dimensional case.
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For this reason it is preferable to localize the computation only in Sy . In order to
do this we adopt the following idea. First of all we choose n even. Then we compute
the approximation of v at the node corresponding to the indices (i, j), for i =
1,...,n/2,j = 1,...,nviathe numerical scheme (HJI¥—2) (note that now i is the
index corresponding to the position of the player P so is a column index whereas
Jj is arow index). After every iteration we copy the line (i =n/2, j=1:n)in
(t=n/2+41, j =n:1) as asort of "periodic boundary condition” for Sy . In
this way the information coming from the south-western part of the target can
substitute the missing information needed by the north-western part of the domain.

When the algorithm reached the convergence we can easily recover the solution
on all over the domain €.

Two-dimensional Tag-Chase game
As we did in the unidimensional case, we want to use the symmetries of the
problem to avoid useless computation.

We assume that each player can move in a square so that the game is set in a four-
dimensional hypercube. The positions of P and E will be denoted, respectively,
by (zp,yp) and (zg, yg). In this case we have more than one symmetry. In fact,
it easy to check that the following three inequalities hold (see Fig. 7):

P ) P,
o : oF
op . P.

Figure 7: Four initial positions which correspond to the same value for v.

U(l‘PawaTEJJE) :U(_xpa_ypa_$E7_yE) (20)
U(xpawaTanE) = U(—UCPJ/P, —!EE7Z/E) (21)
v(zp,yp,2E,YE) = v(Tp,—YpP,TE, —YE). (22)

We note that once we take into account the symmetry (20) we took into account
automatically the symmetry in (21).
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The following nested for’s take into account only the symmetry (22) and they
allow to compute correctly the whole 4D matrix containing the grid nodes.

for 1=1:n
for j=1:n/2
for k=1:n
for 1=1:n
{v(i,J,k,)=SLscheme(...);
v(i,n-j+1,k,n-1+1)=v(i,j,k,1);}

Now we are ready to make use of symmetry (20) by means of the tech-
nique introduce for the unidimensional Tag-Chase game. We compute just
half matrix corresponding to the indexes ¢ = 1,...,n/2 and after every iter-
ation we copy the submatrix (i=n/2, j=1:n,k=1:n,l=1:n) in
(i=n/241,j=n:1, k=n:1,1=n:1)asaboundary condition.

At the end of computation we easily recover the solution in the whole domain.

Remark 5.2.  We ran a Fast Sweeping [23] version of the one-dimensional Tag-
Chase game. We noticed that no improvements about the number of iterations
is achieved. This is probably due to the presence of state constraints so that the
information first propagates from the target and then it comes back after hitting
the boundary. A Fast Marching scheme for the unconstrained game in reduced
coordinates has been presented in [16].

6 Numerical experiments

In this section we present some numerical experiments for two-dimensional con-
strained Tag-Chase game. We consider the case Vp > Vg as well as Vp = Vg
and Vp < Vg. To our knowledge, these two last cases appear for the first time
in a numerical test. The code is written in C++ and its parallel version has been
obtained by means of OpenMP directives. The algorithm ran on a PC equipped
with a processor Intel Pentium dual core 2 x 2.80 GHz, 1 GB RAM and on an
IBM system p5 575 equipped with 8 processors Power5 at 1.9 GHz and 32 GB
RAM located at CASPUR®.

Notations and choice of parameters

We denote by n the number of nodes in each dimension. We denote by n.. the
number of admissible directions/controls for each player, i.e., we discretize the
unit ball B(0,1) with n. points. We restrict the discretization to the boundary
0B(0, 1) and in some cases we add the central point (in this case we denote the
number of directions by n_ +1 where n; = n, — 1).

Consorzio interuniversitario per le Applicazioni di Supercalcolo per Universita e Ricerca,
www . caspur . it.
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We always use a uniform structured grid with four-dimensional cells of volume
Az* and we choose the (fictitious) time step 4 such that || A f (x, a, b)|| < Az forall
x, a, b (S0 that the interpolation is made in the neighboring cells of the considered
point).

We introduce the following stopping criterion for the fixed point iteration
VPl = F(VP) (where V; = vf(;))

HV(pH) _ V(p)“oo <e, e> 0.

We remark that the quality of the approximate solution depends on A, k and also
(strictly) on the ratio h/k (see [4])

The real game is played in asquare [—2, 2% so the problem issetin Q = [—2, 2]*.
The numerical targetis 7 = {(i, 5, k,1) € {1,...,n}* : |[i—k| < land |j -1 <
1}

Once we computed the approximate solution, we recover the optimal trajecto-
ries. At this stage we have to choose the time step At in order to discretize the
dynamical system by Euler scheme. It should be noted that this parameter can, in
general, be different from the (fictitious) time step h chosen for the computation of
the value function (our choice is At = Ax/2) and this is true also for the number
of controls n.. Moreover, computing optimal trajectory requires the evaluation of
the argminmax which is done again choosing a value for &, and this value can be
in principle different from that used in the first computation.

We plot some flags (circles for the Pursuer, squares for the Evader) on the
approximate optimal trajectories every s time steps where s varies from 5 to 20
depending on the test. This allows to follow the position of one player with respect
to the other during the game.

We denote by v(zp,yp,xzg,yr) the approximate value function and by
T(xp,yp,xg,yr) = —In(l —v(zp,yp,xE, yr)) the time of capture.

6.1 Case Vp > Vg

The case Vp > Vi is the classical one and it was already studied by Alziary de
Roquefort [2]. In this case, the value function v is continuous and all theoretical
results we presented in this paper hold true. In the following we name “CPU time”
the sum of the times taken by the CPUs and by “wallclock time" the elapsed time.

Test 1

We choose ¢ = 1073, Vp = 2, Vg = 1, n = 50, n, = 48 + 1. Convergence was
reached in 85 iterations. The CPU time (IBM - 8 procs) was 17h 36m 16s, the
wallclock time was 2h 47m 37s. Figure 8 shows the value function 7°(0, 0, z g, yr)
and its level sets (we fix the Pursuer’s position at the origin). It is immediately
seen that if the distance between P and F is greater than Vp — Vg = 1 then the
state constraints have a great influence on the solution. Moreover, it is clear that
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Figure 8: Test 1. Value function 7°(0, 0, x5, y) (left) and its level sets (right).

the presence of state constraints gives an advantage to the Pursuer.
Figure 9 shows four optimal trajectories corresponding to the starting points:

P=(-1,0) [ P=(-2,-2) [ P=(-18,—18) [ P=(-18,—18)
{E:(0,0) {E:(l,O.?) {E=(0.5,—1.6) {E:(O.5,—1.8).

Figure 9: Optimal trajectories for Test 1.

Test 2
The second test is just to compare the CPU time corresponding to the two archi-
tectures mentioned above. It is interesting to test the new dual core processors in
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order to understand how much they can be useful in parallel scientific computing.
They are indeed conceived mainly to deal with distributed computing or simply
multitasking. The performances of the parallel code are measured in terms of two
well-known parameters, the speed-up and the efficiency. Let T, and 7}, be the
times corresponding, respectively, to the execution of the serial and parallel algo-
rithms over n,, processors. We define

speed-up := —— and efficiency := M

Tpm‘ Ty

Note that an ideal parallel algorithm would have speed-up = n, and efficiency = 1.
Table 1 shows the wallclock time, the speed-up and the efficiency for the following

Table 1: CPU time for Test 2

] architecture | wallclock time | speed-up | efficiency |
IBM serial 26m 47s - -
IBM 2 procs 14m 19s 1.87 0.93
IBM 4 procs 8m 09s 3.29 0.82
IBM 8 procs 4m 09s 6.45 0.81
PC dual core, serial 1h 08m 44s - -
PC dual core, parallel 34m 51s 1.97 0.99

choice of parameters: e = 107°, Vp = 2, Vg = 1, n = 26, n. = 36 + 1.

Test 3

In this test the domain has a square hole in the center. The side of the square is
1.06. We choose ¢ = 1074, Vp = 2, Vi = 1, n = 50, n. = 48 + 1. Convergence
was reached in 109 iterations. The CPU time (IBM - 8 procs) was 1d 00h 34m
18s, the wallclock time was 3h 54m 30s. Figure 10 shows the value function

Figure 10: Test 3. Value function T'(—1.5, —1.5, x5, yE).
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T(—1.5, —]..57 TE, yE‘)
Figure 11 shows two optimal trajectories corresponding to the starting points:

{ P=(-19,-1.9) { P =(~1.9,0)
E=(19,19) E = (1,0).

Itis interesting to note that in both cases the Evader waits until the Pursuer decides

Figure 11: Optimal trajectories for Test 3.

if he wants to skirt around the obstacle clockwise or counterclockwise. After that,
the Evader goes in the opposite direction. If both players touch the obstacle, they
run around it until the capture occurs.

Test 4

In this test the domain has a circular hole in the center. The radius r of the circle is
7TAz. We choose e = 1074, Vp = 2, Vg = 1, n = 50, n. = 48 + 1. Convergence
was reached in 108 iterations. The CPU time (IBM - 8 procs) was 1d 17h 27m 43s,
the wallclock time was 6h 39m 00s. Note that handling with a circular obstacle
inside the domain of computation is not easy as in the previous test where the
boundary of the obstacle matches with the lattice. We adopt the following proce-
dure. First of all, we define the radius r of the circle as a multiple of the space
step Az. Then, at every node (P=(i, j), E=(k, 1)), we compute the distance d p
(resp., dgo) between P (resp., ) and the center of the domain. Let us focus on
P, E being treated in the same way. If r < dpo < r + Az, then we say that P in
on the “numerical boundary” of the circle. The exterior normal vector 7(i, j) to
the (numerical) boundary of the circle is simply given by the coordinates of the
node (i, 5), so that we can easily compute the scalar product 7 - a where a is the
desired direction of P. If the scalar product is negative, we label the direction a
as not admissible.

Figure 12 shows two optimal trajectories corresponding to the starting points:

P=(-19,-1.9) P = (—0.6,0)
{ E=(19,1.9) { E = (1,0.4).

The behavior of the optimal trajectories is similar to the previous Test.
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o

Figure 12: Optimal trajectories for Test 4.

6.2 Case Vp = Vg

When Vp = Vg the value function v is discontinuous on 97. In this case no
convergence results are known, nevertheless the numerical scheme seems to work
very well. We remember that results in Sec. 4 guarantee that v < 1 (the capture
always occurs). This is confirmed by the following test.

Test 5

We choose e = 1073, Vp = 1, Vg = 1, n = 50, n. = 36. Convergence was
reached in 66 iterations. Figure 13 shows the value function 7'(0,0, 2z, yz) and
its level sets. Figure 14 shows the value function 7'(1.15,1.15, 2, yg) and its

: 00
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15
, 0.0

Figure 13: Test 5. Value function 7'(0, 0, x5, y) (left) and its level sets (right).

level sets. Figure 15 shows four optimal trajectories corresponding to the starting
points:

{P:(O,l) {P:(171.5) {P:(1.3,1.8) {P:(—1.97—1.9)
E=(-05,0) | E=(0,0) E=(-1.7,-1.9).
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Figure 15: Optimal trajectories for Test 5.

Test 6
In this test the domain has a circular hole in the center. The radius of the circle is
7Az. Since the domain is no more convex, we have no guarantee that the time of
capture is finite. Numerical results show that the value function v is equal to 1 in
a large part of the domain.

Itiswell known that it is not possible to recover the optimal trajectories whenever
v = 1 (T = o0) since from that regions capture never happens. Indeed, if Vp < Vg
the approximate solution shows a strange behavior. Evenifv < 1, insome casesthe
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computed optimal trajectories tend to stable trajectories such that P never reaches
E. Although this is due to some numerical error, these trajectories are extremely
realistic so they give to us a guess about the optimal strategies of the players in the
case F wins. In this Test (and others below) we show this behavior.

We choose ¢ = 1074, Vp = 1, Vg = 1, n = 50, n. = 48 + 1. Convergence
was reached in 94 iterations. The CPU time (IBM - 8 procs) was 1d 12h 05m 22s.
Figure 16 shows one optimal trajectory corresponding to the starting point

Figure 16: Optimal trajectories for Test 6.

{ P =(-18,0)
E = (1.2,0).

In this example, there is no capture within 150 time steps. The asymptotic behavior
of the trajectory is stable since once the two players reached the internal circle,
they run around it forever. It should be noted that, at the beginning of the game, £
leaves the time to go by in order to touch the boundary of the circle exactly when
P touches it.

This strange behavior urges us to invent some method to compute rigorously
the trajectories corresponding to the E’s win, in order to confirm our guess.
Maybe we can do it considering the time-dependent problem (so that we work in
R as Alziary de Roquefort does [2]). This allows one to choose a time-dependent
velocity V() such that it is very fast for 0 < ¢ < ¢ (capture impossible) and very
slow for ¢ > t (capture unavoidable). For such a velocity we have v < 1 so we
can compute optimal trajectories but, for 0 < ¢ < ¢, E will attempt to maintain a
trajectory such that capture does not occur.

6.3 Case Vp < Vg

If Vp < Vg the value function v is discontinuous on 97 . Moreover, we have no
guarantee that the time of capture is finite. Numerical results show that the value
function v is equal to 1 in a large part of the domain.
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Test7

We choose e = 1073, Vp = 1, Vg = 1.25, n = 50, n. = 48 + 1. Convergence
was reached in 53 iterations. The CPU time (IBM - 8 procs) was 12h 43m 02s,
the wallclock time was 2h 18h 06s.

Figure 17 shows the value function T'(—1, —1,z g, yg) and its level sets.

Figure 17: Test 7. Value function T'(—1, —1,zg, yx) (left) and its level sets (right).

Figure 18 shows two optimal trajectories corresponding to the starting points

P=(-1,-1) P=(-1,-1)
{ E=(-1,1) { E = (—0.5,-0.5).

Note that the Pursuer approaches the corner in which capture occurs along the

Figure 18: Optimal trajectories for Test 7.

diagonal of the square in order to block off the Evader’s escape.

Test 8
We choose ¢ = 1074, Vp = 1, Vg = 1.5, n = 50, n. = 36. Convergence was
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reached in 65 iterations. The CPU time (IBM - 8 procs) was 15h 48m 46s, the
wallclock time was 2h 30m 19s.
Figure 19 shows two optimal trajectories corresponding to the starting points:

P = (0.5,0.5) P =(0,-0.8)
{ E = (15,15) { E = (-03,-13).

In the example on the left, 2 makes believe he wants to be caught in the upper-left

Figure 19: Optimal trajectories for Test 8.

corner but after a while he turns on the right toward the upper-right corner. In the
example on the right, there is no capture within 2,000 time steps (see Test 6) and
the asymptotic behavior of the trajectories is quite stable. Moreover, we note that
the ratio between the two radii of the circles are about 1.5 as the ratio between the
velocities of the two players (so that they complete a rotation in the same time).
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Abstract

The famous game of two cars is a pursuit-evasion dynamic game. In the
extended version presented here, a correct driver (evader) on a freeway detects
awrong-way driver (pursuer in a worst case scenario), i.e., a car driving on the
wrong lanes of the road or in the wrong direction. The correct driver must try to
avoid collision against all possible maneuvers of the wrong-way driver. Addi-
tionally, he must try to stay on the freeway lanes. Analytically, the game is not
fully solvable. The state-space is cut by various singular manifolds, e.g., barri-
ers, universal, and dispersal manifolds. Here, discretized Stackelberg games are
solved numerically for many positions in the state-space. The resulting trajec-
tories and their adherent information are used to synthesize optimal strategies
with artificial neural networks. These networks learn the optimal turn rates and
optimal velocity change rates. The networks are trained with the high-end neu-
rosimulator FAUN (Fast Approximation with Universal Neural Networks). A
grid computing implementation is used which allows significantly shorter com-
puting times. This implementation runs on low-budget, idle PC clusters and
moreover power saving allows to wake up and shut down computers automat-
ically. Parallelization on cheap hardware is one of the key benefits of the pre-
sented approach as it leads to fast but nonetheless good results. The computed
artificial neural networks approximate the Stackelberg strategies accurately.
The approach presented here is applicable to many other complex dynamic
games which are not (fully) solvable analytically.

Keywords. Dynamic game, Stackelberg game, synthesis of optimal strategies,
artificial neural networks, parallel computation, grid computing, game of two
cars.
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1 The Game of Two Cars Revisited

Even today, several thousand cases of people driving on the wrong side of the
road are officially registered on German freeways every year. The actual number
is estimated to be several times higher. Often, people are injured or even killed.
A collision avoidance device can help to minimize the dangers resulting from
wrong-way drivers. This can be modeled as a pursuit-evasion dynamic game. In
the present paper, an enhanced version of the game of two cars is investigated. The
idea is that the maneuvers of wrong-way drivers are generally unpredictable, e.g.,
because of drunkenness, fatigue, or panic. It is therefore suitable for the correct
driver to assume the worst and to act, as if the wrong-way driver was trying to
capture him. The correct driver chooses the optimal strategy against all possible
decisions of the wrong-way driver. The resulting dynamic game is modeled as
Stackelberg game and the neurosimulator FAUN is used to synthesize strategies.

To simplify our real life problem, we restrict ourselves to a collision avoidance
problem for two cars: one is driven by the correct driver E, the other one by the
wrong-way driver P. For this collision avoidance problem the kinematic equations
can be modeled by:

Tp =wvpsingp, @)
Ty =vgsin¢g, 2

Y =UpCOSpp — Vg COS P, 3
g = bene, “)
bp = wpup, (5)
Q.SE = wg(vE)uE; (6)

see Fig. 1. The subscripts P and E of the notations refer to the wrong-way driver
(the pursuer) P and the correct driver (the evader) E, respectively. The independent
variable t denotes time, the state variables xp, zx denote the distance of P and
E from the left-hand side of the freeway, and y denotes the distance between P
and E orthogonal to the z-direction. The state variables ¢ p, ¢ g denote the driving
directions of P and E and vp, v are the velocities of P and E. The control variables
up, ug denote the turn rates of P and E, and g the velocity change rate. Without
oversimplification, vp is taken as constant and the maximum angular velocities
wp(vp) and wg (vg) are prescribed depending on the type of car. The kinematic
constraints of bounded radii of curvature are taken into account by the control
variable inequality constraints

1 <up < +1. (8)

Steering up = +1 and uc = 41 means executing an extreme right/left turn for P
and E, respectively. The kinematic constraint of acceleration and deceleration for
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Figure 1: State variables of the collision avoidance problem for two cars. The evader is
allowed to be on the edge strip with two wheels. The corresponding state variables for
evader and pursuer are denoted with subscripts £ and P, respectively.

E is taken into account by the control variable inequality constraint
-1 <np < +0.48. 9)

The constraint
om<zg <15m (10)

considers the fact that E wants to stay on the freeway. A similar constraint for
P is explicitly rejected, as a worst-case situation for E is analyzed. It is indeed
imaginable that the wrong-way driver P doesn’t care if his car is damaged or he is
injured when leaving the freeway.

The maximum deceleration rate is given by by = 10.72m/s2. This corresponds
to a modern car. The maximum angular velocities are given by:

wp = £ (11)
vp

5= P9 (12)
Vg

The constant ;1o = 0.55 corresponds to the adhesion coefficient on dry asphalt and
g = 9.81m/s? is the acceleration of gravity.
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The goal of the correct driver E is to avoid collision against all possible maneu-
vers of P. It can be formulated as

i a in d(z(t 13
N e A &

with the vector z := (zp,zg,y,vE, 0p, ¢r) Of state variables, with (feedback)
strategies vp(z) and yg(z), with sets I'p and T'r of all admissible strategies,
and with Euclidean distance d(z) between P and E. The control variables are
determined by up(2) := vp(z) and (ug(z),np(2)) := ve(z). The strategy vp is
admissible, if the constraint (7) is fulfilled for all ¢ € [to, ¢¢], and the strategy v is
admissible, if the constraints (8), (9), and (10) are fulfilled for all ¢ € [to,t]. The
collision avoidance maneuver starts at the time ¢ at z(to) = zo, when the correct
driver E notices P. The collision avoidance maneuver ends at the terminal time
ty < oo when the minimum distance between P and E is reached. Theoretically,
it is imaginable that the game continues if P turns on the street. This case is
deliberately ignored.

The present collision avoidance game is an enhancement of the game of two
cars as introduced, e.g., in [23]. It can be embedded in the theory of pursuit and
evasion. If the state constraint (10) is omitted and constant velocity v is assumed,
the present game corresponds to the game of two cars. If additionally the correct
driver E needs not obey the constraint of bounded curvature, i.e., ug €] — 0o, o0,
the homicidal chauffeur game arises. In [33] a neural network solution for this
relatively simple game is presented. Nevertheless, the full solutions of the game of
two cars and even the homicidal chauffeur game are extraordinarily baffling. The
state-space is cut by diverse singular manifolds. Neither the game of two cars nor
the homicidal chauffeur game can be solved fully, i.e., optimal strategies v}(z)
and ~7,(z) cannot be calculated explicitly for all z, for all velocities vp and v,
and for all maximum angular velocities wp and wg. Nevertheless various collision
avoidance problems have been investigated; see, e.g., [3,4, 13-15, 26-30, 34, 37—
39,42,44,46,47].

As the goal of this paper is not to give an analytical solution for the presented
enhanced game of two cars, but to show that even complex dynamic games can
be solved with neural networks, a more basic approach is chosen; see also [7].
Therefore, the computation of strategies is realized with a Stackelberg game. First,
E optimizes his strategy against all possible maneuvers of P. Then, P optimizes his
strategy against the well-known strategy of E. This very conservative assumption
is unfair for E but is part of our worst-case analysis.

It has to be noted, that the need to compute a solution first, albeit numerical,
presents a potential limitation. The required numerical computation is time con-
suming and can only be difficultly realized in real-time. This is, of course, one of
the reasons, why artificial neural networks are used.
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2 The Neurosimulator FAUN

The following excursus explains the basics of a neurosimulator and the advantages
of parallelization. Generally, a neurosimulator can be useful when collected data
has to be connected even if classical methods like linear or nonlinear regression
don’t work. At the Institut fur Wirtschaftsinformatik in Hanover, the neurosimula-
tor FAUN (Fast Approximation with Universal Neural Networks) has been under
active development since 1996.

The process of finding suitable artificial neural networks is called training. This
training can take CPU hours or even days on a single personal computer. This is
explained by the fact that several networks are tried, normally between 100 and
10000. The trained neural networks have no mutual dependencies. It is possi-
ble to split the training task on several threads. This is meant by coarse-grained
parallelization in contrast to fine grained parallelization. The advantage of coarse-
grained parallelization is that the communication network can be quite slow, stan-
dard fast Ethernet with 100 Mbit/s is sufficient. The parallel version of FAUN runs
on homogeneous computer clusters as well as on heterogeneous personal com-
puter networks using a parallel programming package which has to be previously
installed and configured. This is a disadvantage and inspired the authors to the
development of the grid computing client briefly described in this paper.

The Hanover School of Economics owns a student and staff computer cluster
with — amongst others — 38 Pentium IV computers at 2.66 GHz running the
operating system Windows XP professional. As the cluster is rarely used and almost
only for special lectures the combined power of these computers is free most of
the time. This leads to the idea of using the unused capacities for calculations
and therefore reducing the need of an external computation-only cluster or an
expensive supercomputer. The condition is that other occasional users are not
disturbed and that the configuration necessities are low. To make the configuration
more ecological, a mechanism is needed that allows to wake up the computers
from the standby state and to shut them down again.

The currently available parallel programming packages cannot fulfill all these
wishes. They require configuration and wake up or shutdown is not implemented.
This means that an alternative concept has to be developed. Our new grid computing
client is installed by simply copying the files onto the computer and is further
on managed via a web interface. As modularity is a main design goal, the client
cannot only cooperate with the neurosimulator but offers functionalities that make
it possible to hook up other programs. For the basic programming paradigms used,
see [1,17,18,22,24,35,40,41].

In the following the concepts of low-budget grid computing and the FAUN
grid computing client are briefly discussed to give an idea of the software used
for the strategy synthesis. Reachable economies at the School of Economics are
highlighted. Then, the Stackelberg game used to generate trajectories for the neu-
ral network training is presented. Finally, the results of neural network guidance
compared to the equivalent Stackelberg game are discussed.
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Figure 2: Price comparison of different computer types for coarse-grained parallelization.
Note that costly computers offer more advantages than simple CPU speed and that therefore
it is not advisable to use a cluster for massively parallel tasks.

3 The FAUN Grid Computing Client

Grid computing is normally used when high performance in a broad sense is
needed. This can mean high availability or HPC in its actual sense, i.e., raw com-
puting power is required. It is worth looking at the significant differences in the
initial investment for obtaining roughly the same computing power; see Fig. 2.
Ranging from affordable 71 Euros per GFlops/s with a standard personal com-
puter the range goes up to more than 6000 Euros per GFlops/s with a massively
parallel IBM supercomputer. Yet, these two extremes are not identical. The stan-
dard personal computer comes without enhanced manufacturer support, doesn’t
offer remote administration features and — perhaps most important of all — has a
comparatively slow interprocessor communication. Indeed the maximum available
speed is 1 GBit/s with a standard network card. On the other hand, the supercom-
puter ships with 32 CPUs which are mutually connected at a 100times that speed.
The 32 CPUs have two cores and correspond to (2 x 32 =) 64 conventional CPUs.
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Therefore, Fig. 2 has to be read carefully and the potential customer has to
decide, whether high interprocessor communication speeds are important or not
so relevant for the given task. In several cases and also with a neurosimulator
the answer is clear: interprocessor communication speed isn’t the bottleneck. It
is advisable to use standard hardware. However, it is not enough to simply buy
the hardware. The computers also have to communicate with one another in a
sensible way so that the required task is achieved. That is the reason why certain
manufacturers offer so-called blades. These are made of mostly standard CPUs but
have a very compact design and are easy to manage remotely. Although not offering
the advantages of massively parallel systems they cost at least approximately four
times as much as a standard computer even for a small blade. Most institutions
have unused computing capacities like clusters or staff computers. This leads to the
wish to use these resources comfortably. A middleware is needed that interfaces the
actual computational application, e.g., the neurosimulator, with basic management
functions being file transfer, message passing and power management.

The importance of the latter point is shown in Fig. 3. Actually, the cluster of
the School of Economics for students and staff with its 38 Pentium IV computers
is powered on only on the five working days from 10 am to 4 pm, i.e., 6 hours
per day on roughly 40 weeks per year. The average power consumption is shown
in Tab. 3. The standby state means that the computers can be woken up with a
so-called magic packet.

It is assumed that the computers are powered on, but mostly without load as is
the case when doing simple typewriting or Internet surfing. Using a standard rate
of 18.13 ct/kWh the energy costs per year are calculated. The second considered
case (full on) happens when the cluster is used for computation without power
management, i.e., the cluster would be used to full capacity four hours per working
day on 40 weeks for computation additionally. If the cluster wasn’t powered off
during the computation pauses, 3134 Euros would be wasted in idle time every
year. The same case with power management (upper graph in the figure) would
reduce the energy costs considerably.

Another concept — distributed computing — can also provide additional com-
puting capacity nearly for free. Distributed computing describes the fact that the
computation is done at various locations and on various types of computers. This
can be, e.g., staff computers or laptops all over the university or even at home.
The computers only need to be at least temporarily connected via a network. This
network is normally an Ethernet or the Internet. The challenge for distributed com-

Table 1: Measured average power consumption (Pentium 1V, 2.66 GHz)

state consumption in Wh
standby 3.4
idle on 67.5

full load 113.3
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Figure 3: Power consumption (equivalent value in Euro) of the cluster with grid function-
ality and in full on status. Standby describes the power consumed by the computers simply
being plugged. Idle means that the computers are on but do nothing. FAUN is the power
used by FAUN computations. Wasted finally stands for the value of the current that would
be drained if the computers were on all the year.

puting programs is to unify the computers to work together. See [2] for advanced
links. Yet, a client providing grid computing functionalities as middleware is also
suitable for distributed computing. The combination of distributed and grid com-
puting used with parallel programming techniques is the target of the client. Dis-
tributed computing offers the opportunity to use computers all over the world with
an easy to install client. Grid computing leads to error tolerance and an easy con-
figurable system with advanced features. Up until now, usually only automatic
wakeup and shutdown is concretely implemented.

For simple parallelization purposes specialized programming packages can be
used. For general information, [22] and [10] are a good start. The most common
packages are the Message Passing Interface (MPI) and the Parallel Virtual Machine
(PVM); see [12,16] for information. A first parallel version of the neurosimulator
FAUN indeed uses PVM,; see [9] and [8] for examples. But these packages are not
suitable for programming a modular grid computing client.

The testbed for the grid computing client is shown in Fig. 4. It is decided that an
individual protocol is developed for the grid computing client, which will connect
to a central computing server. Known criteria for quality software are taken into
account.
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Figure 4: FAUN grid computing configuration.

A detailed description of the neurosimulator FAUN can be found in [6]; see
also [5] and [25] for real life applications and [31, 32] for the last development
steps. For information on differences between a coarse-grained and fine-grained
parallelization see [8]. General introductions and more details are offered by [11,
16,17,19-21, 36, 43, 45]. The present parallelization of FAUN uses the master
slave principle. The master program faun_m starts several instances of the slave
program faun_s.

To geta good quality neural network it is necessary to compute a certain amount
of neural networks. This amount varies with the difficulty of the problem. The
quality of the neural network is primarily measured by the difference between the
output as it is given by the neural network formula and the real output given by
the training and validation data.

The specific amount of neural networks that will be calculated has to be deter-
mined heuristically. This amount also depends on the “difficulty” of the problem.
After the computation the best network is chosen. This is the network that approxi-
mates the data better than all others. The neurosimulator uses a global optimization
procedure with SQP optimization. Yet, it is not uncommon that difficult problems
need long calculation times: One minute or more for every successfully trained
neural network on a single personal computer, Pentium IV at 3.4 GHz.

The calculationtime increases linearly with the amount of training and validation
data. This is the initial reason why a parallel and now a grid computing version of
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FAUN is developed. Computing times of one day or more are simply not acceptable
especially for real time applications.

The parallelized version of FAUN based on the grid computing client runs
without preliminary installation and offers additional features in comparison to
the first version using PVM. The advantage of coarse-grained parallelization is
commonto all versions: a parallelization degree between 0.9 and 0.97. The meaning
of this number is that if 200 computers work together, the computation will not be
exactly 100 times as fast as with a single computer. But it will still be 90 — 97 times
as fast as with a single computer. The loss of computing power can be explained
with the additional administration and communication overhead?.

A design goal coming together with the development of the grid computing
client is to interface the parallel HPC version of FAUN to the already existing web
interface for single processor computation developed by S. Kénig. Now the web
interface allows to manage the additional grid computing features, i.e., wake up
and shutdown of the clients. It is then possible to decide which computers will be
used for the computation. This offers the possibility that several users can share
the resources simultaneously.

Another specialty has to be taken into account. The cluster of the School of
Economics which is mainly used as testbed is protected with a firewall. That means
that no access is possible from outside although the clients can connect from inside
to arbitrary destinations. This is a problem when “sleeping” computers have to
be woken up, because no inner access is available. A solution consists in leaving
an intermediary computer with low power consumption on in the cluster. It will
receive the wake up requests and send a magic packet to the desired computer.

4 Stackelberg Game and Neural Network Solution

In order to be able to compute a Stackelberg game, a sensible discretization has
to be chosen. For the three control variables up, u g, and g an appropriate set of
controls has to be found. If |Up|, |Ug|, and | H | denote the number of elements in
the respective set and s denotes the number of steps in the discretization, we have:

p=(lUp|-|UEg|-|HEl|)*® (14)

different strategies to choose from. As these strategies have to be computed for
many different points to get good training data, it is wise to take small sets. There-

1magine a bunch of potatoes that have to be peeled (famous “potato peeling problem”). A
single person will work for a long time. If a second person helps the peeling will probably
be twice as fast. But if more and more persons join in the peeling time will be spent on
handing the potatoes from one to another and the entire process will be more and more
inefficient. Finally, the largest potato determines the minimum time achievable.
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fore, the smallest sets are chosen, which gives:

Up ={-1,1}, (15)
Ug ={-1,1}, (16)
Hp = {-1,0.48}. (17)

Rightly, the reader may argue that this is too small a set for getting exact results.
But two facts, besides the required computation time, have to be considered. First,
sensible strategies seem to indicate that only extreme left/right turns or full decel-
eration/acceleration give good results. Second, the question has to be answered,
which exact humbers should then be chosen to complete the sets. As the focus is
on showing the opportunities of neural networks related to dynamic game, it seems
acceptable to go with this simple approach. The choice of s is also dictated by the
need for keeping the computation time small. Even with parallelization readily
available an exponential increase can’t be ignored. A viable approach is given with

s =10, (18)

although it is clear, that a higher value would have yielded a finer discretiza-
tion. Stackelberg strategies are computed for 69800 points in the six-dimensional
state space. For the computation parallelization is used, too. The strategies lead to
690000 points for which strategies exist because of (18). Every point in the state
space belonging to a strategy can in fact be considered as being the initial set of
another strategy.

Additionally, the strategies can be “mirrored” for P at the middle of the road,
when the corresponding state variables, especially the angles, are also mirrored.
This doubles the number of points so that approximately 1.4 million exist. The
resulting maneuvers for five chosen start points can be seen in the upper row of
Fig. 5. Evenwithout a detailed analysis, it can be seen that the reactions are sensible
and that the street boundary conditions are met. As positions are calculated by
the display program from the center of the rectangle representing the car, it is
acceptable for E to be off the road with two wheels. But the reader will notice hat
“half” of E is always on the road and that means that the street boundaries are
honored.

It is now necessary to cut out training and validation data for the neurosimulator
FAUN. As 1.4 million points would be too much, 50,000 points are taken. For
this, the state space is equally divided in 100 hypercubes. These hypercubes are
filled with 500 randomly chosen points of the appropriate region. The purpose of
this procedure is to prevent the neurosimulator from overtraining one region and
neglecting another. Finally, three hyperspheres are used as validation data. The
ratio of training and validation data is 4 : 1 giving approximately 42,000 training
and 8,000 validation inputs.
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Figure 5: Trajectories for different start configurations of z » and x . The first row shows
the result from the Stackelberg simulation; in the second row neural network guidance is
used. The results hardly differ. Pursuer coming from above (grey), evader coming from
below (black).
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In the case of neural networks parallelization can achieve a high speed up and
shortens the computation time to only several hours in contrast to several days.
For different parameter settings of the neurosimulator 1,000 neural networks are
computed for each control variable and the best is taken. For instance, the resulting
neural network for control variable ug is given by the following lengthy result.
It has to be kept in mind, though, that this formula can be computed in real time
compared to the Stackelberg solution:

up =((—1) 4 (2 * ((tanh(((tanh((3.36253335
+ (((2 % ((zp — 0.01061)/14.97877)) — 1) % 0.78373677)
+ (((2 % ((zg — 0.01296)/14.97407)) — 1) * (—3.2545598))
+ (((2 % ((y — 0.76436)/65.01923)) — 1) * (—0.2829929))
+ (((2 % ((vg — 14.04071) /40.37917)) — 1) * 0.02903405)
+ (((2 % ((pp — 2.92346)/0.43626)) — 1) * (—0.14377207))
+ (((2 % ((pr — (—0.27143))/0.60569)) — 1) * (—2.4273138))))
% 7.3417816) + (tanh((4.32403995
+ (((2 % ((zp — 0.01061)/14.97877)) — 1) * (—0.89812738))
+ (((2 % ((zp — 0.01296)/14.97407)) — 1) * 3.813688)
+ (((2 % ((y — 0.76436)/65.01923)) — 1) * (—0.3494907))
+ (((2 % ((vg — 14.04071) /40.37917)) — 1) % 0.065534994)
+ (((2 % ((¢p — 2.92346)/0.43626)) — 1) * 0.21560794)
+ (((2 % (¢ — (—0.27143))/0.60569)) — 1) * 2.8371935)))
# (—6.4195971)) + (—0.42285788)
+ (((2 % ((zp — 0.01061)/14.97877)) — 1) * (—5.0039272))
+ (((2 % ((zp — 0.01296)/14.97407)) — 1) * 5.531147)
+ (((2 * ((y — 0.76436) /65.01923)) — 1) * (—0.024304409))
+ (((2 % ((vg — 14.04071) /40.37917)) — 1) % 0.028052)
+ (((2 % ((pp — 2.92346)/0.43626)) — 1) * 1.5422002)
+ (((2 % ((p — (—0.27143))/0.60569)) — 1) * 4.8255601)))
+0.95)/1.9))). (19)

In the context of this paper we don’t want to explain the above formula in detail
as an in-depth analysis of neural network formulas is furnished in [6]. For the
reader it is more important to grasp its general significance. The formula is simple
in the sense that besides the tanh function only elementary operators are used
on the state variables: The first factor of the outer product on each line is only
responsible for appropriate scaling. The second factor is the corresponding weight.
The formula is thus fast to compute.
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Figure 6: Resulting guidance u  for different positions of z p and x i using neural networks
(y = 42m, v = 427, ¢p = 7, ¢ = 0). The Z-shape marks the dispersal surfaces of
this game.

As can be seen on Fig. 5 which compares Stackelberg game and neural network
guidance, the results hardly differ “optically”. And, indeed, a more detailed analysis
at some exemplary points yields good results. Figure 6 shows the result of neural
network guidance for the control variable ug. It is clear that E has to steer left
when he is left of P and right when he is right of P. Therefore, a dispersal surface at
the diagonal for x p = x5 can be expected and is indeed reproduced by the neural
network. Continuous colors are added for better legibility of the plot. Normally
the output of the neural network would be mapped to +1 as this is, what is trained
with the Stackelberg game. Figure 6 also shows that the boundary constraints are
observed, leading to the typical Z-shape of the figure. Indeed, for zp ~ 0m and
xg =~ 15m E has to steer in the opposite direction to stay on the freeway. Of course,
this brings him nearer to P and thus to capture.

The occurring error is analyzed in more detail in Fig. 7. A point is set if the
sign of the neural network output is opposite to the Stackelberg game. Errors only
happen at the dispersal surfaces and don’t reach far. This means, that a little away
from the dispersal surface the sign is correct. A small error on the diagonal doesn’t
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Figure 7: Occurring errors for ug. A point is set, if the neural network would steer in the
opposite direction of the Stackelberg solution. This happens only on the diagonals, where
it doesn’t matter much and on the limits of the road for =z where the boundary conditions
have to be met (y = 42m, v = 427, ¢p = 7, ¢ = 0). Figure 10 complements this
qualitative error plot with absolute values.

harm much as this constellation is very bad for E anyway. Other small errors can be
observed at the street boundaries, where the neural network guidance sometimes
reacts too early and sometimes too late as will be explained in more detail on Fig. 8.
Note, that in fact errors at the street boundaries are of marginal importance as this
could also be controlled by other means. Indeed, today’s trucks are already often
equipped with special devices that warn the driver, if the truck leaves its lane.

Figure 9 shows the value of the game. In this case, the time until capture is not
taken, but merely the minimal distance between P and E, because it is the payoff
which divides between accident (capture from P) and unharmed drive (evasion of
E). The actual minimum distance for evasion can be set adequately but d = 1.5m
seems a good approximation for a normal car. Figure 9 has to be read as follows:
black areas signalize capture in other cases E can evade. The upper plot makes
the whole game look satisfactorily for E as capture only occurs when P and E are
almost face to face on the freeway. But this doesn’t have to always be like that. The
good results for E can only be achieved because of the relatively small y = 42m
at the beginning of the game in the upper plot.
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Figure 8: Neural network guidance for different values of y and z g, while zp = 5m
fixed (vg = 427, ¢p = m, ¢ = 0). The guidance is (almost) error free on the road. The
(hard) boundary conditions are not always honored for small distances of ¥, but this doesn’t
change the outcome of the game much.

If this distance is significantly greater P can achieve capture. We have to consider
that at least E is bounded by the width of the road. The Game of Two Cars therefore
offers disadvantages for E compared to a game where, for instance, the whole xy-
plane can be played on. Small distances are taken, because on a normal freeway
the distance drivers and possibly collision avoidance gear can overview are not
too long. Only for small distances are collision avoidance devices of interest,
because they close the gap which results from the human capacity of reaction. A
gloomier outlook for E can be seen in the lower part of Fig. 9. The initial distance
is approximately twice as large as in the upper plot and the speed at the begin
of the game is also reduced. When both actors start in the middle of the road
nothing changes much. But when P and E are both near the border of the same
side of the freeway the situation worsens for E as P has more time (and more space
for maneuvers) to close in on E. If the initial distance between P and E is larger
the situation degrades even more. A similar worsening can also be noticed for
smaller starting velocities v of E, although a slight compensation happens due to
the increased possibility for maneuvers. Indeed, the angular velocity wg depends
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on E as shown in (12). In certain situations a speed reduction can therefore be
interesting, see below.

Figure 10 analyzes the case in more detail. The difference between the Stack-
elberg and the neural network result is shown. As can already be expected from
the qualitative Fig. 7, the biggest errors happen on the dispersal surfaces. On the
other hand, it has to be noticed that the errors are small in comparison to the width
of the street. For the biggest error the inequality:

0.7m
Amax < Tm ~ 0.047

holds. The average error is significantly smaller:

Aayg < %irrnn ~ 0.013.
Most parts of the diagonal are within A,,q and therefore the outcome for E is not
much worse using neural network guidance compared to the Stackelberg game.

Finally, the resulting dependencies of ug using neural network guidance for
various distances y is plotted in Fig. 8. Deliberately the initial position of P is
set to zp = 5m. As might be expected, a dispersal surface is clearly seen at
xr = bm. However, the behavior at the boundaries of the freeway is surprising.
The “rough direction” is right, but the neural network seems to react too early for
large distances y and too late for small distances. This is a disadvantage but can
be explained by the distribution of the training data. Although the distribution is
smoothed by cutting out hypercubes it is nevertheless the case, that much more
points have been calculated for small distances y as these are the most interesting.
For larger distances (y ~ 80m) fewer points have been calculated and very few are
on the border. The frequency of boundary points is low for large distances y and
high for small distances. As neural networks are continuous functions the results
are exaggerated for small and large y. A better fine tuning of the training parameters
for the neurosimulator might improve the behavior and will be explored.

Up to the emphasis of the discussion has been on the control variables v and
up — the steering directions of E and P. However, the game comprises a third
control g being the velocity change rate. Figure 11 shows that acceleration or
deceleration is sensible for different initial ratios of v (to) : vp. First, a dispersal
surface can be found at vg(tg) = vp(= const.). In the neighborhood of this
boundary E will accelerate if vg(tg) > vp and decelerate if vp(ty) < vp, the
regions marked B and C, respectively. (The singular case vg(tg) = vp is not
analyzed here.) This can be explained by the fact that in both cases an advantage
can be gained. Accelerating reduces the time until 4y = 0 and thus the time P
has for maneuvering. In contrast, by decelerating E increases his maneuverability
but also the total time of the game. If, e.g., E accelerates with vg(ty) < vp the
disadvantage of the reduced maneuverability doesn’t outweigh the advantage of
the total game time reduction and vice versa.
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Figure 9: Payoff distance. Upper plot: y = 42m, vg = 4272, ¢p = 7, ¢z = 0. Lower
plot: y = 80m, vg = 277, ¢p = 7, ¢r = 0. Black color signalizes that a collision
cannot be avoided.
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which will deviate from the Stackelberg solution in the areas where no training data are
available.
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E is decelerating while positive values show an acceleration. The dispersal surface at
vg(to) = vp is noticeable.
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There is, however, a sharply delimited dispersal surface where it again makes
sense for E to decelerate (evenif vg (tg) > vp)oraccelerate (evenifvg(tg) < vp),
regions A and D. The greater the initial distance y(t), the sooner this inversion
happens. Qualitatively, both phenomena are understandable. On the one hand, the
disadvantages of reduced maneuverability resp. velocity cannot be negated. On
the other hand, for short distances and hence short game duration, the choice of
nE 1S more persistent and an inverse strategy only occurs for very high or very low
velocities. It is clear that this qualitative analysis is unsatisfying and that further
research will be dedicated to a solid explanation of Fig. 11.

The question remains whether the resulting neural network can be implemented
as onboard system. The problems of positioning in the state space apart: Eq. (19)
consists of 3 hyperbolic tangents, 39 multiplications, 19 divisions, 22 additions,
and 50 subtractions. The hyperbolic tangents are expensive in terms of floating
point operations and count for 10. This gives 160 floating point operations for one
control. As E has two controls a total of 320 operations follows. Even if 1000
computations occur per second, i.e., 320103 operations, modern processors easily
manage 3 * 10° operations per second.

5 Conclusion and Outlook

Artificial neural networks are successfully employed to synthesize optimal strate-
gies for the enhanced game of two cars. This game is much more realistic than
the original game of two cars because constraints keep the correct driver on the
freeway lanes always.

The usage of grid/distributed computing offers high-performance, low-budget
computing (often at no costs for idle computers). Idle PCs are typical for pub-
lic or company PC/computer clusters, e.g., at the Hanover School of Economics
38 modern PCs are idle during every night and on weekends. Software quality
requirements increase: Issues like security and integrity become more important
and moreover user friendliness, maintainability, and secrecy (user shouldn’t notice
computations on their office PCs). Grid/distributed computing is of particular rel-
evance for all tasks of coarse-grained parallelization where interprocessor com-
munication speed is of minor importance for the overall performance.

The neurosimulator FAUN repeats analogous tasks many times in order to train
many artificial neural networks. Thus FAUN is well suited for distributed comput-
ing and a coarse-grained parallelization cuts down computing times significantly.
Problems like the enhanced game of two cars which need computing days or even
weeks on a standard PC can be solved in few hours. FAUN can also be used, e.g.,
for the solution of other (pursuit-evasion) dynamic games, aerospace guidance
problems or forecasting problems of exchange or interest rates.

Nevertheless the usage of artificial neural networks is no easy to use black box
method as often assumed. Problem analysis and formulation and also training
necessitate deep knowledge. Usually knowledge about the special application is
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important, too. With the distributed computing version of FAUN the user friendli-
ness increases as usage is possible via a graphical web frontend. No manual editing
of configuration files is necessary.

The developed grid computing client is not limited to the neurosimulator FAUN.
Modularity enables the usage with other programs which can therefore benefit from
automatic client updates and remote power management. Future development aims
at improved security, reduction of bandwidth requirements, and better automation
of installation and management.

The application of artificial neural networks to general dynamic games is very
promising. It cannot replace a thorough mathematical analysis (and a solution
where possible) but for many problems not (fully) solvable a fast and reliable
numerical approximation of the solution often becomes possible. Six state and
three control variables are involved here but even higher-dimensional dynamic
games can be solved numerically using artificial neural networks and a high-end
neurosimulator.
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Abstract

The paper isdevoted to theinvestigation of atime-optimal differential game
in which the pursuer possesses increased control capabilities comparing to the
classical homicidal chauffeur problem. Namely, the pursuer steers not only
the angular velocity of turn but can additionally change the magnitude of his
linear velocity. For such anew variant of the dynamicswith non-scalar control
of the pursuer, a complete description of families of semipermeable curvesis
given and the dependence of the structure of level sets of the value function on
a parameter that defines the bound on the magnitude of the pursuer’s velocity
is explored by numerical methods.

Key words. Time-optimal control, pursuit-evasion differential game, value
function, semipermesble curves, homicidal chauffeur game, numerical con-
struction.

AMS Subject Classifications. Primary 49N70, 49N75; Secondary 93B40.

1 Introduction

One of the most well-known model problems in the theory of differential games
isthe homicidal chauffeur problem proposed by R. Isaacsin 1951 (see[9]; [10]).
The pursuer P (acar) and the evader F (a pedestrian) are moving in the plane.
The dynamics are:

P: i, =wsinf E: z.=wv
Up = wcosf Ve = V2 1)
6 =wu/R, |ul <1; o] < p.
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The linear velocity w of the car is constant. The angular velocity of rotation of
the linear velocity vector is bounded, which means that the radius of turn of the
car is bounded from below. The minimal turning radius is denoted by R.

The pedestrian is a non-inertial object that can change the value and direction
of hisvelocity v = (v1,v9)" instantaneously. The maximal possible value of the
velocity is specified.

By a given circular neighborhood of his current geometric position, player P
tries to capture player £ as soon as possible.

The book by R. Isaacs [10] contains some elements of solution of the homici-
dal chauffeur problem. A complete solution to the problem is given in works by
J. V. Breakwell and A. W. Merz (see[4]; [15]). Some other variants of differential
games with the homicidal chauffeur dynamics are investigated in [12]; [5]; [13];
[2]; [6]. In many papers (see, e.g., [1], [19]), the homicidal chauffeur gameisused
as atest problem for evaluating the efficiency of algorithms for the computation
of the value function and optimal strategies.

Thedynamicsliketheonesof player P havevery long history beginningwiththe
paper by A. A. Markov [14]. In particular, the model is utilized when considering
control problemsrelated to theaircraft motioninahorizontal plane(see, e.g., [18]).

In papers on theoretical robotics, this model of dynamicsis often referred to as
Dubins' car because the paper [8] contains a theorem on the number and type of
switches of the open-loop control that brings the object from a given state with a
specified direction of the velocity vector to aterminal state for which the direction
of the velocity vector is also prescribed.

By normalizing the time and geometric coordinates, one can aways achieve
w =1, R = linsystem (1). Therefore, system (1) takes the form

P: i,=sind E: z.=wn
Yp = cos 6 Ve = V2 2
0=u, |ul <1; [v] <.

Recent theoretical works on controlled cars use intensively the following
dynamics (see [20]; [11]):

%, = wsin @
Up = wcos
0=u

ul <1, Jw| <1,

©)

in which the car has two controls. The first control « steers the forward motion
direction h = (sin 6, cos #)" of the car. The second control w changes the magni-
tude of the linear velocity instantaneously. The velocity vector isdirected along h
for w > 0, and oppositeto h for w < 0. If w = 0, the object remains immovable.
Of course, instantaneous change of the velocity isamathematical idealization. But
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following [20], p. 373, “for slowly moving vehicles, such as carts, this seemslike
areasonable compromise to achieve tractability”.

In papers on robotics, model (3) is called Reeds and Shepp’s car. Time-optimal
problems with Reeds and Shepp’s dynamics were considered in [20], [24], [3],
[22], [25], [23].

It seems quite natural to consider differential games where the pursuer has
additional control capabilities comparing with dynamics (2). Namely, the pursuer
can instantaneously change the value of his linear velocity within some bounds.
In other words, Isaacs-Dubins’ car turnsinto Reeds-Shepp’stype car. The present
paper is devoted to the investigation of such a differential game.

Thepurposeof thispaper isto give acomplete description of familiesof semiper-
meable curves for the problem considered and construct level sets of the value
function by numerical methods. In the paper [16], a similar investigation is done
by the authors for the classical homicidal chauffeur problem as well as for an
“acoustic” variant of the dynamicsand for aconic surveillance-evasion game. The
present work continuestheinvestigation in [16]. The differenceisthat, for thefirst
time, non-scalar control of the pursuer in the homicidal chauffeur gameis consid-
ered. This makes the families of semipermeable curves and the structure of level
sets of the value function more complicated.

In papers on theoretical robotics, considerable attention is devoted to the ana-
lytical description of the boundary of reachable sets in the plane of geometric
coordinates for Dubins' car model (i.e., a = 1) and for Reeds and Shepp’s model
(i.e., a = —1) (see[7], [21], [25], and references herein). Results on the construc-
tion of level sets of the value function presented in the paper can be interpreted as
a description of time-limited game reachable sets for a car with a given range of
the instantaneous change of the linear velocity magnitude. During the process of
motion, the car is subjected to a dynamic non-inertia disturbance that can distort
the velocity vector within prescribed bounds. If this disturbance becomes vanish-
ing small, the game reachabl e setsare transformed into usual reachable setsfor the
control problem in the absence of disturbances. But evenfora = 1anda = —1
the analytical description of these setsisnot simple. The authors do not know any
papers that study reachable sets for a # +1, and al the more so when dynamic
disturbances are presented.

2 Statement of the homicidal chauffeur game with a more
agile pursuer

Let the dynamicsin origina coordinates be:

P: z,=wsinf E: z.=vu
7, = W cos O Je =V
d e (@)
=u

lu <1, a <w < 1; o] < w.
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Figure 1: Movable reference system.

The constraint on the value of the angular velocity « does not depend on the
magnitude of the linear velocity. The value w of the linear velocity can change
instantaneously within the bounds ¢« < w < 1, where a is a fixed parameter
that fulfills the condition a € [—1, 1]. The parameter v in the constraint on the
magnitude |v| of the velocity v = (v1, v2)’ of player E isassumed to be from the
interval [0, 1).

Theobjectiveof player Pistocaptureplayer E inaclosed circular neighborhood
of radius r around his geometrical state as soon as possible.

Let us apply the reduced coordinates from ([10], pp. 29-30) which determine
therelative position of player F in the rectangular coordinate system «, y with the
originat P and the axisy directed along the vector £, i.e., along the velocity vector
of P computed for w = 1. The reduced coordinate system is explained in Fig. 1.

The dynamics (4) are transformed into:

T=—Yyu-+v,;
Y= TU— W+, (5)

lul <1, a<w <1, v=_(vg,vy), |v|] <

In the reduced coordinates, the objective of player P isto bring the state (x, y)
toagiventerminal set M being acircle of the radiusr with the center at the origin.

If a = 1, the dynamics (5) coincides with the homicidal chauffeur ones.

In the paper, numerically obtained level sets W, = {(z,y) : V(x,y) < 7} of
thevaluefunction V (x, y) of thetime-optimal differential gamewith dynamics(5)
will be presented. The structure of these sets depending on the parameter a will
be explored.

Thelevel sets are computed using an algorithm for solving time-optimal differ-
ential games developed by the authors [16].
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3 Families of semipermeable curves

When solving differential gamesin the plane, it isuseful to carry out apreliminary
study of families of smooth semipermeable curves that are determined by the
dynamics of the controlled system. The knowledge of these families for time-
optimal problems allows to verify the correctness of the construction of barrier
lines on which the value function is discontinuous.

A smooth semipermeable curveisalinewith the following preventing property:
one of the players can prevent crossing the curve from the positive side to the
negative one, the other player can prevent crossing the curve from the negative
side to the positive one.

Below, the notations

P={(u,w): |lu|<1l,wea,l1]}, Q={v:jv|<v}

are used for the constraints on the controls of players P and E.
A. Consider the Hamiltonian

H(¢,2) = mi 4 ¢ e R 6
(¢, =2) min max f(z,&v), =z L€ (6)

Here,
f(z,6,v) =p(z)u+ gw +v,
z = (‘Tvy)lv §= (u7w)/7 p(Z) = (_9737)/7 9= (07 _1)/'

We study nonzero roots of the equation H (¢, z) = 0, where z € R? isfixed. Since
the function ¢ — H (¢, z) is positively homogeneous, it is convenient to assume
that ¢ € £, where £ isthe circumference of unit radius centered at the origin.

Let?, 0, € &, ¢ # (.. Thenotation ¢ < ¢, (¢ > ¢,) means that the vector ¢
can be obtained from the vector ¢, using a counterclockwise (clockwise) rotation
through an angle smaller than «. In fact, this order relation will be used only for
vectors that are sufficiently close to each other.

Fix z € R? and consider rootsof theequation H (¢, 2) = 0, £ € £. A vector £,
iscalledthestrictroot“ —" to“+" if thereexist avector = € R? and aneighborhood
S C & of the vector ¢, suchthat H({.,z) = ik = 0and H({,z) < 'k <0
(H(¢,z) > 'k > 0) for vectors ¢ € S satisfying therelation ¢ < ¢, (¢ = £.).
Similarly, the strict root “+" to “—" is defined through replacing ¢ < ¢, (¢ = £,)
by ¢ > ¢, (¢ <¢.). Theroots*—" to*“+" and “+" to “—" are called roots of the
first and second type, respectively. In the following, when utilizing the notation
<L, (£ L) wewill keep in mind that ¢ is from a neighborhood S' like that
mentioned in the definition of the roots.

Denote by Z(¢, z) the collection of al ¢ € P that provide the minimum in (6),
thatis:

=(1, z) = argmin{¢' (p(z)u + gw) : £ € P}.
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If ¢, isastrict root of the first (second) type, take £ (2., z) (€ (L., 2)) equa
toargmin{¢ (p(z)u + gw) : £ € P(Ls, z)}, wherel < ¢, (¢ > £.). Notethat the
result does not depend on the choice of /. Let

v (4,) = v (L,) = argmax{l.v : v € Q}.

Since Q isacircle, vV (4,),i = 1,2, isasingleton.
If £, isaroot of thefirst type, consider the vectograms £ (z, £ (¢,, 2), Q), and
f(z,P,vM(L,)). Wehave

Cf(2,€0(8, 2),0) < maxl' f(z,60 (€, 2),0) = H(l2) < Uk <0 (7)

forve Qand/? < ¢,. For{ = /., it holds:

meagﬂ'v < VoM () + k)2

because r is orthogonal to ¢, (and henceto v(*)(¢,)), and ¢/x > 0. Thus,

H(t,2) < mint'f(z,& v (0) + 0'5/2
€

Thelast inequality yields

0 f(z&0v0(2,) Z?éigﬁ’f(z,f,v(l)(é*)) >H(l,z)—l'k/2>k/2>0 (8)

forc e Pand? > /..

Relations (7) and (8) ensure that the vectograms f(z, &M (4, 2), Q), and
f(z,P,vM(¢,)) do not contain zero and are located with respect to the direction
of thevector (M) = f(z,6M (4., 2),vM(£,)), asitisshown in Fig. 2a.

Therefore, the existence of a strict root ¢, of the first type at a point = ensures
together with taking the control ¢ (¢, z) (v™V)(¢,)) by player P (E) that the
velocity vector f(z, €M (4., 2),v) (f(z,& 01 (£,)))isdirected totheright (to the
left) with respect to the direction of the vector £(1) for any control v (€) of player
E (P). Such adisposition of the vectograms meansthat player P (E) guarantees
the trajectories do not go to the left (to the right) with respect to the direction
of (). The direction of the vector f(1) is called the semipermeable direction of
the first type. The vector f(1 is orthogonal to the vector £, its direction can be
obtained from /,. by a clockwise rotation through the angle /2.

Arguing similarly, we obtain that the existence of a strict root ¢, of the second
type at a point z ensures together with taking the control £€)(¢,,2) (v (¢,))
by player P (E) that the velocity vector f(z, £ (L., 2),v) (f(z, & v (L,)))
is directed to the left (to the right) with respect to the direction of the vector
@ = f(2,63(¢,,2),v2)(¢,)) for any control of player E (P). This means
that player P (E) guarantees the trajectories do not go to the right (to the left)
with respect to the direction of f(2). The direction of the vector f() is called
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f(l) = f(z’g(l)(f*, Z)vv(l)(g*))

| £z, P00 (2,))

Figure 2: (a) Semipermeable direction of the first type. (b) Semipermeable direction of
the second type.

the semipermeable direction of the second type. The vector f(2) is orthogonal
to the vector /,, its direction can be obtained from ¢, by a counterclockwise
rotation through the angle 7 /2 (see Fig. 2b).

Thus, thereisasignificant differencein the location of the vectogramsfor strict
roots of the first and second type.

B. We distinguish semipermeabl e curves of thefirst and second types. A smooth
curve is caled semipermeable of the first (second) type if the direction of the
tangent vector at any point along this curve is the semipermeable direction of the
first (second) type.

The side of a semipermeable curve that player P (E) can keepiscalled positive
(negative). The positive (negative) side of a semipermeable curve of the first type
ison theright (on the left) when looking along the semipermeable direction. The
oppositeisvalid for semipermeable curves of the second type.

Figure 3 illustrates the role of semipermeable curves of the first and second
type in solving a game of kind with the classical homicidal chauffeur dynamics,
therestriction Q is of arather large radius. The objective of player P isto bring
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Figure 3: Semipermeable curves of the first and second type and capture set.

trajectories to the terminal set M which is a circle centered at the origin, the
objective of player F isopposite. Denote by ¢ and d the endpoints of the usable part
[10] on the boundary of M . The semipermeable curves of thefirst and second type
that aretangent tothe set M and passthrough thepointsc and d, respectively, define
completely the capture set 5 of all points for which guaranteed time of attaining
M isfinite. The curves are faced towards each other with the positive sides.

C. In Fig. 4, the families of semipermeable curves for the classical homicidal
chauffeur dynamics are presented. There are families A():! and A(1)-2 of thefirst
type and families A(®-! and A(2)2 of the second type. The second upper index
in the notation A("):7 indicates those of two extremal values of control « that
corresponds to this family: j = 1 isrelated to curves which are trgjectories for
u = 1; 7 = 2 isrelated to curves which are trgjectories for u = —1. The arrows
show the direction of motion in reverse time. Due to symmetry properties of the
dynamics, all families can be obtained from only one of them (for example, A(1)-1)
by means of reflections about the horizontal and vertical axes.

The construction of mentioned four families of smooth semipermeable curves
can be explained as follows.

Let a = 1 insystem (5). Assign the set

B.={(ey): ~y+v, =0, 2-1+v,=0,veQ}
to the control v = 1, and the set
A*:{(.’E,y) y+’l}z:07 _-T_1+Uy:0a UEQ}

to the control ©w = —1. Hence, B, isthe set of al pointsin the plane z, y such that
the velocity vector of system (5) for w = 1 vanishesat © = 1 and somev € Q.
Wehave A, = —B,.

Consider two tangentsto the sets A, B, passing through the origin (see Fig. 5),
and mark arcs ajasas and by bobs on O A, and 0B, respectively.
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Figure 4: Families of smooth semipermesble curves for the classical homicidal chauf-
feur dynamics.

Figure 5: Auxiliary arcs generating the families of smooth semipermeable curves for the
classical homicidal chauffeur dynamics.

Attach an inextensible string of afixed length to the point b; and wind it up on
thearc by b2b3. Thenwind the string down keeping it taut in the clockwisedirection.
The end of the string traces an involute, which is a semipermeable curve of the
family A(M-1. A detailed proof of this fact is given in [17]. The complete family
A™M-1 is obtained by changing the length of the string.
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Figure 6: Auxiliary arcs generating the families of smooth semipermeable curves for
dynamics (5); a = 0.33, v = 0.3.

A1),1,2 A1) L1+

JNCORBES

w

Figure 7: Three families of smooth semipermeable curves of the first type corresponding
tow = 1 for dynamics (5); a > —v, v = 0.3.

Thefamily A(?):2 isobtained asthe collection of the counterclockwise-invol utes
of thearc a,aza3 by attaching the string to the point as .

The family A is generated by the clockwise-involutes of the arc by bobs
provided the string is attached to the point bs.

The family A2 is composed of the counterclockwise-involutes of the arc
aiasag provided the string is attached to the point a;.

D. Families of semipermeable curves corresponding to dynamics (5) are
arranged in amore complicated way (see Figs. 6-10).

Figure 6 shows auxiliary lines used for the construction of the families. Here,
Af and B} are the circles of radius v with the centers at the points (—1,0) and
(1,0), respectively. Thecircle A} (B;) consistsof al points (z, y) such that the
right-hand side of system (5) becomes zero for u = —1 (v = 1), w = 1, and
some v € Q. The only difference in the definition of thecircle A, (B, ) isthat
w = a instead of w = 1 isused. For Fig. 6, a = 0.33, v = 0.3. Six thick arcs
on the boundaries of the circles are the only lines utilized for the construction of
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A(2),1,2 m

A L1+

A2)1,1-

Figure 8: Threefamiliesof smooth semipermeabl e curves of the second type corresponding
tou = 1 for dynamics (5); a > —v, v = 0.3.

Figure 9: Auxiliary arcs generating the families of smooth semipermeable curves corre-
sponding to w = 1 for dynamics (5); a = —0.6, v = 0.3.

A(l),1,2+
A1+

A 1,2— AL

W

Figure 10: Four families of smooth semipermeable curves of the first type corresponding
tou = 1 for dynamics (5); a = —0.6, v = 0.3.
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families of smooth semipermeable curves.

In the problem considered, for « > —v, there are three families A(V-11+,
AML1= "and A(:1.2 of semipermeable curves of the first type that correspond
tow = 1 (instead of one family in the classical homicidal chauffeur problem).
The families are drawn in Fig. 7. Every one of these three families consists of
the involutes of one of the three arcs. The families A():1:1+ and A(1):1:2 overlap.
Thereis also an overlap between the families A()-1:1= and A():1:2 over the part
of thefamily A(M-1:1= inthe region abovetheliney = —v. If a — 1, theunion of
threefamilies givesthefamily A(1)-! of the classical homicidal chauffeur problem.

Figure 8 showsthe families A(2)-1.1+ A(2):1.1= gnd A(2):1.2 of the second type
corresponding to uw = 1. They are obtained by the reflection of corresponding
families from Fig. 7 about the horizontal axis and by changing the direction of
arrows. Families A(2):2:1+ A (2):2.1= and A(2):2:2 can be obtained by thereflection
of corresponding families from Fig. 7 about the vertical axis (the direction of
arrows does not change).

Families A(1)-2:1+  A(1):2.1= gnd A(1):2:2 of the first type can be obtained by
the reflection of families A(2):1.1+ A (2):1.1= gnd A(2):1:2 ghout the vertical axis.

For —1 < a < —v, the family A(M-1.2 gplits into two families: A():1:2~ and
AM:12+ Everything elseis similar to the case a > —v. Thelines that define the
families of smooth semipermeable curves corresponding to « = 1 are depicted in
Fig. 9. In Fig. 10, four families of the first type for « = 1 are presented.

4 Level sets of the value function

In this section, results of the computation of level sets IW.. of the value function
V(x,y) for time-optimal differential game with dynamics (5) will be presented.
The collection of al points (z,y) € 0W, such that V(z,y) = 7 is called the
front corresponding to the reverse time 7. The computational procedure [16] for
the construction of the level sets runs backward in time on theinterval [0, 7). The
valueof 7 isgiven below inthefigure captions. For al figures, the horizontal axis
isx, the vertical axisisy.

It is supposed in all examples that the set M isacircle of radiusr = 0.3 with
the center at the origin, and the control « isbounded as |u| < 1.

The following 6 variants of parameter values will be considered:

l.a=1, 2.a=025 3.a=-0.1, 4a=-04, 5.a=—0.6, 6.a=—1.

The variants are ordered by decreasing value of the parameter a. Remind that the
constraint on the control w of player P isa < w < 1. Therefore, the capabilities
of player P increase with the decrease of value a.

In every variant, the constraint on the control of player Eis|v| < v = 0.3.

In the computations, the circle M isapproximated by aregular 30-polygon, the
circular constraint of player E is replaced by aregular octagon.
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A. Let now describe level sets of the value function.

1) Figure 11 presents level sets WW.. for the classical homicidal chauffeur prob-
lem, variant 1. The value function is discontinuous on two barrier lines: the right
barrier lineisasemipermeable curve of thefamily A(1)-1, theleft oneisasemiper-
meable curve of the family A(2)2 (see Fig. 4). Theright barrier terminates at the
lower tangent to the circle B, passing through the origin, the left one terminates
at the lower tangent to the circle A... After thetermination, the barriers are contin-
ued by the lines formed of the corner points on the fronts of level sets. The value
function is not differentiable on these lines.

-

Figure 11: Level sets W for the classical homicidal chauffeur problem; 7y = 10.3.

We can conclude about lines of discontinuity of the value function by analyzing
the families of semipermeable curves before the construction of level sets of the
value function. The knowledge of these familiesis utilized for the verification of
numerical computation of level sets.

After bending round the right and left barriers, the right and left parts of the
front meet on the vertical axisat timer = 7.82. A closed front occurs and a hole
is generated which is completely filled out at time = = 10.3.

2) If a > —v = —0.3, then there is only one usable part on the boundary 0 M
for the chosen radius » = 0.3 of the terminal circle M. It islocated in the upper
part of OM . Itsright (Ieft) endpoint isthe intersection point of M with the upper
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Figure 12: Long barrier emanating from the point c.

tangent to B (A;") passing through theorigin. InFig. 12, c and d arethe endpoints
of the usable part (from which the fronts are emitted in the backward procedure).

For chosen values» = 0.3 and v = 0.3, there existsavalue a € (0, 1) of the
parameter « which separatesthe case of a“long” barrier from the case of a*“ short”
one. Thebarrier linesemanate from the points ¢ and d of the usable part. Dueto the
symmetry of the solution with respect to thevertical axis, onecan only consider the
right barrier emanating from the point c. Theright long barrier isasemipermeable
curve obtained by a smooth junction of a curve of the family A(M-1:1* going
backward in time from the point ¢ with a curve of the family A2 and, later on,
with acurve of thefamily A()1:1~ (seeFig. 7). Thefirst junction can occur on the
horizonta liney = v = 0.3 (denoteit by C' D), the second oneis on the horizontal
liney = —v = —0.3 (denoteit by F'L). Theright and left long barriers are shown
in Fig. 12. Theright short barrier consists of a curve of the family A1+ going
backward in time from the point ¢ up to theline C'D.

If the intersection point s of the last-mentioned semipermeable curve with the
lineC' D istotheleftfromthepoint g = (a, ), beingatangent point of thelineC' D
and the set B, then the barrier can be continued by acurve of the family A(1)-1:2,
Therefore, we obtain along barrier. If the point s isto the right from ¢, thereisno
any extension. In this case, a short barrier occurs. The coincidence s = ¢ defines
acritical value a. The transient case a = a is of great theoretical importance.

Thevaluea = 0.25 in variant 2 is close to a. The results of the computation of
sets W.. for thisvariant are presented in Fig. 13. The obtained right and left barriers
are long. Since in the computation the constraint |v| < v is a regular octagon,
thesets B}, B, Af, and A are octagons as well. Figure 14 shows an enlarged
fragment of Fig. 13 with additionally drawn sets A} and A .

3) Figure 15 presents computation results for variant 3. Enlarged fragments of
Fig. 15 are shownin Figs. 16 and 17.

Here, the right barrier that emanates from the right endpoint ¢ of the usable
part on M belongs to the family A()-1:1+ In the notations of Fig. 12, the point
s is to the right of the point ¢ that results in the short barrier. The left barrier
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0.
Figure 13: Level sets W, for differential game (5); a = 0.25, 75 = 6.7.

\\\\
A

Figure 14: Enlarged fragment of Fig. 13.

which is symmetrical to the right one with respect to the vertical axis belongsto
the family A(2):21+ The termination of barriers on the horizontal liney = 0.3
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Figure 15: Level sets W, for differential game (5); a = —0.1, 75 = 4.89.

is completely in accordance with the results that follow from the knowledge of
families of semipermeable curves.

After bending round the barrier lines, the ends of the front go down along the
negative sides of the barriers and then move along the boundary of the terminal
set. This is well seen in Figs. 16 and 17. Parts of the front near the right and
left sides of the terminal set and far from it move with different velocities, which
yields the generation of the right and left singular lines where the value function
is non-differentiable.

Values 7 given in the captions of Figs. 11, 13, and 15 correspond to the time
instants at which the “inner hole” isfilled out with the fronts.

4) Consider variant 4 (see Figs. 18 and 19). For this variant, two usable parts on
OM arise. The upper usable part is larger than the lower one.

The right and left barriers emanating from the endpoints of the upper usable
part are semipermeable curves of thefamilies A(1)-1:1+ and A (2):2.1+  respectively.
They terminate, as expected, on the horizontal line y = 0.3. Outside set M, the
value function is discontinuous on these two lines only.

The ends of the fronts which propagate from the lower usable part move very
dowly along M (see Fig. 20a). At sometime, alocal non-convexity with akink
is formed on a going down front. This kink rises upwards and after some time it
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Figure 16: Enlarged fragment of Fig. 15.
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Figure 17: One more enlarged fragment of Fig. 15.

reaches the endpoint of the front on 9 M. In fact, a new endpoint of the front that
moves along 0M faster than before arises. Then, after some time, this endpoint
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Figure 18: Level sets W, for differential game (5); « = —0.4, 75 = 3.

0.4

Figure 19: Enlarged fragment of Fig. 18.

meets the endpoint of the front going down along oM. A closed front is formed
(Fig. 19).
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Figure 20: Continuousand discontinuousvaluefunction. (a) Enlarged fragment of Fig. 19,
a = —0.4. The region of fronts accumulation is shown. The value function is continuous
outside set M. (b) Level setsfor a = —0.425. The value function is discontinuous outside
set M on the barrier line ek.

5) Fora < @ = —0.3v/2, thereare barrier linesthat emanate from the endpoints
of the lower usable part and terminate at the horizontal straight liney = —v =
—0.3. The left barrier line is a semipermeable curve of the family A(1):1:2— the
right one is a semipermeable curve of the family A(2):2:2—,

Figure 20b computed for « = —0.425 showsthe lower fronts bending round the
left barrier line. This can be compared with Fig. 20a computed for ¢ = —0.4. At
first sight, the pictures are very similar. However, the value function in Fig. 20b
is discontinuous on the barrier line ek, while the value function in Fig. 20a is
continuous in asimilar region below the set M.

The behavior of lower fronts for values a close to a initiates the following
question which, to our opinion, can hardly be answered based on numericsonly. Is
it truethat for « = —0.3+/2 the endpoints of the lower fronts stay at the endpoints
e, f of the usable part till sometime7 > 0 and only for 7 > 7 begin to go down
aong the barrier lines?

Figures21 and 22 show level setsof thevaluefunctionfor a = —0.6 (variant 5).
Fronts generated by the upper and lower usable parts encounter at some time
7. = 1.41 (see Fig. 22). For 7 > T, the computation continues from the
closed front.

6) For a = —1 (variant 6 being shown in Fig. 23), the computed sets are
symmetrical with respect to both horizontal axis 2 and vertical axis y. Two short
upper barrier lines like in variants 3, 4, and 5 are present. The lower barrier lines
are symmetrical to the upper ones with respect to the axis .

Note that, for v = 0, the set TV,- coincides with the reachable set G(t, M) of
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Figure 21: Level sets W, for differential game (5); « = —0.6, 7 = 3.5.
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Figure 22: Enlarged fragment of Fig. 21.

system (3) in the plane of geometric coordinates at time ¢ = 7 with M being
the initial set and with initial orientation of the forward motion direction h along
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Figure 24: Enlarged fragment of Fig. 23.

the vertical axis. For Reeds and Shepp’s model and the point set M = {0}, the
boundary G (t, {0}) iswell investigated analytically in[21]. Besides, thestructure
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of open-loop controls«(-), w(-) that bring the system to OG(t, {0}) isestablished.
The sets W, shown in Fig. 23 are similar to the onesin Fig. 7 from [21]. But, to
our opinion, the principal, and important fact for applications is that the optimal
guaranteed time (the value function V' (x, y)) is not continuous if disturbances are
presented (i.e., v > 0). If v = 0, the value function is continuous.

The numerical procedure utilized for the computation of all level sets presented
above uses an automatic adjustment of the step width A of the backward construc-
tion. Theinitial value of A, whichisusually equal to 0.01, can decrease up to 10
timesin the course of construction. The fronts are shown with thetime step 0.1 in
Figs. 11, 13, 14, 18-20, and with the time step 0.05 in Figs. 15-17, Figs. 21-24.

B.InFig. 25, level setsTV.- computedfor 7 = 1 arepresented. Fivesetsareshown
that correspond to the following values of parameter a: 1,0.25, —0.1, —0.6, —1.
One can see how the set W, grows with the decrease of a, i.e., with theincreasing
length of the interval [a, 1] from which the control w is being chosen. For a =
1,0.25, —0.1, the set W.,. consists of an upper piece only; for « = —0.6, -1, a
lower pieceis added. The upper and lower pieces are symmetrical for a = —1.

Level sets W (7) for 7 = 3 aregivenin Fig. 26.

Figures 25 and 26 demonstrate not only the dependence of the size of sets W,
on the parameter a. The boundary of every set from Fig. 25 (7 = 1) and every set
from Fig. 26 (= = 3) contains the common upper smooth arc mn. This meansthat
the optimal feedback control of player P for initial points on mn is the same as
in the classical game, i.e.,, w = 1. Any other common arcs on W, do not exist.
Therefore, for those initia points on O1V.- which do not belong to the arc mn, the
optimal control of player P should utilize both the value w = 1 and w = a. The
construction of optimal feedback control of player P on the base of level sets of
the value function is a separate question which is not discussed in this paper. For
Reeds and Shepp’sproblem (i.e,, for a = —1), the optimal feedback control in the
absence of disturbances (i.e., for v = 0) has been constructed in papers[22], [23].

C. Figure 27 demonstratesthediscontinuity curvesof the val uefunction depend-
ing on the parameter «. Asit was already mentioned, the upper usabl e part defined
by the points ¢ and d on the boundary of the circle M isthe same for all values
a € [—1,1]. Theright and left barrier lines emanate from the points ¢ and d. For
a € [a,1], wherea =~ 0.25, we have long barriers (Fig. 27a). For a € [-1,a),
the barriers are short (Fig. 27b). The short barriers terminate on the horizontal line
y = v = 0.3. For a € [-0.3, 1], the lower part of the boundary of the circle M
between the points ¢ and d is a discontinuity curve of the value function.

If a € [-1,—0.3), thereisalower usable part e f (Fig. 27b) on the boundary of
the circle M, which increases with decreasing a. The arcs ¢f and de on OM are
discontinuity curves of the value function. If a € (@, —0.3), wherea = —0.3/2,
barrier lines emanating from the pointse and f do not exist. For a € [—1, a], there
isabarrier line being afirst type semipermeable curve of the family A(1)-1:2— that
emanate from the left endpoint e of the usable part. The curve terminates on the
horizontal liney = —v = —0.3. Theright barrier emanated from the point f is
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Figure 25: Level sets W,,7 = 1, of the value function for various magnitudes of the
parameter a.

symmetrical to the left one with respect to the vertical axis and is a second type
semipermeable curve.

5 Conclusion

It isknown that the optimal control problemswith dynamics describing an inertial
car (see, eg., [11]) are very complicated to study. Thisiswhy simplified models
arewidely used in mathematical literature. In particular, Reeds and Shepp’s model
is popular enough.

It isassumed in thismodel that the car can change instantaneously not only the
angular velocity but also the direction of its motion to the opposite one without
any lossin the velocity.

Therefore, we have two controls. The first control « is bounded as |u| < 1
and defines the angular velocity, the second control w = +1 specifies the direc-
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Figure 26: Level sets W, , 7 = 3, of the vaue function for various magnitudes of the
parameter a.

tion of motion. Using the convexification of vectograms, we can replace the con-
straint w = +1 by the constraint |w| < 1. Thus, we can speak about an instan-
taneous change of the linear velocity in the range from —1 to +1 for Reeds and
Shepp’s model.

It is supposed in the paper that control w which instantaneously changes the
magnitude of the linear velocity isrestricted asa < w < 1. Here, a € [—1,+1]
is the parameter of the problem. For a = 1, we have the car with the constant
magnitude of the linear velocity. For a = —1, we obtain Reeds and Shepp’s car.

Using the above-mentioned dynamics of the car, we investigate a differential
game which is similar to the famous homicidal chauffeur game by R. Isaacs. The
objective of the player P that controlsthe car isto catch as soon as possible anon-
inertial pedestrian £ in a given circular neighborhood of P-state. For a = 1, this
game becomes the classical one.

After we applied Isaacs' transformation, the construction of level sets of the
value function is run in the two-dimensional plane of reduced coordinates. The
level sets are computed using the algorithm developed by the authors for time-
optimal differential games in the plane. This algorithm enables to construct the
level sets of the valuefunction (in other words, the fronts or isochrones) with good
accuracy, which alows us to investigate in detail the regions of accumulation of
fronts, the discontinuity lines of the value function, and the behavior of fronts near
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Figure 27: Discontinuity lines of the value function depending on the parameter a;
(a) a >a=0.25;(b) a <a.

such lines. In the paper, the structure of level sets is analyzed depending on the
parameter a .
Additionally and independently on the construction of level sets of the value
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function, the families of smooth semipermeable curves defined by the dynamics
of the problem are described in the plane of reduced coordinates. The knowledge
of these families enablesto validate the discontinuity lines computed in the course
of run of the algorithm for the construction of level sets. Since the families of
semipermeabl e curves depend on the dynamics only, they can be also used in other
problems with mentioned dynamics, for example, in time-optimal problems with
objectives of the players that are different from those considered in this paper.
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Abstract
In this paper we characterize the credibility of linear-incentive equilibrium
strategies for the class of linear-quadratic differential games. This class is
widely used in applications of differential games in economics and manage-
ment science. We derive a general condition for credibility and illustrate its
use on two examples: one is a general homogenous linear-quadratic game and
the second is an environmental-economics game.

Key words. Linear-quadratic differential games, cooperation, incentive equi-
libria, credibility, environmental economics

AMS Subject Classifications. 91A23; 49N10.

1 Introduction

An important issue in cooperative differential games is the sustainability over
time of the efficient solution agreed upon by the players at the initial date of the
game. Intuitively, an agreement will last for its whole intended duration if, at any
intermediate instant of time 7 € [0, T'], where T is the end date of the agreement,
each player prefers (payoffwise) to continue being part of the agreement rather
than leaving it. Haurie (1976) was the first to point out that sustainability is not
necessarily always at hand. He provided two possible reasons for an agreement
to be broken at that intermediate instant of time = € [0, T:

(1) The original agreement may not be a solution of the cooperative game that
starts out at 7, and, therefore, the players would not go for its continuation.

(2) Aplayer may find it optimal to deviate (or cheat) by implementing a different
strategy than the one prescribed by the agreement.
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Different avenues have been suggested in the literature to go around, at least to
some extent, of such instabilities. One option is to assume that the agreement is
binding (i.e., renegotiation-free), as done in some early work in cooperative differ-
ential games (see, e.g., Liu (1973)). Such an assumption does not, however, stand
an empirical test. Indeed, simple observation shows that agreements, albeit duly
signed, are broken every day (divorce is anillustrative example!). Another approach
is to design a cooperative solution or an agreement which is time-consistent, i.e.,
along the cooperative state trajectory, no player finds it optimal to switch to her non-
cooperative control at any intermediate instant of time (see, Yeung and Petrosyan
(2005), Jargensen and Zaccour (2001a, 2002), Petrosjan and Zaccour (2003), Pet-
rosjan and Zenkevich (1996), and Petrosjan (1997)). Note that the test consists
in comparing the cooperative and non-cooperative payoffs-to-go. An alternative
possibility is to design an agreeable agreement. Agreeability requires the com-
parison condition of the payoffs-to-go to hold along any state trajectory and not
only along the cooperative one, and thus it is a stronger sustainability concept
than time-consistency (see, e.g., Kaitala and Pohjola (1990, 1995) and Jargensen
et al. (2003, 2005)). Finally, one can attempt to design an agreement which is
self-enforceable, i.e., is an equilibrium?®. One approach to embody the coopera-
tive solution with the equilibrium property is to use so-called trigger strategies.
These strategies are based on the past actions in the game and they include a threat
to punish, credibly and effectively, any player who cheats on the agreement (see,
e.g., Tolwinski et al. (1986) and Dockner et al. (2000)).

In a two-player differential-game setting, another approach, which is our topic,
is to support the cooperative solution by incentive strategies (see, e.g., Ehtamo
and Hamaldinen (1986, 1989, 1993), Jargensen and Zaccour (2001b), and Martin-
Herran and Zaccour (2005)). Incentive strategies are functions of the possible
deviation of the other player and recommend to each player to implement her part of
the cooperative (desired or coordinated) solution whenever the other player is doing
so. Although these strategies are relatively easy to construct, one concern is their
credibility. By this we mean that each player will, indeed, implement her incentive
strategy, and not the coordinated solution, if she observes that the other one has
deviated from the coordinated solution. In Martin-Herran and Zaccour (2005),
we provided a condition to check for the credibility of incentive strategies for the
class of linear-state differential games. We illustrated its use on two examples
taken from the literature, showed that the proposed linear-incentive strategies are
not always credible, and provided non-linear ones which are always credible. In
this follow-up paper, we consider the credibility of incentive strategies for the class
of linear-quadratic differential games (LQDG) and derive a credibility condition
which can be (relatively easily) be checked.

1t may happen that the cooperative solution is in itself an equilibrium, as in some differential
games of special structure (see, e.g., Chiarella et al. (1984), Rincon-Zapatero et al. (2000),
and Martin-Herran and Rincon-Zapatero (2005)). In such setting, the problem is solved.
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The differential games literature in economics, management science, and other
applied areas, has often adopted the linear-quandratic (LQ) structure. The main
reason for its popularity is that this structure allows to capture some needed eco-
nomic properties (e.g., marginal decreasing returns, saturation effects) in still a
tractable manner. Many examples of applications of such class of differential
games can be found in the recent books by Dockner et al. (2000), Jargensen and
Zaccour (2004), Engwerda (2005), Yeung and Petrosyan (2005), and the survey
by Jargensen and Zaccour (2007).

The rest of the paper is organized as follows. In Sec. 2, we recall the ingredi-
ents of linear-quadratic differential games and derive the coordinated solution. In
Sec. 3, we define incentive strategies and equilibrium and provide a characteriza-
tion formula for assessing their credibility. In Sec. 4, we illustrate our result on an
environmental-economics LQ game. In Sec. 5, we conclude.

2 Linear-Quadratic Differential Games

We focus on two-player LQDG with one state variable. The game is played over an

infinite time horizon. To save on notation, we assume that each player has a scalar

control, although all results can be generalized to a multidimensional control case.
The optimization problem of player i is as follows:

> —pt 1 / %
max {WZ = /0 e (2[m¢x2(t) +u' (t)R'u(t)] + qiz(t)

uq (t)
2
+ ) (rij + dija(t)) j(t)>dt} ,
j=1

subject to: ( )+ Zﬂzuy z(0) = o, (€

where z(t) € R is the state variable, x is the initial state, u;(¢) is the control
variable of player i € {1,2}, and u/(t) = (u1(t),u2(t)) € R% Here, R € R**?
are symmetric matrices for all 7 € {1,2}. The element in row j and column & in
matrix R is denoted by R;ﬂk. Finally, r;;, dij, ms, ¢;, o, 3; are constants and p is
the discount rate (p > 0).

In what follows, we assume that the players implement stationary Markovian
strategies, which is a standard assumption in autonomous, infinite-horizon differ-
ential games. Due to stationarity, equilibrium strategies and value functions do not
depend explicitly on ¢.
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2.1 Cooperative solution

Assume that the players agree to play a cooperative game in which they jointly
maximize the aggregate payoff:

& 2 1 4
Swi=3 [ (2[”“962@) SR u(0)] + gia()
i=1 P}
+ (rij + dijz(t)) u, (t)> dt .

The next proposition characterizes the solution of the cooperative problem that we
wish to sustain by incentive equilibrium strategies.

Proposition 2.1.  Denote by (u$, u$) the cooperative solution?. The optimal con-
trols u§, ¢ = 1,2, which are linear in the state variable = are given by:

uf(z) = Ajx + By, i=1,2. 2

The optimal state trajectory is:

. XE\ yep  XE
() = st 21
() (mﬁxg)e X5

@
Constants A¢, B and X are given by:

(dU + djj + acﬂj)(Rﬁj + Rz]) — (d” + dji + ac&)(R;j + jo)

A(; =
i - : ) - - ) ,
(R + R)(Ry; + Rj;) — (R + RY))
Be — (T‘ij +rj; + bcﬁj)(R:] + jo) — (7” + 715 + bcﬁl)g(R;] + Rij)
(i + R0 (B + ) — (R + )
X{ = Bipi+B3p, Xi=a+Aip1+ A506:.

Coefficients a®, b, and ¢¢ are characterized in Appendix A.

Proof. In the cooperative game the players jointly optimize the aggregate payoff.
Let us denote by
c
VC(Z’) _ %1’2 —|—bC£L' +Cc ;
the optimal value function of this game. Using the Hamilton-Jacobi-Bellman (HJB)
equation, we obtain from the first-order optimality condition that the optimal con-
trols satisfy the following system:

(R£i+Rgi)ui+(R§j+jo)“j+7"ii+7”ji+(dz‘i+djz‘)m‘f'ﬁi(vc)/(x) =0, i=12.

2From now on the time argument is omitted so no confusion can arise.
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The solution to this system is «{, ¢ = 1, 2, given in (2). The expressions of these
optimal controls depend on the coefficients of the value function a<, b, which can
be determined by identification by means of the HIB equation. Their expressions
are collected in Appendix A.

Inserting the optimal controls in the state equation and solving leads to the
optimal state trajectory in (3). O

Once the optimal cooperative solution is obtained, we can compute the part
corresponding to each player of the total cooperative payoff.

Corollary 2.1.  Player i’s optimal payoff under the cooperative strategy is given

by:

. X 1
Wi(u17u2) Klz(‘ro—'_ ch> p_QXQC

Xxe¢ X 1
+ <xo + Xc) (KQZ 2K12X1p) P

XY X
+ X7i (K2z Klz X};) ) (4)

where p — X§ and p — 2.X§ are assumed to be positive, and

. 2.

c c c mg (Af>2Rzz (A;) R]J C AC D
Kli:Aidz‘i-i-Ajdij-i-?'i‘ 5 “ o+ 5 +AARZJ’
Ké:i =q; + A;;:T’ii + AC-’/’T‘J' + B»C(dij + AfR;Z + Aij])

+ BY(dyy + AR, + AR ) |
i,j €{1,2},i # .

Proof. Substitute in each player objective functional the control by u¢,i = 1,2
given in (2), and the state variable by its optimal trajectory given in (3):

Wl(ui’“%) = /OOO l;[mz(Lc)2(t) + (Uc)/(t)Riuc(t)] + inC(t)
+ Z rij + dijzt(t)) uj(t)] ePtdt

where u¢ denotes the vector (u§,u$). After some computations and arranging
terms, the expression above can be rewritten as:

Wi(uf, u3) = /0 {Kfq:(xc)Q(t) + K5;2°(t) + K3z} e Pt dt
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where

1 ; i :
Ksi = Birii + Bjrij + 9 [(35)2]%;2 + <B§>2R;j + QBSB;jo} ’

Integrating over time leads to the expression in (4), where assumptions p— X§ >
0and p—2X§ > 0are needed to guarantee a convergent improper integral. O

The following proposition provides the players’ payoffs, and resulting state
trajectory, for any pair of linear strategies. These results are needed in the next
section.

Proposition 2.2.  If (41, uo) is any pair of linear controls, given by
a;(z) = A + By (5)
then the corresponding state trajectory is

. Xl Xot Xl
z(t) = | x0 + = e — — |
(t) <0 X)

2

and player i’s payoff is given by:

~ 2
PN - X 1
Wi(ul,uQ) = Kh; <JJO + A1> — =
X p—

X X . X 1
+ 2o+ 22 Ko — 2K, =4 -
Xo Xo P*Xz
% .

where p— X5 and p— 2.X, are assumed to be positive and constants X, K1, k =
1,2; | = 1,...3 are obtained changing A¢, BY by A;, B; in X, K{,.k =
1,2 1=1,...3

Proof. Replacing (i1, i2) in the state equation and solving leads to the state
trajectory.

Player i’s payoff when the pair of linear controls (4, 42), given by (5), is used
can be obtained along the same lines as in Corollary 2.1. O

3 Incentive Equilibria

The cooperative solution characterized above is not, in general, an equilibrium. As
mentioned in the Introduction, our aim is to sustain the coordinated solution in time
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by means of incentive equilibrium strategies and characterize their credibility. For
the sake of completeness, let us recall the definition of an incentive equilibrium
strategy.

Let (u§,u$) € R x R be the desired cooperative solution. Denote by

Uy = {1 |1 : R — R}, Uy = {a)a |1 : R — R},
the sets of admissible incentive strategies.
Definition 3.1. A strategy pair ¢, € Wy, € Wy isan incentive equilibrium at
(uf, ug) if
Wi (uf,us) > Wi(u§, p2(u1)), Vu; €R,
Wa(uf, ug) = Wa (1 (uz), us), Vus € R,
1 (us) = uf, po(uf) = us .

In order to keep things simple, we shall confine in what follows ourselves to
linear-incentive strategies, that is:

wj(ui):ug—i_Dj(ui_uf)a i)j:1727 Z#J? (6)
with D;, j = 1,2, denoting a non-zero constant.
To characterize an incentive equilibrium we need to solve the following pair of

optimal control problems where each player assumes that the other is using the
incentive strategy given in (6):

o0 2

1 .
max W; = i[mﬂQ + ' R'u) + gz + Z (rij +dijz)uj | e "
Uq 0 3
7=1
S.t.:g'c:ax—i—Zﬂiui, x(0) =xzg, p>0, @)
i=1

u; = Yj(wi) = uf + Dj(u; —ui), 4,j=1,2,i%#j.
The next proposition characterizes the solutions of these optimal control prob-
lems.

Proposition 3.1.  An interior solution ] (i = 1, 2) of the optimal control prob-
lem in (7) is given by:

ul(z) =Afx+ B}, i=1,2, (8)
where:
e _dii + di Dj + (A5 - A§Dj)(Ri; + R Dy + af (Bi + 3;D;))
‘ Ri, + D; (2R, +R;j D;) ’
B T + 75D + (BS — BfD;) (R}, + R.;D; + b7 (6; + 8;Dy))
’ Rl + D;j(2R}; + R, D;) '

Coefficients a}, b7, and ¢} are characterized in Appendix A.

19 Y0
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Proof. Let us denote by

3
_ %

2

the optimal value function of the optimal control described below. Using the
Hamilton-Jacobi-Bellman (HJB) equation from the first-order optimality condi-
tion and after some easy computations, we obtain the optimal control «} in (8).
Note that the expression of «} is written in terms of the coefficients of the value
function a, b3, which can be determined by identification using the HIB equation.

177

Their expressions are printed in Appendix A. O

Vi (@)

?

z? +biz+cf

To determine an incentive equilibrium we need to impose

u =us, 1=1,2.

79

Using this fact, the following proposition establishes necessary conditions which
must be satisfied by the incentive equilibrium strategies.

Proposition 3.2.  To be an incentive equilibrium at (u§, u$), a strategy pair ¢»; €
Wy, 19 € Wy given by (6) must satisfy the following condition:

Ti, Ti _ Ti- T1',
Dj= 22 ——F s, Gii=12 0], ©)
T12T21 - T11T22

where coefficients 7%, k = 1,2,1 = 1,...,3 are given in Appendix A and T},
and T, T4, — T}, T3, for i = 1,2 are assumed to be non-null.

Proof. Since the cooperative control of each player, u$, must equal «}, from
expressions (2) and (8) we have:

Ai= A7, Bi=B, i=12.

For each player these two equations can be rewritten as a second-order polynomials
in D, as follows:

T{, D7 + T{,D; 4+ Ti3 =0, (10)
T3, D? + T5,D; + To3 = 0. 11)
The coefficients 7},, k = 1,2,1 = 1,..., 3 are collected in Appendix A. From

Eq. (11), under assumption 7%, # 0, we derive:

TooDj + T3
D?=_Z==220 0 T2
J 15,

Replacing this expression in (10) we obtain a linear equation in D;. Under assump-
tion T}, T3, — T¢, Ti, # 0, the solution of this equation is given by (9). O
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3.1 Credibility of Incentive Strategies

For an incentive equilibrium to be credible, it must be in the best interest of each
player to implement her incentive strategy if the other player deviates from the
coordinated solution rather than to play her part of the cooperative solution. A
formal definition follows.

Definition 3.2. The incentive equilibrium strategy pair ¢»; € ¥,y € U, at
(u§,u$) is credible in Uy x Uy if the following inequalities are satisfied:

Wi (1 (uz), u2) > Wi(uf, uz) , Vug € Uy, (12)
Wg(ul,d)g(ul)) > Wg(ul,ug) s Yu; € Uy . (13)

Note that the above definition characterizes the credibility of equilibrium strate-
gies for any possible deviation in the set U; x Us. However, in order to preserve
the linear-quadratic structure of the game, we restrict our analysis to the linear-
incentive strategies defined by (6). Moreover, we assume that if one player deviates
from the cooperative solution, then she will use a control @; which is supposed to
be linear and given by:

i(x) = Az + By, (14)
where A;, B; are two constants. Let us denote by
F; = {u; admissible | u;(z) = Az + B;}, i=1,2. (15)

The next proposition states the credibility conditions for a linear-quadratic dif-
ferential game under the previous assumptions.

Proposition 3.3.  Consider the differential game defined by (1) and denote by
(u§,u$) its cooperative solution. The incentive equilibrium strategy pair v, €
Uy, € Uy at (u§, u§) given by (6) is credible for any deviation u; € F; and
ug € Fy if the following conditions hold:

s . - N2
|:K1i(X2i) (p — 2X2;) (Xlz' + -TOXQi)

—Ky; (Xm)z(/) —2X0;)(X1i + 370)_(21‘)2] (p — Xa:1)(p — X2:)
+ {(P - XQi)(XQi)z(K%XQi - Klini)((p - X2i)X1i + «TOX%)

~ ~ 2 _ _ _ _ _
- (P - X2i) (XQi) (KZiXQi - Klini)((p - X2i)X1i + foni)

(p— 2X2:)(p — 2X2:) > 0,
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i=1,2, where
Xy = B3i(Bf — Di(BS — B))) + 3;B; ,
Xoi = a+ Bi(Af — Di(A§ — A))) + B;4;
X1 = ﬁszC +ﬂij )
X2i =+ ﬁlAlc + ﬁj/ij 5

and constants K, K;“, for k = 1,2 can be obtained replacing in K},; constants

AZ,A],B“B by A — (A‘ A i), A ,Bf — D(B B) B in case of K,
and by A¢, A;, B, B in case of Ky, withi, j = 1,2,i # j.
Proof. We have to check that inequalities (12) and (13) are satisfied for uy € F5
and u; € F1, respectively. Note that the linear-incentive equilibrium strategy pair
1 € Uy, 1hg € Uy at (u§, u§) given by (6) for uy € Fi,us € F; reads:
Yi(u) = ui + Di(u; — uj) = Ajz + Bj + Di(u; — (Ajz + BY))
= ASx + Bf + Di(Ajz + By — (ASx + BY))
= [AF — Di(AS — Aj)le + Bf — Di(Bj = B;), i,j=12i#].

It suffices to compute the expressions of the different payoffs appearing in these
inequalities taking into account the expression of player i’s payoff along a given
pair of linear controls established in Proposition 2.2. The payoffs can be expressed

as:
X ’ 1
Wi (i (ug), uy) = K| 2o + == | ———=—
(i), ) ( Xm) i

X1 X 1
+ | 2o+ =— K27 — 2K11 =
Xoj Xoi ) p— XQZ

X[~ -~ Xu\l -
Xl' (KQL_Kllj*;) ;a 2 :17272#] :

X1 [ - X\ 1
4+ 2k (Kgi—Ku “) S i i=1,2i#7.
: X ) p

Expressions p — Xo, p — 2X5, p — X» and p — 2.X, are assumed to be positive in
order to have convergent improper integrals. Easy, but tedious, computations lead
to the inequalities in the proposition. O
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The two inequalities provide conditions which could be checked once the spe-
cific functions involved are at hand.

To illustrate the analysis of the credibility of incentive equilibrium strategies, we
consider two examples. One is a simple homogeneous LQDG where the objective
functionals do not involve a state-control interaction term, nor the other player’s
control. This example does not refer to a particular economics application and is
fully treated in Appendix B. It is meant to show that, even in a relatively simple
setting, the credibility conditions are tedious. The following example corresponds
to a global environmental problem.

4 An Environmental-Economics Example

Let player i’s optimization problem be given by:

o 1 1
max {Wi :/ e Pt {ul (’yi - ui> - @ixﬂ dt} ,

st @ = Fu; +uj) —azx, z(0) ==,

where ,~; and ¢;,i,7 € {1,2},i # j are positive parameters and 0 < « < 1.
This problem has the following features:

e The objective functional of player i is quadratic in control and state and
depends on the player’s own control only. Note that, contrary to the homoge-
nous example treated in Appendix 2, here a linear term in the control is
included.

e There is no interaction neither between the controls nor between the controls
and the state.

Admittedly, this structure is restrictive but fits actually many models belonging
to an active area of applications of differential games, namely global environmental
problems. In such a context the control u; is the emissions level and the state x is
the accumulated stock of pollution. Assuming that emissions are a proportional
by-product of industrial activities, revenues generated from these activities can be
expressed equivalently in terms of emissions seen here as an input in production.
Thus, the function f; (u;) = w; (7,; - %uz) represents the concave revenue function
of player . Revenues depend only on own industrial activities, and not on the other
players’ ones. Pollution induces damage costs, given by %goiacQ, assumed to depend
on accumulated pollution. The state dynamics describes pollution accumulation.
It says that the variation in its level is the sum of emissions, scaled by a parameter,
minus what is absorbed by nature (« is termed the absorption rate).

The environmental models in Van der Ploeg and De Zeeuw (1992) and Dockner
and Long (1993) are particular cases of our specification. Indeed, both models are
completely symmetric (y; = v, ¢; =  for all players). The first paper studies an
n-country model, while the second one concentrates on a two-region differential
game. Both papers compare cooperative and noncooperative emissions strategies,
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but are not interested in the issue of sustainability. List and Mason (2001) recon-
sider the same problem with two asymmetric players. To derive the Markov-perfect
noncooperative strategies, they assume v; = 6; and ¢; = wy; (which are more
restrictive than our structure). Fernandez (2002) studies transboundary water pol-
lution and takes into account asymmetry of the two countries’ costs and benefits. In
Fernandez (2002), each player has three control variables and the characterization
of optimal equilibrium is carried out by means of numerical simulations. Another
paper, which uses a similar specification to analyze a pollution control problem, is
Kaitala and Pohjola (1995). Their model is asymmetric since one group of coun-
tries is assumed to be non-vulnerable to global warming. This assumption leads to
an analytically solvable model, since one only needs to solve a decoupled system
of algebraic Riccati equations.

In the cooperative (joint maximization) solution the linear optimal strategies
and quadratic value function are given by:

C
uf(x) = v + Blaz + %), V(z)= %12 + b%x + ¢, (16)

where

200+ p % \/(2a +p)* +862(p1 + 2)

a = 5

432
pe = Pl +2)a
a+p—262ac’
o Vi 43 + 286 (n + 2 + Bb°)
2p '

The optimal state trajectory is:

o By +792 +266) _a-aptasy , B+ 72 +266%)
o) = (o - PO ) e SR

The state dynamics of the game has a globally asymptotically stable steady state
if  —25%a° > 0. It can be shown that to guarantee this inequality, the expression
of a© where the square root is affected by a negative sign has to be chosen. From
now on, by a° we refer to this root. Let us note that with this choice coefficients
a® and b are negative and ¢ is positive. Therefore, when the cooperative game is
played the stock of pollution converges in the long run to the positive steady-state
value, given by:

Bl +v2 +286°)  X¢
a —232%a° X5
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Player i’s optimal payoff under the cooperative strategy is given by:

C C C Xf C C Xf 1
Wi(uf,uy) = [Cu - ng (O2i +03in20>:| P

c

X¢ X¢
_ _ 21 (e 190
(0= 3t) (e 42053

xe\? 1
—CS. 2y -
?”(xO X§> p+2Xs5

) 1
p+ X3

where
1 1
Cfi = 5 (i + B0 (s — B6°), - C5; = PatF,  Cf, = 5[(8a)" + ]
If (41, u2) is any pair of linear controls, given by
’l)l(I) = Aix + Bl s
the state trajectory associated is
i(t) = | o — _BBi+By) s 322 e~ (@=B(Ar+ At | _BBi+Ba) + 322 .
a— (A1 + Ag) a—B(A1 + As)

The state dynamics of the game has a globally asymptotically stable steady state
ifa—B(A4; + 43) > 0.
Furthermore, player i’s payoff is given by:

~ 2
o X 1.\ - 1,. X\ |1
i = i—BiAiT i_fBi BZ'—*AA2 i 7S -
Wi(in,az) = | (v ) X2+<7 5 ) 5 ( z+<p)<X>

where X is assumed to be positive in order to have convergent improper integrals
and
X1 =B(B1+ Bs), Xo=a—p(A;+Az).

4.1 Linear-Incentive Strategies

We focus now on the characterization of linear-incentive strategies of the type
established in (6). Aninterior solution«} (i = 1, 2) of the optimal control problem
(7) characterizing the incentive strategies satisfies:

ui(x) =7+ AL+ Dj)(ajz +b7), 4,j=12i#], an
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where constants «, b7 are determined using the Hamilton-Jacobi-Bellman equa-
tion associated with the optimal control problem. Assuming that the value function
of problem (7) is given by V;* = %22 + bz + ¢}, and using the standard tech-
nique, coefficients a}, b}, and ¢} are determined:

(R

| 20°6*(D; — 1) + 20+ p £ 1/ (20°62(D; — 1) + 20+ p)* + 4(1 + D;)* B
2(1+ D;)?B2

b a; B(vi +7; —b°(D; —1)B)
"oat(D; D)2 —a;(14+ D) +a+p’

)

_ ilyi + 267 8) + b B[2v; + (=26°(D; — 1) + bi (1 + D;)*) ]
2p ’

To determine a linear-incentive equilibrium we need to impose
i =us, 1=1,2,

79

where u; and u§ are given by (17) and (16), respectively. From the above equality
we obtain the following conditions:

(14 Dj)a; =a®, (1+D;)b; =0, 4,j=1,2,i#j. (18)

Therefore, the following ratios must be satisfied:

a‘ a¥
— == =1,2
ooy T

The previous equalities once the expressions of b° and b; in terms of a. and a},
respectively, have been replaced, after some computations simplify as follows:

—2a°D; +ai(1+D;)* =0, i=1,2.

Taking into account the first condition in (18), one has that the slope of the linear-
incentive equilibrium strategy is unitary, that is,

Dj = 17 ] = 172 )
and the incentive strategies are given by:
uj =Y;(ui) =uj —ui tug =7 —vitu, ,j=12,i#j.

From the last equality we have that firm j’s emissions are greater (lower) than
those of firm 4 if and only if A; is greater (lower) than A;.



Credible Linear-Incentive Equilibrium Strategies 275

Coefficients a}, b7, and ¢ under assumption D; = 1 read:

1) 7

. 2a+p+ \/(2a+p)2+1662g0
a; = 832 ’
pr = Bli+)ef

Yoa+p—45%a;

o il + 2667) + 2667 (v; + 25b)

i .

2p

Note that, in this case, these expressions are independent of the coefficients of the
value function associated with the cooperative game.

From the conditions in (18), one has a® = 2a;, b¢ = 2b}. An easy computation
establishes that these conditions are satisfied if and only if ; = ;. That is, both
firms must have the same damage cost parameter. From now on, let denote by ¢
this common damage cost.

We focus on credible linear-incentive strategies for any deviation in set F; as
defined in (15). The fulfiliment of inequalities in (23) guarantees that the linear-
incentives strategies are credible when linear deviations in set F; are considered.

The two sides of the inequality for player 7 after some computations read:
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where
~ 1 -2 ~ O ~ 1, -
Cri = 5(%2 — (v —By) ), Coi=—(v;—Bj)A;, Cs= i(Ai +),
X1 =By —v; +2B;), Xo=6-284;,
! 1 > ! cl.c ! 1 C
Cy; = 5(%’2 - (5b°)2)7 Cy; = B2a’t’, Cy; = 5((5(1 )2 +),

X1 =By + B+ By), Xy=0—p%°—pA;,

and X and X; are assumed to be positive in order to have globally stable steady
states, which also guarantee convergent improper integrals.

In the noncooperative case, it is easy to establish that the stationary Markovian
Nash equilibrium strategies are given by ul¥ () = ~; + B(a™x + bY), where the
value functions are by V;"¢(z) = %ﬂ + 0Nz + ¢ and the superscript NV stands
for Nash equilibrium. Note that the quadratic and linear coefficients are the same
for all the players, due to symmetry in objectives and dynamics.

Following the standard approach for solving HIB equations, we obtain the fol-
lowing coefficients for the noncooperative value functions:

o p+20—/(p+20)° +126%
= 7 <0,
bN:— G’Nﬁ(,yl +72)
38%N — (p+ )

N _ 24286V (4 0) +3(80Y)’
T 2p .

The equilibrium noncooperative state trajectory is given by:

ng(t) _ (IO - ﬁ (71 +’72 + ZﬁbN)> e(a*Q,@zaN)t i ﬁ ('71 +72 + QﬁbN) .

a

<0,

o —232aV o —232aN

The state dynamics of the game has a globally asymptotically stable steady state
if o —23%a™ > 0. It can be proved that to guarantee this inequality and therefore,
the globally asymptotically stable steady state, the only possibility is to choose
a <.

As usual, in this kind of model, the non-cooperative solution leads to emission
levels greater than those prescribed by the cooperative solution. Then, one can
suppose that if one player deviates from the cooperative solution, he is going
to choose an emission level greater than that corresponding to the cooperative
solution.

Therefore, we try to characterize emission levels that correspond with linear
deviations in set F; that are greater than the cooperative ones and for which the
credibility conditions in (23) are fulfilled.
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These last inequalities are quite complex and involve all the parameters of the
model as well as A;, B; coefficients of the emission levels along the deviation
from the cooperative solution. For that reason, it is not possible to analytically
characterize the feasible set for A; and B; which ensure credibility of the incentive
strategies. We resort to numerical simulations to carry out this analysis.

Let consider the following values of the model parameters:

pr=pa=p=1 =1, p=01, a=0.2, vy =101, v =1, Sop =0.05.

Under this assumption, the coefficients of the cooperative and non-cooperative
game are given by

a® = —0.8828, b° = —0.8590, o’ = —0.5, b = —0.5583,
and the cooperative and non-cooperative emission strategies are:
uf(x) = 0.1510 — 0.8828x, u(x) = 0.1410 — 0.8828z ,
ud (r) = 0.4517 — 0.5z, ud (r) = 0.4417 — 0.5z .
The incentive equilibrium strategies associated with linear deviations of the
form a;(z) = A;z + B;,i = 1,2, are:
ul(x) = 1/11(122(9;‘)) =Y — Y2+ ’17,2(1') =0.01 + AQJ; + B2 s
UQ(.’L‘) = wg(al (l‘)) =Y — 71 + ’111(111‘) = —0.01 + All‘ + Bl .
The credibility conditions for player 1 and 2 read:
0.0010A5 + (—4.4360 4 0.04B5) A3 + 0.4(—72.7103 + By)(—0.2635 + By) A3
+11.2426(—0.0501 + By)(4.9011 + By) A3

+ 30.4507(—0.5656 + Bs)(—0.0194 + By) A,
— 21.3055(—0.0423 + Bs)(—0.0148 + Bs) > 0,

0.0010A% 4 (—4.4364 + 0.01B;) A} + 0.4(—72.7203 + B;)(—0.2735 4+ B;) A3
+ 11.2426(—0.0601 + B;)(4.8911 + B;) A?
+ 30.4507(—0.5756 + B;)(—0.0248 + B;) A,
— 21.3055(—0.0526 + By)(—0.0248 + By) > 0.
Plotting the left-hand side of the previous inequalities allows us to determine the

intervals for parameters A;, B;,i = 1,2 that lead to credible incentive strategies.
The credible ranges are as follows:

Ay € [-0.85,-0.7], By €[0.15,0.2], Ay € [-0.9,—0.7], By € [0.15,0.2] .
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Figure 1: Credible set for deviations of player 1.

: \\\\\\ \

Figure 2: Credible set for deviations of player 2.

Figures 1 and 2 show the credibility conditions for player 2 and 1 for deviations
of the opponent in the credible ranges. Figures 3 and 4 show these conditions for
wider ranges of the deviations parameters, and therefore, leading to non-credible
strategies out of the credible ranges.

For linear deviations associated with parameter values in these intervals the
following results apply. First, the emission levels as well as the firms’ benefits
are positive for any value of the pollution stock. Second, along the deviation the
emission levels of both players are greater than those agreed in the cooperative
game but lower than those prescribed by the completely non-cooperative Nash
game.

Note that the admissible set of deviations for player 1 leading to credible incen-
tive strategies is wider than that of player 2. This result can be explained by the
asymmetric assumption for coefficients v, and - associated to the revenue func-
tions of both players.
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Figure 3: Credibility condition of player 2 for deviations of player 1.

NN
NN
A\

\ nk
RN R
A s
RS
me“
e
it
>
Rk
R
\‘\\\\\“\\\\\\“\\\\\‘\‘\\\\
3
Y

035

N

B2 01" 1

Figure 4: Credibility condition of player 1 for deviations of player 2.
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Tables 1 and 2 show the emission levels of both players under cooperation
(superscript ¢), non-cooperation (Nash game, superscript V') and when the incen-
tive strategies are implemented (v; (@), 4,7 = 1,2,7 # j) for a linear deviation of
therival (@;(x) = A;z-+ B;). Both tables collect the results for different deviation

levels for player 1, Table 1, and player 2, Table 2.

From these results we can conclude that only small deviations from the cooper-

ative emission levels lead to credible strategies.

5 Concluding Remarks

We characterized in this paper the conditions to have credible linear-incentive
equilibrium strategies in the class of linear-quadratic differential games. The lat-
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Table 1: Emission levels for an initial pollution stock Sp = 0.05.

Different deviations of player 1.

G. Martin-Herran and G. Zaccour

A =—-0.85 A =-08 A =07
B1 =015, By =0.2|B; =0.15, B =0.2|B; =0.15, B; = 0.2
A 0.1075 0.1575 0.11 0.16 0.115 0.165
ug = o(1)| 0.0975 0.1475 0.10 0.5 0.105 0.105
u§ 0.1068 0.1068 0.1068
u$ 0.0968 0.0968 0.0968
uy 0.4267 0.4267 0.4267
ud 0.4167 0.4167 0.4167
Table 2: Emission levels for an initial pollution stock Sp = 0.05.
Different deviations of player 2.
Ay =—09 Ay =—0.8 Ay =—0.7
By =0.15, B, =0.2| B, = 0.15, By = 0.2| By = 0.15, By = 0.2
o 0.105 0.155 0.11 0.16 0.115 0.165
ur = 1 (e 0.115 0.165 012 0.17 0.125 0.175
u§ 0.1068 0.1068 0.1068
u$ 0.0968 0.0968 0.0968
uly 0.4267 0.4267 0.4267
ud 0.4167 0.4167 0.4167

ter is popular in economics and management science applications of differential
games, because it allows the inclusion in the models of important features such as
economics of scale, decreasing marginal returns, etc., while still being tractable
(i.e., admitting analytical solutions). One message of this paper is that obtaining
credibility for even linear-incentive strategies is tedious. A second one is that cred-
ibility may be at hand for only small deviations with respect of the cooperative (or
agreed-upon) strategies.

Appendix A
Coefficients a¢, b¢, and ¢© of the cooperative value function (Proposition 2.1)
Coefficient a° satisfies the following quadratic equation:
Z1(a%)? +Z0a° +55=0,

where

[1]

1= (R;-j + RZ) Bi% +2 (R::j + jo) Bib; — (qu + Ri) B;*
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Ep = —2(dij + d;) (— (Rij + Rfj) Bi + (R; + R;) ﬁj)
— 2(dy; + dj;) ((R;7 + jo) Bi — (Réj + jo) ﬂ])

+ <<R§] + jo)2 - (sz + Rgi) (R;"j + Rﬁ;)) (“2a+p) ,

=5 = (ms +m;) (-(Rfj + Rg'j)2 + (Rl + R (R + R;Ij))
— (dig +dig)” (Rl + RL) +2 (dii + dyi) (diy + d;) (Ri; + RY)
— (dii + dj;)? (R;lj + R;j) .
Coefficient b¢ solves the following equation:
Sib 4+ 5 =0,
where
I = (dij +djj) ((RZ + Rfj) Bi — (Rfi + Rf;) ﬂj)
— (di; + dji) ((Ré'j + R — (Rﬁj + Rfj) ﬁj)
+a° (= (Ry; + Ry;) 62 + 2 (R, + R 8365 — (Rl + RY) 577
+ ((Rﬁj v R~ (Ri+ RE) (Rys+ R;ij)) (—a+p)
o = (dij + djj) ((Rﬁj + Rfj) (rii +7ji) = (RZ + Rﬁ;—) (rij + Tjj))
Gt a) (_ (e + )" + (R + R (RS + R;j))
+ (dii + djs) ((Rij + Rfj) (rij +735) = (ris + 754) (Réj + jo))
+a (Rl + R ) (rig +755) = (s +730) (B3 + B,) ) B
+ (Rl + BL) (i +r) = (Rl + B ) (g +139)) B3]
Coefficient ¢ satisfies the following equation:
p(1+c) ((R;Ij n Rg'j)2 . (Rfi n Rfi) (R;lj + Rjij))
w0 [((Riy + R (i 135) = (s +-30) (RS, + R, ) ) By

+ (Rl + BL) (i ri) = (Rl + B (g +137)) B3] = 0.
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Coefficients a}, b7, and c; of the optimal value function associated to the

(R

incentive optimal control problem (Proposition 3.1)

Coefficient o satisfies the following quadratic equation:
A1(a})® + Agal + A3 =0,
where
A1 = (B; + D;B;)?,
Az =2((di; + dij D;) (8 + D;3;)
+ (A5 = A7D;) ((Ri; + D;Ry;) 6i — (Ri; + D Ry;) B5))
+ (Rl + D; (2R}, + D;R%})) (—2a+ p) |
Az = (di + diij)2
c c i 2 i pi i i i
+ (A5 = 4:D;)* (Ri;” = RLRY,) — mi (Rl + D; 2Ry + D R},))
+2 (A5 — AD;) (~dij (R D;Ri;) + dii (Ri; + DiR3;)) -
Coefficient b} solves the following equation:
Alb:K —&-AQCL: +A3=0,
where:
Ay = (dis + di;D;) (B; + D B;) + a; (B + D;3;)°
+ (R + D; (2R}; + DjR};)) (o + p)
+ (45 — AiD;) ((B; + D;Rj;) B; — (Bi; + D Ri;) B5)
Az = (ris + Djriz) (Bi + D;j3;)
+ (Bj = BiD;) (R — Ry + Dj (Ry;0; — Ri3j))
As = rij (D (dis + diyD;) — (AS — A7D;) (R}, + D, R};))
+qi (—R}; — D; (2R}; + D,R’;))
+ (Bj = B{D;) (—dij (Ri; + DjR};) + dii (Ri; + D, R};)
c c i \2 i i
+ (45 — A7D;) ((Rij) - Rz‘iRjj))
+rii (dii + digDj + (AS — ASDj) (Ri; + DjRj;)) -

Coefficient ¢ is characterized by the following equation:

(’“)162< +@2b: +@3 = 0,
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where

©1 =2 (R}, + D; (2R}; + D,R’})) ,
©2 = 2(rii + Djri;) (Bi + D; ;)
+2(B§ — BiD;) (D;R};8; — Ri;0; + Ri; (6 — D;f3;))
O3 = ’I“iiz + 2Dj7‘ij + Dj?"ij (—2 + 27 + Djrij)
+ (B - BiDy)* () - RLRY,)
+2(B§ — B{D;) (— (rij (Ri; + DjR};)) +rii (Ri; + DjRy;)) -

Coefficients T}, k = 1,2, 1 =1, ..., 3,1 = 1,2 of the equations
characterizing the incentive equilibrium strategies (Proposition 3.2)

T = — Ry, (R + R),) (dis+ dji + A¢ (Rl + B ) +a5;)
- (Rﬁj + Rfj) (dij +djj + A7 (Rﬁj + sz> + acﬂj)) :
Ti, = 2dj; R;; (Rﬁj + R‘Zj) —2(di; + dji) Ry, (R§j + Rgfj)
— 2a°R}, (R;ij + Rgij) B;
+ (ASR, — A°RI) ((R;ij + R{j)2 ~ (Rl + R (R, + R;ij)>
+d; ((R;Ij - Rg’j) (R;Ij + Rg'j) + (Rﬁi + Rg;) (R;ij + Rg?j))
+ ((2a° — i) By, (R, + RY)
o (7 1+ 1 3)
Ti, = — (R;ij + R;Ij) (—diini + R (dji + a°B;)
- (Rﬁi + R{i) (AR + a;‘@-)) - (R;ij + R;fj)
((dsi + a“Bi) R, — iR, — (a1 85 — ASRY) (Rl + RY))
1y, = Ry ((Ry + B),) (ra+ Be (R + R ) + i + 651

— (B + B (<o + Bs (Rl + RBL) 47y +0°8;) )
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T2iz = ( Z -+ R ) (le (R:] + sz) + 2R7z;jrjj)

((Rl + R, ) Tij — 2R§j (rei + Tji)) (Réj + R;j)

( RZ +RJ (Rﬁi +Rfi) (R;lj +R§j)> x
(=B{Ri; + BSR:; + b} 3;)
+20°Ry, ((Ry; + RY,) 8- (R + R ) B5)
T35 = ((Rfj + Rfj)Q ~ R}, (Ré'j + Rjjj)) (rii + Bj Ry + b B;)
_ R (— (R;j + Rgfj) (= BSRL 475 + (¢ = bY) B)

+ (Rl + B ) (rig 475+ 0°85) )

Appendix B: A Homogeneous LQ Example

The class of homogeneous LQDG is characterized by the absence of linear terms
in the objective functional of player 4, i.e., ¢; = r;; = 0in (1) forall 7, j € {1, 2}.
Player i’s optimization problem then becomes:

2
& 1
max{ W; = / e Pt §[mix2 +u' Ry + Zdijujx dt (19)

to j=1

Economic applications which considered homogeneous LQDG include Neck
and Dockner (1987), Cohen and Michel (1988), and Aarle et al. (1995). The model
in Neck and Dockner (1987) is fully symmetric and assumes that the control and
state variables do not interact (i.e., d;; = 0 Vi, j € {1,2}). This last assumption
is also made in the two-player differential game in Aarle et al. (1995). Cohen and
Michel (1988) study a game that fits exactly the formulation in (19).

It is well known that if the players cooperate by maximizing the sum of their
objective functionals in a homogeneous LQDG, then:

e the optimal strategies are linear in the state: u$(xz) = vfa

e the value function is quadratic, V¢(x) = r°z2, where ¢ is a solution to a

second-degree polynomial.
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Example 5.1. Let player i’s optimization problem be given by

oo
max {Wl = / e PHgiu? + mixQ}dt} ,

Uq tO
2
stz =ax+ Zﬁj?% z(to) = o ,
7j=1

where g; # 0.
In the cooperative (joint maximization) case, it is easy to check that the optimal
linear strategies and quadratic value function are

T°0B;
9i

ui(zr) = — x, Ve(x)=ra?, (20)

where r¢ is real and given by

2 2 n 57

2 p? ’
22]':1 ?;

ré¢ =

. 2 2 2 B
if (2o —p)"+4> 75, m; > 5 =0

The optimal state trajectory is

—re 2 ﬁ—?+a t
x¢(t) = :voe< T ) .
The state dynamics of the game has a globally asymptotically stable steady state
2

if—rcz:2 bira<o

i=17g;
Player i’ s optimal payoff in the cooperative game is given by:

c ,.cC c 2512 1 2
Wiuf,ug) = | () — tmy 5 52 Yo
9 p—20+2reY2 o

Let (@, G2) be any pair of linear controls, given by
The corresponding state trajectory is then

i’(t) — xoe(ﬁlAlJrﬁzArHl)t )

The state dynamics of the game has a globally asymptotically stable steady state
if ﬂlAl + /62A2 + a < 0.
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Furthermore, player ¢’s payoff is given by:

1 2
I b
p—2(B1A1 + feAr +a)

where p — 2(81 A1 + P2A5 + «) is assumed to be positive in order to have a
convergent improper integral.

We focus now on the characterization of linear-incentive strategies of the type
established in (6).

An interior solution «} (i = 1, 2) of the optimal control problem (7) character-
izing the incentive strategies satisfies:

_T;(/Bi + B;Dj)x
gi

Wi(tiy, Gi2) = (g: A7 + m;)

u; (z) = , Li=12,i#7, (21)
where constant »; is determined using the Hamilton-Jacobi-Bellman equation
associated with the optimal control problem. Assuming that the value function of
problem (7) is given by V;* = r?22, and using the standard technique, the coeffi-
cient r} is given by:

*
ry =

c " ; 2 i -D.)2
20— p— 267 (%—ﬁi)i\/[za—ﬂ_Qﬂjrc (& - 8)] +am, o0

2(m+6ij)2
9i

To determine a linear-incentive equilibrium we need to impose

wi=u$, 1=1,2,

79

where v} and u$ are given by (21) and (20), respectively. From the above equality,
we obtain the slope of the linear-incentive equilibrium strategy:

re Bi
Di=(—-1)—. 22
’ (7“2-‘ ) Bi #2)
Replacing this expression in (21), »} can be rewritten as:
. (rC)2 32
* mig; — (r°) B;

' :971 {P*‘Qﬂﬂc(&f—ﬁi)—?a} .

9

Substituting this last expression in (22), D; can be expressed as a function only of
r¢ as follows:

reg: {p—2a+25{ (%_ﬁi) 7"0} Bi
D= migi — 512(7"90)2 B b
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As in Sec. 3.1, in order to study the credibility of the incentive equilibrium
strategies we assume that if one player deviates from the cooperative solution she
will use a linear control as given in (14). Therefore, we focus on credible linear-
incentive strategies for any deviation in set F; as defined in (15).

To assess the credibility of the linear-incentive strategies for linear deviations
in set F;, the following inequalities must to be satisfied:

Wl(w(uj),uj) > Wl(uf7uj) V’U,j S Fj, i,j = 1,2,i 75] . (23)

The left- and right-hand sides of last inequality for player i after easy computations
read:

2
Wi(w(uj),uj)—{gi[ffr%& (Aj+?rc)] +mz} L2

@ J P—QFi 07

c 2(7"6)2 1 2
Wiug, u;) = @7 +m; p—ZAixO’

where p—2T"; and p — 2A; are assumed to be positive in order to have a convergent
improper integral, and

Bi B

Iy =3 |:Dz

] e+ A;(BiDi + B5) + o,

j i
27¢

A= *ﬂiEJrﬂjAjJra.
3

Easy but tedious computations allow us to rewrite the credibility conditions
in (23) as follows:

D; (Aj + ?TC) {(P —2A) {—Qﬁﬂc +g:D; (Aj + gjrc>] +

J J

c\2
28; (ﬁf(” +mi> } >0,
gi
ij=1,2i#j.

The linear-incentive strategies are credible for any deviation in (15) if both
inequalities are satisfied simultaneously. An exhaustive study of the inequality
corresponding to player 4 leads to the following result. The credibility condition
for player i is fulfilled if and only if one of the following conditions is satisfied:

(1) D; >0
@ A4, > —rc% and

022L —4C;C3;, <0 and Cs3; >0
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or
Aj > maX{Aj',Aj_}
0221 —4C;C3, >0 and or
A; < min{A;”,Aj_}
(b) A; < —rc% and
0221 —4C;C3; <0 and C3; <0
or
C3; —4C1;Cs3 >0 and  Aj € [min{A}, A7}, max{A} A }].
(2) D; <0
@ A4, > —rc% and
0222 —4C1;C03;, <0 and (O3, <0
or
CQQ,L- —4C1;C3; > 0 and Aj S [min{Aj',Aj_},max{Aj, A;}] .
(b) A; < —TC% and
0221 —4C1;C03; <0 and Cs3, >0
or
Aj > maX{AﬁAjf}
0221 — 4011'031' >0 and or
A; < min{Aj',Aj_}
Constants Cy, k = 1,...,3 are given by:

Cii = —28;9:D;

c .
Cai = g:D; (P + 2@2% - 2CY) —2B3;r¢ <—2ﬁi + giDi?> ;

J

c . c\2
Cs =1r° (P + 2@'2% - 20‘) <—25i + giDigj_) + 20; <512 (Tg) + mi) .

9 7

The lower and upper bounds for A; are:

—Cy; 0227 —4C4,;Cs;
2Ch; ’

(+)_) —
A; =
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where Aj+ is the expression where the square root is affected by a positive sign.

Similar conditions ensuring the credibility for player j can be derived analo-
gously, changing subscript ¢ by 5. Merging the conditions for both players we
obtain those which must be satisfied to guarantee that the linear-incentive strate-
gies are credible.
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Abstract
In the framework of an interval market model already used in [6,7,5], we
tackle the case of a digital option with its discontinuous terminal payment.
In this paper we develop the synthesis approach via the investigation of the
trajectory field a la Isaacs-Breakwell.

Key words. Differential games, Isaacs’ equation, option pricing.
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1 Introduction

In [3,4,6], we introduced a robust control approach to option pricing using a
non stochastic model of the market uncertainties and a minimax approach. Sev-
eral authors used simultaneously and independently similar approaches. The same
market model has previously been used in [12]*, who coined the phrase “interval
model”, and also in [9], where the author stresses that due to the incompleteness
of the market, the hedge is a super-replication, and the premium computed is a
“seller’s price”. While these references use tools quite different from ours, a very
similar theory (actually strictly more general, and consequently less detailed) has
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been developed in [11,1] and related papers. See also a further development of
similar ideas in [13]. A rather exhaustive survey of our own theory can be found
in [5]. A discussion of the strengths and weaknesses of this approach, as compared
to the classical Black and Scholes theory, can be found in [6].

We tackle here the case of a digital call. This is a contract whereby the writer (also
called here the trader) pledges to pay the buyer a fixed amount D at a prescribed
final time (or exercise time) 1" if the market price of a specified underlying stock
at this time is not less than a given price K (also called the strike). This defines
a payoff of the option which is a discontinuous function of the final price of the
underlying stock. This is to be contrasted with classical—or “vanilla”— options
where the payoff is continuous and even convex.

In this paper, we develop the analysis in terms of the field of extremal trajec-
tories, reconstructing the Value function via a classical synthesis approach a la
Isaacs-Breakwell. This allows us to completely solve the problem and to exhibit a
representation theorem similar to that of [8,5], with the same linear vector PDE,
but with a different coefficient ¢™, and different sets of initial conditions and gra-
dient discontinuities.?

2 The model

We quickly recall the overall framework. The reader is referred to our previous
works, i.e., [5], for a more detailed description.

Parameters The parameters of our problem are the exercise time T, strike K,
amount® D, transaction cost rates C+ and C'—, depending on whether it is a buy
or a sale, and the similar ¢ and ¢~ that apply to the closure costs, with O~ <
™ <0<ct <Ot andC~CT # 0. We let ¢ > 0 denote the amount of a buy of
underlying stock, and £ < 0 denote a sale of an amount —¢. The transaction costs
are CT¢ or C&, respectively, both positive. Moreover, we shall (realistically)
assume that 1 + C— > 0.

We shall use the notation C¢ to mean CH¢if € > 0and C—¢if € < 0. A
similar convention will apply to such notations as ¢° (o — v) where ¢° will mean
q* or g~ (to be defined) depending on the sign € of (4 — v).

Furthermore, two constant bounds 7~ < 0 and 7+ > 0 on the relative stock
price rate of change are known. See the market model below.

We assume that via the classical change of variables to end-time values, the
riskless interest rate has been factored out.

State variables In these end-time values, the state variables are:
e the uunderlying stock price u,

2 A much more detailed and complete analysis is to appear in [14].

Swithout loss of generality, this could have been taken as 1. Keeping it as D helps one
keep track of the physical dimensions in the calculations. The meaningful dimensionless
quantity is the ratio D/ K.
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o the value of the portfolio’s underlying stock content v,

o the total worth of the portfolio w.
The underlying stock price u is by essence positive. Moreover, since we consider
a call (an increasing payment function), there is no point in considering negative
v’s either, so that we shall always assume that « and v are both non negative.

Market model We use the interval model. In that model, it is assumed that the
stock price isan absolutely continuous function, and furthermore that two numbers,
7+ and 7, with 7= < 0 < 71, are known, such that:

Vi ty, o ) < W) ) 1)
u(ty)
We call €2 the set of such admissible stock price trajectories. Alternatively, we shall
let 7 = «/u and let 7(¢) be a measurable function with forall ¢, 7= < 7(¢) < 7.
We shall call ¥ the set of all such admissible rate functions.

Trader controls and strategy The control of the trader is through buying or
selling underlying stocks. He may either do so in a continuous trading mode, a
classical fictitious mode whereby one buys stocks at a continuous rate £(t), (a sale
if £ < 0,) or in an impulsive mode or discrete trading. In that later mode, the
trader buys (or sells) lump sums at finitely many freely chosen time instants. We
shall call these times ¢, k = 1,2, ... and the amount traded at these instants &,
of signs . Hence, the function £(-) will be considered as a sum of a measurable
continuous component and finitely many weighted translated Dirac impulses. We
shall call = the set of such admissible trader’s controls.

The trader acts knowing the market situation (fictitiously), with no time delay.
The mathematical metaphor of that hypothesis is as follows: a strategy is a non-
anticipative function ¢ : Q@ — =. (The initial portfolio content v(0) = vy will
usually be considered as zero. Yet, to be more general, we must let ¢ also depend
onit.) In practice, we shall implement it as a state feedback £(¢) = (¢, u(t),v(t)).
We do not attempt to describe all admissible state feedbacks, being content to check
that the one we exhibit actually yields an admissible non-anticipative strategy.
We let ® be the set of admissible non-anticipative strategies, and use the notation
€ ® to mean that a feedback strategy ¢ generates an admissible strategy ¢ in ®.

Dynamics The dynamics are:

u=TU, 2
v=T10+E, ?3)
w=T1v— C°€, 4)

and in case the trader decides to make a block buy or sale of stocks of magnitude
& at time ¢y,

U(tz,_) =o(tg) + &k, 5)
w(ty) = w(ty) — C¢ . (6)
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Payoff At the terminal time 7', the trader sells any remaining underlying stock
v(T) in its portfolio, at a closure cost —c¢~v(T"), and pays its due D to the buyer
if w(T) > K. Thus, its incurred cost is N (u(T), v(T)) with

—cw ifu<K,
N(u,v)—{ D—cv ifu>K. Y

The total expense born by the trader due to possible losses (or gains) due to stock
price variations, transaction costs, and terminal costs, if the contract has been
written at time ¢o with w(tg) = ug and v(to) = vy is therefore

I(tos 10,003 €(-), 7() = N(u(T), o(T))+ / (Co€(t)—r(tpu(t) + Y ¢
to %
®)

W (to,u0,v0) := inf sup J(to, uo,vo; d(u(-)), 7(-)) %)
PEP rcw

Let

be the Value function of that differential game problem. The premium that the writer
should charge for this contract, written at time 0, is P(u(0)) = W (0, «(0),0).

The limitcase u(T') = K We chose to let the terminal payment be u.s.c., deciding
that the amount D is owed if u(7T") = K. This is no serious restriction in terms of
modelization. But it simplifies the analysis in that it lets the supremum in (9) be a
maximum.

For a given pair (¢,u), we shall call ¥k (¢,u) the subset of ¥ of controls
7(-) : [t,T] — [r—,77T] that drive the price from u(t) = u to u(T) = K, (i.e,
exp ftTT(S) ds = K/u). Finally, we call A C [0,T] x Ry the set of (¢, u)’s for
which Wk (¢, u) # 0. This is equivalent to u € [uy(t), u,-(t)], with

up(t) = Ke™™ (T—1) up(t) = Ke™7 (70 (10)

Further notations We give here for ease of reference some (strange) notations
that we shall use all along hereafter. We let

g~ (t) = max{(1 + cf)eTf(Tft) -1,C7}, (11)
. K B
fﬁﬁ:nm%mwﬂl+c)z~—LC LC*}. (12)

These two numbers will appear as the opposite of the partial derivative 9T /v, or

loss coefficients associated to the fact of having too much, respectively, not enough,

of the underlying stock in the portfolio as compared to an “ideal” content (¢, u).
We let also

=T Ltm(HEE), w =K, (13)

T
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+ o
M:Tf%m%ﬁi),u+:Kﬁm. (14)

t_,u_,and u, are the switch values in the definitions (11),12 of ¢~ and ¢™:

ol it <t
CTWZV de)er T 1, ift>t,

and
o ifu<wuy,
gtwy =< Q+c)E -1 ifup <u<u_,
c- ifu>u_,

and ¢ is related to u as shown in Figs. 1 and 2.

t
T Uy K U_ u
ty

D
e+
t_
F El
&5

Figure 1: The various regions, t— < t.

We shall also let
Q= 1),e=%, Q=<Q+), (15)

and, wherever ¢~ # ¢* (and hence @ invertible),

1 Trqt — 77" Tt — 77 (T 0
T*ﬂ (—(T‘*‘—T‘)q‘*‘q‘ gt —1tq =@ 0o — )@
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ty

T Uy K U_ U
D
t_
&

t

+ &5

FlEs

Figure 2: The various regions, t+ < t_.

This matrix appears in Theorem 3.1 below, and, as a consequence, in the repre-
sentation Theorem 4.1. The second form in the equation above makes it, if not
intuitive, at least logically connected to the context.

Finally, we set
1 1 0
(1) s=(10). a

() (3)

The notations v and w will appear later.

3 Analysis
3.1 Isaacs equation

One of the issues in investigating that game is to decide how to cope with the
impulse controls. One avenue is to consider the three-dimensional game of degree
with state space (¢, u, v) and payoff (8), and to use the differential quasi-variational
inequality (DQVI) associated with that game, as done in [7]. The other avenue, that
we follow here, and also used in [7], makes use of the 4-dimensional representation
in (¢, u, v, w),and finds the graph of 17 as the boundary of the capturablestates. By
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this, we mean states that can be driven by the trader to the target set {w > N (u,v)}
at the terminal time 7". In that framework, we use the tools of semipermeability to
construct that boundary, and jump trajectories are just trajectories orthogonal to
the (¢, u) plane.

We shall use normals to the boundary of the capturable states of the general form

SR 3

with usually » = 1, i.e., an inward normal. The extremalizing controls will be
given by Isaacs main equation. It can be written in terms of the Hamiltonian

as
sup min  H(t,u,v,w,n,p,q,7,£) =0. (19)
¢ TE[TT, 7]
The minimum in 7 is always reached at 7 = 7¢, with ¢ = sign (o) decided by the
switch function o = —pu — (1 + ¢)v. Singular trajectories will involve o = 0.

The supremum in ¢ is reached at ¢ = 0 if O~ < ¢ < CT. Otherwise, the
supremum is +oo, according to the sign of ¢. (This corresponds to a jump, of the
same sign as q.)

It follows directly from the dynamics that jump trajectories lie in a (v, w) plane,
and have a slope C*¢, ¢ the sign of the jump. Consequently, any hypersurface made
up of such trajectories has a normal of the form »* = (n p C¢ 1). This yields a
singular Hamiltonian in &.

The adjoint equations read

=0,
p:_Tpv
q:_T(q+1)7
r=0.

Hence, we may set » = 1 if we manage to choose it such at terminal time.

3.2 Primary field
3.2.1 The sheets (7, ) and (7,7)

Trajectories ending in the region v < K, w + ¢~v = 0 must be with p(T") = 0,
q(T) = ¢, yielding o(T) = —(1 + ¢ )v(T) < 0. Therefore, the final 7 should
be 7= and ¢ = 0. The switch function is constant along such a trajectory. But
these trajectories cannot be integrated beyond ¢_ (see (13)). As a matter of fact,
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the adjoint equations yield ¢(t) = ¢~ (¢) (see (11)), so that before ¢_, we would
have ¢ < C—, and the control £ = 0 would no longer maximize the Hamiltonian.
This 2-D setof trajectories (parametrized by u(T'), v(T')) creates a 3-D manifold,
a semi-permeable hypersurface, that we call the sheet (7,). This manifold obeys
the equation
(r,): ¢ v4+w=0,

and its normal v, is
vie=(=m"(¢"+ v 0 ¢ (1) (20)
or, using the notations (15) (18), as:
Q V=0, ad vi_=(-7Q v 0 ¢ (1).

A similar construction holds for trajectories ending in the region « > K, result-
ing in a semi-permeable surface (7,7): @~V = D, with the same normal (20).

3.2.2 The singular sheet (K)

Atu = K, the final payment N is non differentiable. The semi-permeable normal
can be any element of the super-differential, hence of the form (n p ¢~ 1),p < 0.
The final switch function is thus of the form o(T') = —[pK + (1 + ¢~ )v]. Again,
it is constant along a trajectory. If o < 0, we get the trajectory u,(t) (see (10))
this is the “right” boundary of the sheet (7,”). If o > 0, we get u,(t) . This will
be seen to be the “left” boundary of the sheet (K) in the region ¢ > ¢...

If p(T) is chosen to make o(7T") = 0, then sigma will remain zero along any
trajectory (as long as & = 0), and hence any 7(t) € [r—, 7] is permissible.
Let§ := j;T 7(s)ds. We generate that way a new 3-D manifold parametrized by
(v(T),6,1).

Itis a valid semi-permeable hypersurface as long as ¢ remains between C~ and
C™. One easily sees that ¢ = (1 + ¢ )K/u — 1, so that the condition ¢ < C*
translates into v > wu, (see (14))—this is the left boundary of that sheet for
t <t,—,and g > C~ translates into u < u_—this is the right boundary of that
sheet for ¢ < ¢_. Fort¢ > ¢, the left boundary is the trajectory w,(t). Fort > t_,
the right boundary is on « = u,.(t). On this whole sheet, ¢ = ¢ (u) (see (12)).

We call this semi-permeable hypersurface the sheet (K). Itis also characterized
by QTV = D,and itsnormal is vf, = (0 —QT1v/u ¢* 1).

3.2.3 Projection in the (¢, u) space

It is useful to look at the projection of the different sheets in the (¢, u) space. The
domain of validity of each sheets is:

(r,) + {t>t_}n{u<u.(t)},
() ¢ gt} {uz ulb)})
(K) : max{uy,w(t)} <u<min{u_,u.(t)}.
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This shows that (/) and (7, ) coexist in the domain
{t >t} N fmaxfus, w(t)} < u < u (b))

and that (K) and (7, ) exist in disjoint (¢, ) domains, except along their common
trajectory u = wu,.(t) for ¢ > t_ where they join smoothly since they share ¢ =
I+c)K/u, —1=q".

3.2.4 The dispersal manifold D = (7, ) N (K)

In the region ¢ > ¢_, max{uy,ue(t)} < u < u,(t), capturable states are char-
acterized by the two conditions w > —¢~v and w > D — ¢*v. The boundary of
capturable states (the graph of 17) is made of the two sheets (7, ) and (K), between
the end time and their intersection D characterized by v = o(t, u), w = w(t, u)
with
D

gt (u) —q= (1)’
This is a dispersal manifold D, somewhat degenerate in that, on the one hand, one
of the outgoing fields, the sheet (K), is traversed by trajectories generated by any
control 7(+), and, on the other hand, the trajectories of the other “outgoing” field,
the sheet (7, ), actually traverse the dispersal manifold D itself.

This manifold, thus, is born by the sheet (K), and traversed by trajectories
generated by 7 = 7. We shall show hereafter the following fact.

o(t,u) = w(t,u) = —q~ (t)o(t,u). (21)

Theorem 3.1. If amanifold V = V(t,u) iseither

(1) traversed by trajectories 7~ and lying on the sheet (K),
(2) traversed by trajectories 7 and lying on a sheet (77),
(3) traversed by trajectories 7 and trajectories 7,

it satisfies the partial differential equation
Vi 4+ TVuu—SV)=0. (22)

Inthe present case, as for all other closed formulas obtained thereafter, the PDE (22)
can be checked by direct differentiation.

This PDE was first introduced in [7] for the Focal manifold. In [8], we showed
that it is satisfied by all the singular surfaces of that game, this coming as a surprise.
In [6], we showed that it is a necessary consequence of (23) if this formula is to
be that of a viscosity solution of the Isaacs DIQV. The present paper will prove
the theorem above via the investigation of the field of optimal trajectories, thus
explaining it, perhaps, in a more natural way.

The Value function in that region is therefore

W(tv u, 'U) = IZ)(t, u) +q° (t’ u) (T)(tv u) - U) ) (23)

where we recall that in such an expression, e = sign(v(t, u) — v).
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3.2.5 Trivial regions

Outside of A If u(t) < ug(t) or u(t) > u,(t), the terminal w(T) is less than K
or, respectively, larger or equal to K irrespectively of what the players (market and
trader) do. Hence, the final payment to the buyer is certain, the option is actually
without any merit. The only hedge isv = 0, and w = 0 if u(t) < ue(t),orw = D
if u(t) > u,(¢). If at a given time ¢, v(¢) happens to be positive, then the trader
should sell it, either immediately at a cost —C~wv if ¢t < ¢_, or at terminal time at
acost —g~wv at worst if t > t_. Hence, it always incurs a cost —q~ v (see (11)),
and thus the Value function is

W(t,u,v) =—q (t)v, or W(t,u,v) =D —q (t)v,

depending on whether v lies to the left of A orto itsright. For ¢ > ¢_, these regions
are each covered by a single sheet (77), which is the graph of the function W.
Formally, this can be written as (23) with © = 0 and w = 0 or D. One may notice
that this V still trivially satisfies (22), or at least V, = 0 = V,u — SV.

Regiont < t_,u > u_ Again, that region needs no big theory. There the loss
resulting from keeping a positive v if u(T) = K is larger than C'~v. Hence, the
only sensible strategy is to sell any v at once. The value is W (¢, u,v) = D—C~ v,
as already seen for larger w’s. The representation (23) can be preserved as in the
previous paragraph.

3.3 Equivocal manifolds

To further analyze that game, we need to distinguish whether¢_ < ¢, or¢t_ > t,.
We choose here to show the detailed analysis for the case ¢_ < ¢, because it
displays a richer set of singularities, although it is the less likely in a real life
application. We shall only sketch the (more realistic) case t_ > ¢, stressing the
main difference. (See Figs. 1 and 2 at the end.)

3.3.1 The equivocal manifold £t = (7,7) N (1)

In the region ¢ € [t_,t,], u < uy, the sheet (7,7) still exists, but not the sheet
(K). We have reached (backward) ¢ = C, therefore we may expect a positive
jump manifold (1). Such a 3-D manifold must join onto the sheet (7,”) along a
2-D junction manifold that we call £*.

We again call o (¢, u), w(t, u) the values of v and w on €. This way, the bound-
ary of the capturable states, and hence the graph of W, will still be described
by (23), but now ¢+ = C*.

Staying on (7—) for a 7 # 7~ requires that d(Q~V)/dt = 0, hence that
(assuming & > 0)

7 (l+qg v+qg (Tv+& +Tmv-CTE=0,
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that yields
e
E=(1— Tf)m;_qq_v
which is actually non-negative. We conjecture (and will check later) that the junc-
tion will actually be with 7 = 77, and let £ = £ be the corresponding control.
The requirement that £ be traversed by trajectories 7+ implies that the dynam-
ics are satisfied with 7+, hence that

(24)

O+ Oyt tu =10+ T,
Wy + Wy Tu =70 - CtTET.
Multiplying the first equation by C* and summing, we get:
CT oy + Wy + 7T [(CF iy + hy)u — (CT +1)8] = 0.

We now notice that it follows from (16), that for ¢ = =+, itholds that Q7 = 7°Q*.
Thus this equation can also be written

QT Wi+ T (Vuu —SV)] =0. (25)

Now, £ admits the two tangent vectors

1 0
9 and Vl
(%7 Uy
Wy Wy,

They must be orthogonal to .- as given by (20). This yields two equations:
T (g AN+ g U+ =Q V,— T QTSV =0, (26)
G Uy + 0y =Q V, =0.

Multiplying the second one by 7~ « and summing and usingagain T~ Q~ = Q~ 7,
we get: ) ) )
Q W +TVyu—-8V)]=0. (27)

The two Egs. (25) and (27) together can be written
QWi +T(Vuu —SV) =0,

and as (Q is invertible, we get (22) for £T. This proves assertion 2 in Theorem 3.1.
We expect this manifold to join continuously with D on the boundary v = u.,
and as this is not a characteristic curve of that equation, it specifies uniquely its
solution. But we shall also find a more explicit construction via the trajectories.
We still have to check that the junction “does not leak™, or that fora+ < 7, the
trajectory remaining on (7~ ) drifts towards the capturable states, or equivalently
that 7 = 7 minimizes the relevant Hamiltonian.
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For an intermediate value of ¢ to be optimal, we need that at the junction, g = C*
on the incoming trajectory. (We have seen that anyhow, the normal to a positive
jump manifold has to have ¢ = C*.) Hence, this will be an equivocal junction, in
the parlance of Isaacs. Letv™ = (n p CT 1) be the normal to the (positive)
jump manifold on £T. Isaacs main equation therefore reads

mgax min{n + 7[pu+ (1+CT)o]} =0,

and 7 = 7 is indeed the minimizing 7 if [pu + (1 + C*)v] as computed along
our trajectories 71 is non-positive, or equivalently, n > 0, since the Hamiltonian
remains zero by construction.

We shall derive v+ from the theory of the generalized adjoint equations devel-
oped in [2]. Let us first investigate the conditions at the boundary v = u, . There
© and w are given by (21). Let s be the time at which a trajectory reaches that
boundary. The boundary of D and its tangent are obtained as follows:

s 1
Uy 0
DNn{u=wuy}: D , tangent: DT~ (1447) . (28)
CF=a(s) CT—q)%
T Ot Tt

Since that manifold is to be contained in &, its tangent must be orthogonal to
v+, This simply yields n = 0, which is therefore a terminal condition for the
generalized adjoint equation. This equation reads, writing x for (¢, w, v, w)

l./+ = —% + O[(lf)(l/+ — V-,——),
where «(t) must be chosen so as to maintain the singularity while integrating
backward, i.e., here, ¢ = C'*, hence ¢ = 0. This gives

n=an+7 (1+q)v),

p = (_T+ +Oé)p,
G=—-1"1+CH)+a(Ct —q7),
r=0.

The requirement that ¢ = 0 gives a = 77 (1 + C*)/(CT — ¢~) > 0. And the
differential equation for n gives n > 0, since for n = 0, » < 0 and we integrate
backward from n = 0. This provides the sign information we needed.

A final remark, useful in checking that this is a viscosity solution (to appear in
a forthcoming paper) is that Eq. (26) shows that Q~V;, < 0, and that, writing that
the two tangents to £+ are orthogonal to v+, we get that QtV, = —n < 0.

Placing (24) in the dynamics, and using the initial conditions (28), the equations
for the trajectories can be integrated in closed form with 7 = 7T, leading to the
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closed form formulas:

a(t,s) = uye” (=5) hence s=1t— ~-In (ﬁ)
7'+—‘r_
L~ ~ Cct—q (s = .
) = 09) = ey (525) T ate)
w(t,u(t,s)) =w(t,s) = —q (t)o(t,s)

3.3.2 The equivocal manifold £~ = ({) N (K)

We now investigate the region ¢t < ¢_, u € [uy,u—_]. The situation is somewhat
symmetrical to that of the preceding paragraph, as in that region the sheet ( K') exists
while the sheet (7,7) does not. We therefore expect that a negative jump manifold
(J) joins onto the sheet (K'). We conduct a similar analysis of the junction £,
still calling o (¢, u), w(t, w) the equations of that 2-D manifold, and formula (23)
will still hold, but now with ¢~ = C~,and ¢ = (1 + ¢ )K/u — 1.

Trajectories staying on (K') must satisfy d(QV)/dt = 0. Hence (assuming
& < 0), by differentiation (4™ — C~)¢ = 0, thus £ = 0.

We conjecture (and shall check later on) that the junction is with 7 = 7. The
fact that £~ be traversed by trajectories 7~ now yields

UV + 0,7 Uu=7T 0,

Wy +WyT  U=T 0.

Proceeding as in the previous case, we infer that Q~[V; + T (V,u — SV)] = 0.

Writing that the two natural tangent vectors to £~ are orthogonal to the normal
vk = (0 —(1+q¢t)v/u ¢t 1) yields the two equations Q*V; = 0 and
Qt(Vy — Iv/u) = 0. Multiplying the second one by 7« and adding, we get
QtVr + T(Vyu — SV)] = 0. This together with the previous similar equation
again yields (22). This proves assertion 1 of Theorem 3.1.

We expect this manifold to join continuously with D at ¢ = ¢_. This initial
condition can be seen to uniquely specify £~ in the region u > uj e " ¢ %,
We call £ the manifold thus generated. Indeed, integrating with 7 = 7~ and
& = 0 yields the same formulas for v, w as in D, but with ¢~ replaced by ¢~ :=
[(14 ¢ )exp(r— (T —t)) — 1]. This formula is indeed that of ¢~ in the region
t >t_,whilehere, ¢~ =C~.

A direct calculation then shows that Q~V; < 0. Writing that the tangents to £~
are orthogonal to the normal v~ to the jump manifold again yields n+Q~V; = 0,
showing that our construction does give n > 0 which shows that 7 = 7~ indeed
minimizes the Hamiltonian. (The corner does not leak.)

In the region u < w4 exp(—7~ (t— —t)), the trajectories of £, if they are still
generated by 7 = 7~ as we shall show, end up on the line v = wu,.. Therefore,
the terminal conditions to integrate them retrogressively will be provided by the
analysis of the region v < u. of the next subsection. For that reason, we do not
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have a closed form for the trajectories of that part, 5, of the equivocal manifold.
We check that indeed 7 = 7= will be minimizing the Hamiltonian.

Use again the theory of generalized adjoint equations. It yields here n = an so
that n cannot change sign along a trajectory. And, as it has to be positive at the
boundary, it will stay so, proving that 7~ is indeed minimizing in the Hamiltonian.
(It can easily be seenthata = —7=(1+C7)/(¢" = C~) > 0.)

Again, we remark that on the whole equivocal junction, we have Q°V, < 0,
¢ = =+, a property needed in the viscosity solution analysis.

3.4 Focal manifold F = (1) N (1)

We now investigate the only region left: ¢ < ¢_, u < w,. There, neither sheet
(77) nor (K) exist to construct an equivocal junction on. We will have two jump
manifolds, one of each sign, joining on a 2-D focal manifold F. The theory of
a similar manifold in the case of a vanilla option was introduced in [7]. A more
general theory of higher-dimensional focal manifolds was developed in [10]. Here,
we may just notice that this manifold has to be traversed by both 7= and 7+
trajectories. According to the analysis provided for £* and £~ above, this shows
that necessarily Q[V; + T(V,u — SV)] = 0, for both ¢ = =+, hence resulting
in (22). This proves assertion 3 of Theorem 3.1.

We need to provide (22) with boundary values to uniquely specify F. We
notice that £; satisfies the same set of coupled PDE’s. We may therefore con-
sider that we have a single set of PDE’s to solve in the domain ¢t < t_, €
[ue(t), us exp(—7~(t— — t))]. Notice that the coefficients of this linear vector
PDE are continuous. We showed in [10] that the trajectories 7= and 7+ are its
characteristic curves (or, more classically, the characteristic curves of an equiv-
alent scalar second-order PDE). This is a Goursat problem. The solution will be
specified if we give consistent boundary conditions on two such curves. Concern-
ing the right-hand boundary, we have found £; (in closed form) on its right, and
by continuity this provides our boundary condition. It remains to find boundary
conditions on the trajectory wu,(¢), which is our left-hand boundary.

On uy, if at any time, 7 < 77, the state drifts outside of A, and the optimal
strategy is to sell v at once at a cost —C'~ v, and do nothing (£ = 0) thereafter.
For this strategy to drive the state to the admissible end states (provide a hedge),
it is necessary that @~V > 0. This must be maintained along the trajectory w,
(which has 7 = 77), and still allow the state to reach £+ at t = ¢_. The limit
trajectory thus satisfies @~V = 0. Differentiating with respect to time, this yields
¢ =7T0(1+C7)/(CT—C),and we can integrate that limit trajectory backward
from the boundary of £T. (This is the same rule as in £T, thus everything is
smooth.)

There remains to check the signs of the time components of the normals to the
jump manifolds, as we know that their being non-negative insures that the controls
7 used in the construction of the manifold do minimize the relevant Hamiltonian.
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Letv® = (n® p® C¢ 1)! be the normal to the jump manifold where ¢ is the sign
of the jump. We shall denote & the opposite sign to . The components in time and
v of the generalized adjoint equations applied to F give

n® = a®(n® —nf),
0=—7(1+C%) +a"(C* - C%),
thus e
g __ 15
af =eT cr—C > 0.

The differential equations for n* and n~ are to be integrated backward (not on
the same trajectories, though), so that by a standard inward field argument, if n®
is positive, so remains nc.

We now check the initial conditions for these backward integrations. We have
stressed that V; and V,, will be continuous over the whole region of integration
of our PDE, and noticeably at © = wu,. On £~, we have seen that necessarily
Q1V, = 0. The normal v has to be orthogonal the tangent vector to F (and £-),
which yields n™ + Q*V; = 0, hence n™ = 0 on u = u... Integrating backwards
will indeed provide n > 0 in F aslongas n~ > 0.

On the left boundary, we have both H = 0 on the incoming negative jump
manifold, and that its normal v~ is orthogonal to the trajectory we specified. This
yields, respectively,

n” +7 [pTur+ (1+C7)7)
nT AT u+ T (14 C7)0 =

sothatwe getthatp~ =0andn™ = —7 (1 + C~)o > 0.

On the “top” boundary, att = ¢_, u € [u(t_),u], the jJump manifolds join
continuously on the jump manifold towards £* for the positive jump, to (7~) for
the negative one. All components of the normal other than the n time-component
are therefore continuous, and the requirement that the Hamiltonian be zero provides
the continuity of the first component.

Thus, both n~ and n™ are positive everywhere.

It is a simple matter to recover the controls £ on F according to the trajectory
7€ considered:

gl = o e S gl T =T
C+— [QVt+TQ( SV)}*C_F_C_[ 7€

¢ = oWy,

The square bracket is nonpositive because, as we have seen, Q°V, < 0, so that
&° indeed has the sign of ¢ as it should. There does not seem to be closed form
formulas for that manifold.

3.5 Casety <t_

We only sketch some features of that case.
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The dispersal manifold is similar to the previous one, holding for ¢t > t_,
u € [ug, min{u_,u,(t)}]. For ¢ < ¢_, a negative jump manifold joins on the
sheet (K') with an equivocal junction, involving 7 = 7~ and the “singular” control
& = 0. In the region “above” the trajectory 7~ through (t_,u,(¢t_)), i.e., u >
ug(t—) exp[—7~ (t—t_)], itiscompletely similar to the junction £, of the previous
case, its being given by the same formulas as D but with ¢~ instead of ¢ .

The region accounted for by the equivocal manifold £ is empty. But a new
case arises “below” the separating trajectory 7, as junction trajectories, still built
with 7 = 77, £ = 0, reach the left boundary of A, i.e., u = w,(¢) before time ¢ _.
We need therefore a boundary condition for £~ in that region, generating a part
&, of the equivocal manifold that comes between £, and &5 .

On the boundary u,, two conditions must hold. On the one hand, we must
insure that w(7") > 0 even if 7 = 7~ up to time 7'. Since we are at ¢ < t_,
the trader should sell its stocks as soon as the state drifts off A, hence making a
negative jump in v at a cost —C'~wv. We must therefore have w + C~v > 0. On
the other hand, we want to be on the sheet (K). The limiting states are thus in
{Q7V =0} n{QTY = D}, i.e., given by formulas similar to that of D, but this
timewith ¢~ = C~ 1w = uy(s), s € [t_,t4],

D

m 5 ’lD(S, U) = —Cilv](S, ’lL) .

(s, u) =

This is indeed a 7 dispersal manifold. For 7 = 7, the trader responds with £ = 0,
the state leaves the above manifold on the sheet (K), and we check that indeed it
remains above the sheet @~V = 0 since d(Q~V)/dt = (1 4+ C~)7Fv > 0.
From this 1-D manifold of “terminal” conditions, we integrate backwards the
2-D equivocal junction with 7 = 77, & = 0. This whole construction can be
explicitly performed with closed form formulas, allowing one to check the no-
leakage condition (that 7~ actually is the minimizing control in the Hamiltonian):

a(t,s) = w(s)e” 78 = 5= w
ot a(t ) =9(t,s) = FEEe T
Uf)(t,fb(t, S)) = ﬁ)(t,s) 7(}7(1578)17@,5)

with G~ (t,s) = (14+C)e” =0 —1 < C~ since 7~ (s — t) < 0.
The other regions bear a close resemblance to the previous case.

4 Conclusion

We have a complete description of the field of optimal trajectories, via a trajectory-
wise description of the singular surfaces. The required sign checks are provided by
the generalized adjoint equations. It proves the following representation theorem.
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Theorem 4.1. The value function is everywhere given by (23), or equivalently:
W(t,u,v) =QV —qv, e=sign(v(t,u)—v),

whereV satisfiesthe pair of coupled linear PDEs(22), —or V;, = 0 = V,u—SVin
the region where 7 is not defined because ¢ = ¢~ —with appropriate boundary
values as discussed above.

Concerning F and &5, we know of no other way to actually compute them than
integrating these PDEs.

In a forthcoming paper, we shall show through a detailed analysis of the dis-
continuities of the Value function and of its gradient that it actually is a viscosity
solution of the corresponding Isaacs quasi-variational inequality.
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Abstract

This paper deals with a two-person zero-sum game called the search allo-
cation game (SAG). A searcher distributes his searching resources in a search
space to detect a target while the target moves around in the search space
to evade the searcher. The target movement is subject to energy constraints,
which means that the target spends some energy to move and he cannot move
to other places on exhaustion of his energy. However, the target can supply his
energy at the risk of letting himself more likely to be detected by the searcher.
A strategy of the searcher isadistribution of his searching resources and atar-
get strategy isto select a path running in the search space and make adecision
of energy supply. We propose two linear programming formulations to solve
the SAG with energy supply. We also analyze some characteristics of optimal
strategies by some numerical examples.

Key words. Search game, two-person zero-sum game, linear programming,
dynamic programming.

AMS Subject Classifications. Primary 90B40; Secondary 91A05, 90C05.

1 Introduction

In Search Theory, two models have been mainly studied so far for search games
with moving targets. search-and-evasion game and search allocation game (SAG)
[6]. This paper deals with the SAG. The SAG is a two-person zero-sum game,
in which a searcher and a target take part. The searcher distributes his searching
resourcesin asearch spaceto detect the target. On the other hand, the target moves
in the search space to avoid the searcher.
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The search problem has many applications such as search-and-rescue activities
and military operations in the ocean. At first, the research on search problems
started from one-sided optimization problems. Koopman [17] got together the
results of the naval Operations Research activities of U.S. Navy in World War I1.
He studied so-called datum search, where a target took a diffusive motion from
an exposed point on arandomly selected course. Meinardi [18] models the datum
search as a search game. He considers a discrete model, in which the search is
executed in a discrete space at discrete time points. To solve the game, he tries to
manipulate the target transition so as to make the probability distribution of the
target as uniform as possible in the space at all times. That is why his method is
difficult to be applied to other search problems. His model is one of the search-
and-evasion games. The direct application of the datum search model could be
military operations such as anti-submarine warfare (ASW). Danskin [3] dealswith
a search game of ASW, where a submarine selects a course and speed at the
beginning of the search while an ASW helicopter chooses a sequence of points
for dipping a sonar, and he finds an equilibrium point of the game. Baston and
Bostock [1] and Garnaev [5] discuss games to determine the best points of hiding
a submarine and throwing down depth charges by an ASW airplane in a one-
dimensional discrete space. Washburn’swork [21] isabout amulti-stage gamewith
target’s and searcher’s discrete motions, where both players have no restriction on
their motion and a payoff isthetotal traveling distance until a coincidence of their
positions. Nakai [19] dealswith aninteresting model in the sensethat asafety zone
isset up for the target. Hismodel is also a multi-stage game with the payoff of the
detection probability of the target. Kikuta[15,16] studies a game with the payoff
of traveling cost. Eagle

In those studies, the searcher’s strategy is to choose his search paths. But it
could be a distribution of searching resources in a search space, especialy in the
case that the searcher can move faster than the target and can move wherever he
likes. Such agameis called SAG. For the SAG, abasic problem isto determine a
hiding point for astationary target and a distribution plan of searching resources of
searchers (see Garnaev [6]). Nakai [20] and lida et al. [13] show research on such
gameswith stationary targets. Concerning moving target games, there are Hohzaki
and lida's papers [14,8,10]. Hohzaki and lida [9] propose a numerical method to
solve more generalized game, whereit isjust required that a payoff is concave for
searcher’s strategy and linear for target’s strategy.

In most of the studies on search games outlined above, authors set comparatively
simple constraints on target motion. That iswhy optimal solutions keep akind of
uniformity in the problems and then they are easy to be estimated. In Washburn
and Hohzaki [22,12], they consider a datum search game with energy constraint
in a continuous search space. The energy constraint helps the problem to be more
practical but carries off uniformity from optimal solutions. They could not succeed
to derive an optimal solution because the continuous space is more difficult to
deal with than the discrete one for optimization problems, but they propose an
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estimation method for lower and upper bounds on the value of the game. In a
discrete space, Hohzaki et al. [11] propose an exact method to solve a SAG with
energy constraint. Furthermore, Hohzaki [7] elucidates a relation between two
types of SAGs defined on a continuous space and a discrete space.

In Washburn and Hohzaki’s papers [22,12], they handle the target energy as a
state of the target. Dambreville and Le Cadre [2] al so take account of a state space
of thetarget intheir model. However, not to mention cars or ships, they can usually
supply the vehicleswith fuel or energy. The energy iscrucia to the mobility of the
target and the mobility gives the target the flexibility to avoid the searcher. This
paper deals with the supply of energy as one of target strategies.

In the next section, we describe a SAG model with energy supply. In Sec. 3, we
propose a method to solve the SAG by a linear programming problem and give
another linear programming formul ation to cope with alarge size of problems. We
take some numerical examples to analyze characteristics of optimal strategies of
playersin Sec. 4.

2 SAG Model with Energy Supply

Here we define a SAG in which a searcher and target participate, in a discrete
search space.

A1l. A search space consists of adiscrete geographic cell space and atime space.
Thegeographic cell spaceisdenotedby K = {1,--- , K'} and thetime space
by T ={1,---,T}.

A2. A target moves in the search space. However, his motion is subject to the
following conditions. The target starts from one of cells S, € K. From a
cell ¢ at time ¢, he can move only to a set of cells N(i,¢) at the next time
t + 1. He expends energy (4, j) to move from cell i to j so that he cannot
move farther than cells that his current energy allows him to go to. He has
initial energy eq. On exhaustion of hisenergy, he must stay in his current cell
and cannot move to other cells. He can supply his energy by 6 > 0 during a
time period. He chooses one of two options concerning the supply of energy:
supply or no-supply. If he takes a strategy of supply, his energy increases by
0 at the end of arelevant time point or at the beginning of the next time. This
strategy, which we call energy-supply strategy, affects the likelihood that the
target is detected, which is explained in detail later in Assumption (A (4)).

Let us denote atarget path by w = {w(t),t € T'}, wherew(t) indicates a
target position at timet¢, and an energy-supply strategy by o = {o(t),t € T'},
where o (t) is0 for ano-supply strategy and 1 for a supply strategy at timet.

A3. To detect the target, a searcher begins to distribute his searching resources
from time 7 and then we denote a time period available for the searching
by T = {r,7 +1,---,T}. The searcher can use an amount of searching
resources®(t) atmost attimet € T'. Theavailableresourcesare continuously
divisible.
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We denote a distribution strategy of searching resources by ¢ =
{p(i,t), i € K, t € T}, where p(i,t) is the nonnegative amount of
resources to be distributed in cell i at time ¢ by the searcher.

A4. For atarget strategy p = (w, o) and a searcher strategy ¢, the searcher
can detect the target with probability 1 — exp(—g(¢p, p)), where g(¢, p) is
a weighted amount of effective resources distributed along path w and its
exact expression will be provided later. The weight indicates effectiveness of
unit searching resource in cell ¢ over the detection of the target. The weight
depends on an energy-supply strategy of the target there. It is «; for the no-
supply strategy and (3; for the supply-strategy, while a; < 3; usualy holds.

On detection of thetarget, the searcher getsreward 1 but the target losesthe
same. A payoff of the game is assumed to be given by the searcher’s reward.

In Assumption (A (2)), initia cells of the target Sy could be K or a point. If it
consistsof apoint, we can model adatum search game, wherethetarget startsfrom
an exposed point. N (7, t) isarepresentative for practical geographical constraints.

As a path strategy, the target chooses one path, which is a mapping w(t) from
T to K. He aso chooses his energy-supply strategy o (t) each time, which is a
mapping from T to S = {0, 1}. A residual energy of the target at time ¢, e(t), is
given deterministically by his path strategy and energy-supply strategy. On a path
w, heexpendsenergy p(w(t),w(t+1)) after movingfromcell w(t) tow(t+1), but
he can increase his energy by 6 by asupply strategy. Hisenergy e(t + 1) becomes
e(t+1) =e(t) — p(w(t),w(t+ 1)) + do(t) at the beginning of time point ¢ + 1.
We represent a combination of a path strategy w and an energy-supply strategy o
by p = (w,0) = {(w(t),o(t)),t € T} and call acombination arouting strategy
of the target. Let us denote a feasibility region of routing strategy p = (w, o) by
P, which is given by the following conditions.
Initial position: w(0) € Sy
Geographical constraint: w(t + 1) € N(w(t),t), t=1,--- , T —1
Initial energy: e(1) = eg
Conservationlaw of energy: e(t+1) = e(t) —p(w(t), w(t+1))+oo(t), t =
1,---,T—1

e Moving energy constraint: p(w(t),w(t + 1)) <e(t), t=1,---, T —1
From Assumption (A (3)), afeasible region of searcher’s strategy ¢ is given by:

U={p| > li,t) <B(t), p(i,t) >0, ic K, t T} 1)
ie K

This problem is a two-person zero-sum game with the payoff of the detection
probability of the target because the expected reward of the searcher is just the
detection probability. In the game, the searcher is a maximizer and the target isa

minimizer.
Let us formulate a payoff of the game or afunction g(-). Assume that a target
takes arouting strategy p = (w, o) € P and a searcher takes a distribution plan
of searching resources ¢. At time ¢, the target isin cell w(t), where the searcher
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scatters p(w(t), t) searching resources. The effectiveness of unit resourceis a,,(y)
for ano-supply strategy of the target and 3,(;) for asupply strategy. Now we can
estimate the weighted amount of resources over path w by:

9(@.0) = D p(w(t), ) {awm (1 = o(t) + Bumo(t)}- 2
T

From Assumption (A (4)), a payoff is defined by:

R(p,p) =1—exp [ =Y o(w(t), Hawn (L —o(t)) + Bupo®)} |- ()
teT

Here, let ustakeamixed strategy for thetarget, 7 = {w(p), p € P}, wheren(p)is
the probability that the target chooses arouting strategy p. A feasibleregion of « is

I ={r(p)| > )>0, p€ P}. (%)
pEP

For a pure strategy of the searcher ¢ and a mixed strategy of the target 7, an
expected payoff is given by R(p, ) = > 7(p)R(e, p). Because the expected
payoff is linear for = and strictly concave for ¢, we aready know that the game
has an equilibrium point, that is, aminimax value of the expected payoff coincides
with a maximin value (See Hohzaki [9]).

3 Equilibrium Point

Here we propose two linear programming formulations to solve the game and
derive optimal strategies of the searcher and the target.

3.1 Formulation using routing strategy of target

From here, we are going to find the value of the game by solving a maximin
optimization problem and derivean equilibrium point for strategies  and 7. Noting
> P ™(p) = 1, we can transform the problem max,, min, R(y, 7) asfollows:

R(p, ) = i R(p,p) = in R(e,
max min (¢, 7) max min d m(p)R(¢p, p) max mig (0, p)

= max {C11—exp(—g(p,p)) = (, p€ P}.
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A replacement of = In(1/(1—()) changestheabove expression to thefollowing.
= max {1 —exp(-n) | g(e,p) 2 n, p € P}
pew,n
=1 —exp(— max {n|g(p,p) 27, p € P}) ©)
pEY,n

=1—exp| — max
peV,n

0| Y ewt), ) {awn (L = o) + Bunyo(t)} 2 1. (w,0) € P
teT

The above problem is equivalent to the following linear programming problem:

P% ;. max
©51

st > ), toawy( —ot) + Bupot)} =0, (w,0) P (6)
teT
S olit)y <o), teT (7)
ie K
o(i,t)>0,ic K, teT. (8)

Using an optimal value of the above problem, n*, we can calculate the maximin
value of the original game or the value of the gameby 1 — exp(—n*). At the same
time, asolution of problem (P*) gives us an optimal searcher strategy *.

Since problem (P*) is nothing but the maximin problem with alinear form of
expected payoff R(p,m) = >, m(p)g(¢. p) from Eq. (5), we adopt this function
R(p, ) as anew expected payoff from now on. Let us turn our attention to a
minimax problem with this expected payoff. We transform R(p, 7) firgt, likethis:

Rgm = Y w(p) D elwt),){aww (1 —a(t) + Buwo(t)}
p=(w,0)eP teT

=3 > wwmel {1 —o(t) + Bio (1)}
teT i€ K p=(w,0)eP

=S N Y w1l - o) + Bio(t)}, ©
teT i€ K p=(w,0)e P

where §;; isthe Kronecker's deltaand P;, isaset of routing strategies with paths
running through cell ; attimet. P;; isdefinedby P;; = {p = (w,0) € P|w(t) =
i}
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Noting > .. g »(i,t) < @(t), we can transform a maximization problem
max,, R(p, ) with respect to ¢, asfollows:

max R(p, )
=Y emar 3 w(pHall-a(t) + Bo(t). (10
teT S p=(w,0)e Py,

By introducing variable v (¢) asasubstitutefor max; Zp:(w 0eP., m(p) {a;(1—
o(t)) + Bio(t)}, we obtain a minimax value of R(y, 7) by the following linear
programming formul ation:

pPT . r7IT1151 Z@(t)v(t)

teT
st > wpa(l—o(t) +Biot) <v(t), teT, ic K (1)
p=(w,0)eP;,
Z m(p)=1 (12)
peP
m(p) >0, pe P. (13

We can obtain an optimal mixed strategy of the target, 7*, by solving problem
(PT). On the other hand, an optimal searcher’s strategy, ¢*, is given by problem
(P%), as we mentioned before. Both problems give us the value of the game, of
course. Practically, we can easily verify that (P°) and (P”") are dual each other
and then both problems have an identical optimal value. We only need to solve
one of these problems once in order to obtain optimal strategies of both players.
Now we state our results.

Theorem 3.1. The value of the game is given as an optimal value of problem
(P%) or (PT). An optimal strategy of the searcher, ¢*, is given as an optimal
solution of (P*) or optimal dual variables corresponding to condition (11) in
(PT). Anoptimal strategy of thetarget, 7*, isgiven asan optimal solution of (P7)
or optimal dual variables corresponding to condition (6) in (P?).

3.2 Formulation using transition probability of target

As seen from conditions (6) or (13), formulations (P°) and (PT) enumerate
all routing strategies of the target P. However, if there is no constraint on the
target motion, we can count the number of strategies up to (2|K|)' T at most in
search space K x T o that we doubt a computation by (P*) or (PT) infeasible
computation time although they are linear programming problems. That is why
we are going to develop an alternative formulation to cope with the large size of
the search space.
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For simplicity, we assume that energy consumption function (4, j) isinteger-
valued, and initial energy eg and the increase of energy d by asupply strategy are
also integers in Assumption (A (2)). Now we can denote a set of energy states of
the target by E = {0,--- ,eq, - ,eo + T0}. To represent a state of the target,
we can use a combination of four elements, say (i, e, s, t), which indicates that
the target isin cell ¢ with residual energy e under a supply (s = 1) or no-supply
(s = 0) strategy at time ¢. The mixture of target routes, w(p), p € P, generates
aprobability distribution of the state (i, e, s, t). We denote the probability that the
targetisin state (4, e, s,t) by ¢(i, e, s, t). We a so define the transition probability,
that the target in state (4, e, s, t) moves to cell j under an energy-supply strategy
ratthenexttimet + 1, by v(i, e, s, t, j,r). In this subsection, we take variables
q(-) and v(-) as anew target strategy while o (-) is still a searcher’s strategy. We
define other notation. C'(i,e,t) = {j € N(i,t)|u(i,5) < e} isaset of cells, to
which thetarget in state (i, e, s, t) can move at the next time. C*(r, i, e,t) = {j €
Klie C(j,e+ u(j,i) — or,t — 1)} isaset of cells, from which the target under
an energy-supply strategy r at timet¢ — 1 movesinto state (i, e, s, t).

Let usreview the expression of the expected payoff (9) and transform it further:

Rem =3 Sty S mp{al—o(t) +Bio(H)}

teT icK p=(w,0)eP;,
=D et (ai PR w<p>) . (18
eT icK peP i ,0(t)=0 pePiio(t)=1

Inthelast expression, ZpeP,;,,,a(t):o m(p)or Zperg(t)ﬂ 7(p) meanstheexis-
tenceprobability that thetarget isin cell i at time¢ under ano-supply strategy s = 0
or under asupply strategy s = 1, respectively. We can replace these probabilities
by > .cgali,e, s,t) withs =0 or s = 1 using new target strategy ¢(i, e, s, t) to
obtain another expression for the expected payoff:

R(p, ) = Z Z o(i,t) (ai Z q(i,e,0,t) + f; Z q(ie, 1,t)) . (15

reTicK ecE ecE

Now we are going to solve a minimax optimization for the expected payoff with
new target strategy ¢(-) andv(-). Firstof all, let usdefineavalue i.(t) asamaximum
payoff rewarded by an optimal distribution of searching resources after time .
From Eq. (14), apart of payoff ¢ (i,t)c; >~ . g q(i, e, 0,t) islocaly produced in
celiattimetfors =00re(i,t)3 > g aqli,e 1,t) for s = 1. We can see that
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thefollowing dynamic programming formulation holdsbetween i (t) and A (t+1):

h(t)
— r;lea\i( { Z (p(i,t) (Ozi Z q(i, e,O,t) + B Z q(i, e, 1,t)) + h(t + 1)}
ice KK ecE ecE
= ®(t) max Z (iq(iye,0,t) + Biq(i, e, 1,t)) + h(t + 1). (16)
ice KK o E

In abrace in the first line, the first term indicates the expected payoff yielded at
time ¢ and the second one a maximal payoff expected after ¢ + 1. An expression
in the second line is derived from a feasibility constraint 3. _ g (i, t) < ®(1).
Equation (16) leads us to an inequality h(t) > @(t) Y., p(iq(i,e,0,t) +
Biq(i,e, 1,t)) + h(t+ 1) for any cell i. h(7) isamaximum expected payoff over
the whole search, which is just what the target desires to minimize. We can for-
mulate a linear programming problem for optimal target strategy ¢*, v* and the
value of the game:

(PT) min h(r)
st h(t) = () > (aiqlise,0,t) + Big(i, e, 1,)) + h(t + 1),

EEE

ieK, t=1,---,T—1 (17)

WT) > ®(T) Y (igli,e,0,T) + Biqli e, 1,T)) , i € K (18)
ec

zest Z Z 16757t,j77")a

reS J€C(iet)
1eK,ecE, se€S8t=1,---,T—-1 (19

q(i,e,s,t) Z Z v(j, e+ p(g,i) —or,rt — 1,4, s),

reS JECH(riiet)

1€eK, ecE,s€8 t=2,---,T (20)
> aliseo s, 1) =1 (21)
€50 55
SN qlivesity=1,teT (22)
icK ecE scS

v(i,e,s,t,7,1)>0,i,j€e K,eec E,s,re S, t=1,---,T— 1. (23)

Conditions (17) and (18) come from the recursive Eg. (16). Conditions (19), (20),
and (22), represent the so-called conservation law of probability flows ¢(-) and
v(-). Equation (21) is derived from initial conditions of the target: initial cells S
andinitial energy e. To solvethislinear programming problem, we need the order
O(4|K|?|T||E|) of computer memories for variable v (i, e, s, t, j,7) a most.
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Our next job is to obtain an optimal strategy of the searcher. We also make
use of adynamic programming equation to formulate another linear programming
problem for an optimal searcher strategy. Let us define a value w(i, e, s,t) asa
minimum expected payoff by an optimal route of the target starting from state
(i,e,s,t) given a searcher strategy ¢(i,t). In cell i at time ¢t(> 1), an energy-
supply strategy s = 0 or s = 1 brings out a local payoff «;¢(i,t) or B;p(i, t),
respectively. From the definition of w(i, e, s, t), we have:

w(i,e,s,t) = min  min
JjeC(iet) rcS
{(ei(L = s) + Bis)e(i,t) + w(j, e — pld, j) + 0s,mt + 1)} (24)

after the search starts at time 7. At terminal time 7, there occurs a local payoff
w(i, e, s,T) = (a;(1 —s)+ Bis)p(i, T). Attimet = 1,--- ,7 — 1 before r, any
payoff never occurs and then we have a recursive equation

w(i,e,s,t) = min  min w(j,e — p(i,j) + ds,r,t +1). (25)
jGC(i,e,t) TES

Over the whole search, the target can minimize the expected payoff down to
min,eg, min g w(i, eg, s, 1). On the other hand, the searcher wishes to maxi-
mize the minimum payoff and his optimal strategy produces the maximin value of
the expected payoff. The above discussion validates the following linear program-
ming formulation.

(PS) max &
s.t. w(i,ep,s,1) > & 1€ 5y, s€S (26)
w(i,e, s,1)=0,i€ K, e € E\{eg}, s€ S
w(i,e,s,1) =0,1€ K\Sy, ec E, s€ S
(i,e,8,t) <w(j,e — wp(i,j) + ds,r,t + 1),
ie K, jeC(iet),ecE s,reS, t=1,---,7—1

w(i,e,0,t) < a;p(i, t) + w(j,e — p(i, j),rt+1),

1€ K, jeCli,et),ec E,reS, t=71,---,T—1
w(i, e, 1,t) < Bip(i, t) + w(j,e — p(i, j) + 0, t + 1),

ie K, jeC(iet),ec E,reS t=7---,T—-1
w(i,e,0,T) = a;p(i,T), 1€ K, e€ E
w(i,e, 1,T) = Bip(i,T), i€ K, e € E
Zcp(i,t)z@(t),t:T7~-~,T
ie K
o(i,t) >0,ie K, t=7,---,T.

w

Even though w(j, eg, s,1) > ¢ for some j € Sy, we can change the variable to
w(j, eo, s, 1) = & without affecting an optimal value £. That iswhy we can replace
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inequality (26) with w(i,eq, s, 1) = £. Anyway, we ought to note that the order
O(2|K||T||E|) of memory sizeis required to solve problem (P?2). Thisorder is
less than problem (P1).

From now, let us prove aduality between problems (P> ) and (P1L). Theduality
would imply that we only need to solve one of the problems onceto obtain optimal
strategies of the searcher and the target. Let us generate a dual problem corre-
sponding to problem (PZL). We assign dual variables (i, t) to condition (17) and
n(i,T) to condition (18). After setting dual variables y(i, e, s,t), z(i,e,s,t), A
and v(t) corresponding to (19), (20), (21), and (22), respectively, we have the fol -
lowing dual problem:

T
(DT) max /\—&—Zy
t=1

st. A+y(i,ep,s,1)+v(1)=0,i€ Sy, s€ S
y(i,e,s,1)+v(l)=0,i€ K, e€ E\{eg}, s€ S
y(i,e,s,1)+v(1)=0,i€ K\Sp, ec E, s€ S
z(iye,8,t) +y(i, e, s,t) +v(t) =0,

1eK,eecE, seS,t=2--,7—1 (27

2(i,e,0,t) +y(i e 0,t) + v(t) — oy ®(t)n(i,t) = 0,

ieK, ecE t=71,---,T—1 (28)
2(i,e,1,t) +y(i,e,1,t) + v(t) — B;®(t)n(i, t) = 0,

ieK, ecE t=71,--- ,T—1 (29)
Z(i,e,O,T)JrV(T)*Oz? (T)n(i,T)=0,ic K,ec E
z(i,e,1,T)+v(T) — B;®(T)n(i,T)=0,i€c K, e € E
—y(i,e,s,t)—z(j,e— w(i,j)+so,rt+1) <0,

1eK,ecE, s,reS t=1,---,T—1, j€eC(iet)

Z n(i,7)=1 (30)

ie K

=Y )+ > nit+1)=0,t=7-- ,T—1 (31)
ie K iceK

n(i,t)>0,ic K, t=r,---,T.

There is redundancy between variables y and z, as seen from a transformation
y(i,e,s,t)=—z2(i,e,s,t)—v(t) of Eq. (27). After carefully replacing y(i, e, s, t)
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with (i, e, s, t) by Egs. (27), (28), and (29), that is,

y(i e, s,t) = —z(i,e,s,t) —v(t), ie K,e€c E,s€ S;t=2,--- ,7—1
y(i,e,0,t) = —z(i,e,0,t) — v(t) + ;P (t)n (i, t),
1eK,ecE t=71,--- T —1
y(i,e,1,t) = —2(i,e,1,t) — v(t) + B ®(t)n(i, 1),
1eK,ecE t=71,---,T—1,
and putting together Egs. (30) and (31), we have another formulation. There we

insert anewly defined variable z(i, e, s, 1) = —y(i, e, s,1) — (1), which has not
been defined yet in problem (DT).

T
(DT max )\+Zu(t)
t=1
st z(i,ep,8,1) =N\, i € Sy, s€ S
z(i,e,5,1)=0,i€ K, ec E\{ey}, s€ S
2(i,e,8,1) =0, 1€ K\Sy, e€ E, s€ S
z(iye,s,t) +v(t) < z(j,e — u(i,j) + so,r t + 1),
ieK,eeE, s,reS t=1,---,7—1,j € C(i,e,t)
z(i,e,0,t) +v(t) < a;®(t)n(i, t) + z(j,e — p(i, 5),r, t + 1)
i€K,ecE t=1,-,T—1, jcC(iet)
2(i,e,1,t) +v(t) < Bi®(t)n(i, t) + 2(j,e — (i, j) + 6,7t + 1)
1eK,ecE, t=1,---,T—1,j€C(iet)
2(i,6,0,T) +v(T) = ;®(T)n(i,T), i€« K, e € E
2(i,e,1,T) +v(T) = 3;®(T)n(i,T), i€ K, e € E
Zn(z,t) L, t=m7--,T,
ie K
n(i,t) >0,ie K, t=7,---,T.
Using w(i, e, s, t) = z(i,e,s,t) + Zf:t v(k) instead of z(i, e, s,t), we modify
the problem further.

T
(DY) max A+ w(t)

t=1

T
s.t. w(i,ep,s,1) =\ Z t), i€ Sy, s€S

T
w(i, e, s,1) = Zy(t), i€ K, ec E\{eg}, s€ S 32
t=1
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T
w(i, e, s,1) = Zy(t), i€ K\Sy,ec E, s S (33)
t=1
’lU(Z',e,S,t) S UJ(j,e— :U/(lm]) +857T7t+ 1)7
1eK,ecE s,reSit=1,---,7—1,j€C(i,e,t) (34)

ieK,ecE t=71,---,T—1,j€C(ie,t) (35)
w(i, e, 1,t) < B;®()n(i,t) + w(j,e — u(i,j) + 6, rt+1),

1eK,ecE t=1,---,T—1, je€C(ielt) (36)
w(i, e,0,T) = ;®(T)n(,T), i€ K, ec E (37)
w(i, e,l,T) B:®(T)n(,T), ie K, ec E (38)
Z )=1t=r1--,T (39)

ie K
77(7 )>07’L€Kat:7—a"'7T'

We can prove that the following formulation gives the same optimal value as
problem (D¥):
(Di) max ¢
s.it. w(i,ep,s,1)=¢& 1€ Sy, s€S
w(i,e,s,1) =0,71€ K, e € E\{ep}, s€ S
w(i,e,s,1) =0,i€ K\Sy, e€c E, s€ S
w(i,e,s,t) <w(j,e—pu(i,j)+ sd,rt+1),
ieK,ecE, s,reS, t=1---,7—1,j€C(ie,t)
w(i, e, 0,t) < q;®(t)n(i, t) + w(j,e — u(i, j),r,t + 1),
1eK,ecE t=1,---,T—1,j€C(ie,t)
w(i,e, 1,t) < B;®(t)n(i,t) + w(j, e — pu(i,j) + 0,7t + 1),
1eK,ecE t=1,---,T—1, j€C(iet)
w(i,e,0,T) =a;®(T)n(i,T), i€ K, ec E
w(i,e,1,T) = 3;®(T)n(:,T), i€ K, e€ E

Zn Y=1,t=7,---,T
7.6

77(7 )>0726K7t:7-a"'7T'

Since (DY) is given by adding one more condition Y~} , v(¢) = 0 to (D), an
optimal valueof (DI") isequal toor larger than (D). At the sametime, we can say
that avalueof (D7) isequal to or larger than (D) by the following reason. Vari-
ablew(i, e, s, T') isnonnegative from Egs. (37) and (38). Since problem (DT) isto
maximize w(i, eg, s, 1), variable w(i, e, s, t) varies as large as possible while sat-
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isfyinginequalities (34), (35), and (36). Intheresult, the values of expressions(32)
and (33) become nonnegative. Given an optimal solution w* (i, e, s,t), v*(t), A*
and n*(i,t) for (D), we can obtain the same objective value even though we set
v(t)=0fort € T, X = X* + >, v*(t) and then change Egs. (32) and (33) to
w(i,e, s,1) = 0foreither of i € K\Spore € E\{ep} remaining other variables
unchanged. Therefore, an optimal value of problem (D) isequal to or lager than
(D¥). We concludethat problem (D1') isequivalentto (D]), whichisthe same as
(P?3). We need to remember aremark stated just after formulation (P2 ), though.

Now we have completed the proof for the duality between problems (P?) and
(PT). At the same time, we can see that an optimal strategy (i, t) of the searcher
is given as ®(t)n(i,t) of problem (D) when we compare problems (D}') and
(P?3). Summing up the discussion so far, we obtain the following theorem.

Theorem 3.2. The value of the game is given as an optimal value of problem
(PTyor (P3). Anoptimal strategy of the searcher, *, isgiven by an optimal solu-
tion of (P5) or optimal dual variables corresponding to conditions (17) and (18)
in (PL). An optimal strategy of the target, (), v(-), isgiven by an optimal solu-

tion of (PL).

4 Numerical Examples

Here, let us consider some examples of our search game, where a search spaceis
KxT={1,---,9} x {1,--- ,7}. A target starts from cell S, = {1} at time
t = 1 and a searcher begins his search at time = = 2 to chase the target. Cellsare
aligned in the order of 1,2, --- ;9 and the target can move to 3-neighbored cells
from his current cell, that is, N(i,t) = {i —3,i —2,--- ,4,--- ,i+ 3} N K.He
hasinitial energy ey = 4 and expends energy 1(i, j) = |i — j|* to move from cell
1 10 j. He has to make a decision about no-supply (s = 0) or supply (s = 1) as
well as amoving path to follow. For a no-supply strategy s = 0, effectiveness of
unit searching resource on target detection is assumed to be the same for all cells
oro; = 1. For s = 1, effectiveness 3; is aso the samefor al cells, but we change
it in some cases to analyze its influence upon optimal strategies of players. By a
supply strategy s = 1, thetarget canincrease hiscurrent energy by 6. Weset§ = 1
in many cases but changeit in Case 4.

As seen from Eq. (15), a; ) g q(i,e,0,t) + 3 - g q(i,e, 1,1) isacon-
tribution of unit searching resource in cell 7 at time ¢ on the payoff of the game.
Then the number could be an indicator, from which the searcher can judge attrac-
tive spots to scatter his resources. We call the number “strength of detection” in
cell i at timet. From the same Eq. (15), the target can regard ¢ (i, t) asan indicator
to recognize his unfavorable spots by and he ought to move so as to form smaller
strength of detection for places with larger ¢ (i, t).

(1) Casel (6 = 1).
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Let usconsider an unusual casewith g; = 1, wherethe detectability of thetarget
never depends on his decision making of s = 0 or s = 1. Table 1-a, with a coor-
dinate of time points and cell numbers, shows an optimal distribution of the target
Y E 2_scS (i, e, 5,t). To discriminate between two energy-supply strategies,
weplace ) g qli,e, 1,t) for s = 1 in upper positionsand ) . _ g q(i, ¢, 0,1)
for s = 0 inlower positionsin Table 1-b. Table 1-c shows an optimal distribution
of searching resources for the searcher.

As we see in Table 1-a, the target gradually expands his possible area and
makes hisdistribution uniforminthe area. Corresponding to thetarget strategy, the
searcher selects auniform distribution of his searching resources, as seenin Table
1-c. The strength of detection is the same as Table 1-a because of «; = 3, = 1.
In this case, asupply strategy s = 1 never brings the target any demerit, and then
the target securesthe flexibility of moving by taking asupply strategy s = 1 more
often than s = 0, as seen in Table 1-b, to expand his possible area and make a
perfectly uniform distribution of his existence or strength of detection.

We can say that “expansion of possible area’ and “uniformity of strength of
detection” arekey pointersfor anoptimal target strategy. Theformer strategy forces
the searcher to scatter his resources over a wider area and makes the scattered
resources much thinner. The latter disturbs an efficient search, which the searcher
can achieve by focusing searching resourceson cellswith high density of thetarget
distribution. Consequently, both strategies yield smaller payoff.

Table 1-a: Optimal distribution of target (Case 1: 5 = 1.0)

9 0 0 0 0 0 0 0

8 0 0 0 0 0 0 0.125
7 0 0 0 0 0 0.143 0.125
6 0 0 0 0 0167 0143 0125
5 0 0 0 02 0167 0143 0.125
4 0 0 025 02 0167 0143 0.125
3 0 033 025 02 0167 0143 0.125
2 0 033 025 02 0167 0143 0125
1 1 033 025 02 0167 0143 0.125

cels t=1 t=2 t=3 t=4 t=5 t=6 t=7

(2) Case2 (5 = 1.5).

Inthecaseof § = 1.5, anoptimal distribution of the target, an optimal selection
of the energy-supply strategy and the strength of detection are shown in Tables 2-
a, 2-b, and 2-c. Table 2-d illustrates an optimal distribution of searching resources
for the searcher. From Table 2-b, the number of times the target takes a supply
strategy s = 1 in the search dramatically decreases compared to Table 1-b and
the supply is executed near the boundary of the target possible area, (¢,i) =
(1,1),(3,3),(3,4),(4,5),(5,6),(6,6),(6,7),(7,8).
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Table 1-b: Optimal strategy of energy supply (Case 1: 3 = 1.0)

0 0 0 0 0 0 0
9 0 0 0 0 0 0 0
0 0 0 0 0 0 0.063
8 0 0 0 0 0 0 0.063
0 0 0 0 0 0.101 0.063
7 0 0 0 0 0 0.042 0.063
0 0 0 0 0.129 0.085 0.063
6 0 0 0 0 0.037 0.058 0.063
0 0 0 0.161 0.108 0.080 0.063
5 0 0 0 0.039 0.059 0.063 0.063
0 0 0203 0.137 0.100 0.077 0.063
4 0 0 0.047 0.063 0.067 0.066 0.063
0 0276 0.176 0.125 0.09 0.076 0.063
3 0 0.058 0.074 0.075 0.071 0.067 0.063
0 0233 0.163 0.119 0.093 0.075 0.063
2 0 0.101 0.087 0.081 0.074 0.068 0.063

0.745 0238 0163 0.122 0.094 0.074 0.063
1 0255 009 0087 0.078 0.073 0.069 0.063
cels t=1 t=2 t=3 t=4 t=5 t=6 t=7

Table 1-c: Optimal distribution of searching resources (Case 1: 8 = 1.0)

0 0 0 0 0
0 0 0 0.125
0 0 0.143 0.125
0 0167 0143 0.125
0 02 0167 0143 0.125
025 02 0167 0143 0125
0333 025 02 0167 0143 0.125
0333 025 02 04167 0143 0125
0333 025 02 04167 0143 0125
Is t=1 t=2 t=3 t=4 =5 t=6 t=7
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Table 2-a: Optimal distribution of target (Case 2: 5 = 1.5)

9 0 0 0 0 0 0 0

8 0 0 0 0 0 0 0.081
7 0 0 0 0 0 0.115 0131
6 0 0 0 0 0.118 0.108 0.131
5 0 0 0 0153 0176 0155 0.131
4 0 0 0194 0212 0176 0155 0.131
3 0 033 0268 0212 0176 0155 0.131
2 0 033 0269 0212 0176 0155 0.131
1 1 033 0269 0212 0176 0155 0.131

cels t=1 t=2 t=3 t=4 t=5 t=6 t=7

Table 2-b: Optimal strategy of energy supply (Case 2: 8 = 1.5)

0 0 0 0 0 0 0
9 0 0 0 0 0 0 0

0 0 0 0 0 0 0.030

8 0 0 0 0 0 0 0.051
0 0 0 0 0 0.081 0

7 0 0 0 0 0 0.034 0.131
0 0 0 0 0.118 0.094 0

6 0 0 0 0 0 0.014 0.131
0 0 0 0.118 0 0 0

5 0 0 0 0.035 0176 0.155 0.131
0 0 0.150 0 0 0 0

4 0 0 0044 0212 0176 0.155 0.131
0 0 0.003 0 0 0 0

3 0 0333 0.265 0212 0176 0.155 0.131
0 0 0 0 0 0 0

2 0 0333 0.269 0212 0176 0.155 0.131
0.75 0 0 0 0 0 0

1 025 0333 0269 0212 0176 0.155 0.131

cels t=1 t=2 t=3 t=4 t=5 t=6 =7
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Table 2-c: Strength of detection (Case 2: 5 = 1.5)

9 0 0 0 0 0 0 0

8 0 0 0 0 0 0 0.095
7 0 0 0 0 0 0.155 0.131
6 0 0 0 0 0.176 0.155 0.131
5 0 0 0 0212 0176 0155 0.131
4 0 0 0269 0212 0176 0155 0.131
3 0 0333 0269 0212 0176 0.155 0.131
2 0 0333 0269 0212 0176 0155 0131
1 1375 0333 0269 0212 0176 0.155 0.131

cels t=1 t=2 t=3 t=4 t=5 t=6 t=7

Table 2-d: Optimal distribution of searching resources (Case 2: 5 = 1.5)

9 0 0 0 0 0 0

8 0 0 0 0 0 0

7 0 0 0 0 0.148 0.074
6 0 0 0 0.138 0.148 0.148
5 0 0 0.093 0172 0148 0.156
4 0 025 0227 0172 0139 0.156
3 0333 025 0227 0172 0139 0.156
2 0333 025 0227 0172 0139 0.156
1 0333 025 0227 0172 0.139 0.156

cels t=1 t=2 t=3 t=4 t=5 t=6 =7

The energy supply at ¢t = 7 is no use or rather harmful for the target since the
search terminates at the time. However, we can neglect the effect of the energy
supply on the payoff because the searcher does not all ocate any searching resource
there. As seen by comparing probabilities of choosing s = 1 each other, the
probability islarger at earlier time when the target possible area does not expand
large enough. In the above observations, we can find an intention of the target
to expand his possible area as large as possible. The target keeps his existence
probabilities smaller in the cells where he refuels, and then constructs a uniform
distribution of the strength of detection almost everywhereexcept (¢,7) = (7,8) in
Table 2-c. The table indicates another intention of the target to make the strength
of detection as uniform as possible.

In Table 2-d of an optimal searcher’s strategy, although uniformity is a basic
feature especially in interior areas, there are some perturbation such as less dis-
tributed resources at (t,i) = (4,5),(5,6),(7,6),(7,7) and more resources at
(t,i) = (6,5),(6,6),(6,7). The searcher alocates more searching resources
around the boundary area at time 6 to catch the target running far from cell 1 and
then the probabilities of the target are smaller at (¢,i) = (6,6), (6,7) in Table 2-
a. It causes less value 0.081 or 0.095 for the target probability or the strength of
detection, respectively, in cell 8 at time 7. That is why the searcher can save his
searching resources there and use them in other interior cells.
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(3) Case 3 (5 = 4).

We set 3 = 4 to make the demerit of a strategy s = 1 larger than Case 2 for
the target. Tables 3-a, 3-b, 3-¢, and 3-d show an optimal distribution of the target,
an optimal selection of the energy-supply strategy, the strength of detection and
an optimal distribution of searching resources. We can explain qualitative features
appeared in those tables in a similar manner to Case 2. However, let us compare
Table 3 with Table 2 to make some differences between them clear. In Table 3-b,
pointswherethetarget takesasupply strategy s = 1 aremorerestricted to boundary
areas (t,7) = (1,1),(3,4),(4,5),(5,6),(6,7),(7,7),(7,8) thanin Table 2-b. The
energy supply at (¢,7) = (7,7), (7,8) isnegligible from the view of the payoff of
the game by the samereason asin Case 2. The probabilities that the target chooses
s = 1 aresmaller than in Table 2-b. These smaller probabilities make the strength
of detection smaller at (¢,:) = (4,5),(6,7),(7,7),(7,8) in Table 3-c. We see a
uniform distribution in the table as its basic property, though.

In Table 3-d, we can see less resources alocated at (¢,i) = (3,4), (5,5),
(5,6), (6,6) and more resources at (t,i) = (4,4), (7,6) while the table has uni-
formity in interior areas. As explained in Case 2, this feature indicates a wise
strategy of the searcher taking account of the continuity of target motion in the
search space. In Table 3-c, the searcher does not distribute any searching resources
at four points where the strength of detection is smaller than other cells.

(4) Cased (5 =1.5, 6 =4):

In Case 2, the target increases his energy by 5 = 1 each time he takes a supply
strategy s = 1. Here, we set 6 = 4 as supply energy, by which the target can move
farther. Tables 4-a, 4-b, 4-c, and 4-d show optimal strategies of players. The target
has the high mobility to reach cell 13 at time 7. The energy supply brings some
disadvantage for the target, but it

Table 3-a: Optimal distribution of target (Case 3: 5 = 4)

9 0 0 0 0 0 0 0

8 0 0 0 0 0 0 0.013
7 0 0 0 0 0 0.048 0.035
6 0 0 0 0 0.048 0.159 0.159
5 0 0 0 0.060 0.190 0.159 0.159
4 0 0 0116 0235 019 0.159 0.159
3 0 033 0295 023 019 0159 0.159
2 0 033 0295 023 019 0159 0.159
1 1 0333 0295 0235 019 0159 0.159

cels t=1 t=2 t=3 t=4 t=5 t=6 t=7
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Table 3-b: Optimal strategy of energy supply (Case 3: 5 = 4)

0 0 0 0 0 0 0
9 0 0 0 0 0 0 0

0 0 0 0 0 0 0.006

8 0 0 0 0 0 0 0.007

0 0 0 0 0 0.024 0.014

7 0 0 0 0 0 0.023 0.021
0 0 0 0 0.048 0 0

6 0 0 0 0 0 0.159 0.159
0 0 0 0.052 0 0 0

5 0 0 0 0.008 0.190 0.159 0.159
0 0 0.060 0 0 0 0

4 0 0 0.057 0235 0190 0.159 0.159
0 0 0 0 0 0 0

3 0 0333 0295 0235 019 0159 0.159
0 0 0 0 0 0 0

2 0 0333 0295 0235 019 0159 0.159
0.708 0 0 0 0 0 0

1 0292 0333 0295 0235 019 0159 0.159
cels t=1 t=2 t=3 t=4 t=5 t=6 t=7

Table 3-c: Strength of detection (Case 3: 5 = 4)

9 0 0 0 0 0 0 0

8 0 0 0 0 0 0 0.030
7 0 0 0 0 0 0.121 0.078
6 0 0 0 0 0.190 0.159 0.159
5 0 0 0 0215 0.190 0.159 0.159
4 0 0 0295 0235 0190 0159 0.159
3 0 0333 0295 0235 019 0.159 0.159
2 0 0333 0295 0235 0190 0159 0.159
1 3123 0333 0295 0235 019 0159 0.159

cels t=1 t=2 t=3 t=4 t=5 t=6 t=7

gives the target higher mobility at the same time. Due to the advantage, the target
tends to adopt the supply strategy more often than Tables 2-b and 3-b, as seen in
Table 4-b. In Cases 2 and 3, the target refuels his energy only around boundary
areas, but in this case, he does even in interior areas. The energy supply around
the boundary area is useful for the expansion of the target possible area and the
supply intheinterior areais also helpful for flattening the distribution of the target
in theinterior area.
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Table 3-d: Optimal distribution of searching resources (Case 3: 3 = 4)

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0.103 0.151 0.182
0 0 0 0.079 0.170 0.164

0 0.156 0.344 0204 0170 0.164
0333 0281 0219 0204 0170 0.164
0333 0281 0219 0204 0170 0.164
0333 0281 0219 0204 0.170 0.164
Is t=1 t=2 t=3 t=4 t=5 t=6 t=7
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For example, at time 6, the target supplies energy in interior cells 6,7 as well
as in boundary cells 9, 10, 11, and the supply helps the distribution of the target
uniform widely at time 7. The strength of detection has a uniform distribution
almost everywhere in Table 4-c except cells 12,13 at time 7. Table 4-d shows
similar features to other cases that the searcher distributes his searching resources
inauniform fashionin interior areas but disturbs the fashion near boundary areas.
It isdifficult to give the fashion any exact quantitative explanation, but the searcher
can save hisresourcesfor cells12, 13 at time 7 dueto smaller strength of detection
there.

As the last analysis by numerical examples, let us compare the values of the
game, which are calculated by Eq. (15), in Cases 1-4. Thevaluesare 1.22, 1.28,
and 1.37 for Cases 1, 2, and 3, respectively, becauselarge 3; works advantageously
for the searcher and disadvantageoudly for the target. In Case 4 with § = 4, the
high mobility of the target pushes the value of the game down to 1.02.

Table 4-a: Optimal distribution of target (Case4: 5 = 1.5, § = 4)

13 0 0 0 0 0 0 0.031
12 0 0 0 0 0 0 0.050
11 0 0 0 0 0 0.073 0.083
10 0 0 0 0 0 0.082 0.083
9 0 0 0 0 0.086 0.093 0.083
8 0 0 0 0 0.092 0.098 0.083
7 0 0 0 0.106 0.093 0.075 0.083
6 0 0 0 0.122 0.090 0.088 0.083
5 0 0 0151 0.138 0.128 0.098 0.083
4 0 0 0.193 0158 0.128 0.098 0.083
3 0 033 0211 0159 0128 0.098 0.083
2 0 033 0223 0159 0128 0.098 0.083
1 1 0333 0223 0159 0128 0.098 0.083
cels t=1 t=2 t=3 t=4 t=5 t=6 t=7
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Table 4-b: Optimal strategy of energy supply (Case4: 3 = 1.5, § = 4)

0 0 0 0 0 0 0.013

13 0 0 0 0 0 0 0.018

0 0 0 0 0 0 0.022

12 0 0 0 0 0 0 0.029
0 0 0 0 0 0.049 0

11 0 0 0 0 0 0.024 0.083
0 0 0 0 0 0.032 0

10 0 0 0 0 0 0.050 0.083
0 0 0 0 0.085 0.010 0

9 0 0 0 0 0.001 0.083 0.083
0 0 0 0 0.071 0 0

8 0 0 0 0 0.021 0.098 0.083
0 0 0 0.105 0.071 0.047 0

7 0 0 0 0.001 0.022 0.027 0.083
0 0 0 0.073 0.076 0.021 0

6 0 0 0 0.049 0.013 0.066 0.083
0 0 0.145 0.041 0 0 0

5 0 0 0.006 0.097 0.128 0.098 0.083
0 0 0.060 0.001 0 0 0

4 0 0 0132 0.157 0128 0.098 0.083
0 0 0.023 0 0 0 0

3 0 0333 0188 0159 0.128 0.098 0.083
0 0 0 0 0 0 0

2 0 0333 0223 0159 0128 0.098 0.083
0.894 0 0 0 0 0 0

1 0.106 0333 0223 0159 0.128 0.098 0.083
cels t=1 t=2 t=3 t=4 t=5 t=6 t=7

Table 4-c: Strength of detection (Case4: g = 1.5, § = 4)

13 0 0 0 0 0 0 0.038
12 0 0 0 0 0 0 0.061
11 0 0 0 0 0 0.098 0.083
10 0 0 0 0 0 0.098 0.083
9 0 0 0 0 0.128 0.098 0.083
8 0 0 0 0 0.128 0.098 0.083
7 0 0 0 0.159 0.128 0.098 0.083
6 0 0 0 0.159 0.128 0.098 0.083
5 0 0 0223 0159 0128 0.098 0.083
4 0 0 0223 0159 0.128 0.098 0.083
3 0 0333 0223 0159 0.128 0.098 0.083
2 0 0333 0223 0159 0.128 0.098 0.083
1 1447 0333 0223 0159 0128 0.098 0.083
el

s t=1 t=2 t=3 t=4 t=5 t=6 t=7

Q
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Table 4-d: Optimal distribution of searching resources (Case4: 5 = 1.5, 6 = 4)

13 0 0 0 0 0 0
12 0 0 0 0 0 0
11 0 0 0 0 0.043 0.022
10 0 0 0 0 0.043 0.052
9 0 0 0 0.092 0.060 0.061
8 0 0 0 0.092 0.102 0.061
7 0 0 0125 0103 0.107 0.115
6 0 0 0125 0119 0107 0.115
5 0 02 015 0119 0107 0.115
4 0 02 015 0119 0107 0115
3 0333 02 015 0119 0107 0.115
2 0333 02 015 0119 0107 0.115
1 0333 02 015 0119 0107 0.115
cels t=1 t=2 t=3 t=4 t=5 t=6 t=7

5 Conclusions

In this paper, we deal with a two-person zero-sum game called search allocation
game (SAG), where a searcher distributes searching resources to detect a target
and thetarget movesto evade the searcher. Each timethetarget movesinthe search
space, he can refuel his energy for his high-mobility at the risk of being more
detectable. This study comesfrom a SAG with target energy, which Washburn and
Hohzaki [22,12] modeled first. They pay attention to the target energy or the target
mobility from the practical point of view. Through this study, we elucidate what
an important role the energy or the mobility plays for search games.

In this paper, we formulate the game as a linear programming problem based
on target paths. We also derive another linear programming formulation based on
existence probability and transition probability of the target to cope with large
size of the game. We obtain some analytical results about these formulations, e.g.,
duality. By some numerical examples, we show in detail that two players cleverly
play the game each other. For an optimal target strategy, it is vital that the target
expands his possible area and constructs a uniform distribution of his existence.
For an optimal strategy of the searcher, it is important that the searcher restricts
the target motion and focuses his searching resources on some restricted areasin
an effective way. We can make it clear how wisely the target utilizes the energy-
supply strategy to materializethe abovevital situationsand how wisely the searcher
allocates his searching resourcesin the space. We expect this study or our proposed
methods to be applied to practical search problem or more complicated search
situations.
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Abstract

A novel Linear Quadratic Gaussian (LQG) control paradigm where the
realization of the random disturbance is known at decision timeis introduced.
A game of chance is played where Nature randomly chooses the disturbance
signal and the player, having access to the random disturbance information,
employs afeedback/stroboscopic strategy. The closed-form optimal solutionis
derived and is compared to the solution of the classical LQG problem. Further-
more, the Gaussian assumption is relaxed and the interesting game theoretic
interpretation is analyzed.
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1 Introduction

The following stochastic control problem is of interest. In support of the current
COUNTER program [1], in reference [2] a simplified fixed wing Micro Air Vehi-
cles(MAVSs) based, Intelligence, Surveillance and Reconnaissance (I SR) scenario
wasconsidered. It envisaged acameraequipped MAV whichisdeployedto abattle
space populated by n objects of interest, most of which are clutter objects. Only a
small fraction of the objects of interest are Targets (Ts). Targets are characterized
by acertain featurewhich clutter objects, a.k.a. False Targets (FTs), do not possess.
The MAV sequentially inspects the n objects of interest. As the MAV flies over
an object, the image of the inspected object is transmitted to a human operator for
classification. The classification is received after arandom operator delay, during
whichtimethe MAV continuesflying toward the next object of interest. The statis-
tics of the operator delay are known. When the received image is ambiguous and
the feature characterizing a target is not discerned by the operator, revisiting the
object and sending to the operator a new image, possibly from a more favorable
aspect angle, might be conducive to classification, and consequently, an increase
in the information about this object. At the same time, the MAV’s endurance is
limited and thus, there is a cost associated with turning around and revisiting an
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object. Itisrequired to design acontrol strategy to maximize the information about
the n objects of interest, subject to the endurance constraint. The inspection oper-
ation was analyzed in [2]-{4], where a n-stages discrete-time stochastic optimal
control problem was posed. The solution of the stochastic optimal control problem
yielded the optimal inspection strategy.

Stochastic control problems have dynamics which are driven by the decision
variable and by a random input, often referred to as process noise. Specificaly,
the dynamics of the sequential inspection stochastic control problem are driven by
the decision variable and by the operator’s delay random variable. However, the
sequential inspection stochastic optimal control problem is off the beaten path in
that the realization of the random variable isknown at decision time. Motivated by
thisinsight, in this paper a novel and genera Linear Quadratic Gaussian (LQG)
optimal control problem which captures the essence of the sequential inspection
optimization problem is formulated, where a game against Nature is played, and
its closed form solution is given. Similar to the sequential inspection problem, the
random variable is known at decision time, so that the information structure of
the sequential inspection problem is preserved. Whereas in the sequential inspec-
tion problem the cost functiona is linear in the decision variable, however the
dynamics are nonlinear, in the LQG problem the dynamics are linear and the cost
is quadratic, which affords a closed form solution. Thus, in this paper the novel
closed form solutioniscompared to the sol ution of the classical L QG problemwith
the conventional information pattern. Hence, the role of the information structure
isbrought to the foreground. Furthermore, the Gaussian assumptionisrelaxed and
the interesting game theoretic interpretation is analyzed.

The paper isorganized asfollows. In Sec. 2 abrief outline of the MAV sequential
inspection problemisgiven. It providesavehiclefor introducing stochastic control
problems where the realization of the random variable is known at decision time.
A TV game show scenario which could serve as a canonical example of decision
problems where the realization of the random variable is known at decision time
is aso discussed. Thus, the set of stochastic optimal control problems where the
random variable is known at decision time is not empty, which motivates us to
revisit the familiar LQG paradigm. In Sec. 3, an LQG optimal control problem
akin to the sequential inspection problem is introduced. The novel LQG problem
can be considered a dynamic game against Nature: at each time instant Nature
randomly chooses the disturbance/process noise and the Player responds with a
feedback/stroboscopic strategy [5], that is, at decision time the player is privy to
Nature's choice. The main result of the paper, namely, a closed form solution of
the novel LQG game against Nature, is given in Sec. 4. In Sec. 5, the Gaussian
assumptionisrelaxed and theinteresting gametheoretic interpretation isanalyzed.
The case where the Player does not have complete state information is addressed
in Sec. 6, followed by concluding remarksin Sec. 7.
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2 Optimal Sequential Inspection

Consider the COUNTER [1] scenario, where a MAV is required to sequentially
inspect a designated set of n objects of interest. Some objects are Ts and some
objects of interest might be FTs. The flight time between two objects of interest
is one unit of time and the endurance of the MAV is ky > n. Thus, the MAV's
endurance reserveis ko — n (> 0) and some objects of interest can be re-visited,
in which case the average information about the set of objects of interest will
increase. The human operator introducesadelay 7;,0 < 7; < 1. Thus, thedecision
of whether to turn around and revisit object of interest i, ¢ = 1, ..., n, istaken at
time 0 < 7; < 1 after object i has been overflown. The operator’s delay 7; is a
random variable with aknown probability density distribution function f(7;). The
decision at stage 7 entails the MAV’s choice of whether to continue to the i + 1
object of interest, or turn around and revisit object 4, that is, the decision variable
at stagei isu; € {0, 1}. Hence, the endurance reserve at time i, ¢;, satisfies the
scalar stochastic difference equation

Cit1=¢C — 210, i=1,..,n—1, ¢ =ko—n. (@D)]

A decision u; = 1 to turn around and revisit object ¢ isfeasible, provided that the
current endurance reserve ¢; is sufficient, that isc; > 27;.
The following insights are helpful.

e Revisiting an object always brings about an increase in the average informa-
tion about the object.

e All the objects are similar and therefore the increase in average information
isconstant for all therevisited objects. Hence, the average running cost when
an object isrevisited is constant and is not time dependent.

e When deciding on revisiting object 7, the critical factor isthe currently avail-
able endurance reserve ¢;. The endurance cost of arevisit of object i is the
random number 27;, The scalar state variable is the remaining endurance ¢;
and the dynamics are given by Eq. (1).

e Inview of theabove, itisclear that one should striveto maximizethe expected
number of objects revisited—subject to the endurance reserve constraint.
Thus, the payoff functional is:

J=Er () ui) @)

Optimizing thesequeﬁtilaJ inspection processcallsfor the solution of astochastic
optimal control problem with a scalar state ¢, a binary decision/control variable
u, nonlinear dynamics (1), the linear in the control performance index (2), and a
scalar random variable 7 whose stetistics are known. The scalar random variable 7
directly affects the dynamics (1), similar to the decision/control variable's action,
however itsrealization is known at decision time.

The gist of the sequential inspection optimization problem then is. while a
revisit of say, object ¢, always increases the average information about object i
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and, consequently, the average information about the set of objects increases, the
endurance reserve 27; that must be expanded while revisiting object ¢ might be
prohibitively high. Now, the endurance cost 2; isarandom number. Hence, when
the endurance cost 27; is high, it makes sense to hold back and not revisit object
and instead directly continue to object  + 1, in the hope that the endurance cost of
revisiting object < + 1 might comein lower. If thisis indeed the case, then object
i+ 1 isrevisited while at the same time the endurance reserve is parsimoniously
used and is preserved, so that the opportunity to revisit additional objects in the
futureis still there and the payoff (2) is maximized.

The solution entails the cal culation of a sequence of threshold functions d;(c¢;),
i =1,...,n. Theoptimal control law isu} (c;, ;) = 1, provided that 7; < d;(c;),
andu}(c;, ;) = 0if 7, > d;(¢;). This, and morecomplex versionsof thesequential
inspection problem, are solved in [2]{4] using Stochastic Dynamic Programming
(SDP).

The SDP problem considered herein has sometraits of popular TV game shows.
To highlight the psychological angle of such agame, assumethat theplayer isgiven
abudget of $1 insmall change, say pennies. During the gamethe player encounters
a succession of, say n = 10, beggars. Each beggar will specify a “donation” he
would liketo receive. The amount requested by each beggar isarandom number of
pennies, say, between 1 penny and 20 pennies, chosen according to, e.g., auniform
probability distribution. The player can hand the beggar the requested amount, or
he can decline to do so. When the beggar is given the alm, he hands the player
$1, 000,000 in cash. When the generous beggar walks away empty handed, the
player receives nothing. The player desires to maximize his expected payoff.

In thissimple TV game show, problem k£ = 1, ..., 10. At stage &, when the kth
beggar is encountered, the player’s remaining capital is ci; ¢y = $1. The amount
requested by the kth beggar is 27,. When the decision variable u;, = 1, the player
obliges and hands the beggar the requested alm, and when u;, = 0, the player
chooses to pass. The dynamics of the game are given by Eq. (1) and the player’s
payoff is given by Eq. (2).

In summary, the sequential inspection problems considered herein are stochastic
resource allocation problems that can be formulated as SDPs with n stages, one
state variable, and a scalar random variable that affects the nonlinear dynamics,
with aknown p.d.f., and whose realization is known at decision time.

Motivated by this insight, a novel LQG control paradigm which captures the
essence of the sequential inspection optimization problemisintroduced. An LQG
game against Nature is formulated and its closed form solution is given.

3 LQG Game

The L QG multivariable anal og of the sequential inspection problemisaddressed—
werefer totheLQG gameagainst Nature. Inthestatex € R™ andthe Player’sdeci-
sion variable u € R™, however the dynamics are linear and the cost is quadratic.
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The dynamics are also affected by Nature's input, which is the random variable
v. We momentarily assume v is Gaussian distributed. Most importantly, the real-
ization of the random variable v is known at decision time. Thus, the information
structure of the sequential inspection problem is preserved.

Whileit is comfortable to fall back to, and revisit, the familiar LQG paradigm,
the fact that the realization of the random variable is known at decision time
renders an interesting and novel LQG control paradigm. Indeed, both the original
sequential inspection problem and its LQG analog are solved using Stochastic
Dynamic Programming (SDP); an N stage SDPis solved.

Thelinear dynamics are:

Ti41 = Az + Bug +Co,, 2o =20, k=0,...,N —1. 3

The state 23, € R"™, the Player’s control variable u;, € R™, and Nature'sinput is
the random signal v;, € R!,

Vi ~ N(O, V) s
where V' is areal, symmetric, and positive definite [ x | matrix. The Player is
interested in minimizing the performance functional

N
J(UQ, ...7UN,1) = E‘Q,O)m’v}\_1 ( ZJT;TQ.CQ =+ uinlRui,l ) (4)

i=1
At decision time k, the Player knows the state x;, and the random variable vy.
Thus, hisoptimal control law is of the form
U;; = UZ(Ik, Ukt)' (5)

The optimal control law entails both state feedback, asin conventional LQG con-
trol, and aso knowledge of the current realization of the random variable. The
action of the latter is similar to that of an additional control variable, except that
this second decision maker, Nature, uses a fixed random draw policy. The strat-
egy (5) is akin to a stroboscopic strategy in differential games[5].

3.1 Stochastic Dynamic Programming

Thevaluefunction V (z},) satisfiesthefunctional equation of Stochastic Dynamic
Programming (SDP),

Vi(@r) =Eo, ( Minu, [ug Ruy, + 23,1 Qari1 + Vi (241)] )
k=N—-2..0

where x4 1 1S given by the dynamics Eq. (3). Concerning the dynamic program-
ming stage N — 1: the terminal value function

Vn_1(@n—1) = Eoy_, (Ming,_, [uy_jRun—1 + 23Qzy])
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where
oy = Axny_1+ Buny_1 + Con_1.
Evaluate the terminal value function first. To this end, calculate

uy_Run_1 + 23 Quy
:u%_lRuN_l + (Azy_1 + Bun_1 + C’L)N_l)T
Q(Azy_1+ Buny_1 + Cuy_1)
=ul_((R+ BTQB)un_1 +2uk_BTQAxy_; +2u%_, B
QCuN_1
+ 208 1 CTQAxN 1 + 2% 1 ATQAxN 1 + vk _,CTQCUN_1.
Hence, the optimal control islinear:

uy_1(TN-1,UN-1)
=—(R+BTQB) 'BT"QAzn_, — (R+BTQB) 'BTQCuvx_;.
Next calculate
wh o Ruy_y + ol Qo
=~ (ay_1ATQB + vy, CTQB)(R+ BTQB) ™
(BTQAzn_1 + BTQCun_1)
+ a2k (ATQAzyn_1 + vk [ CTQCUN_1 + 20k ,CTQAzN_,
= -2y ATQB(R+BTQB)'BTQAxy
— 20y ,CTQB(R+ B"QB) 'B"QAxy
— vk _,CTQB(R+ BTQB) 'BTQCuN_1 + 25 _ATQAzN 4
+05_ . CTQCuN 1 +20%_,CTQAzN .

Thus,
uﬁ—lRuR—l + x}‘vTQx#fv
=2y AT[Q - @B(R+ BTQB) ' BT QAxy
+ 204 _,CTQ[I - B(R+ B"QB) 'B"Q|Avn_1
+oy_1CT[Q — QB(R+ BTQB) ™' BTQ]Cun 1.
Hence,

Eoy_, (uy_ Ruj_y +ak Qoiy)
=28 JAT[Q - QB(R+ BTQB) 'BTQlAzN_4
+ Trace (CT[Q — QB(R+ BTQB) 'BTQ|CV),
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in other words, the terminal value function
Vnoi(en-1) = 2y AT[Q - @QB(R+ B"QB) 'B"QlAzy_y
+ Trace (CT[Q — QB(R+ BTQB) 'BTQJCV ).
Ansatz. The value function
Vi(zy) = 2F Py +pe, k=0,...,N —1,

where P, are real symmetric positive semi-definite matrices and p; are non-
negative numbers.
Atstagek, k = N — 2, ...,0, the SDP recursion is then

x{Pkﬂck +pi =E,, ( Min,, [ufRuk + xf+1ka+1
+ 2 Pe1Tig1 + prs] ),
where x 1 is given by the dynamics Eq. (3).
Now:
uf Rup+af 1 Qurqr + Thyq Poy1Zh41 + i
=uj, Rug + 21 (Q 4 Pey1)Tho1 + Prr-

Hence, similar to the N — 1 stage, and setting @ := @ + Py1, We obtain the
linear optimal control law

uj (2, v8) = —[R+ BY(Q 4 Pyy1)B] 7' BT(Q + Pyy1)[Axy + Cui]  (6)
and
ui RUA} Qg + Ty o1y + P
=2} AT[Q + Pyy1 — (Q + Pey1)B(R
+ B"(Q + Pey1)B) ' BT (Q + Pry1)| Az + 20 CT(Q
+ Pu1)[I — B(R+ B"(Q+ Py1)B) "' BT(Q
+ Pit1)] Az + vf CT[Q + Prg1 — (Q + Pey1)B(R
+ BT(Q + Py+1)B) ' BT(Q + Pys1)]Cop + progr.
We calculate
Eu, (w0} Ruj, + 71 Qi + 24 P + Pt
=2} AT[Q + Pry1 — (Q + Pey1) B(R
+B"(Q+ Pu1)B) ' BT (Q + Piy1)| Az
+ Trace( CT[Q + Pry1 — (Q + Poy1)B(R
+ BT (Q+ Pyy1)B) ' BT(Q + Pry1)ICV)
+ Pk+1-
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Thus:

xf Prhvi + pi
=2 {AT[Q + Pyy1 — (Q + Pr1)B(R+ B (Q + Pyy1)B) ' BT
(Q + Pyy1)] Ay,
+ Trace( CT[Q + Piy1 — (Q + Poy1)B(R+ BY(Q + Pyy1)B) ' BT
(Q+ Pri1)ICV)
+ P41,

wherefrom the recursion is obtained

Py = AT{[Q + Pey1 — (Q + Pes1) B[R+ BT (Q + Piy1)B] ™
BY(Q + Piy1)]}A @)
pr = Trace(CT[Q + Pyy1 — (Q + Pyy1) B[R+ BY(Q + Py1)B] ™
BY(Q+ Puy1)ICV)
+p/€+1 ) k:N_2770 (8)
The boundary conditionat k = N — 1is
AT[Q - QB(R+B"QB)"'B'QJA C)
Trace (CT[Q — QB(R+ BTQB)'BTQ|CV). (10)

Pn_4

PN-1

The recursions (7) and (8) are solved backward in time and one obtains the real,
symmetric, positive semi-definite matrix P, and the non-negative scalar py. The
optimal (minimal) cost is:

J* = xl Pyxo + po- (12)

We note that the optimal control (6) is a function of just one variable, namely
Axy, + Cuy.

4 Discussion

Note that:

e Thecovariance V' of the Gaussian random variable does not affect the matri-
ces P, and the latter are propagated as in deterministic LQ control, where
V = 0. The scalar p;, features in the stochastic case only and is determined
by the Gaussian random variable€'s covariance matrix V' and the matrix Py 1.
Indeed, pp, =0V Ek=0,...,N — 1iff the covariance matrix V' = 0.

e The calculation of the matrices P, is decoupled from the calculation of the
scalars py.. The calculation of p, does however require the knowledge of the
Py.+1 matrix. Hence, one first solves the recursion (7) and obtains the Py,
matrix sequence, following which the recursion (8) is solved.
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e Using the boundary conditions
Py =0 (12
pn =0 (13
allows usto start therecursions (7) and (8) at k = N — 1.
e Therecursions (7) and (8) require the inversion of an m x m matrix. Since
m < n, thisis arelatively small matrix and in the special case of a scalar
input a matrix inversion is not required, for then the expression

T —1
[R+B (Q+Pk+1)B] - r+bT(Q+Pk+1)b
where b € R™ isthe input vector and the scalar > 0 is the control effort
weight.
We shall require the following.
Matrix Inversion Lemma 1. Assuming that the relevant matrices are invertible
and/or have compatible dimensions, as required, the following holds:

(A — Ap AT A = AT + AT Ag(Ay — AsAT AY) 1Az AT
Q.E.D.

Assuming that the matrix @ is positive definite and applying the Matrix Inversion
Lemma (MIL) changes the recursion Egs. (7) and (8). It is then required to invert
two n x n matrices in the recursion equations. Nevertheless, it is instructive to
apply the MIL, for it then becomes clear that under the assumption of @) posi-
tive definite, the solution of the recursion equations, namely the matrices Py, are
positive definite, and, in addition, the scalars p;. are positive.

Setting A; = Q™ ', Ay = B, A3 = BT, A, = —R inthe recursion equations,
we obtain

Py_1 = AT(Q '+ BR'BT)'A
Trace( CTAT(Q™' + BR™'BT)~1ACV ).

PN-1
Similarly,
Q+ Pii1 — (Q+ Poy1)B(R+ BT (Q + Poy)B) ' BT(Q + Pryy)
=[(Q+ Pyy1) ' + BR BT}

and therefore the new recursion equations are;

P. =AT[(Q + Pys1) ™' + BRT'BT]'4 (14)
e =prs1 + Trace( CT[(Q + Puyr) '+ BR7IBTICV ),
k=N-1,..0 (15)

with the boundary conditions (12) and (13), respectively. The new recursion
Egs. (14) and (15) are written in a more compact form, and, it is now clear
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that when @@ > 0, the matrices P, > 0 and the scalar sequence p, > 0, V
k =0,...,N — 1. At the same time, the old recursion Egs. (7) and (8) are more
efficient from a computational point of view, for they require the inversion of an
m x m matrix instead of two n. x n matrices, and, moreover, m < n.

We note that the recursions (7) or (14) for the P, matrices are exactly the
same recursions as obtained in classical LQG control, and, for that matter, alsoin
deterministic LQ optimal control. Therecursions(8) or (15) for the scalar sequence
i arenot thesameasin conventional L QG control, and, of course, the stroboscopic
feedback strategy (6) isauniquefeatureof the LQG sequential inspection problem.

In summary, a game of chance is considered and we have shown that the fol-
lowing holds.

Theorem 2. Consider the LQG optimal control problem (3) and (4) where the
realization of Nature's random input v is known at decision time. The Player's
optimal strategy is the feedback/stroboscopic control law given by Eqg. (6), where,
similar to the classical LQG and LQR optimal control problems, the matrices Py,
are given by therecursion (7) with Py = 0. The optimal cost isgiven by Eq. (11),
which requires the solution of the additional scalar recursion (8) for pg, with
pn = 0. The latter is different from the scalar recursion encountered in classical
LQG optimal control. In the special case where the state error weighting matrix
Q ispositive definite, the respective matrix and scalar recursions (14) and (15) are
used.

Q.E.D.

A game of chance interpretation of the LQG optimal control problem might
require the real symmetric matrix @) to be negative definite. The existence of a
solution then hinges on the existence of a solution to the matrix Riccati difference
Eq. (7); inother words, theinvertibility of thematrix [Q+ Py 1— (Q+Pr11) B[R+
BT(Q + Py.1)B] isno longer guaranteed and we require

det ([Q + Prt1 — (Q + Piy1) B[R+ B"(Q + Pyy1)B]) # 0,
k=0,1,..,N 1.

Note that the Player needsto know V' only for the purpose of calculating ahead of
time his expected payoff. In other words, if we consider the Player to beagambler
where ul Ruy, isthe running effort expanded to play the game and 27 Qzy, isthe
running reward, and where Q < 0, then calculating the expected “cost" will help
the gambler decide whether he wants to play; once he decides to play, the player
iscommitted to /V rounds and he cannot quit.

5 Nature’s Choice

Consider a dynamic game setting. The Player strives to minimize the quadratic
performance functional (4), which can be interpreted as his loss function, and
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Nature is now the maximizing player. Since Nature is oblivious of the state x, it
ischoosing arandom control input: strictly speaking, Nature must choose amixed
strategy. Now, the first two moments of the random variables v, are 0 and V—
Nature, in its quest to maximize the Player’sloss, is constrained to choose random
variables whose first and second moments are specified.

Revisiting the development in Section 3 above, one realizes that the Gaussian

assumption is not critical. The following holds.

e Natureis not restricted to using an input which is Gaussian.

e Natureisfreetochoosethep.d.f. of therandom variable, provideditsfirst two
moments are as specified; the expectation of the random variable being zero,
isinconsequential. Thus, Nature is free to choose its mixed strategy, subject
to the constraintson thefirst and second moments of itsrandom control input.

e The p.d.f. chosen by Nature does not affect the value function, provided the
first and second moments of Nature's random variable are fixed.

e The Player’s strategy is optimal vis a vis all of the random strategies that
Nature could throw at him, a.k.a., all the p.d.f.sthat “Nature" could possibly
employ.

e The optimal feedback/stroboscopic strategy (6) of the Player is not affected
by the first and second moments of the random variable.

e The specified first and second moments of the random variable affect the
value function.

In summary, we have shown that in the dynamic game where Nature's choice of its
random input vy, is constrained s.t. the first two moments of the random variable
are specified, the following holds.
Theorem 3. Consider the zero sum LQ dynamic game (3) and (4) where the
realization of Nature’'s random input v isknown at decision time. The maximizing
player, Nature, does not have access to state information and therefore opts for a
mixed strategy, however the “Nature" player is constrained: thefirst two moments
of therandom variable v, are specifiedtobe0 and V', where V isareal symmetric
positive definite matrix. Then the random variable need not be Gaussian and the
results (6)—«8) and (11)—(13) hold for all p.d.f.s chosen by Nature. Furthermore,
the actual p.d.f. of the random variable chosen by Nature does not affect the value
of the game. The value of the game is however affected by the matrix V.

Q.E.D.

Remark 1. The assumption that the expectation of Nature'sinput is zero isincon-
sequential and Theorem 3 can easily be extended to include the case of a nonzero
first moment of the random variable. The important thing is that the expectation
of vy, is specified.

The assumption that Nature's strategy is Gaussian is not critical. Theorems 2
and 3 hold in the more general case where Nature's strategy is any p.d.f. whose
first moment is zero and the second moment is the real symmetric positive defi-
nite matrix V. In order to calculate the value function, the Player does not need
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to know Nature's p.d.f.—knowledge of Nature's constraints, namely, knowledge
of the first and second moments of Nature’s random variable v;,, suffices. Thus,
Nature's strategy entails randomization, however the actual strategy employed by
Nature, that is, the p.d.f. of the control variable v chosen by Nature, is not known
to the Player when he designs his optimal feedback/stroboscopic strategy, as is
indeed the case in Game theory.

6 Partial State Information

So far, it was tacitly assumed that full state information is available to the player.
In conformity with the classical LQG optimal control paradigm, the problem for-
mulation is now generalized, to include partial state information. The Gaussian
assumption is required.

Specifically, theinitial state informationis

xo ~ N(To,1p), (16)

where Ty € R™ and Il isareal, symmetric, and positive definite n x n matrix.
In addition, the measurement equation is introduced

Zp+1 = Hrper + Gt (17
The measurements z, € R", k =1, ..., N — 1. The measurement error
Ck ~ N(O7R) 5 (18)

where R isareal, symmetric and positive definite » x r matrix. The information
available to the player at decision time & is Ty, and his measurements sequence
21, ..., 2, the covariances Iy and R are also known.

As before, the random variable vy—Nature’'s randomly chosen control
variable—is known at decision time k.

Similar to Kalman’s solution [6] of the LQG optimal control problem wherethe
process noise vy, is not known at decision time, the Separation Principle also
appliesinthe LQG game against Nature where at decision time & the random input
v 1S known. However, the player’s optimal strategy in the game against Nature
entails a modification of Kalman’s solution of the LQG optimal control problem.
Consider the Kalman filter state estimation algorithm: The Kalman gain and the
calculation of the updated covariance of the state estimation error II;\ ; are the
sameasin classical LQG optimal control, however the new propagation equations
for the prior state estimate and the covariance of the prior state’s estimation error
are asfollows:

T = A% + Bup + Cop, &5 =T (19
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and
I, =AIFAT ) I =10, k=0,..,N—1, (20)
respectively.

In summary, the following holds.

Theorem 4. Consider the dynamic optimization problem (3), (4) where the real-
ization of Nature's random input v is known at decision time, the initial state
uncertainty is specified according to Eq. (16), the Player’s measurement equation
is (17), and the sensor noise statistics are given in Eq. (18). The Player’s optimal
strategy entails the following two steps, taken in tandem.

(1) Atdecisiontimek, k =1,..., N — 1, and once the measurement z;. has been
received, obtain the minimum variance state estimate ;. To this end, run
amodi fied Kaman filter based on the dynamics (3) and the measurement
Eq. (17): The modification to the Kalman filter is specified in Egs. (19) and
(20); at decisiontime k = 0, 2 = Zo.

(2) Usethe feedback/stroboscopic control law (6) given in Theorem 2, where x;,
in Eq. (6) is replaced by the minimum variance state estimate ;.

Q.E.D.
Nature does not have accessto state information and therefore resortsto amixed
strategy. At the same time, and aso in the case where the Player has partial state
information, Nature does not have to employ a Gaussian p.d.f.; Nature can choose
any p.d.f., aslong as the first two moments of the random inputs are as specified.
Indeed, Theorem 4 hinges on the fact that the  process noise” covariance matrix V'
does not feature in the modified Kalman filter equations used in our game against
Nature. This, in turn, follows from the stroboscopi ¢ information structure, namely,
the Player’s knowledge at decision time of the realization of the random variable.
This is the reason that the Kalman filter, modified according to Egs. (19) and
(20), applies—provided the initial state information and the measurement noise
in Egs. (16) and (18) are Gausssian. The Gaussian assumption on the initial state
information and on the measurement noiseis critical, but Nature's choice, that is,
the“processnoise” p.d.f., need not be Gaussian. Thisisdifferent from the standard
L QG optimal control problem where the realization of the random variable is not
known at decision time, and, for the Kalman solution to be correct, it iscrucia for
also the process noise to be Gaussian.

7 Conclusion

Stochastic decision and control problems have dynamics which are driven by the
decision variableand by arandom input, often referred to as process noise. Sequen-
tial inspection problems fall in this class. Optimizing the sequential inspection
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process callsfor the solution of a stochastic optimal control problem with ascalar
state ¢, nonlinear dynamics (1), a binary decision/control variable « and an addi-
tional input—the random variable 7, whose statistics are known. The random vari-
able 7 directly affects the dynamics (1), similar to the decision/control variable's
action, however itsrealization is known at decision time. Indeed, in abroad class
of stochastic control problems, the random input, or disturbance, isknown at deci-
sion time. Motivated by this insight, a novel Linear Quadratic Gaussian control
problem wherethe realization of the random disturbanceisknown at decision time
is introduced. A game is played where Nature, oblivious of the state, randomly
chooses the disturbance signal and the Player, having access to the random dis-
turbance information, employs a feedback/stroboscopic strategy. Nature's mixed
strategy choice need not necessarily be Gaussian, however the first two moments
of the random variable are specified; the value of the gameisin part determined
by the pre-specified first two moments, but not by the p.d.f. chosen by Nature. The
closed-form optimal solution is derived for the case where full stateinformationis
availabletothe Player, and also for the case where partial stateinformationisavail-
able. Inthe case wherefull state information isavailable, the optimal controller (6)
is linear in the state and in the disturbance. The gain for the state is identical to
the LQR gain for the state. In the case where partial state information is available,
the state information x, in the optimal controller (6) is replaced by the minimum
variance state estimate xi . Thelatter is obtained by running amodi fied Kalman
filter, where the prior state vector estimate and prior state’s estimation error covari-
ance matrix are propagated according to Egs. (19) and (20), respectively.

Disclaimer

The views expressed in this article are those of the author and do not reflect the
officia policy of the United States Air Force, Department of Defense, or the U.S.
Goverment.
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Abstract

Deterrent behaviors are currently observed among animals. Similarly, deter-
rence has spread in human societies long before the nuclear era. That seems
to speak for deterrence’s efficiency, or to state things in the language of evolu-
tion, for its fitness. The literature contains many case studies about the effect
of deterrence on evolution. This paper aims at extending these studies, pro-
viding a general framework for analyzing the fitness of deterrent behaviors
through the combination of two approaches: Evolutionary Games and Games
of Deterrence.

Keywords. deterrence, playability, positive playability, playability dynamics,
stability, asymptotic stability, evolutionary stability.

AMS Subject Classifications. 91A22, 91A43, 91A80.

1 Introduction

In this paper, we shall use a core element of Evolutionary Games theory, the
Replicator Dynamic, which describes the quantitative evolution of several species
inside a given population. In the standard Replicator Dynamic [4], interactions
between species at a given instant are modelled as a two player quantitative matrix
game (Nash game), in which each species is a strategy. The Replicator Dynamic
then associates with the game a dynamic system representing the population’s
evolution, and analyzes the existence and properties of these dynamic system
equilibria, especially evolutionary stable equilibria.

Nash games will be replaced here by qualitative games called Games of Deter-
rence. These games designed to specifically deal with threshold values (a cen-
tral concept in the analysis of deterrence), consider only two kinds of outcomes:
acceptable (noted 1) and unacceptable (noted 0) ones.

It has been shown [9] that each matrix game of deterrence can be associated with
a bipartite graph, called graph of deterrence, and that all graphs of deterrence can
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be gathered in seven types, such that the game solution set is defined by the type.
Games of deterrence have been initially developed by Rudnianski [9], in order to
account for threshold issues at the heart of the French strategic doctrine of nuclear
deterrence theorized as the Relation from the Weak to the Strong, and which aimed
at deterring a potential enemy by acquiring the capacity of inflicting the latter casu-
alties which would be over the threshold of acceptability for him. The game theo-
retic tools developed in this framework proved later to have potential applications
in many different fields, some times quite far from nuclear strategy. For instance:
- International conflicts and negotiations [10,11,17,18,19]

- Prevention of congestion in digital communication networks and road traffic [3]
- Business Process Reengineering [1,15]

- Multi-Criteria Decision Making (with particular examples pertaining to the choice
of a business strategy, and results which under a given set of conditions display
consistency with the Cournot solution, and highlight the Condorcet Paradox [13]
- Valuation of inference chains in the framework of propositional logic, and argu-
mentation [12,16], etc.

The present paper proposes a first exploration of the relation between deterrence
and evolution.

Its first part will recall the basic properties of the Replicator Dynamic and matrix
Games of Deterrence. In particular, a typology of games of deterrence will be
proposed, that leans on graphs (called graphs of deterrence) associated with the
games. A second part will focus on the particular case of symmetric games of
deterrence that will be used in the Replicator Dynamic, and for which the number
of game types reduces to three.

We shall thus have set up a firm ground to explore the relationship between
the type of game and evolution. More specifically, the paper will give conditions
for which the proportion of non playable strategies vanishes with time. These
conditions will then be used to analyze games associated with particular graphs of
deterrence.

2 Fundamental properties of the Replicator Dynamic

Given a population comprised of n species, let us associate with the interaction
between two individuals belonging to different species a pair of outcomes describ-
ing the interaction’s positive or negative impact on each of the individuals. The
interaction’s outcome will be measured by its consequence on the species’ repro-
duction.

Frequency of interactions involving a species depends on the proportion of the
species’ members in the population.

Definition 1

Given:
- the individual outcome w;, of an individual of speciesi after interacting with an
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individual of speciesq
- the proportions 64, ..., 8,, of the various speciesin the total population,
let:

n
1. the average outcome of the species i u; = > O,u4q,
q=1

n n n
2. the average outcome of the population up = > ,u; = > > 6;0,4u4
i=1 i=1q=1
ur,u;i, and @; are functions of time. But for the sake of simplicity, we shall not
mention the variable t explicitly, unless necessary.

A species’ growth depends on its own outcome, while the evolution of its pro-
portion in the population depends on its relative outcome u; — ur.
Thus, the fundamental equation of the Replicator Dynamic considers that for every
species i:
0; = 0,(u7 — UT).

It can be noticed that the sum of the ¢ equals 0, and that the definition here
above is consistent with the fact that the sum of proportions equals 1.

Definition 2
1. The population’s profile isthe vector 6 = (61, ..., 6,,).

2. The outcome of a mixed strategy ¢ after interacting with a mixed strategy @ is

u(&,@) = 2": Zn: Oigquiq.

i=1q=1

3. 0 isan evolutionary stable strategy (ESS) if for any other profile :
- either u(0,0) > u(0,0) 3 o
-or u(6,0) = u(6,0) andu(0,0) > u(6,0).

3 Games of deterrence
3.1 Playability and deterrence

In everyday life, a number of decisions are based, not on a rigorous optimization
process, difficult to implement, but rather on a dichotomization of the outcome
space between acceptable outcomes (noted 1) and unacceptable ones (noted 0).
Games of deterrence have been specifically developed to represent such situations,
and analyze the strategies’ playability.

For the sake of simplicity, in the following, we shall only consider two-player
matrix games, and recall the basic definitions and properties presented in [9].

The definitions hereafter extend straightforwardly to N-player games.
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Thus, let us consider a matrix game with the two players E and R having respec-
tive strategic sets Sg (card Sg = n) and Sg (card Sg = p)

Definition 3

Let (uer, ver) € {0,1} x {0, 1} be the outcome pair associated with the strategic
pair (e,r) € Sg x Sg.

If ue, = 1, ue, is said to be an acceptable outcome for player E.

If onthe opposite u., = 0, u., iSsaid to bean unacceptable outcome for player E.
Similar definitions apply by analogy to player R with matrix V.

Definition 4
A strategy e of E issafe iff Vi € Sg, ue, = 1.
Definition 5

1. Let us associate with each strategy s € Sg x Sk an index J(s), and with each
player P an index j, such that given e € Sg:

- If eissafethen J(e) = 1.

-Ifeisnotsafe, J(e) = [] [1 — (1 —ue)J(7)](1 —jr)(1 — jr),

reSRr
withjp = [ (1—J(e));jr= 11 (1-J(r)).
e€ESp reéSp
J(s) and jp will be called index of positive playability of strategy s, and index of

playability by default of player P, respectively.

2.1f J(e) = 1, strategy e € Sg issaid to be positively playable.

3. If E has no positively playable strategy, (i.e., if jg = 1), all strategiese € Sg
are said to be playable by default.

Smilar definitions apply by analogy to strategiesr of Sg .

4. Astrategy s € Sg U SR isplayable iff itiseither positively playable or playable
by default.

Definition 6

1. The system S of all J(e), e € Sg, and J(r), r € Sg, is called the playability
system of the game.

2. A solution of S is a consistent set {J(e1), J(e2), ..., J(en), J(r1), J(r2), ...,
J(rp)}.

In general, there is no uniqueness of the solution.
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Definition 7
1. Astructure (Sg, Sgr, U, V, S) is called matrix game of deterrence.

2. A strategic pair (e,r) € Sg x Sg is said to be an equilibrium of the game
of deterrence if both strategies are playable for some solution of the playability
system.

Definition 8

Given a strategic pair (e,r) € Sg x Sg, eistermed deterrent strategy vis-a-vis
riff:

(1) eisplayable

(2) Vpe = 0

(3)Ir; € Sg: J(r;) = 1.

It has been shown [9] that a strategy » € Sg is playable iff there is no strategy
e € Sg deterrent vis-a-vis r. Thus, the study of deterrence properties amounts to
analyzing the strategies’ playability properties.

Example 1
! 2 3

er | (0,0) | (1,1) | (1,2)
ez | (1,1) | (1,0) | (0,0)

The playability system writes:

J(er) =[1 = J(r1)].[1 = je].[1 - jr]
J(e2) = [1 = J(r3)].[1 = je|.[1 — jr]

je =[1—J(e1)].[1 — J(e2)]

J(r1) =[1—J(e1)].[1 = je].[1 — jr]

J(r2) = J(r3) = [1 — J(e2)].[1 — jg].[1 — jr]
Jr=1[1=J(r)].1 = J(r2)].[1 = J(rs)]

One can easily establish that the playability system has three solutions:
-{J(e1) =1;J(e2) = 0; J(r1) = 0; J(re) = 1; J(r3) = 1}
-{J(e1) =0;J(e2) = 1;J(r1) = 1; J(re) = 0; J(r3) = 0}
- all strategies are playable by default.

In the first case, e; is deterrent vis-a-vis r1, and 75 is deterrent vis-a-vis es.

In the second case, e is deterrent vis-a-vis ro and rs3, while r; is deterrent vis-
a-vis eq.

In the third case, there is no relation of deterrence.
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3.2 Graphs of deterrence

Definition 9

Given a game of deterrence (Sg, Sg, U, V.S):

1. A graph of deterrence is a bipartite graph G on Sg x Sg such that, given
(e,r) € Sg x S, thereisan arc of origin e (resp. (r) and extremity r (resp. e), iff
Ver =0 (resp Uer = 0)

2. An E-path (resp. R-path) is a path the root of which is a safe strategy of Sg
(resp. of Sg).

3. AC-graph isagraph that includes neither and E-path, nor an R-path.

It has been shown [9] that:
1. If G is an E-path (resp. R-path), the only positively playable strategy for E (resp.
R) is the root, which is a safe strategy, while all strategies of R (resp. of E) are
playable by default.

2. If G is a C-graph, a solution of S satisfies the following properties:
i) for any strategy s,
J(s0) =1 -jp)A—-jr)A— I A-J(s)) I (1—=J(),

SEN (s0) s"E€N’(s0)
where N (so) (resp. N'(sg)) is the set of the first strategies met when following G
backward from sg, and belonging to the same strategic set as s (resp. to the other);
ii) on a path, the positive playability of a vertex is determined by the parity of its
distance to the origin of the path;
iii) each player has at least one non positively playable strategy.

3. Through appropriate cuts, it is always possible to break down G into connected
parts, each one being an E-path, R-path, or C-graph.

Hence, depending on the presence of these components in the graph, one can
distinguish between 7 types of games : E, R, C, E-R, E-C, R-C, and E-R-C. This
typology leads in turn to the following.

Classification Theorem [9]
(1) Given a game of deterrence, its playability system’s solution set is not empty.
(2) The game type defines the properties of the solution set.

Thus, in particular:
a) if the game is of type E or R, on each path all strategies of odd rank except the
root are not playable, while all strategies of even rank are playable by default ;
b) if the game is of type E-R or E-R-C, on each path strategies of odd rank are
positively playable while strategies of even rank are not playable.
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It stems straightforwardly that in games of type E, R, or E-R, the playability
system displays a unique solution.
Also, games of type E-R-C have at least two solutions: in the component of type
C of the graph, all E’s strategies are positively playable and all R’s strategies are
not playable, and vice-versa

It follows from (1) that every game of deterrence has an equilibrium, but the
above shows that this equilibrium may not be unique.

In the above example, the graph of deterrence associated with the game matrix
is:

e ="
r3 = €2 — T2

4 Symmetric games of deterrence

Definition 10

A symmetric matrix game is a game in which both players have the same strategic
set S, and such that whatever (i,j) € S?, if the outcome pair associated with the
strategic pair (i,j) is(a,b), then the outcome pair associated with the strategic pair
(,1) is(b,a).

As in Sec. 2, we shall focus on a single population comprised of n species, and
consider only two-player games, in which the (abstract) players have the same
strategic set which is precisely the set of species. Furthermore, given a pair of
species (i,j) the outcome for species i of an interaction with species j should not
depend on which player chose strategy i, it follows that the games considered will
be symmetric.

It should be noticed that in case of multiple solutions of the playability system, a
symmetric game may display asymmetric solutions: for a given solution, the same
strategy may be playable for one player, and not playable for the other.

Proposition 1

In a symmetric game of deterrence jr = jg.

Proof. If player E’s strategies are playable by default, the latter has no safe strategy.
By reason of symmetry, the same goes for player R. In other words, for each
strategy j of R, there is a strategy i of E such that for R the outcome associated with
the strategic pair (i,j) is 0. As by assumption, i is playable, j cannot be positively
playable. Consequently, strategies of player R are also playable by default.

Proposition 2

In a symmetric game, the solution set is comprised of:
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(1) either symmetric solutions, that is solutions in which a given strategy i has
the same playability properties for both players

(2) or pairsof asymmetric solutions, suchthatif astrategyi hasagiven playability
property in one solution of the pair for one player, it hasthe same playability
property for the other player in the other solution of the pair

Proof. The conclusion stems straightforwardly from the symmetric features of the
game.

It follows from definition 10 that a symmetric game can only be of type C, E-R
or E-R-C.

5 Evolution and playability: general properties

Unless otherwise specified, in this section, all games considered are symmetric
games of deterrence associated with the Replicator Dynamic.

Definition 11
Astrategy i is said to beisotropicif Vj # i,uj; = a (a= 0or 1).
Proposition 3

If agamehasanisotropic strategy i, then the respective evol utions of theremaining
strategies do not depend on the proportion of i in the population.

Proof. Let (j, k) € (S — {i})?,
& ! _ G;Qk—\%ﬂé _ ej(uj—uT)Ok—ek(uk—uT)ej
(Hk,) - 9% -

%

n
= %(uj - ’U,k) = z—i Zl Hm(ujm — ukm)
m=

It then stems from the isotropy of i that (Z—i)’ = % > O (Wjm — Ukm)

In other words, (%)/ does not depend on 6;.

Proposition 4

Consider a game with a symmetric solution including non playable by default
strategies.

Let:

- {1,....k-1} bethe set of positively playable strategies (for both players)

- {k,...,n} be the set of non playable strategies (for both players)

-0k () = 3 ;1)

J>k
Ifatinitial time, for every speciesi < k, theproportion 6;(0) of i in the population
isstrictly superior to the sum of proportions ©,(0), then:
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) t—>'+oo
@ Vi >k T 6,(t) =0

Proof.
1) Let:
(1) = min () and €(0) = 6,,(0) — Ox(0)

By assumption, ¢(0) > 0.
vt € [0,00[,V(i,i") € {1,.... k — 1} uz = 1

n k—1
It follows that for i < k,u;(t) = > 0,(t)uiq > > 0,(t) =1 — Ok(1).
q=1 qg=1
Hence, u;(t) > 1 — O4(t) @

For j > k,3¢" < k such that u;; = 0.

Now u;(t) = 3 Oq(t)ujq = 3 Oq(D)ujq < 32 4(t) =1 — 0y (t).
q=1 q#i! q#i’

Hence, u;(t) <1 —0,,(t). (2)

(@ Vg e{1,....,n},0,is C™.

Hence, 0,,, is piecewise C'*°, and has a left and right derivative at the points where
it is discontinuous.

Let (67,)7" () be the right derivative of 6,,(t).

There exists i < k such that (67,)"(t) = 0.(t) = 0;(t)(u;(t) — ur(t))

It then stems from definition of 6,,,(¢) and inequality (1) that

0:(t) > 0, (£)(1 — Ok (t) — ur(t)).

Consequently, (6/,)7(t) > 0,,(t)(1 — Ok (t) — ur(t)). (3)
Moreover, ©)(t) = > 0%(t) = > 0;(t)(u;(t) — ur(t)).
Jizk Jjzk

Hence, it stems from (2) that:
O (1) < _gk 0;(t)(1 = O (t) — ur(t)) = Ok (t)(1 — O (t) — ur(t)) 4)

(3) and (4) then imply :
(07,)7(8) = ©4(t) = 0 (t)(1 — Ok (t) —ur(t)) — Ok(t)(1 — O (t) — ur(t))
> (O (t) — Ok (1)) (1 — ur(t))

Consequently, if (6,,, — ©y) is positive on a time interval |, then (6,,, — O) isan
increasing function over I.

It then stems from the assumption according to which (6,,, — ©)(0) = €(0) > 0,
that V¢ > 0,0,,(t) — Ox(t) > €(0) (5)
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(b) @l = Z H‘juj — @kuT = Z Hjuj — G)k Zl Hquq
q=

Jj=k Jj=k
= (1 - @k) Z Qj’LLj — ®k Z 9711,1
ji>k i<k

It then stems from (1) and (2) that:
0}, <O(1—0k)(1 —0) — k(1 — 04)? = O(1 — O4) (O — 0,)
Hence, (5) implies that ©; < —€(0)O;(1 — Oy).
On the whole, ©, decreases exponentially towards 0,
which implies that:
-Vj >k, lim 6, =0
t—o00
- ©y, can be integrated over [0, o]

(2) By deflnltlon V( i)y el . k—1}2 uy =1
Furthermore, as Z 0;(t) =1 —Ok(2),

=1
—1k-1
ur = Z Z Gezuqq/> Z Z 902/u“/f(lf®k)
qg=1q'=1 i=1i'=1

Whence (1 — ;)% <ur < 1.

Now, given i < k, it stems from (1) that (1 — ©) < u; < 1.
Hence lu; —ur| <1—(1—6y)%

@2 < 20

Now it stems from b), that ©;, can be integrated.

Hence, 6, /6, can be integrated over [0, oo, and hm In(0;) is finite.

It follows that lim 6; # 0.
t—o00

Interpretation

Let:

-0 =1(01,0,....,0,)

-A={6(0)/6;(0) = 0« jisnot playable}

-B ={6(0) /iis positively playable = 6,(0) > ©,(0)}

A is a set of equilibria, because the outcomes of all species associated with a
positively playable strategy are equal.

B is a neighbourhood of A.

According to Proposition 4, B is included in the reunion of the attraction basins of
A’s equilibria.

Therefore, this reunion is a neighbourhood of A.

This property is similar to the definition of asymptotic stability. If we extend this
definition to include the asymptotic stability of sets of equilibria, then we can say
that A is asymptotically stable.
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Example 2
Let us consider a population in which individuals may adopt three possible types
of behaviours:
- aggressive (a)
- defensive (d)
- passive (p)

Let us furthermore assume the following:
- Whenever two individuals of the same type interact, the outcome for each one is
1, which means between other things that an aggressive individual will not try to
attack another aggressive individual (maybe because of the fear of the outcome)
- A defensive type when meeting an aggressive individual will respond to the
aggression and inflict damages to the aggressor, with the consequent that the out-
come pair will be (0,0)
- When meeting a defensive or a passive type, the defensive type does not attack
and the outcome pair is (1,1)
- A passive type never responds, and gets a 0 when attacked, and 1 otherwise.

Under the above assumptions the game can be represented by the following matrix:

a d p

a| (1,1) | (0,0) | (1,0
d| (0,0 | (1,1) | (1,2)
p|©1) | @Y | @I

One can easily establish that the game of deterrence has three solutions:
1) all strategies are playable by default
2) a is positively playable, while d and p are not playable
3) d and p are playable, while a is not

Proposition 4 applies to the last two solutions:
It tells us that if at initial time, more than half of the population is aggressive, then
the whole population becomes aggressive, whereas if the aggressive population is
the smallest of the three, it then disappears.

It stems straightforwardly from the game structure that the profile (1, 0, 0) (cor-
responding to the whole population playing a), is an evolutionary stable strategy.

However, the profiles (0, z, 1 — z) with 0 < = < 1 (corresponding to the whole
population playing d or (p) are not evolutionarily stable strategies.

Proposition 5
If the Replicator Dynamic has an equilibrium (6%); <;<,, such that all 97 do not

equal 0, and if the playability system has a symmetrical solution including only
one playable strategy, then (6F); <, <,, isan unstable equilibrium.



368 D. Ellison and M. Rudnianski

Proof. Suppose that 1 is the only playable strategy. Then 1 is positively playable
and deterrent vis-a-vis all other strategies, which implies in turn that 1 is isotropic.
It stems from the definition of an equilibrium that at the equilibrium point E, there
is u” such that Vi, uf’ = uf = u®.

One can move away from E by changing:

-0F into 0, (0) = 0F + €(0)

- 6F into 6,(0) = (1 — lfj(;){;)e,fj,w > 2.

It then stems from Proposition 3 that the relative proportion of the 6,k > 2,
remains unchanged.

The vector (6;)1<i<» then evolves along a straight line of R™, and the parameter
e = ¢(t) suffices to describe the evolution process.

Vk > 2,V 04 (t) = (1 — £ - )0F

ui(t) = iek( Bur = u® + €(t) — 155 ZeEulk
=uF j_ e(t) + 1(1;)}3013 e(t)l
=(1- (){;) 16(2){5

Vi > 2,

()= 35 0t = o — g 3 0P =0 — L
ur(t) = Z () b)) = (1= 2P + oo + £
01(t) = (() 720, (1)

1_9{»(95 +e(t))

€(t) satisfies an autonomous equation describing a system with three equilibria:
0,1 — 0F and —0F, where 0 is unstable.
Hence, the equilibrium (07);<;<,, is unstable.

6 Evolution and game type

Proposition 6

Inagameof typeE-Ror E-R-C, Vi € {1, ...,n}, 6; hasalimit when t tendstoward
the infinite.

Proof. Let i be a safe strategy and j any strategy.
0; is increasing and 0; < 1.
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Hence, 6; has a limit a when t tends toward the infinite.
(%)/ — Oj(uj—uT)Gqéz—Gj@i(l—uT) — %(uj _ 1) < O.
Hence, 6;/6; is decréasing and strictly positive.

Hence, 6,/6; has a limit b when t tends toward the infinite,

whence, lim 6; = ab.
t—00

Proposition 7

In a game of type E-R or E-R-C, the proportions of strategies belonging to an E-
path or an R-path have a:

- zero limit when they are not playable

- non zero limit when they are positively playable.

Proof. The idea of the proof is to follow the E-paths and R-paths with a recur-
rence based on the safe strategies, and show that the proportions of the strategies
of even rank decrease exponentially towards 0. In order to show that all the strate-
gies belonging to the E-paths and R-path have been reached, we will prove that
the remaining strategies belong to a C-graph by considering the solutions of the
playability system and using the classification theorem.

Let us consider a game of type E-R or E-R-C.

Let S be the strategic set common to both players, and 6 a solution of the Replicator
Dynamic.

It stems from proposition 6 that #(¢) tends towards an equilibrium 6% when t tends
towards the infinite.

(a) At the equilibrium point, outcomes of all strategies, the proportion of which
in the population is non zero, are equal.
Moreover, the proportions of safe strategies being increasing, their limit is not 0.
Therefore, at equilibrium, outcomes of all strategies, the proportion of which in
the population is not zero, equal 1.
Hence, lim up = 1.

t—o0

(b) Let i and j be two strategies such that v;; = 0 and GJE #0
9;/9z = U; —UuUr S 1—9j —ur.
Now, it stems from (a) that lim (1 — 6; — ur) = —0F.

Hence, 6, decreases exponentially, 7 = 0 and ¢, can be integrated over [0, col.

(c) Let i be a strategy such that Vj € S, u;; = 0 = ¢; can be integrated
Let D; = {] € S/UU = 0} and 0Di = Z 9]’
JjED;
9;/91 = U; —ur = 1 —ur _HD,i
Hence, (In(6;)) > —0p,.
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Now —6p, can be integrated over [0, col.
Therefore, tli}m In(6;) > —oo.

Hence, 6 > 0.

(d) Consider the sequences of sets (X} ) and (Y%) such that:
X1 ={iliissafe}

Y1 ={j/32 e X, D Uj; :0}

And more generally, for any k£ > 2,

X = {i/uij =0 =J € Yk—l}

Y. = {]/32 € Xp: Ujq = 0}

By construction, the sequences (X},) and (Y% ) are strictly increasing for the relation
of inclusion, until k reaches a value m from which these sequences remain constant.

Let X = |J X =XpandY = |J Yy = V..
k=1 k=1

Vi € X1, iis positively playable, hence Vj € Y7, j is not playable.

If Vi € Xy, iis positively playable, then ¥j € Y, j is not playable.

If Vj € Y4, j is not playable, then Vi € X}, 1, i is positively playable.

Hence, by recurrence, Vi € X, i is positively playable, and Vj € Y, j is not
playable.

LetZ=S5—-(XUY).

If Z is empty, the playability system has a unique solution for which no strategy is
playable by default. According to the classification theorem, the game is then of
type E-R.

Assume now that Z is not empty, and let z € Z.

z ¢ Y, hence, by definitionof Y, Vi € X, u,; =1

z ¢ X, hence by definition of X,32' € S —Y :u,,, =0
Hence, 32’ € Z : u,,» = 0.

Thus,Vi € X,Vk € X U Z, uy = up; = 1

andVj € Y,Ji € X :u;; = 0.
andVjeYUZ,Jie XUZ: u;; =0

Hence, the playability system has at least two solutions:
e iis positively playable for player E < i € X
and j is positively playable for playerR < i € X U Z
e i is positively playable for playerE < i € X U Z
and j is positively playable for player R < i € X

Hence, the game is of type E-R-C, the sub-graph associated with X UY" being the
E-R component of the game, and the sub-graph associated with Z being a C-graph.
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By using (b) and c), one shows by recurrence that:
-Vie X,0F >0
-Vj € Y,0F = 0and 0; is integrable.

Consequences:

- In a symmetric game, the proportion associated with a strategy that is positively
playable (resp. non playable) in all solutions of the playability system, has a non-
zero (resp. zero) limit when t tends toward the infinite.

- the proportion of the population associated with a strategy being deterred by a
safe strategy, tends toward zero when t tends toward the infinite, and is integrable
over [0, col.

Proposition 8

If the ordered vertices 1,2,...,2p of an E-path or an R-path are such that:

02(0) < 64(0) < ... < 023-2(0) < 025(0) < O9p1(0) < b2,3(0) < ... <
03(0) < 6,(0),
theth,Gg(t) < 04(t) <..< 02,,_2(15) < 02p(t) < ng_l(t) < 02p_3(t) <..<

O5(t) < 61(¢).

Proof.
u; =1,and Vi € [2,2p],ul =1—-6;,_4

Let’s assume that the result is true at time t:

Then, Vk < p,uor(t) = 1 — O2—1(t) < ugpaa(t) =1 — Opr1(t).

Hence, 03, (t) = 021, (t) (uz(t) — ur(t) < Oopya(t) (uzisa(t) — ur(t))
O3n12(t).

Similarly, ugy,—1(t) = 1 — Oop—2(t) > 1 — O2x(t) = uak41(?).
Hence, 0, _, (t) > 03,,1(t)

Upp—1(t) =1 —O2p_2(t) = ugp(t) =1 = O3p(t) > 1 = Op_1(2)
Hence, 05, (1) > 05,(t).

So the proposition is true whatever t.

It applies in particular if at t = 0 all proportions equal 1/(2p)

Example 3

Let us consider a game of type E-R, the matrix of which is:
i i k

i| (11| (0 | (1,2
1oy dy | a0
k(@1 |02 ] (11

The game has only one solution for which i and k are positively playable while
j is not playable. It then stems from Proposition 7 that tlim 0; = 0.
e el
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Sowhent — oo, the only profiles we have to consider are those of type (z, 0, 1—

Here as in example 2, we see that the set of equilibria exhibit stability properties
which may categorize them not exactly as evolutionary stable equilibria, but as
evolutionary stable equilibrium sets (ESES):

VoL, 02,63, 6% € ESES, u(0',6%) = u(6?,6%)
and V0 ¢ ESES, 30 € ESES :

- either u(0,0) > u(0,0)

-oru(f,0) = u(6,0) and u(6,0) > u(d,0).

Now one should not derive from the above propositions and examples that
deterrence is a necessary condition for reaching an evolutionary stable equilibrium,
as the following example shows:

Example 4
Let us consider the following game borrowed from Gintis [5]:

i j k
i @D | @D | ©00)
@1 | (0.0) | (1.O)
k| (0,0) | ©0,1) | (0,0)

[S—

One can establish quite easily that i is an ESS. The associated game of deterrence
which is of type C, has only one solution, for which all strategies are playable by
default. Hence, positive playability is not a necessary condition:

7 Evolution and fuzzy playability

The indices of positive playability that we have been considering until now are
binary ones. But the playability system of a game may have solutions in which
these indices (as well as the indices of playability by default) may take non binary
values. We shall then speak of fuzzy playability. This is the case, for instance, if
one considers a game of type E or of type R comprised of a single path.
It has thus been shovxllcn [12] that:
v(1 + v2F=3)

J(2k—1) = ST and J(2k) =
wherev =1 — jg.

v(1 — vk=2)
1+

One can see that the strategies of E have a positive playability index which
decreases with k, while on the opposite strategies of R have a positive playability
index which increases with k.

So we observe a phenomenon similar to the result of Proposition 8, except,
that we consider positive playability indices on the one hand, and proportions of
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species in the total population on the other. The reason behind this similarity lies
in the fact that the Replicator Dynamic is actually a long run process of strategy
selection. Those strategies which replicate the most are those which are the best
fitted to their environment, while on the opposite the strategies, the proportion of
which in the total population decreases or even vanishes with time, are those which
are ill fitted or even not fitted at all to their environment. Somehow this selection
process tells us how a given strategy is playable in the long run, and therefore
there is nothing surprising in the fact that strategies’ fitness and playability follow
similar trajectories. Of course the graphs of deterrence are not the same, since in
the Replicator case, it is comprised of an E-path and a R-path, which precludes
having fuzzy playability indices, while in the fuzzy game case, there is only one
E-path. But these are just formal differences due to the fact that in the Replicator
case, only symmetric games are considered. If we focus on the issue of strategy
selection, these differences become irrelevant.

8 Conclusion

The developments above have pointed out a correlation between the existence and
properties of equilibria in the Replicator Dynamic on the one hand, and strategies’
playability in the associated game of deterrence, on the other. In particular, for
a strategy to be positively playable and—even more—deterrent vis-a-vis other
strategies, seems to be an important factor for the strategy’s survival, and the non
playable strategies tend to disappear. At a refined level, the breakdown of games of
deterrence plays an important role in establishing some correspondence between
properties of equilibrium existence in the Replicator Dynamics and the game type.
Strong results have been obtained for E-R and E-R-C type games.

A comparison has been undertaken between the results found in some games of
type E-R, and the conclusions obtained in developing the theory of fuzzy games of
deterrence. What is left at this level is to see whether one could go beyond rough
similarities, and determine a quantitative relationship between species’ proportions
and strategies’ fuzzy playability. The nature of the correspondence in the case of
C-type games, seems to be more uncertain.

More generally the developments here above are a tentative work which aims
at paving the way for a more general theory linking deterrence and evolutionary
stability.
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Abstract

Werevisit therelationship between evolutionarily stable strategy (ESS) and
related topics such as evolutionarily robust strategy (ERS) on the one hand,
and stability of thereplicator dynamics on the other hand, when the phenotypic
set is continuous. The state of the population considered is a measure over the
phenotypic set. Thus, topological considerations come into play that make the
situation much moredifficult than for afinite phenotypic set. Asaconsequence,
the issue of the asymptotic stability of an ERS is not settled at this time. We
give one partial new result in that direction.

It has also been noticed in the literature that there is a dearth of concrete
examples of mixed ESS or ERS in the literature. Actually none seems to be
knownif the“kernel” of thegameiscontinuous. We providetwo such examples,
one a convex combination of two Dirac measures and one family with the
L ebesgue measure as an ERS.

Key words.  Evolutionary games, ESS, Replicator dynamics, Darwinian
dynamics, stability.

AMS Subject Classifications. Primary 91A22; Secondary 91A10, 92D25,
91B02.

1 Introduction

The concept of evolutionarily stable strategy (ESS) as the core concept of Evo-
[utionary Game Theory was introduced by Maynard-Smith and Pricein [6]. The
very intent of the definition isto imply that in apopulation in an ESS state, asmall
sub-population in a different state will die out for lack of fitness in Darwinian
dynamics.
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A mathematical translation of that intuition is given by the fact that in the case
of afinite phenotypic set, an ESSisan asymptotically stable state of the associated
replicator dynamics. But anal ogous resultsfor the case of acontinuous phenotypic
set are not proved, in general, and this remains an open conjecture.

As a matter of fact, the state of a population is a probability measure over the
phenotypic set. Thus, if this set isfinite, the state spaceisisomorphic to R™, while
if the phenotypic set isinfinite, say continuous, one ends up with a true measure
dynamics. Hence, there are as many concepts of asymptotic stability as there are
topologies on the set of measures. We seek results in the weak topology, which
seems to be the most significant one as far as the modelization is concerned.

Theresult is known for an evolutionarily robust strategy (ERS, a strengthening
of ESS, strictly stronger in the infinite case) if it is a Dirac measure or if the
underlying game is “doubly symmetric”. We prove the result for the case of a
global ERS strategy.

Note that, in the case of finite phenotype set, both ESS and ERS concepts
coincide due to the equivalence of strong and weak topologies. In this paper, we
study problems with the infinite phenotype set. Such problems are important in
Biology and Economics (See, for instance, [1] and [9]).

A further difficulty ininvestigating thistopic isthat there does not seemto bein
theliterature an example of an ERSwhichisnot aDirac measure. (Thispoint itself
has been raised in the literature.) We provide two very different (families of) such
examples, and the analysis that substantiates the claim that they are indeed ERS.

The rest of this paper is organized as follows. Sec. 2 is devoted to present the
definitions and some properties of ESS, ERS, and related topics. In Sec. 3, wegive
a brief description of strong and weak topologies on A, the set of al strategies
(probability measures on the phenotypic set) which will be useful in subsequent
discussions. Sec. 4 begins with the description of replicator dynamics and its
stability. At the end of this section, namely in Sec. 4.6, we prove our first result—
the weak asymptotic stability of global ERS. Then, in Sec. 5, we present two new
(families of) examples of ERS that are not Dirac measures.

2 ESS and related concepts
2.1 Definition of ESS

We investigate an evolutionary game in a classical linear framework. The pure
strategy set of the underlying evolutionary game is a compact subset K of the
Euclidean space R¢. We denote a pure strategy using letters z, v, z, . . .. A mixed
strategy is therefore a probability measure on the Borel o-algebra B = B(K)
of K. The mixed strategy ssimplex (that is, the set of all probability measures on
K) is denoted by A. We denote a particular mixed strategy using capital letters
P,Q,R,....Wearegiven afitness map, a continuous function v : K x K — R.
Here, u(x, y) representsthefitness gained by the animal adopting = when compete
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against another animal adopting y. It will be naturally extended to K x A and to
A x Ass

u(e, R) = /K (e )Ry, u(Q.R) = //K u(e9)QUn) R(y).

Remark 2.1. We shall think of a mixed strategy as a distribution of behaviours
among a polymorphic population of animals, each using a fixed pure strategy. It
could aswell be the probability distribution of the strategies used by every animals
of amonomorphic population where all individuals are random players.

We are now ready for the definition of ESS.

Definition 2.1. P € A iscalled an evolutionarily stable strategy (ESS), if for
any mutant strategy R # P, thereisas(R) € (0, 1] such that:

u(P,eR+ (1 —¢)P) > u(R,eR+ (1 —¢)P) forall 0 < e <e(R). (1)
Note that (1) can also be stated as:
elu(P,R)—u(R,R)]+(1—¢)[u(P,P)—u(R,P)] >0, fordl0<e<e(R).
The Definition 2.1 is essentially by Taylor & Jonker [11], and, in view of ((22))
is equivalent to the original definition by Maynard Smith [7]:

VQ e A, u(Q,P)<u(P,P), ®3)
VR#P, [u(R,P)=u(P,P)] = [u(P,R)>u(R,R)]. @)

It is convenient to introduce the best response map IR (P) defined as IR (P) =
{R | u(R, P) = maxqu(Q, P)}.Then, P € A isan ESSiff

PeR(P)andVR € R(P)\ {P}, u(R,R) < u(P, R). )
It shall be convenient to introduce the notation, for any P and Q in A,

o(x, P) :=u(x, P) —u(P,P),
O(Q7P) = fKU(ﬁ,P)Q(de) = U(Q7P) —U(P,P)7
so that condition (3) above writeso(Q, P) < 0, VQ € A.

Any P satisfying that condition, i.e.,, P € R(P), is said to be a symmetric
Nash equilibrium, and the set of symmetric Nash strategies is denoted by AVE,

(6)

Remark 2.2. Wenotethat P € ANEiff (P, P) isaNash equilibrium of thetwo-
person game with pure strategy set K ,and payoff functions u, (z,y) = u(z,y),
up(z,y) = u(y, z).
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P is astrict symmetric Nash equilibrium if IR(P) = {P}. The set of such
strategies is denoted by ASNVE | The set of ESS strategies is denoted by AFSS,
From (5), it now follows that

ASNE C AESS C ANE (7)
We can aso show, asin the finite case, that there always exists a symmetric Nash

equilibrium; that is, ANE £ (). But AP can be empty, as the next example
illustrates.

2.1.01 Example K =[-1,1],u(z,y) =2%y.Foranyz € K and R € A,
u(z,R) = 2*[R],
where [R] := [, y R(dy) isthe average value of R. Now

ANE

ReA : REIER(R)}

ReA : u(zx,R) <u(R,R) foral —1§x§1}

Il
—=

1
RGA:xQ[R}g[R]/ 2? R(dz), fora||—1gx§1}

-1

{REA : xz[R]g[R]/l 22 R(dz), foradll —1§x§1}.

-1

This suggests that we can write AN ¥ as the union of two disjoint sets AN* and
ANE; where

A{VEZ{RGA : [R]zo},
and

1
ANE — {ReA:[R]>Oand/1

2? R(dz) = 1}

= {RGA cR=ad_1+(1—-w)f, 0<a< %}

Here, 0., denote the Dirac measure at x.
To prove APS5 = (), inview of (7), it sufficesto show that no strategy P € ANF
isan ESS. We have only two casesto consider here. Inboth cases (that iswhen P €
A{VE orP e AéVE), 0 € ER(P) Butu(51,51) =1> fK 2 P(d.’E) = 'LL(P, 51)
Therefore, P ¢ AFSS. Hence, no symmetric Nash equilibrium P € ANF isan
ESS, and AESS = ). |

Nevertheless, there are many games with AZ95 =£ (). We give here two almost
trivial examples.
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() K =[a,b],u(z,y) = f(z)+g(y), where f isacontinuous function on [a, b]
with a strict maximum at x, and ¢ is any continuous function.
Now, forany = € K,

u(w75:vo) - u(émmémo) = f(‘r) - f(l'())

Therefore, 6, isastrict Nash equilibrium, and hence an ESS. O
(2 K =10,1], u(z,y) = —zy. ThenR(dy) = A and for any R # dy, and

u(do, R) — u(R, R) = [R]? > 0.

Therefore, §p isan ESS, but not a strict Nash equilibrium. O

2.2 ESS and uninvadability

Definition 2.2. In Definition 2.1, let ep(R) := max{e(R)}. It is caled the
invasion barrier of P against R

We define a strategy to be uninvadableif it hasauniforminvasion barrier, i.e., the
following.

Definition 2.3.  (Vickers & Cannings[12]) A strategy P is uninvadable if
infR;gp E‘p(R) > 0.

Notation: To simplify the presentation, we use the notation hg p(e) =
u(R,eR+ (1 —¢)P) —u(P,eR+ (1 —¢)P).

An uninvadable strategy is clearly an ESS. However, unlike in the finite case,
the converse is not true, as the following example shows.

2.2.02 Example K any compact interval containing 0, 0 < a < b, u(z,y) =
bry — ax?. Since u(x,0) = —az?, §y isastrict Nash equilibrium, and hence an
ESS. Now, for any nonzero x in K,

hs, s,(€) eu(z,x) + (1 — e)u(x,0)
= e(bz? — az) + (1 — &)(—ax?)

= (eb— ax®)2%

This implies that &5, (d,) = min(1, %). Clearly, this invasion barrier tends to
zero with z, and so § is not uninvadable. O
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2.3 Strong uninvadability and evolutionary robustness

For afixed P, let R, := e R+ (1—¢)P. Wefirst observethat P € A isuninvadable
iff there exists g > 0 such that:

VR # P, Ve € (0,g9), hrp(e) =u(R,R:) —u(P,R:) <0.
Noticethat R — P = (1/¢)(R. — P), so that
hrp(e) = u(R — P R2) = = [u(Re, Be) — u(P, R2)).
Therefore, P isuninvadableiff there exists ey > 0 such that:
VR # P, Ve € (0,e0), o(P,R.):=u(P,R.) —u(R:,R.)>0. (8)
This condition saysthat for @ (Q # P) closeto P in some sense,
o(P,Q) > 0.

In order to make the concept of ‘ nearness’ precise, weneedtoequip A = A(K)
withatopology (say 7). With respect to thistopology 7, we can define evol utionary
stability as follows.

Definition 2.4. A strategy P € A iscalled
e locally superior (w.r.t. 7) if there exists a 7-neighborhood G of P such that

o(P,Q)>0 fordl@eG\{P},

e strongly uninvadable if it is locally superior w.r.t. the strong (variational)
topology (Bomze[2]),

e evolutionary robust if it is locally superior w.rt. the weak topology.
(Oechssler and Riedel [9]),

e globally evolutionarily robust if o(P, R) > 0 foral R € A\ {P}.

We state the following easy theorem:

Theorem 2.1. Let P € A. Then
P evolutionary robust = P strongly uninvadable —- P isan ESS

Proof. This is, respectively, because of the fact that a weak neighborhood is a
strong neighborhood, and e R 4 (1 — )P — P strongly ase — 0.1 1
But the reverseimplications are not true, in general. Nevertheless, these reverse
implicationsdo holdtrueinthefinitecase; that is, when K isafiniteset. Inthiscase,
strong and weak topologies coincide. Furthermore, in this case, a neighborhood
of P consistsonly of @ of theform @Q = cR + (1 — &) P. Thisis not true in the
infinite case.
1This will be clearer when we define explicitly the strong and weak topologie, in the next
section.
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3 Strong and weak topologies on A

For the sake of completeness, we provide more detail s regarding strong and weak
topologieson A. We view A as a subset of the linear space M of al finite signed
measures on K.

If M is equipped with the variational norm

/K f(z) pldz)

then M isaBanach space. Thetopology generated by thisnorm on M, isreferred
to as the strong topol ogy.

We denote [ f(z)u(dz) by (f,p). pn — p in the strong topology iff
(fy pn) — (f, 1) uniformly for all continuous f with | f| < 1.

For @, R € A, it can be shown (see Lemma 1, p.360, Shiryaev [10]) that

||/4Hva7' = sup
|fI<1, f measurable

|Q = Rllvar =2 sup |Q(B) — R(B)|.
BEB(K)

For thisreason, R,, — R inthestrongtopology iff R,,(B) — R(B) uniformly for
B € B(K). For instance, if = # y, ||0, — 0,| = 2. Thisimpliesthat A, equipped
with this topology, is not compact.

On the other hand, the Banach space (M, || - | ar) isthe dual space of C°(K).2
The weak topology on probabilities is its weak™* topology. Therefore, equipped
with that weak topology, it is compact (and metrizable).

If R,, R are probability measures, then R, — R in the weak topology iff
(f,R,) — (f, R) for every measurable f € C(K) with |f| < 1. It can be shown
that R,, — R inthe wesk topology iff R, (B) — R(B) for al B € B(K) with
R(0B) =03

Therearevarious (equivalent, of course) metricswhich generate the weak topol-
ogy on A. Oneisthe Prohorov metric:

p(Q,R) =
inf{e > 0| Q(C) < R(C®) +¢, R(C) <Q(C?) +¢,fordl closed C C K},

whereC® = {z € K | inf cx |y — z| < e}.
Another metric generating the weak topology is

d(Q, R) = sup{[(f,Q — R)| | f Lipschitz continuous, || floc + L(f) <1},

where | fl|o = sup,ex |f () and L(f) = sup,, L=l

2As usual, C°(K) denotes the space of continuous real valued functions on K, equipped
with uniform norm.

0B isthe boundary of B.
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Yet another one is defined using the set M (Q, R) of measures over K x K
whose marginals are Q and R, respectively, as

d*(Q,R) = inf / z —y||? p(dx, dy) .
(Q,R) et ) KxKH ylI” u(dz, dy)

For more details on strong and weak convergence of probability measures, we
refer to Shiryaev [10].

4 Replicator dynamics
4.1 Definition and existence

Let Q(t) € A bethe population state at time ¢. For agiven state ), the difference
between the average fitness of a subpopulation B (a Borel subset of K) and the
population average fitness is

1 1
0 v @ @) ~uQ.Q) = g [ o) Qe

If we assume that the rate of replication of the subpopulation B is the difference
between the average fitness of the subpopulation B and the population average
fitness, then we obtain the replicator dynamicsin the form:

Q0(B) = [ o.QW) Q) B € BK).
In order to make the replicator equation look simpler, we introduce the notation:
FIQIB) = [ o(:Q) Q) B € BK)

That is, F'(Q) is the measure which is absolutely continuous w.r.t. @ (denoted

F(Q) < Q) with the Radon-Nikodym derivative dflg?) =o(-, Q).
The replicator dynamics can now be written as

Q(t) = F(Q(t)). )
Now, for any measurable f with |f| < 1,andfor Q, R € A,

[(f, F(Q) = F(R)| = [{(fo(-,Q), Q) — (fo(-, R), R)|

<[(fo(~Q), Q= R +[{flo(-,Q) — (- R)], R)|

< lollollQ = Rllvar + lulloo|Q = Rllvar + [(f[u(@, Q) — u(R, R)], R)|
< 3lJufloo[|Q = Rllvar + [u(Q, Q) — u(R, R)|

= 3llullolQ = Rlfvar + |[u(Q, Q = R)[ + [u(Q — R, R)]

< 5f|ufloc |Q = Rllvar-
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Thisyields
[F(Q) — F(R)lvar < 5||ullool|@ — Rllvar-

In asimilar fashion, one can show that the map F' is Lipschitz Continuous (w.r.t.

the strong topology) on any bounded ball of the space M of al finite signed

measures (Lipschitz constant depends on the radius of the ball). Therefore, F' is

locally Lipschitz continuous on the Banach space (M, || - ||var), and hence the

replicator dynamics admits a unique solution, for each initial distribution Q(0).
Furthermore,

& | e = [ dwn = [ P - @ -0

Asaresult, thesimplex A of al probability measuresisinvariant under thereplica-
tor dynamics. Thus, for any initial condition @ € A, thereplicator dynamicsadmits
aunique solution Q(+) defined (and staysin A) for al timest with Q(0) = Q.

4.2 Stationary states of the replicator dynamics

Let A° denotethe set of all stationary points of the replicator dynamicsin A. Now
Q € AViff F(Q)(B) = 0fordl Biff o(-,Q) = 0 ae(Q). Thatis, o(y, Q) = 0
except on aBorel set N C K with Q(N) = 0. Thisimplies that

A'’={QeA :o(,Q) =0ae(Q)}.

Forevery z € K,
dF (5.,)
do,

and so, asin the finite case, A° contains all pure strategies. It now follows that:

=o(,x)=0 ae (0;),

Theorem 4.1.
(1) {6, : € K}UANE C AO,
(2 ANEnint(A) = A% Nint(A).

A state @ isLyapunov stable, if any trgjectory starting“ nearby” @) stays* nearby”
Q. Hence, stability crucially depends on the topology we use on A.

We now prove that any Lyapunov stable state (w.r.t. weak topology) is aNash
equilibrium.

Theorem 4.2. If Q € A isLyapunov stable under (9) w.r.t the weak topology,
thenQ € ANE,

Proof. If Q ¢ ANE | then there exists a pure strategy = € K such that

O'(JJ, Q) = U(QZ7 Q) - U(Qa Q) > 0.
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Since in the weak topology, » +— o(x, R) is continuous, this implies that there
exists aweak neighborhood G of @ and § > 0 such that

o(z,R)>6 fordl Red. (10)
For £ > 0 small enough, the strategies Q. (0) := &4, + (1 — €)Q € G. Now,
Qe(t)(@) = Qe(0)(w)efo 7N & = gelo o@D

is the trajectory emanating from Q.(0). This, in view of (10), contradicts the
Lyapunov stability of the state Q. ]

4.3 Limit states of replicator dynamics

Theorem 4.3. If thereisan interior trajectory Q(¢) with lim;_, . Q(t) = P €
int(A) (in the weak topology), then P € ANE,

Proof. If Q ¢ ANF then, asinthe proof of Theorem 4.2, there exist apure strategy
x € K, aweak neighborhood G of P and § > 0 such that

o(xz,R)>4§ foral ReG.

Thisimpliesthat, by continuity, that there exists an open set I containing z, with
P(I) +# 0 (because P isan interior point), such that

F(R)(I) = /I o(y, R) R(dy) > gp(z) fordl R € G.

Hence, sincefor somet, and ¢t > ¢y Q(t) € G,

Q) = QO)(I) + / F(Q())ds > Qo)1) + 2 (1~ to) P(1)
and Q(t)(I) diverges. This contradiction proves the theorem. 1

4.4 Asymptotically stable states of replicator dynamics and locally superior
strategies

One would like to prove, as in the finite case, that an evolutionary robust strat-
egy (that is, locally superior w.r.t. the weak topology) P is Lyapunov stable and
attracting in the weak topology (henceforth called weakly asymptotically stable).
The main difficulty here isthat the analogue of the Lyapunov function used in the
finite case, is not continuous in the weak topology. More precisely, the function®

Jen(§5)dP if P < Q

400 otherwise (1)

Vp(Q) = {

Vp(Q) = [y log(§5 dP) isthe Kullback-Leibler distance between P and Q.
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is not well behaved w.r.t. weak topology. Nevertheless, one can establish that this
map is well behaved along the trgjectories of the replicator dynamics (9). We use
the next lemmato establish this.

Lemma4.l. Let Q(-) solvethereplicator Eq. (9) with initial state Q(0). Then,
for every t > 0, Q(t) ~ Q(0) ® and

dQ(t) Sl o (Qs) ds
dQ(0)

Proof. See Bomze [3]. I
One & so has the following result:

Theorem 4.4.
(1) Vp(Q) > 0 with equality iff Q = P.

(2) fVp(Q(0)) < oo, then, for all 0 < t < oo, Vp(Q(t)) < oo and

SVB(@Q(0) = ~o(P.QU).

Proof. Clearly, Vp(P) = 0. Let S be the support of P. For Q # P,
Vp(Q) = — [4In(§2)dP

- fs(% -

1-Q(9)

0.

V

Y

To prove (i), let Vp(Q(0)) < co. For 0 < ¢ < oo, by the above lemma,

dP _ dQ(0)
n(3Gm) = In dQ(0)+1 dQ((t)

= dQ(O) fo ds.
This equality of functions holdsfor y € K a.e (Q(0)). Thisimplies that

w@@ﬁwﬂmm—Adﬂmmm

This gives the required result. ]

Because of the lack of continuity of this Lyapunov function, the stability result
for the continuous case has not been settled compl etely. Neverthel ess, we can prove
the stability in some special cases, as the next two theorems show.

%Q(t) ~ Q(0) meansthat Q(t) < Q(0) and Q(0) < Q(t).
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Theorem 4.5 (Oechssler & Riedel [9]). If u(x,y) = u(y,z), Vz,y € K (that
is, if thegameisdoubly symmetric), then an evol utionarily robust strategy isweakly
asymptotically stable.

Proof. Let P € A beanevolutionarily robust strategy, and G aweak neighborhood
of P such that

uw(P,Q) —u(Q,Q)>0 VQeG\{P}.

Consider the function

W(Q) = u(P, P) = u(Q, Q) = u(P, P) —u(Q, P) + u(P,Q) — u(Q, Q)

Therefore, W(Q) > 0 for al Q € G, with equality iff Q@ = P. In addition, W
isweakly continuous. Since the weak topology is compact, it is enough to prove
that, for every trgjectory Q(+) in G, the derivative of ¢ — W (Q(t)) is negative.

—HWQE) = Fu(Q1), Q)
= 2u(F(Q(t)), Q1))
= 2 [ uly, Q1))o(y, Q1)) Q(t)(dy)
= 2 [, *(y, Q1)) Q(t)(dy)
This aways positive, aslong as the trgjectory staysinside G and Q(0) # P. |

Theorem 4.6. Let P = ¢, bean ERS. Then P isastable state (in the weak topol -
ogy) of the replicator dynamics. Furthermore, Q(t) — P (in the weak topology)
ast — oo, whenever Q(0) isweakly near P and Q(0)({z}) > 0.

Proof. We have .
Q(t)(x) =o(z,Q()Q(t)(x),
and hence
Q(t)(z) = Q(0)(x)elo 7= Q=) ds

Now let P = 0, << Q(0), since Q(0)(x) > 0. If Q(0) is close to J,, then
o(z,Q(0)) > 0andhencet — Q(t)(x)isinitialy (strictly) increasing. Asaresult,
Q(t) becomes (weakly) closer to 6, than Q(0), and therefore o (=, Q(t)) > 0 for
alt.

Now, since Q(¢)(x) < 1, Vt, we must have

o(xz,Q(t)) -0 astToo.

Since A iscompact in theweak topology, any trgjectory ¢ — Q(¢) must havelimit
points. Any such limit point R (thishasto be near 4., by above arguments) satisfies
o(xz, R) = 0. Thiscan happen only if R = d,.. Thisimpliesthat if we start with a
Q(0) weakly closeto ¢,,, then Q(t) convergesweakly to 6, ast — oo. 1
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4.5 Stability of global evolutionarily robust strategies
We establish now a new result concerning global ERS.

Theorem4.7. LetP € A, Qp={Rc A : o(P,R)=0},andXp = {R €
A : o(P,R) > 0}. Let Q(-) be atrajectory of the replicator dynamics (9) with
Vp(Q(0)) < oo. If, in addition, Q(t) € Xp for all ¢t large enough, then, Qp
contains all the weak w-limit points of the trajectory Q(t).

Proof. Let ¢ty > 0 be such that
Q) € Sp Vt > to.
From the proof of Theorem 4.4, it follows that, for ¢ > ¢t

W@m%ﬂ@@w»—/daQ@m&

to

In particular,

/ZWQ@M4SW@%»<M

sup [
to

t>to

If, after time g, the trgjectory Q(+) liesin X p, then the map
t
[MWDh%/dR@mﬁ
to

is nondecreasing, and hence has to converge to afinite number, ast — oco. Since

s a(P,Q(s))
is Lipschitz continuous, it follows that

lim o(P,Q(s)) = 0.

S§—00
Now
R+~ o(P,R)
isweakly continuous, and hence, for any weak limit point @ of thetrajectory Q(-),
o(P,Q)=0.

1
The next result is an immediate consequence of Theorem 4.7, sincethen Qp =
{P}andXp = A:

Theorem 4.8. Let P € A beaglobal evolutionarily robust strategy. Let Q(-) be
atrajectory of thereplicator dynamics (9) with Vp(Q(0)) < co. Then, ast — oo,
the trajectory Q(t) converges weakly to P.



390 A. J. Shaiju and P. Bernhard

5 Examples

In any areaof mathematical research, theimportance of ampleanalytical examples
cannot be overemphasized. To the best of our knowledge, there is no nontrivial
(that is, non-Dirac) examples of evolutionary robust strategies, in the literature, at
least with acontinuousfitnessfunction «. We provide here, two such exampl es: one
is a convex combination of Diracs, and the other one has density w.r.t. Lebesgue
measure.

5.1 Example 1

Wetake K = [0,1]. Let X € (0,00), and u(x,y) = max{z — y, A(y — x)}. For

convenience, let a = 35, 8 = 115.°* Let d, and d, denote the Dirac measures

concentrated at the points {0} and {1}, respectively.
We claim the following.
Theorem 5.1. Thestrategy P = adg + (61 isglobally superior.

Proof. Therest of this subsection is devoted to the proof of that theorem.
Forany 0 <z <1,

u(z,0) ==z, and wu(z,1)=X\1-uzx).
Therefore, for P = adp + 861 and 0 < z < 1,
u(z, P) = au(zx,0)+ Bu(x,1)
= ar+ GA1—2)
= a.

Thisimpliesthat P € ANE and BR(P) = A; that is, all strategies gain the same
fitness « against P. Our aim isto show that

o(P,R) =u(P,R) —u(R,R) >0 VRe A\{P}. (12)

Sinceforeach 0 <y < 1, themap = — u(x,y) is convex, it follows that, for
every R € A, themap z — u(z, R) isaso convex. As aresult, the function

[0,1] 2  — u(z, R)

attains its maximum at either z =0 or z = 1.
We denote R({z}) by R(x). We also denote the “ average value” of R as

Uﬂ:iéumew'

Noticethat it would be equivalent to start with two positive numbers o and 8 = 1 — a and
to set u(z, y) = max{a(y — ), 8(z —y)}.
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For0 <z <1,
w(0,2) = Az, and wu(l,z)=1-—u2a.

This gives
u(0,R) = A[R], ad wu(l,R)=1-[R].

For thisreason, u(0, R) = u(1, R) (resp. u(0, R) < u(1, R), uw(0, R) > u(1, R))
iff [R] = 5 (resp. [R] < 3, [R] > ).
Itisalso true that

[R] <1—R(0), VReA,
with equality iff R(0) + R(1) = 1.
We prove (12) by considering several cases.
Case 1. R(0) > a.

Inthiscase, « < 1 — [R], and so (0, R) < u(1l, R). Because of this, u(-, R)
attains maximum at z = 1. Now

w(R,R) = R(0)u(0,R) + [ u(z, R) R(dx)
R(0)u(0, R) + (1 = R(0))u(1, R)
au(0, R) + Bu(1, R)

u(P, R).

VANRRVAN

Case2: R(0) = a.
For R # P, we must have R((0,1)) > 0, and hence R(1) < 3. Furthermore,
[R] < (. Therefore, u(0, R) < u(1, R). The convexity of u(-, R) now yields, for
0<z <1,

u(z,R) < (1—2)u(0,R) + 2zu(l, R)

< u(1,R).

Thisimplies that

u(R, R) R(0)u(0,R) + f(o,l] u(z, R) R(dx)
R(0)u(0,R) + (1 — R(0))u(1, R)
au(0, R) + Bu(1, R)

u(P, R).

A

Case3: R(0) < awand R(1) > .
Inthiscase, [R] > (. Hence, u(0, R) > wu(1, R), and so u(-, R) attains maximum
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at xz = 0. Now
u(R,R) = R(1)u(1,R) —l—f[o 1y u(z, R) R(dx)
< R(1)u(l,R)+ (1 — R(1))u(0, R)
= u(l,R)+ (1 — R(1))[u(0,R) — u(1, R)]
< u(1,R) + afu(0, R) — u(1, R)]

I
=
~
=2

Case4: R(0) < aand R(1) = 3.
Inthiscase, R((0,1)) > 0and [R] > §. Thisyieldsu(0, R) > u(1,R)andz =0
isthe maximizer of u(-, R). Now, asin Case 2, u(z, R) < u(0, R) for0 < z < 1,
and

w(R,R) = R(1)u(1,R) —|—f[071)u(x,R) R(dx)
R(Du(L, R) + (1 = B(1))u(0, R)
au(0, R) + Bu(1, R)

u(P, R).

A

Case5: R(0) < awand R(1) < .
Define the numbers zy = o (R), 1 = z1(R) as

zo = inf{z € [0,1] : R([0,z]) > a},
v1 = supf € [0,1] : R, 1]) > 6.

Clearly, zop > 0 and z; < 1. Furthermore, R([0, zo]) > o and R([z1,1]) > S.
However, we have more. More precisely, x¢ < x. To seethis, let g > z1. Now
forxg > x > x1,
R([0,2]) <« and R([0,z)) > «.
Thisisacontradiction. Thus, 0 < zg < x1 < 1.
We first consider the case zy < x;. In this case, we must have
R([0,21]) =« and R([z1,1]) =B,

and hence, R((xo,x1)) = 0.
We now define

a:= /[0@0} rR(dz) and b:= / (1 —2) R(dx).

[11)1]
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Note that a and b cannot vanish at the same time (¢ = b = 0 would imply that
1= R(0)+ R(1) < a+ 8 = 1, acontradiction). Moreover, for z € (xq,z1), we
have

wx, R) = [, @ —y) Rdy) + [, Ay —2) R(dy)
= Jiowa (@ = ¥) R(dy) + A [, y[(1 —2) = (1 —y)] R(dy)
= zR([0,x0]) + A(1 —z)R ([xl,l])—a—)\b
= ar+A(1—2)—a—Xb
= a—a—Ab.

R(
R(

In particular,
u(zo, R) = u(z1, R) = o — a — Ab.

Similar calculations also yield
uw(0,R)=a+Xa— X, u(l,R)=a—a+b.

We now use the convexity of «(-, R) to get

» u(0, R) — 2=[u(0, R) —u(wo, R)] 3 0<z <o
@R <9 m) - 12 [u(1, R) — (w1, B)] ; o <o < 1.
Integrating (-, R) w.r.t. the probability measure R, using the above calculations,
yield
u(R,R) < au(0,R)+ Bu(l,R) — f[ u(0, R) — u(xo, R)]—
17“ [u(1, R) — u(z1, R)]
= u(P,R) — (1 + >\) — =1+ b
= u(P,R)— (1 +)\)[ +
< u(P,R).

1— 5131]

Finaly, when zg = z1, welet rg := R(xzg), and let v € [0, 1] such that
R([0,z0)) = a—~rg, and R((x1,1]) =5 —(1—7)ro.
Define now

a:/ x R(dx)+zoyro, and b:/ (1—2) R(dz)+(1—x0)(1—7)ro.
[0 CL“()) (CE() 1]

Now we can proceed as above to compl ete the proof. O
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5.2 Example 2
Let again K = [0, 1] and P, the Lebesgue measureon [0,1]. Forn = 1,2,.. ., let
fn(x) := cos(nmzx).

Let a, > 0 foral n, and > 77
(g9, P) = 0. Define

a, < oo, g be any continuous function with

n=1

u(@,y) == g(y) = Y anfu(@) fu(y)

We claim the following.
Theorem 5.2. The Lebesgue measure P isa globally superior strategy.

Proof. Therest of this subsection is devoted to the proof of that theorem.
Clearly, (f, P) = 0foral n,and sou(P, R) = (g, R) for every R € A. Now

u(R,R) = Xhum

This gives

(PR*URR Zan| fn;

n=1

Thisis obviously nonnegative, and vanishes iff

(fn,R)=0=(fn,P) Vn=1,2,....

This can happen iff
(f;R) = (f,P)

for all continuous functions f on [0, 1] (because any continuous function can
be approximated pointwise by a finite linear combination of f,,’s). Therefore,
R=P. O
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Abstract
Multi-person stopping games with a finite and infinite horizon, players
priorities, and observed rewards at jump times of a Poisson process are con-
sidered. The existence of a Nash equilibrium is proved and its explicit formis
obtained for special classes of reward sequences. Our gameisageneralization
of the Elfving stopping time problem to the case of many players and modifi-
cation of multi-person stopping games with priorities.
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1 Introduction

Suppose that there are m companiesthat are searching for aproject torealize. The
companies are ordered according to the quality of their products; the ordering is
referred to as priority so that 1 refersto the best company and m to theworst. Each
company wishes to accept one project, which gives the highest possible reward.
On the market one observes a sequence of projects with values X,, = Y, r(7,),
n =1,2,3,..., which appear at times r,, of jJumps of a Poisson process and » isa
discount function. The value X, isinterpreted as a company’s reward.

We will formulate the problem as an m-person stopping game with priorities
in which random offers are presented at jump times of a homogeneous Poisson
process. An optimal selection strategy is, by definition, a Nash equilibrium point
of the game.

Another application of the game concerns business lines. Let us assume that
there are m playersand each of them has one businessline which transfers money.
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Thebusinesslinesare ordered according to their quality. Aspreviously mentioned,
we can associate a priority with each line. On the market there are customers who
want to transfer money. The customers appear sequentially at times 7,,. The n-th
customer who transfersthevalue Y, at 7,, yieldsthereward Y,,r(7,,) to the player.
Each player wishes to transfer as much money as possible but is allowed to make
only one transfer of money.

The gameisageneralization, to the case of several players, of the optimal stop-
ping time problem formulated and solved first by Elfving [3], later considered
also by Siegmund [14]. Stadje [15] considered the optimal multi-stopping time
problem in the Elfving setting, in which the final reward is the sum of selected
discounted random variables. Enns and Ferenstein [4] investigated the two-person
nonzero-sum stopping game with priorities such that the rewards are observed at
jump times of a Poisson process. The player who selects, in asequential way with
priority constraints, arandom variable which islarger than the one selected by his
opponent wins 1, otherwise 0. So the aim of each player is to maximize the prob-
ability of selecting the larger random variable. Priority means that if both players
decide to select the observation just presented, the player with the higher priority
gets it. Saario and Sakaguchi [10] considered multi-stopping best choice games
with offers observed also at times of successive jJumps of a Poisson process and
with priority constraints. The players’ final rewards were maximaof their selected
offers. Porosi hski and Szajowski [9] considered atwo-person best choicefull infor-
mation problem with imperfect observations in a similar continuous time setting.
Kurano, Nakagami and Yasuda [8] also considered a game variant of a stopping
problem for jump processes. General models of multi-person discrete-time games
with priorities were analyzed in Ferenstein [6], [ 7], Enns and Ferenstein [5], and
Sakaguchi [13]. Dixon [2] considered three kinds of games with Poisson streams
of offers consisting of independent and identically distributed random variables
having the uniform distribution on [0, 1]. The games had different reward struc-
tures. A sequential game with player’s random priority played over two Poisson
streams was investigated by Sakaguchi [11]. He obtained simultaneous differen-
tial equations for the equilibrium values of the game. Another kind of two-person
game with a Poisson stream of offersis presented in Sakaguchi [12]. In that game
the players have equal weights, that is, if both players want to accept the same
reward, alottery is used to ensure that each player can get it with probability %

In this paper we formulate the game model, and obtain results on existence of a
Nash equilibria and Bellmann eguations.

2 One-person game—the Elfving problem

In this section we recall the Elfving stopping time problem. The basic assump-
tions and notations follow those of Chow et al. [1]. Let (2, F, P) denote a basic
probability space on which al random objects are considered. Let Y7,Y5, ... be
independent, nonnegative random variables with common piecewise continuous
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distribution function F'andmean 1 € (0,00).Let0 < 71 < 12 < ...bejumptimes
of a homogeneous Poisson process N (t),t > 0, with intensity A = 1 and 7y = 0.

Therandom variables Y7, Y, ... areinterpreted as the rewards observed succes-
sively by one player at times 71, 7o, .... We assume that the sequences {Y,, }, {7 }
areindependent. Furthermore, we are given adiscount functionr : [0, co0) — [0, 1]
which is non-increasing, continuous from the right, and »(0) = 1, »(U) = 0,
where U isfinite or infinite, and

/OOO r(u)du < co.

X,, = Y,r(r,) isthereward for the player who accepts Y, at time 7,, onthebasis
of observations Yy, ..., Y,,, 11, ..., 7. Hence, F,, :== o(Y1, ..., Y,, 11, ..., 7n) iSthe
o-field of the observed eventstill time,,. Let A denote the set of discrete stopping
(selection) rules with respect to {F,, }; that meanso € A iff {oc = n} € F,. Let
usrecall that an optimal stopping rules € A maximizesthe player's mean reward
in A, thatis,
sup E[X,] = E[X5].
oEA
Putting Z,, = (Y,,, 7,), we see that we are in a homogeneous Markov case.
Let V1,1(u) be the optimal mean reward for stopping the sequence {Y,,r(u +
7o)}, u € [0,U). Let us set

y11(u) = r(u) if 0<u<U. @

If w> U, theny; 1(u) = 0. Let us define the stopping rules
o1 =inf{n>1:Y, > y11(m)},

o1(u)=inf{n>1:Y, >y 1(u+m7,)}

Note that o4 = 01(0) = & isthe optimal stopping rule for the reward sequence
{X,}. Set
Gly) =1-F(y), @)

1) - [ T yary), @3

J1u(v) = P74, () > ).
Elfving obtained the formula (see Chow [1], pp. 114-115)
u+v

fral) =exp [~ [ Glunal))av]. @

u
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Hence, one derives the optimal mean reward:

U v

Y11 (w)r(u) = Vi1 (u) :/ r(v)H (y11(v)) exp [—/ G(y1.1(v'))dv' | dv.

u u

©)
Differentiating both sides of (5) with respect to v we obtain
%[T(u)yl,l(u)} = —r(w)[H(y1,1(u) = y1,1(w)G(y1,1(u))]. (6)

The theorem below answers the question how to find the optimal mean reward
and optimal stopping rule.

Theorem 2.1. (i) A piecewise continuous function g(-) satisfies (5) if and only
if g(-) satisfies (6) and r(u)g(u) = 0asu — U.

(1) If g(-) satisfies (5) on [0,U) and g(-) = 0 on [U, o), then g(-) = y1.1(-) In
(1), that is, it determines V7 1 (-) and

oy =inf{n>1:Y, >g(m)}.
Proof. See Chow [1], pp. 115-117. O

Remark 2.1. 1} 1(0) istheoptimal meanrewardand 7, (o) isthetime of optimal
selection for the player.

Remark 2.2. Note that
Vii(u) = B(R} (),
where R}f1 () is the reward corresponding to the stopping rule oq (u):

Rtln () = Ygl (u)r(u + Tal(u))-

3 Model of the m-person game

In this section we present a generalization of the Elfving stopping time problem
to the case of a multi-person, multi-stopping game. Suppose that thereare m > 1
ordered players who sequentially observe rewards Y,, at timesr,,, n = 1,2, ....
Players' indices 1,2, ..., m correspond to their ordering (ranking) called priority
sothat 1 refersto the player with the highest priority and m to thelowest one. Each
player is allowed to obtain one reward at time of its appearance on the basis of the
past and current observations and taking into account the players’ priorities. More
precisely, Player 7, say, who has just decided to make a selection at 7,, gets the
rewardY,,r(7,,) if and only if he has not obtained any reward before and thereisno
player with higher priority (lower order) who has also decided to take the current
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reward. As soon as the player gets the reward he quits the game. The remaining
players select rewards in the same manner, their priorities remain as previously.

Now wewill definethegamein anormal form. Asbefore, A isthe set of stopping
ruleswith respect to {F,, }. Let S; denote Player i's strategy set, i = 1, ..., m. We
define s; = (si,s%,...,8,) € S; if 53— eNj=1,...,mands] <s)<..<st
as. To define the players' rewards under the game strategy s = (s1, 2, ..., Sm) €
S1 X S x ... x S, we will need more notation. Let oy = min{s}, ..., s7*}
determinethefirst selection at time 7,,, . Thereward X, isobtained by Player L,
where Ly = min{j : s] = 01,5 € {1, ..., m}}, because of the assumed priorities.
The second selection is made at 7,,,, where o5 = min{sg : j # L1}, by Player
Lo, Ly = min{j : s}, = 09,j # L1}. Similarly, we define the k-th selection,
2 < k<m.letog, = min{si :j # L1,La,...,Lg_1}, Ly = min{j : si =
0k, j # L1, La, ..., Liy_1}. Attime7,, Player L, obtainsthe reward X, . Under
the game strategy s = (s1, ..., $m ), thereward for Player j, j = 1,...,m, is

Ri(s) = XoI(Ly = j),
k=1
and the mean reward is V7 (s) = E(R(s)), where I(A) is the indicator function
of theevent A. Let usrecall that the game strategy s = (51, o, ...8,) € H;”:l S
isaNash equilibrium strategy if for any strategy s = (s1, 52, ..., 5m) € [[j=; 5;
we have
VI(3) > Vi3 s), for j=1,2,...,m.

Using the results of Stadje [15] on existence of optimal & stopping rules in the
Poisson arrival setting and the results of Ferenstein [6], [ 7] on existence of aNash
equilibriumfor stopping gameswith prioritiesin thediscretetime casewe conclude
that there existsaNash equilibrium strategy of thegame (S x ... X Sy, Vi, ..., Vin).
In the next section we describe the optimal behavior of the players corresponding
to a Nash equilibrium.

From now on we will denote by o, 1 (1), 75, , (u)» @ Vi, 1. (u), respectively,
theoptimal stopping rule, thetime of the optimal stopping sel ection and the optimal
mean reward of the player with priority & in the case where there are m playersin
the gamewhich startsat timeu, v > 0. For m = k = 1 wehave oy 1 (u) = o1(u).

3.1 Optimal mean reward for player with the lowest priority

Let V. (u) be the optimal mean reward for the player with the lowest priority,
wherem = 2, 3, .... Let us note that

Vl,l(u) 2 ‘/Q’Q(U) Z Z me(u) (7)

Let us define the rule of the first stopping by one of the players in the m-person
game:

U7rz,(u) = lnf{n >1: Yn"’(u + Tn) > Vm,m(u + Tn)}a u >0,
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which may be rewritten as

om(u) = inf {n >1:Y, > Ymm(u —|—7'n)},

where we have set

Y (1) = Tu)“ it 0<u<U. ®)

o1(u) > oo(u) > ... > op(u). 9)
The inequalities (7) can be rewritten as follows:

y1.1(uw) > yao(u) > o > ymom(w), (10

where
Vii(u)

r(u)

Let oy, m (u) betheoptimal stopping rulefor Player m. If o, (w) isnot optimal for
Players1,...,m — 1 (itisnot profitable for Players1,...,m — 1 tostopat 7, (u)),
then o, m (1) = o, (u). On the other hand, if it is profitable for one of Players
1,...,m — 1 to stop, then Player m cannot stop and he will have the lowest priority
inthe m — 1-person game starting at 7, (,,) (his optimal stopping rule is greater
than o, (u)). Hence, his optimal selection is made according to the stopping rule

Om

for i=1,2,...,m.

oo 1 m—1(u). Therefore, his optimal stopping ruleis asfollows:
| om (u) if om_1(u) > om(u)

Jm’m(U) B { Ufr{'il,m—l(u) if Um—l(u) = Um(u)- (1)
Thestoppingruleo; ™ ; . (u) will befound by recursion. Thefollowing notation
will be convenient:

ol(u) =inf{n >t: YVyr(u+7,) > Viilu+71)}. (12

ol(u) isthe optima rule of the first selection after timet, ¢ > 0, in the i-person
game. Let

A?r:(u) = om(u),
Al (u) = inf{n > A" (u) - Yor(u+ 7)) > Vi (u + 7)1,

fork=m—1,...,1. Wewill omit u in A}*(u) to simplify the notation. Note that

A1 = o (u).
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L et us denote additionally

Az
)

(u)

AT
o 1,21 (u)

a;én (u) =

which can be rewritten as follows:

AT Az
o35 (u) = A
U1j (u)

m

405

Am

if 0143 (u) > 057 (u)

it o (u) = 03" (u),
it o (u) > 02 (u)
if af? (u) = 054? (u).

Let usdefine by recursion for k = 2,3, ...

,m — 1 the stopping rules

- or ) i o (w) > o (u)
Ak+1 _
Jk’k (U) o AT A™ AT
oty e (W) 0 0 B () = 03" (u),
which may be rewritten as
» Ay it o (u) > o+ (u)
k+1 _
Uk’k (u) - A™ A™ A™
o1k (w) i o (u) = 0" (u).

The above procedure allows us to determine o7

m—1m—1

(u). Let us note that

Om—1(u) = om(u) iff Yam(u)r(u + Tam(u)) > VM—l,M—l(u + Tam(u))’

Om—1(w) > om(u) iff Y, yr(u+ 7o, ) < Vimotm—1(u+ 7o, )

We set
Jmau() = P74, () > v).
Considerations similar to those in Elfving [3] yields

fmu(v) =exp { - /

u

u+v

G(ym,m(v’))dv’} . (13)

Now we will derive the equation for the optima mean reward of Player m,

Vi () = E(R™

Om,m (u) ) ’

where R, is the reward of Player m under the optimal stopping rule
Om.m(u), that is,

m _ ng(u)’l”(u 4+ chm(u)) if O'm_l(u) > am(u)
Tmm (1) Vm—l,m—l(u + Tam(u)) if Um—l(u) = Um(u)-
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We have

mez(u) =F [ng(u)r(u + Tam(u))H(Yam(u) < ym—l,m—l(u + thm(u)))
+Vm71m771(u + Tam(u))H(Yam(u) > ymfl,mfl(u + Tam(u)>):|

—F|E [Y(,m(“)r(u + T (I (Yor, (0) < Ym—1,m-1(U + To ()

+Vm—1,m—1(U+Tom(u))H(Y0m(u) > ym—l,m—l(U+T0m(u)))|7_0'm(u)’ O—m(u)i|‘| .

Let us note that the conditional distribution of Y, .,y given 7, (.), om(u) isthe
same as the conditional distribution of Y given {Y" > v, 1 (v + 75, (u)) }, Where
Y, 75, () @reindependent and Y hasthedistribution function /. Hence, using (10)
we have

U—up(u+uv) [Imtm () ydF(y)
Vi (1) = / ) (=1 (v))dv
0

- G (Ym,m(u+v))

+ /Uu Vm—l,nL—l(u + U) fym—l,m—l(u“rv)vym,m(u“rv) dF(y) (—f/ (’U))dq}
0 G(ym,m (U + ’U)) e .

Set

o

Eppm(u,0) = exp [7/ G (Ym,m (v"))dv'|.

u

Using the formula (13) we have

U—u ym—l,mfl(u‘i"“)
V() = [ vt [ YAF(9) By (o1, + )
0 Ym,m (U+U)

U—u o)
[ Vet | AF () B (1, 0+ 0)do
0

Ym—1,m—1(utv)

Now a change of variable gives

U
Vi) = [ 1O E W (0)) = H 101 (0D (1,9)d5

U
+ / Vit 1 (D)L = F (Y11 ()] B (w, 0)d6. (14)

Differentiating (14) with respect to « and using (8) we obtain the following equa-

tion: d d
%me@(u) = % [T(U)ym,m(u)}
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= () (G ()Y (0) = H G () + H (Y11 (w))

- mfl,mfl(u)[l - F(ymfl,mfl(u))]y (15)
where0 < u < U.

Remark 3.1. Equation (15) isafirst-order non-linear differential equationwhich
can be solved numerically with the condition

r(u)ym,m(u) —0 a u—U

Remark 3.2.  0,,,,(0) is the optima stopping rule for Player m, 7, () is
the time of his optimal selection and V,,, ,,,(0) is his optimal mean reward, where
m =23, ..

AsintheElfving problem, we get the sol ution of equation (14) from (15) because
of the following theorem.

Theorem 3.1.  (7) A piecewise continuous function g(-) satisfies (14) if and only
if (-) satisfies (15) and r(u)y(u) - 0 asu — U.

(i) If () satisfies (14) on [0, U) and () = 0 on [U, 00), then §(-) = Ym.m ()
in (8), that is, it determines V,,, ., (-) and

om(0) =inf{n >1:Y, > g(m)}.
3.2 Optimal mean rewards of remaining players

We will show that o,,, 1, (u) = ok 1 (u) for each m, where k isthe player’s priority
(k-th rank, where 1 refers to the highest priority), £ = 1,2,...,m — 1. Asa
consequence, we will have V,,, ,(u) = Vi x(u). The mean reward V,, ., (u) is
found separately.

We will show by induction with respect to m, m = 2,3, ..., that oy, x(u) =
O’hk(u) and mek(u) = th(u) fork = 1, e, — 1.

The statements of the theorems below areintuitively clear. Player k’sdecisionis
not influenced by decisions of playerswith lower priorities. In the case of discrete
time and finite horizon and general reward structures these theorems were proved
in Enns and Ferenstein [5]. Sakaguchi [13] considered a game version of the no-
information best-choice problem, with players’ priorities and discrete observation
time. The theorems below generalize the results of Enns and Ferenstein [5] and
Sakaguchi [13] to the case of Poisson-arriving offers and a random number of
offers, which is a consequence of introducing of a discount function.

The proofs of the following theorems appear in the Appendix.

Theorem 3.2. The optimal stopping rule for Player 1 in the m-person game
starting at . > 0, m = 2,3, ..., is the optimal stopping rule of the one-player
game, that is,

Yu >0 om1(u) =o1(u).
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Theorem 3.3.  The optimal stopping rule for Player k, k = 2,3,...,m — 1,in
the m-person game starting at u > 0, m = 3,4, ..., isthe optimal stopping rule
of the player with the lowest priority in the £-person game:

Yu >0 omp(u) = ok k().

As aresult, the optimal mean reward of Player k, k = 1,2, ...,m — 1, inthe m-
person gameis
Vm,k(u) = E(Rk ) = E(Rk ) = Vk‘,k‘(u)7

T,k (0) o,k (u)

where Rﬁm.k(u) isthe reward of Player k,

Rk =Rk

Om. k() O,k (u)?
where
Rk _d Yowru+o,w) 1 o1(u) 2. = ok1k-1(u) > ok k(u)
o,k () Vet k-1 (U + Top ) 1T o1(u) > o > o1 p—1(u) = op g (u).

Remark 3.3. From Theorems 3.2 and 3.3 we can get by recursion the optimal
mean rewards for Player k, k = 1, ..., m — 1, in the m-person game.

Remark 3.4. o, (0) isthe optima stopping rule for Player k, 7, , (o) isthe

time of his optimal selection and V,,, 1 (0) is his optimal mean reward, where
k=1,2,....m.

4 Conclusion and example
4.1 Non-homogeneous Poisson process

Instead of the game with a homogeneous Poisson process we can consider the
model with anon-homogeneous Poisson processwith intensity function p(u). (See
Chow [1], pp. 113-114.) Itissufficient to apply the transformation of thetime scale

u
i= [ sty
0
whichisal — 1 map of the positive u-axisinto the finite or infinite interval

0<a<U-= / p(u)du'.
0
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4.2 Example

We will consider the three-person game. Let {Y; } bethe sequence of iid r.v’'swith
the exponential distribution with mean 1. Assume that »(v) = 1 for u € [0,U)
and 0 otherwise. Then, F(y) = 1 — exp(—y), G(y) = exp(—y), H(y) = (y +
1) exp(—y). The differential equation (6) becomes

dy1,1(v)

~gu = exp(—y1,1(u)). (16)

Solving Eq. (16) with the boundary condition y; 1 (U) = 0 we get Vi 1(u) =
y1.1(v) = In(14+U —u). Hence, the optimal meanrewardisV; 1 (0) = In(1+U).
Equation (15) with V; 1 (u) as above becomes

d 1

qubz2(w) = —exp(—y22(w) + -

Hence, using the boundary condition y2 »(U') = 0 we get

2+2U+U2—2u—2Uu+u2)

ye2(v) :ln( 21+ U —u)

and the optimal reward

2+2U + U2)
21+ 1)
Using Theorem 3.2 for m = 2 and u = 0 we get Va1 (0) = V1.1(0) = 41.1(0) =

In(1 + U). In asimilar way, we obtain V3 3(u). Note that y3 3(u) satisfies the
equation

d 20+U —w)

@%’S(u) = —exp(—ysau) + 242U 4+ U? —2u —2Uu + u?

with the boundary condition y5 3(U) = 0. Hence,

V2.2(0) = 42,2(0) = In (

y33(u) =
In —6u — 6Uu — 3U%u~+3u? +3Uu? —u +6+6U +3U2+ U3
32420 +U? —2u — 2Uu + u?) '

Therefore, the optimal mean reward for Player 3 is

6+6U+3U%+U3
V3,3(0) - y373(0) =1In ( 3(2 +2U + U2> )

Using Theorems 3.2 and 3.3 for m = 3 and v = 0, we get the optimal mean
rewards for Players 1 and 2, respectively:

V371(0) = V171(O) = ln(l =+ U),
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Optimal mean rewards
— — for Player 1

————— for Player 2

for Player 3

Figure 1: The optima mean rewards for the players in the three-person game.

‘/2572(0) = VQ’Q(O) =1In (

242U +U?
2(1+0U)

The graphs of the optimal mean rewards Vs ; (u) are displayed in Fig. 1.

5 Appendix

The proofs below use induction.

5.1 Proof of Theorem 3.2

Proof. 1. Letm = 2. Itiseasy to see that the player with the highest priority will
stop according to the rule o (u) (at time 7,,(,,) if o1 (u) = 02(u) and according
totherule oy (u) (attimer,ez ) if o1 (u) > o2 (u). Hence, hisoptimal stopping

ruleis (W) if o (u) (u)
oa(u I o1(u) = o2(u
o2,1(u) = { o7 (u) if oy(u) > oo(u). 17

Therefore, for each u > 0, we have oo 1 (u) = o1 (u).
2. Let m > 2 and assume that

Vu >0 om_11(u) =0m_21(u) =...=o011(u) =o1(u).
We will show o, 1 (u) = o1 (u). By the definition (12) we have
o7 (u) =o1(u) if o1(u) > opm(u).
From the induction assumption we have

ooy (u) = of™ (u). (18)
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Hence,
o1 (u) =07 (u) =01(u) if o1(u) > on(u), (19

where o7 | | (u) is the optimal stopping rule greater than o, (u) of the player
with the highest priority in the m — 1-person game. Let us note that two cases are
possible:

(i) o1(u) = om(u),

(i) o1(u) > o (u).
Incase(i), 0., (u), thefirst selection rule, coincides with the optimal selection rule
inthe one-player game; so it isclear that Player 1 makesthefirst selection. In case
(i), it isnot profitable for Player 1 to stop, so after the first selection according to
om(u) (ftertimer,, (,,)) wehavethem — 1-person game and Player 1 keepsthe
highest priority. Hence,

| om (u) if o1(u) =om(u)
om(u) = { opryq(u) if oy (u) > om(u).
Hence, using (19) we have ,, 1 (u) = o1 (u). O

5.2 Proof of Theorem 3.3

Proof. 1. Proof for m = 3. Wewill find the optimal strategy o3 o (u) of Player 2.
Three cases are possible:

(l) O'l(u) > O'z(u) = Jg(u),

(i) o1(u) = o2(u) = o3(u),
(i) o1(u) > oa(u) > oz(u).
In case (i), it is not profitable for Player 1 to stop according to the rule o3(u)
while for Players 2 and 3 it is profitable to stop, so Player 2 will stop according
to this rule. Hence, o3 2(u) = o3(u) in this situation. In case (ii), it is profitable
for each player to stop according to the rule o3(u), so when Player 1 quits the
game, Player 2 will be the most privileged player in the two-person game. Hence,
os.2(u) = 033 (u). In case (iii), it is profitable only for Player 3 to stop. Hence,
Player 2 will have the lowest priority in the two-person game after the selection
made by Player 3. Hence, 03 2(u) = 03%(u). Asaconsequence, we have

os(u) if or(u) > o2(u) = o3(u)
o32(u) = ¢ 053(u) if o1(u) =0o2(u) = 03(u)

o35(uw) if o(u) > o o
Using (18) we have

o72(u) if o1(u)

oo(u) if o1(u) > o2(u) = o3(u
03’2( ) = =0 g
o35(u) if o(u) > o o
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Applying the formula (11) for m = 2 we have

| oap(u) i o1(u) >o02(u) =0
032(u) = { agz(u) if o1(u) > o9(u) > oz(u).

Hence, 032 (u) = 0.2(u).
2. Let m > 3 and assume that

Vu>0 opmo1k(u) =0m_ok(u)=..=o0pr(u) for k=2,3,..,m—2.

3. Wewill show that the optimal strategy o, 1. («) of Player kiso,, ,(u) = oy i (w)
for k = 2,3,...,m — 1. Three cases are possible:

(i) o1(u) > ... > op—1(u) > op(u) = ... = op(u),
(i) o1(u) > ... > op—1(u) = op(u) = ... = opm(u),
(i) o1(u) > ... >0 > .. > 0i-1(u) > 0i(u) = ... = o (u)

forsome i=k+1,.. m.

In case (i), it is not profitable for Players 1,..., k — 1 to stop according to the rule
om(u). For Playersk,..., m it is profitable to stop, so Player k will stop according
to thisrule. Hence, o, i (u) = oy, (u) inthissituation. In case (ii), it is profitable
for each Player k& — 1, ..., m to stop according to o, (u), SO when one of Players
1,..., k — 1 quitsthe game, Player k will have priority £ — 1 inthe m — 1-person
game. Hence, 0., 1 (u) = afn";l,k_l(u). In case (iii), it is profitable for some
Player i to stop. Hence, Player k will have priority & inthem — 1-person game after
the selection made by Player i. Hence, o, 1 (u) = oy, ,.(u) inthissituation. As
a consequence, we have 7

O (1) if o1(u)>...>o0p_1(u) > op(u) =...=0opn(u)
o (11) = afn"il’k_l(u) if o1(u) > ...>0p_1(u) =0k(u) = ... = op(u)
TR ogm )i or(u) = > o (u) > oi(u) = o= o (u
forsome i =k+1,...,m.
In case (i), we have oy | | (u) = oy " ;. (u). From the induction assump-

tionVu > 0 0py—1,5(u) = oy, 1 (u) wehave oy | | (u) = o}7 (u). Additionaly,
we have

Om

opp(u) =opp(u) it op(u) > om(u).

Finally, we obtain

Hence,
or(u) if o1(u)>...>0p—1(u) > op(u) =... = op(u)
O e (u) = ot e (u) if or(u) > o> o1 (u) = ok (u) = ... = o (u)
m.k ok (u) if op(u) > ...>0i-1(u) > 0oi(u) = ... = om(u
forsome i =k+1,....m
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From the induction assumption Vu ¢, —1 -1 (u) = o—1,,—1(u) we get

Vu ‘77ni1,k71(u) = ‘71:51,1%1(”)

Hence,

ox(u) if o1(u)>...>0p—1(u) > op(u) =... = op(u)
oo (1) = UZELk_l(u) if o1(u)>...>0p_1(u) =0ok(u) = ... = op(u)
m.k ok (u) if op(u)>...>01(u) >0i(u) =...= om(u)

forsome i=k+1,...,m.

Using the definition (11) for m = k£ we obtain

opk(w) if or(u) > ... > op_1(u) > ok(u) = ... = o (u)
Omp(u) =< opr(u) if or(u) > ... >0i1(u) > 0i(u) = ... = oy (u)

forsome i=k-+1,..,m.

Therefore, oy, 1 (u) = op 1 (uw) for k =2,3,...,m — 1. O
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Abstract

This article considers a cooperative approach to 2-player stopping games.
It is assumed that the players cooperate in such a way as to maximise the sum
of their expected payoffs. Hence, the value of the game to a coalition of both
players is given by the optimal expected reward in an auxiliary problem, which
involves the double stopping of a Markov chain by an individual. The value
of the game is defined using a recursive procedure based on the form of the
subgames played at each moment. The concept of Shapley value is used to
define the value of a subgame. It is shown that, in games where one player
always has priority, the Shapley value of the cooperative game is simply the
unique Nash value of the game. In games involving random priority, players
must coordinate their actions and use side payments to achieve the Shapley
value. The side payments and coordination may be described in a preplay
agreement made between the players. Aspects of the dynamic rationality of
such agreements are considered using the concept of subgame consistency. An
example based on the job search problem is given.

Key words. Stopping game, cooperative game, Shapley value, subgame con-
sistency.

AMS Subject Classifications. Primary 91A25; Secondary 91A12, 91A50.

1 Introduction

The theory of stopping games was initiated by Dynkin [5], who considered a zero-
sum game in which two players observe a sequence of N objects whose values
X1, Xs,..., Xyarei.i.d. random variables. The n-th object is observed at moment
n(n=1,2,...,N).Itisassumed that V is finite. Each player may obtain at most
one object and an object can be accepted only at the moment of its appearance.
Dynkin assumed that one player could stop at odd moments and the other at even
moments. The class of pure stopping times is broad enough to define equilibria

P. Bernhard et al. (eds.), Advances in Dynamic Games and Their Applications, 415
Annals of the International Society of Dynamic Games 10, DOI: 10.1007/978-0-8176-4834-3_21,
© Birkhauser Boston, a part of Springer Science + Business Media, LLC 2009
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in such games. The theory of such games has been extended to models of non-
zero-sum games in which players simultaneously observe the sequence (see, e.g.,
Ohtsubo [11], Ferenstein [6]). When such models are considered, it is necessary to
resolve the problem of which player obtains an object when more than one wishes
to accept it. This led to discussion of the concept of the priority of a player (see
Fushimi [8] and Szajowski [18]).

In games with random priority there may be a multitude of equilibria and many
of these equilibria may lead to a specific criterion being satisfied. Szajowski [18]
presents examples of such equilibria in a 2-player stopping game where the cri-
terion for choosing an equilibrium is to equalise the payoffs of the players. The
set of pure stopping times is not rich enough to describe all the Nash equilibria in
stopping games. For this reason, Yasuda [19] introduced the notion of randomised
stopping times.

When communication is possible, but side payments are not, the concept of a
correlated equilibrium is a suitable concept to define a solution to a game. Cor-
related equilibria in matrix games were introduced by Aumann [2]. Ramsey and
Szajowski [15], [16] introduced the concept of correlated stopping times and cor-
related equilibria in 2-player stopping games. Players can use communication and
signals (for example, the result of a coin toss) to correlate their actions. Aumann [2]
showed that the set of Nash equilibria of a game is a subset of the set of correlated
equilibria. Hence, if the problem of selecting a Nash equilibrium exists, then the
problem of selecting a correlated equilibrium also exists. However, the concept of
correlated equilibria assumes that communication between the players is possible.
Thus, the problem of equilibrium selection can be solved by the players adopting
some criterion for choosing an equilibrium.

When side payments between players are possible, we should consider the game
as a cooperative game. A preplay agreement defining the actions to be taken and
the side payments to be made in each possible state will be called a cooperative
strategy. It is assumed that when the players form a coalition they maximise the
sum of their expected payoffs. It follows that this value is given by the solution of
a stopping problem in which the coalition may choose up to two objects from a
sequence. This will be called the auxiliary problem. The agreement is used to split
the payoffs obtained in a way that is seen to be fair by both players. The concept
of Shapley value will be used to define a "fair split". The preplay agreement is
used to assign each of the two objects taken to one the players. The payoff of an
individual is the value of the object obtained plus the side payment obtained from
the other player (or minus this payment if a player must pay the other player).

The concept of a cooperative game and the value of a cooperative game was
introduced by Shapley [17]. His initial concept of the value of such a game has been
extended by, e.g., assuming the players have different bargaining strengths and can
choose their level of commitment to a coalition (see, e.g., Amer and Carreras [1]).
Other concepts of solution have also been suggested, for example the Banzhaf
value [3] and the solidarity value introduced by Nowak and Radzik [10]. For
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applications of cooperative game theory to dynamic games see, Filar and Petrosjan
[7], Petrosjan etal. [13] (their approach is slightly different, since coalition forming
is considered as a dynamic process, in this article coalition forming is assumed to
constitute a preplay stage of a dynamic game), and Yeung and Petrosjan [20].
This paper is intended as a step in developing concepts of cooperative solutions
to stopping games. However, many of the concepts used can be applied to dynamic
games in general. One obvious need for future development is the application of
such ideas to multi-player games. The layout of the article is as follows. Section 2
outlines the model, describes some possible formulations of the game as a coop-
erative game, and derives the Shapley value. Section 3 is devoted to cooperative
strategies. Such strategies are defined by a preplay agreement between the players
which describes the actions to be taken in each possible state and the side pay-
ments made between the players. A cooperative strategy is derived which satisfies
the following two conditions:
1) When the players follow this cooperative strategy, the vector of their expected
payoffs is equal to the Shapley value.
2) A cooperative solution should be subgame consistent (see Yeung and Petros-
jan [21]). That is to say that: (a) given both players are still searching and n objects
are still to appear then any renegotiation would lead to the same cooperative strat-
egy being followed; and (b) there can be no possible subgame in which the expected
reward of either player at the cooperative solution is less than his/her expected
reward at the mixed equilibrium solution.
When a game is not specifically defined as a cooperative game, it is necessary
to define the characteristic function. In the case of matrix games, the payoff to a
coalition S is normally defined to be the minimax payoff of coalition S in the two-
player game in which the players are S and S¢ (where © denotes the complement of
a set). However, different definitions may be appropriate for different games (see,
e.g., Petrosjan and Zaccour [14]). Three approaches are suggested here. Section 4
presents an example based on the job search problem.

2 Formulation of a 2-player stopping game as a cooperative game
and its Shapley value

We consider the following 2-person stopping game. The players simultaneously
observe a sequence of objects of values X, X», ..., X defined on a probability
space (2, F, P) with state space (E, B). Define F; = o(X1, Xo,...,X;) to be
the o-field generated by the random variables X, Xo, ..., X;. It is assumed that
the distribution of X; is continuous. The i-th object appears at moment i. A player
can obtain at most one object and an object can be obtained only at the moment of
its appearance.

If only one player wishes to accept an object (denoted as the action s), then
that player obtains the object and stops observing the sequence. The remaining
player (who chooses action ¢) is free to continue observing the sequence. Suppose
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both players are still searching and both wish to accept the object appearing at
moment 4. A random lottery is used to assign this object to one of the players
and the other player continues observing the sequence. In this case, it is assumed
that Player 1 obtains the object with probability «;, 0 < «; < 1. We will refer to
«; as the priority of Player 1 at moment i. Let (81, 02, ...,...,8n) be a vector
of independent random variables from the uniform distribution on [0, 1], which is
independent of (X, Xo, ..., Xx). This vector defines the result of any necessary
random lottery, i.e., when both players wish to accept an object, Player 1 obtains
itiff 4; < a.

Since utility is transferable, it may be assumed that X; is the utility of object ¢
to the players and that X is a finite, non-negative random variable. The payoff of
a player when he does not accept any object is defined to be 0.

We now define the auxiliary problem. In such a problem a lone player (who
may be understood as a coalition formed by both players) is allowed to sequen-
tially choose at most two objects from the sequence without recall. Suppose the
i-th object is the first to be accepted. The problem then reduces to a restricted prob-
lem in which one object may be accepted from a sequence of objects of values
Xiv1, Xita, ... X,. Since the payoff is given by the sum of the objects taken, the
player should simply maximise the expected value of the second object taken. It
follows that the value of the first object taken only influences the optimal strategy
through its effect on £, for j > 4. In particular, if the values of the objects are
independent, then the optimal strategy in this reduced problem does not depend
on the value of first object taken. Define u; ., to be the optimal expected payoff
when at most j objects can be accepted from n remaining objects. The optimality
equations are given by

U1 = Emax{Xn_n,uin}]; Usnt1 = Emax{Xy_pn+uin,u2,}], (1)

where expectations are taken with respect to Fx_,, 1. It should be noted that this
value function is Fn _,,_1-measurable. However, for notational ease this depen-
dency is not reflected in the notation used. This is true of all the value functions
considered. If the player has just one choice remaining, when rn objects are still to
appear, an object of value = should be accepted iff x > u, ,,. If the player has two
choices remaining, such an object should be accepted iff x > ug ,, — 1 5.

Since u; o = ug,0 = 0, these payoff functions can be calculated by recursion.
The expected value of the cooperative game to a coalition formed by the 2 players
with » moments remaining, is us ,. It is intuitively clear that us , < 2uy ,, (this
can be proven by induction).

Define the Shapley value of the game when n objects are yet to appear and neither
player has accepted an object to be (w1, w2 ). Let {v,(S; %) }s—{1},42}, 11,2}
be the characteristic function of the cooperative game derived from the subgame
played when an object of value x appears and n objects are yet to appear. Since a
coalition of both players maximises the sum of the payoffs to the players, we have

v, ({1,2}; ) = max{w1 », + W2 pn, T+ U1 p }. 2
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In order to define v, ({1}; «) and v,,({2}; x), it is assumed that if the two players
do not cooperate in the final » moments, then they play the mixed equilibrium in
the non-cooperative n-stage stopping problem. Let (z1 ,,, 22 ,,) be the value of the
game where n objects are yet to appear and neither player has accepted an object
at this mixed equilibrium. This value can be calculated recursively. The value of
the n + 1-stage stopping game at this mixed equilibrium is the expected value of
the following subgame played when an object of value x appears and n objects
are still to appear.

S C
S (O{N_n$ + (1 - aN—n)ul,na AN _nUln + (1 - (XN_”)JJ) (JI, ul,n)
& (Ul,vu I) (Zl,na Z2m,) '

This will be referred to as game G,, () (the matrix will also be referred to as
Gn(2)). 1t should be noted that when at least one of the players accepts an object,
the sum of the expected payoffs is always © + uy .

The mixed Nash equilibrium for this subgame is as follows (see Neumann et
al. [9]):
i) (s,s)whenz > uy,,.
if) Player ¢ plays s with probability p; ,,(x) when max{z1 ,,, 220} < & < uq p,
where

- T — Z2.n
an 4+ (1 — ay)ur,—22.n

T — Z1n

pl,n(x) ; pQ,n(:E) = (

L —an)z + antin—21n
i) (c,s)whenz, <z < 2.
iv) (s,c)when zy, <z < zo,.
V) (¢, c) when z < min{zy ,,, 22 }.
It can be shown by induction that ws ,, — w1 n < 2in < Ut p.

It should be noted that there are a multitude of non-cooperative solutions to such
a game. The concept of a mixed equilibrium is used since the mixed equilibrium
in symmetric games i.e., a; = 0.5, 7 = 1,2,..., N) is also symmetric. This is
desirable, since by adopting the Shapley value we assume that the players have the
same bargaining power.

Theorem 2.1. Let 7 denote a [N-stage stopping game of the form given in which
Player 1 always has priority. For any given realisation of the Markov process
{X;}N_,, the objects taken at a Nash equilibrium of the game % are the same as
the objects taken by an optimally behaving single player in the auxiliary problem.

Proof. Denote any non-cooperative value of this game when both players are
searching and n objects are yet to appear by (zi’fn, zgfn). Since Player 2 cannot
prevent Player 1 from obtaining any object he/she wishes, it follows that zﬁn =
u1 . The payoff matrix of the subgame played when neither player has yet accepted
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an object, n objects are yet to appear and the value of the present object is x is
given by:

S c
s ( (r,u1n)  (,u1m) )

c (U1n, @) (Ur,n,23E,)

This subgame will be referred to as H,,(z). It is assumed that if a player is indif-
ferent between accepting an object and rejecting it, then he/she accepts it. Given
this condition, (s, s) is the unique Nash equilibrium in this game when = > w ,,.
The unique Nash equilibrium is (¢, s) when zg"n < x < uj ,. The unique Nash
equilibrium is (c, ¢) when z < 23t .

If Player 1 has already accepted an object, then Player 2 accepts the next object of
value > u; ,,. In order to show that the same objects are taken at a Nash equilibrium
of this game as in the auxiliary problem, it suffices to show that z%"n = Uy p— Ul n.
It follows from this that both in the auxiliary problem and at a Nash equilibrium of
the game 7, the first object taken is the first object of value > z;%n and the second
object taken is the next object of value > w; ,,. In the game the first object chosen
is taken by Player 1, iff its value is > w; ,,, otherwise the first object chosen is
taken by Player 2.

When N = 1, itisobvious thatin both cases the only object is taken. Considering
the penultimate moment of the game, if the player in the auxiliary problem has not
yet made a choice, then the penultimate object should always be taken, i.e., ug 1 —
u1,1 = 0. In the game H Player 1 accepts this object iff zx_1 > E[Xn|Fn_1].
Otherwise, Player 2 should take this object, since Player 1 will take the final object.
It follows that 23, = 0.

In general, considering the actions of the players in the 2-player game

H _ H
Zan+1 = E[ulynHXN7n>u1,n +XN*nHz3{‘72<XN7n<u1,n +Zn,2HXN,,L<z:;‘Y2]7 (3)

where Uln+1 = E[XN*HHXN71L>U1,7L + ul,nHXan<u1,n]'
In the auxiliary problem,

U2,n+1 = E[(XN—n + ul,n)HXN—n>u2,n—u1m, + u277lHXN—n<u2m,—u1,n]'
It follows that:
U2,n+1 — Ul,n+1 = E[ulyn]IXN—'n,>u1,n + XN—nﬂuz,n—ulm,<XN—n<U1,n
+ (uQ,n_ u17”)]IXN—n<u2,n_u1.n]' (4)

From the form of Egs. (3) and (4), if 2%, = ugn — w1, then 2%, | = ug 1 —
U1 pp1- Since 23 = up 1 — uy 1, it follows by induction that 23, = ug,, — u1
for1 <n <N. 0O

A cooperative strategy must satisfy the following condition: if z > s »,—u; ,, =
z;fn, then at least one of the players must accept the object. When = > u, ,, the
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action s dominates the action ¢ for both of the players. Hence, we define
v({1}s2) =an_nr+(1-—an—n)uin; va({2}2) =an_purn+(1—an_n)z.
When max{z1 n,22.n} < & < uy,, then at the mixed equilibrium the players

randomise between their actions ¢ and s. Using the Bishop-Cannings theorem
(see [4]), the expected payoffs when they do not form a coalition are

vn({1};2) = [an—nt+ (1 — an—n)u1n|pen(z) + 2[1 — p2n(z)]
= ul,np2,n< ) + 21 n[ n(m }
vn({2}§x) = [aanul nt(1—an- n)ﬁ]pl n(x) + f[l — P n( )]

= unPLa(2) + 2an[l = prn(2)].

In both cases, the first (second) expression is the expected payoff when an individ-
ual plays s (c). At the mixed equilibrium these expected payoffs must be equal.

When z, ,, < z < z1 ,, at the mixed equilibrium the players play (c, s). Hence,
we define

vn({1}i2) = w1 vn({2h2) ==

Similarly, when z ,, < x < 23 ,,, We define

vp({1}2) =2, va({2}i2) = uip.

Suppose ug , — u1,, < & < min{zy ,, 22., }. In the cooperative game, one of the
players should accept the object. At the mixed equilibrium, (¢, ¢) is played. We
define

vn({1}2) = 2105 va({2}57) = 22,0

Inthe case x < ug ,, —u1 5, there isno conflict of interest. The players should reject
the object both in the cooperative and the non-cooperative versions of the game.
Hence, we assume that in this case when the players adopt a cooperative solution
their expected reward from future search is given by the vector (w1 »,, w2 ). This
is equivalent to assuming that

v({1h2) = win;  va({2};2) = wo .

The Shapley value of such a subgame is given by the vector (V1 ,,(x), Vo, (x)),
where

Un({la 2}7 37) + Un({l}v :E) B Un({z}a .’17)
2

vn({1, 25 2) + va({121;2) — va({1};2)
2

Vl’n(a:) =

V2n(x) =
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Hence,
QAN -—n® + (1 - aN—n)ul,n; T 2> Uy
xen(x) + ur pnkn(2), max{zi ,, 2200} < T < Uip,
_ UL,n, 22,n <z < Z1,n
Vin(z)= x, zip << Z2g
W, Uy — Ut < & < min{zqp, 22}
W1,n, T < U2,n — Ul,n
5)
an-—nZ+ (1 —an_n)uin, T>U1p
z[l = cp ()] + ur n[1 — kn(2)], max{z1 n, 220} < < U1p
_ x, Z2n <T<Zin
‘/Q,TL(ZE)_ ulﬂ“ Zl,n <1.<22,n7
%a U,y — Uty <& < min{zy p, 22}
W2 n, X <u2,n —Uln
(6)
where
en(z) = 1-(1- OéN—n)Pz,v;(x) + an—nP1,n(2)
bn(z) = F (1- Oéan)Pz,;(UC) — aN—nPLa(2)

The Shapley value of the n + 1-step stopping game is given by the expected
Shapley value of the cooperative version of the subgame defined above. Thus,
(W1 g1, Wont1) = EVin(z),Van(x)], where expectations are taken with
respect to Fn_,—1. Since Vi, (z) + Vo n(x) = v, ({1,2}; 2), Ve, it follows that
W11 + W2 g1 = Elmax{Xy_, + u1n, w1, + w2, }]. Itissimple to show
by induction that w ,, + w2, = u2 5 i.€., the sum of the payoffs to the players is
maximised).

Let {02 (S; ) }s={1},{2}.{1,2) denote the following formulation of the charac-
teristic function of the game G,, (). According to this formulation, v2 ({1}; =) and
v2({2};x) are given by the minimax payoffs of the players, except in the case
x < ug n,—u1,. INthis case, since there is no conflict, we assume that both players
continue and cooperate obtaining expected rewards of (w ,,, w2 ,,). Thus, we have

an—n®+ (1 — an_p)uin, T > U,
{1k = " S oSt
21, Uz — ULy ST < 21
W1,n, T < U2 n — Ul n
an—nUiy + (1 — an_p)z, T > Uiy,
({2he) = " oSt
Z22ny, U2np — Uln S T < Z22.n
W2 n, T < u2,n — Uln
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Since the coalition of both players maximises the sum of their payoffs, we have
v2({1,2};2) = v,({1,2};2). The Shapley value of the subgame G, (x) and of
the n-step stopping game, (w{ ,,, w3 ,) are calculated as before.

Let {v3(S; T)}s—113.{2}.{1,2} denote the following formulation of the charac-
teristic function of the game G,, (). According to this formulation, v3 ({1}; «) and
v3({2}; ) are given by the minimax payoffs of the players under the assumption
that players only carry out realistic threats. In this case, when max{z1 ., 22, } <
x < uy,p, both players threat to play ¢, which minimises the payoff of the other
player, is realistic. For example, given Player 1 carries out such a threat, the optimal
action of Player 2 is to play s, which leads to Player 1 obtaining his/her greatest
possible reward. However, if 2o ,, < x < 21 ,, then Player 2’s threat to play c is
unrealistic. If he/she carries out such a threat, Player 2 will play his dominant strat-
egy ¢, which leads to Player 2’s payoff being minimised. In this case, it is assumed
that Player 1’s realistic threat to play ¢ will lead to Player 2 playing s. Thus,

aN—nx+(1 - O‘N—n,)ul,ny TZ>Up

€z, max{zl,na ZQ,n}SI < ul,n

3 . _ Ul,ns 2on<T<2Zip
Un({l}v'r)_ x, Zl’n<x<227n

THUL nt21,n—22, :
= = = , U2p — Ul n SZIJ < mln{zl,n; Z2,n}

vn({2}i2)=

W1,n,

an—nT+(1 — an—n)u1n,
:'C7

m?

UL,ny

THUL nt22.n—21,n
2 )
W2 n,

T<U2p — Uln

SCZULn
max{z1,,, 225} <T < U p
2on<T<Zip

Z1n <zr< Z22.n '

U2.n — Uln Sx < mln{zl,ny ZQ,n}

T<U2p — Uln

The Shapley value of the subgame G, (x) and of the n-step stopping game,
(w},,, w3 ) are calculated as before.

Theorem 2.2. The Nash value of the game # is uniquely defined and equal to
the Shapley value defined in any of the three ways given above.

Proof. First note that (UL(),Ugy() — ul’()) = (’LUL(), 'lUQ_’()) = (0, 0) Assume that
(W1,n, wa,n) = (U1,n,u2, — u1,,). The characteristic form of the cooperative
game derived from the subgame #,, () according to any of the three definitions
given above is given by:

v,({1,2};2) = max{z+ uin,uzn}
vo({1};2) = max{z,uin}
Ul,n, T 2> Uiy
m({2}7) = T, Upp — Ul ST < ULy

U2 n — Ul n, T < U2,n — Uln-
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It follows that

x, €T Z Utn

Ui,n, T < Ul,n-

Vin(e) = {

Hence, Winp+1l = Ulntl- Since Win+l + W2 ntl = U2n+1, it follows that
W2 pt1 = U2 nt1 — Ut nt1. 1 he proof follows by induction. O

Now consider a game in which priority is assigned randomly. Suppose that
for some n in this game ua,, — w1, < win < uiy, for i € {1,2}. It
follows that v/t ({2};2) < v.({i};z) < vt({1};2), Va, i = 1,2, where
{v#(S;a:)}S:{l},{g}’{l)g} is the characteristic form of the cooperative game
derived from the matrix subgame #.,,(z). Hence, ug 41 — U1 np1 < Wi pt1 <
Uy py1. SINCE, w1 = wopo = Ui = ug,, it follows by induction that
Uz — Ul < Wiy < Uiy, fori € {1,2} and 0 < n < N. This is true for all
three of the formulations considered.

3 The form of a cooperative strategy

When a game is defined in strategic form it is not enough to define the Shapley
value of the game, one should also derive a cooperative strategy that achieves this
value. In this context, a cooperative strategy should be understood as an agreement
which describes any necessary side payments and the actions to be taken in any
given state. We wish to define cooperative strategies, which achieve the Shapley
value and are subgame consistent.

It should be noted that when = < s ,, —u1 5, the Shapley value of the subgame
G, (z) can only be achieved when both players reject an object. No side payments
are required in this case. It follows that to achieve the Shapley value, at most
one side payment is required and this side payment can be made when the first
object is accepted. Also, when = > w; ,,, the Shapley value is achieved when both
players play s (since s dominates ¢ in the case of both players, it is sensible to
assume that both players play s). Again, no side payments are required. When
U p — Ul < & < Uy, inorder for the Shapley value to be achieved one of the
players must accept the object. It is assumed that the agreement assigns the object
to one of the players. The side payments which may be used to achieve the Shapley
value according to the first formulation of the problem are described below:

1) max{z1n,22.n} < = < ui,. The object may be assigned to Player 1, who
receives a side payment of uy ,, k,, () — z[1 — ¢, (x)] from Player 2. Otherwise, the
object is assigned to Player 2, who receives a side payment of uq ,[1 — k()] —
xcy, (x) from Player 1.

2) z2, < x < z1,. The object is assigned to Player 2 and no side payment is
necessary.

3) z1.n, < & < z2,. The object is assigned to Player 1 and no side payment is
necessary.
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4) ugy —uyy < o < min{z p, 22, . SUppose the object is assigned to Player

2. He receives a side payoff of “1“2# from Player 1. If the object is

assigned to Player 1, he receives a side payoff of % from Player 2.

Such cooperative strategies can be defined for the other two formulations
of the Shapley value of the stopping game. For example, in both of these
formulations when max{z; ,22,} < = < wuy,, We have v,({1,2};2) =
T+ Ui, vn({1};2) = v,({2};2) = =. The object may be assigned to either
player and the player receiving the object obtains a side payment of 0.5(u1 , — )
from the other.

Remark 3.1. It is possible to define Shapley values for such stopping games in
other ways. However, there are certain characteristics that such a solution should
satisfy, namely:

1) The Shapley value of the game in which Player 1 always has priority must be
(u1 n,u2,n — u1,,), Since both players can ensure themselves these payoffs and
no gain can be made by cooperating.

2) w1, + wa, = ug, and for symmetric games wy ,, = wo p, n =1,2,..., N.
3) A cooperative solution should be subgame consistent. That is to say that:
(a) given both players are still searching and n objects are still to appear, then any
renegotiation would lead to the same strategy being followed; and (b) there can
be no subgame in which the expected reward of either player at the cooperative
solution is less than his/her expected reward at the mixed equilibrium solution.

The three solutions described above satisfy the first two conditions. It will now be
shown that only the first is always subgame consistent.

Theorem 3.1. The first cooperative strategy described above is subgame consis-
tent. Suppose N > 2 and 0 < «a; < 1. The second cooperative strategy is only
subgame consistent for symmetric gamesi.e., «; = 0.5,7 = 1,2,... N). The third
strategy is only subgame consistent when o; = 0.5 fori =1,2,... N — 1.

Proof. The fact that renegotiation at any stage leads to the same cooperative strat-
egy being followed results directly from the recursive definition of the cooperative
strategies. The fact that the first cooperative strategy is subgame consistent results
from the definition of v,,({1}; z) and v, ({2}; x).

Now we prove that the second cooperative strategy is not subgame consistent
in asymmetric games. Suppose zi,, # 22, for some n > 1. It follows from
this that the game is asymmetric. Without loss of generality we may assume that
Zin > Zam. Let 2o, < @ < 21 (< uy ). The expected payoffs of the players at
this cooperative solution are Z4.n < u1 . Since Player 1 obtains an expected
reward of u ,, when the mixed equilibrium is played, this strategy is not subgame
consistent.

It is simple to check that the conditions for subgame consistency are satisfied
for the third cooperative strategy as long as « ¢ [max{z1 ,,, 22,n }, u1,,]. SUPPOSE
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max{z1n, 220} < & < U1 ,. This interval has positive length for n > 1 (this is
the interval where at the mixed equilibrium the players randomise, randomisation
is never used at the final moment of the game if both players are still searching).
Using either of the second or the third cooperative strategies, the expected payoff of
both of the players is “% Considering Player 1’s payoff, a necessary condition
for consistency is

Uip T
2

This leads to

> [an—pnz+ (1 — Oéan)ul,n}pZn(x) + 1 —p2,n($)]-

(u1,n — @) [oN—n(t1n — )+ 2Lan_p, — 1)(x — 21,)] > 0.
Since u; , — 2 > 0, it follows that

an—n(u1n—2)+ 2oan—n —1)(z—21,) > 0
T — Z1in

aN_, > ———.
Ulp + 2 — 221,n

This inequality has to be satisfied for all x € (max{z1,,22.n},u1,,). Simple

differentiation of the right-hand side shows that this expression is maximised for

x € [max{z1 n, 22, }, U1,5], When z = uy ,,, and thus we have an_,, > 0.5.
Considering Player 2’s payoff, the other necessary condition for consistency is

Uip + X
2

This leads to:

> [aanul,n + (1 - aan)ir]pl,n(m) + 1’[1 - pl,n(x)]

(U1 —2)[(1 —an—p)uin — aN—nz — (1 —2an_p22,)] > 0.
Since uy , — 2 > 0, it follows that

(1 - OéN—n)ul,n — ON_nT — (1 - 2O[N—n22,n) Z 0
Uln — 22,0

aN—, < ——m=
Uy +T — 222,

This inequality has to be satisfied for all x € (max{z1,,22.n},u1.,). Simple
differentiation of the right-hand side shows that this expression is minimised for
x € [max{z1,n, 22}, U1,n), When z = v, ,,, and thus we have ay_,, < 0.5. It
follows that for subgame consistency of the third cooperative strategy «; = 0.5,
i =1,2,... N — 1. Since at any solution of such games both players accept the
final object if they are still searching, it follows that the second cooperative strategy
is subgame consistent for symmetric games. O

It may be possible to derive another formulation of the characteristic functions
of the subgames such that the solution is subgame consistent in the sense given
here. However, it seems that the first formulation given here would be more natural.
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4 Example

Suppose the values of the objects are i.i.d. random variables from the uniform
distribution on [0, 1]. The payoff to a player is the value of the object obtained (O if
no object is obtained) plus the value of the side payment obtained. It is assumed that
when both players wish to accept an object, then Player 1 obtains it with probability
«. Without loss of generality it may be assumed that o > % Let (wq,, w2, ) be
the value of the restricted game when both players are still searching, n objects
have yet to appear, and the time consistent cooperative strategy is played.

The optimal strategy of a lone searcher at moment » is to accept an object iff
the value of the object is greater than the threshold given by the expected reward
from future search, u, ,,. Hence,

1+ u%n

=, ™

Ul n+1 = E[InaX{XN—na ul,nH ==

where u; o = 0.

Suppose o = 0.5. From the symmetry of the game and the identity wy ,+w2 , =
Ug p, it follows that wy , = wa, = “g" = wy,. The same expected payoffs are
obtained at the other two cooperative solutions described. Equation (1) leads to:

U2,n—UL,n 1 1
u2,n+1:/ U2,nd$+/ (Ul,n +x)dx:u1,n+7(1+[u2,n_u1,n]2)-
0

U2 n— UL n 2

Suppose « > 0.5. In order to solve the cooperative game, we need first to derive
the value of the game at the mixed equilibrium. It can be shown by induction that
Z1,n > %2, It fOllows that:

Z2,n Z1,n Ul,n
21,n+1=/ 21 ndx +/ U pdr + {winpon(z) + 21 0 [1—pon(x)]} do
0 z

2,n Z1,n

+ /ul [az + (1 — )uq p]de.

1,n

Z2.n Z1,n Ul,n
zz,n+1=/ 29 pdx +/ xdx +/ {u1,np10(x) + 220 [1—p1,n(2)]} do
0 z

2,n Z1,n

1
+ / [aus , + (1 — a)x]de.

1,n
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Hence,

21+l = Z1,n22n + ul,n(l —o+ 2z, — ZQJL) - u%,n(l - 0/2) + Ot/2

(w1 — az10) (Ui —21.0) (U1 — 21.0)%alna

+ 11—« + (1-a)?
Z%n + Z%,n +1l—-—a- (1 + a)u%,n
29 p41 = — 5 + auy g,
[ul,n - (1 - Q)ZQ,TI,](Ul,n - Zl,n) _ (1—0[) (Ul,n - ZQ,n)
a a?

( Uln — 22,n )
n )
azy gy + (1 —a)uyy — 2zon

Now we can calculate the cooperative value of the game

U2 n—UL,n Z2,n —
W1 a1 :/ o Jr/ T+ U, +221,n Zam g
0 U2, n—UL,n
21,n
—|—/ Uy pdx
Zo.n
UL, 1
+ / [zen () + ur pnkn(x)|de + / [z + (1 — a)uy p]de.
Z1,n Ul,n
This leads to:
W1 1 = W1 n Uzn— Ut n]FU1n (21,0 — 22.0)
2 nZ2nFQUT =21 Uz nt 220U+
2
2 2 2
25 0 +us5 , +2
+U1,n(1706)* 2,n 24n 1,n
_ a(zl,n - ul,n)[(l - a)(ul,n - Zl,n) - (zl,n - ul,n) ln O[]
2(1 — a)?
(1—a)(z2.n—u1m)
202
Ul,n—22,n
_ + _ 1 5 > .
R L v v e

The values of w; ,, can be calculated by induction. The Shapley value for Player
2isgiven by wsy ,, = ug p — w1 p.

Table 1 gives values of these cooperative solutions for 1 < N < 10fora = 0.5
and o = 0.75.
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Table 1: Shapley values of games based on the job search problem. The values of the objects
are uniformly distributed on [0,1]

a=0.5 a=0.75
U2,n Wp, Z1,n 22.n W1,n W2, n,

0.5000 | 0.2500 | 0.3750 | 0.1250 | 0.3750 | 0.1250
1.0000 | 0.5000 | 0.5711 | 0.4195 | 0.5758 | 0.4242
1.1953 | 0.5977 | 0.6538 | 0.5363 | 0.6564 | 0.5389
1.3203 | 0.6602 | 0.7071 | 0.6096 | 0.7089 | 0.6114
1.4091 | 0.7046 | 0.7451 | 0.6612 | 0.7465 | 0.6626
1.4761 | 0.7380 | 0.7738 | 0.7000 | 0.7750 | 0.7011
1.5287 | 0.7643 | 0.7964 | 0.7303 | 0.7974 | 0.7313
15712 | 0.7856 | 0.8147 | 0.7547 | 0.8156 | 0.7556
1.6064 | 0.8032 | 0.8298 | 0.7750 | 0.8306 | 0.7757
1.6360 | 0.8180 | 0.8426 | 0.7920 | 0.8433 | 0.7927
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Abstract

Strategic gameswith apotential function have quite often equilibriain pure
strategies (Monderer and Shapley [4]). Thisisa sotruefor stochastic gamesbut
the existence of a potential function is mostly hard to prove. For some classes
of stochastic games with an additional structure, an equilibrium can be found
by solving one or afinite number of finite strategic games. We call these games
auxiliary games. In this paper, we investigate if we can derive the existence of
equilibriaiin pure stationary strategies from the fact that the auxiliary games
alow for a potential function. We will do this for zero-sum, two-person dis-
counted stochastic games and non-zero-sum discounted stochastic gameswith
additive reward functions and additive transitions (Raghavan et al. [8]) or with
separable rewards and state independent transitions (Parthasarathy et . [5]).

Key words. Stochastic games, strategic game with a potential function.

JEL-classification. C72, C73

1 Introduction

A potential game isa strategic game that allows a (potential) function on the set of
strategy profiles such that potential differencesunder aunilateral deviation arethe
same as the differences in payoff for the deviating player. Therefore, the potential
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function can be used by deviating players as aleading principle in the sense that a
profitable deviation increases the value of the potential function and, conversely, if
the potential value increases under unilateral deviation, the deviation is profitable
for the deviating player. This has two important consequences: an improvement
process (aseriesof profitableunilateral deviationsby variousplayers) cannot cycle
and a maximum of the potential function (if it exists) is automatically a Nash
equilibrium. (Monderer and Shapley [4]) For finite strategic games this means
that a potential game has a pure Nash equilibrium and every (neatly defined)
improvement process isfinite.

In the theory of stochastic games one finds several subclasses that can be solved
by considering and solving oneor more—what wewill call—finiteauxiliary strate-
gicgames. Thesolution of theauxiliary game(s) leadsto asol ution of the stochastic
game. Examples are the zero-sum games occurring in the Shapley equations for
zero-sum two-person stochastic games (Shapley [9],[10]), non-zero-sum stochas-
tic game with an ARAT-structure (Additive Rewards and Additive Transitions;
Raghavan et al. [8]) or a SER-SIT-structure (Separable Rewards and State Inde-
pendent Transitions; Parthasarathy et al. [5]).

In this paper, we propose to investigate these classes of stochastic games and to
see Whether the existence of pure stationary equilibria (saddle pointsin the zero-
sum case) can be derived from the existence of apotential function inthe auxiliary
game(s). The idea of using a pure stationary strategy is less problematic than the
use of mixed actions in some states of the stochastic game.

Section 2 introduces the fundamental conceptsin the theory of potential games
(subsection 2.1) and the theory of 3-discounted two-person stochastic games (sub-
section 2.2). Some of the results of the paper can be extended to n-person or
undiscounted stochastic games but the paper focusses on /3-discounted two-person
games.

Section 3 discusses the zero-sum case and shows that a zero-sum, 3-discounted,
two-person stochastic game has a saddle point if the auxiliary games occurring
in the Shapley equation (Shapley [4], have a potential function. Zero-sum ARAT
stochastic games have these property but they form only a subset aswe will show
by an example.

Section 4 deals with non-zero-sum stochastic games. We consider the class
of two-person stochastic games in which one player has additive rewards and
the other player controls the transitions. These games are proved to have pure
stationary equilibria. Another class we will investigate is formed by SER-SIT
games (Parthasarathy et al. [5]). Here we need an additional condition to find a
potential function in the auxiliary game introduced by Parthasarathy et al. By an
example we show that the (or at least an) additional condition is needed.
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2 The models and the tools

Subsection 2.1 containsthe basi ¢ definitionsin the theory of strategic gameswitha
potential function and subsection 2.2 recallsthe basic facts about stochastic games
(cf. the book of Filar and Vrieze[2] for acomprehensive study of the subject).

2.1 Strategic Games with a Potential Function

Potential games are introduced in Monderer and Shapley [4].
Ann-person strategicgame (A1, ..., A,, uq, . .., u,) with (finite) action space

A; and utility function u;: A = H A; — IR for each player i € N iscalled a

1=1
potential game if thereisapotential function F': A — IR suchthat, forali € N,
for all strategy profiles (a;);cny € A and every dternativeactionb; € A;, we have
’U,Z'(bi, a_i)ful-(a) = F(bl, a_l-)—F(a). Here,a_; = (al, e Qi1 Qg 1y e e an)
and (b,—,a,i) = (CL17 e Qi—1, bi, (¢ 77 A an)

Interesting properties of such a potential game are the existence of pure Nash
equilibria (each element of argmax (F) is a Nash equilibrium) and the so-called
finite improvement property: starting from any strategy profile aNash equilibrium
isreached after afinite number of unilateral improvements by various players.

In the next proposition we give two characterizations for two-person zero-sum
potential games. One characterization saysthat, for each 2 x 2-subgame, the sum
of the payoffsin the diagonal and the anti-diagonal are the same. The other char-
acterization says that the utility function for each player is the sum of a part only
dependent on the player’s own action, and a part only dependent on the action of
his opponent.

Lemma 2.1. Given a strategic zero-sumgame (A1, Ao, ug, ug) (ug +ug =
0) the following assertions are equivalent:
(i) (A1, Aa, up, us) isa potential game
(ii) (diagonal property) For all a,,b; € A; and az, bo € A5 we have
ul(al, Clg) + Ul(bl, bg) = U1 (Cll, bg) + ul(b1, Clg)
(iii) (separation property) There are functions g, : A1 — IRand go: Ay —
IR such that ul(al, ag) = gl(al) + gg(CLQ) for all (al, ag) € A; x A,.

Proof: (a) Monderer and Shapley ([4], Theorem 2.8) proved that (A, A, uq,
us) isapotential game if and only if, for al a;, b; € A;, we have:
(u1(a1,az) —ui(br,a2)) + (u2(br, az) — ua(by, b2))+
(’U,l(bl, b2) — ul(ah bz)) + (Ug(al, b2) — U/Q(a17 CLQ)) =0.
Substituting us = —uy givesthe equality
2u1(a1,a2) — 2u1(bl,a2) — 2u1(a1,b2) + 2’u1(b1,bg)) = 0. Thisis
assertion (ii).
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(b) We assume the diagonal property. Take two points of reference a € A,
and a§ € A, and define the functions g; and g2 by ¢1(a1): = ui(as,ad) and
g2(a2): =wuy(af,az) —ui(ag,a3). Then,

ui(ar, az) = (wi(ar,a2) — ui(ay,az)) + (ui(ag, az) — wi(ag,a3)) +
ui(af,a3) =
(u1(ay, az) + ui(ai, a3) — ui(ag, az)) + g2(az) = g1(a1) + g2(az)

because of property (ii).

(€) If uy isseparable, i.e., ui(a1,a2) = g1(a1) + g=(az) for certain functions
gi: A; — IR (i = 1,2), the diagonal property is easy to prove. <

Remark: For non-zero-sum strategic games the diagonal property and the sep-
arability property are not needed for the existence of a potential function, as the
bimatrix game with the following payoff matrices and potential function shows:

T ]

Neither of the two payoff matrices has the diagonal property or the separability
property.

For bimatrix gamesthe equivalence of thediagonal property and the separability
property remains true and these properties are till sufficient for the existence of a
potential function. Necessary isthat the difference of the payoff matrices satisfies
the diagonal property.

2.2 Stochastic games with pure Nash equilibria

A two-person stochastic game is determined by the following data:

e Thereisafinite set S of states. Elements of .S are denoted by s, ¢, . ..

e There aretwo players, | and 1.

e Ineach state s € S each of the players has afinite set of actions: A% and A2.

e There are two functions ! and 2 (the reward functions) defined on the set

T: ={(s,a',a?®):s € S,a' € Al anda® € A2}.

e Thereisamap p: T — A(S) (the set of probability vectors on S). We write
p(t|s,al,a?) for thet-th coordinate of p(s, a', a?). The map p givesthe Markov
transition probabilities.

e The gameis played in afinite or countable sequence of stages. In each stage
the players know what happened in the preceding stages and, in particular, the
present state s and choose independently actions o' and a? in their own action
spaces A and A2. Their action choice can be based on all information they have
at the moment they make their decision: the history of the game. An history has
the following form:

(s0,ag, a3, s1,ai,a3,...,ak 1,02 1, 8,).

The action choice results in an immediate reward to each of the players,

r*(s,a', a?) isthe reward to player k and the next stage the process isin state ¢
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with probability p(t|s,a',a?). The history (past states and past actions) of the
game is common knowledge between the players.

By playing the game each of the players obtains a payoff every period and a
stream of payoffs {r*(s,, al, a2)},cmn, results.

We assume that both players appreciate such aflow of rewards according to the
utility function Uk({rk(sn,al,a?) bnemw,): = Y onemn, B % (sn,ak,a?).

Here, 8 € (0, 1) isafixed discount factor. If there are only finitely many stages
(a stochastic game with finite horizon) the summation is taken over the finitely
many stages.

A stochastic gameis called zero-sumif ' + 72 = 0onT.

A mixed Markov component for player kisamap f*: S — |J, .5 A(A¥) with
the property f*(s) € A(A¥). So, aMarkov component of player k determines a
mixed actionin A* for each state s € .S and the action choiceis only dependent on
the present state, the last entry of ahistory. A pure Markov component determines
for every state s one admissible action. M C), denotes the set of pure Markov
components of player k. A Markov strategy consists of a sequence of Markov
components { f*},.cn,, one for each stage n. If f* isthe same for every stage,
the strategy is called a stationary (Markov) strategy. If f*(s) is a pure action for
every stagen and every state s, the (Markov or stationary) strategy iscalled apure
strategy. Wedenote Markov strategiesfor player & by f* andthe stationary strategy
with f* = f* for al n by (f*)>. If Markov strategies (or more general history
dependent strategies) f! and f2 are chosen, a stochastic process determines the
probabilities to be in stage s,, at time n (as afunction of the initia state sy) and
the stream of expected rewards {r*(s,., f1(sn), f2(5,)) }nem, for both players.
We define the payoff functions by:

VE Pse: = Y 87 (sn, fa(sa), fa(sn)) (k=1,2).
nelNg
for al initial states sg € S.

Then we have a strategic game (dependent on the set of strategies we alow).
Nash equilibria of this game are called the optimal (or equilibrium) solutions of
the /3-discounted stochastic game.

For (-discounted two-person zero-sum stochastic games we have the following
fundamental result of Shapley [9],[10].

(i) Both players have a—maostly mixed—stationary optimal strategy. So, a5-dis-
counted two-person zero-sum stochastic games can be solved in mixed stationary
strategies.

(ii) Tofind optimal stationary strategies (f*)>° and (f?)°° and thevaluefunction
vs : S — IR defined by vs(s): = Vg ((f')>°, (f?)>), acollection of auxiliary
Zero-sum games is considered.

For every state s and every vector = € IR® we define the finite zero-sum game
I'(s, x) with action space Al and A2 and payoff matrix

[rl(s, at,a®) + > res P(t]s, a',a’) xt}aleAl,tﬂeAf'

If avector x € IRS satisfies the Shapley equations
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xs = value (I'(s,z)) forevery s € S,
then z = vz and optimal strategy profiles (f1(s), f2(s)) in the auxiliary games
I'(s,z = vg) determine a stationary optimal solution ((f1)>, (f?)>°) of the
stochastic game.

Also, non-zero-sum, 8-discounted, two-person stochastic games are solvablein
stationary strategies. Thisresult was proved by Fink [3] and Takahashi [11]. Both
authors used a fixed point argument.

If in a stochastic game the Markov strategies f! = {f!},cmn, and f2 =
{f?},em, are applied and 2o € A(S) gives the initial probability distribution
over the states, the probability distribution x,, over the states at time n is given by
the recursive formula

Tp(t) = e Tno1(s) p(t] s, fE1(s), f2_,(s)) foral t € S.
If weintroduce the S x S-stochastic matrix
P(fY, f2) by P(f, f2)s: = p(t]s, f1(s), f*(s)) for every pair of Markov
components (f*, f2), the latter equation can be written as:
Tp=x, 1 P(fl 2 Nforn=1,2,...

The expected payoff in stage n, when (f*, f2) is applied and the original dis-

tribution over the statesis x, equals
ZsGS l‘n(s) T(S, frll(s)vfg(s)) =
=Yees (@0 P(f3, f§) - P(fa_y, fi-1)), m(s, fa(s), fa(s)).

If we define the S-vector RF(f1, f2) € IR by RE(fY, f2),: = r¥(s,
fL(s), f2(s)) for every pair of Markov components (f!, f?), we find for the
expected payoff in period n

ESES LIJO(S) (P(f()lmfg)P( 7171’f7%71)Rk( 7117f721))5 =
<x0aP(f01afg) : P( T:},fl?f’l’QLfl)

For stationary strategies the §-discounted payoff vectors Vﬁk(( f
(k=1,2) equals

VE((F1)>, (f2)°) = R*(f', f2) + BP(f', f2) RF(fY ) 4+
_’_57171 P(flv f2)n71 Rk(fla f2)+ = [I_ﬁp(fla fz)]71 Rk(flv f2)

Notice that the matrix [I — 3 P(f!, f?)]~! is a nonnegative matrix for every

pair of Markov components (f1, f2).

RE(fu, £2))-
D, (£)%)

The main topic of this paper is to find conditions under which two-person -
discounted stochastic games have pure stationary equilibria. In the literature there
areseveral special classesof stochastic gamesthat can be solved by using ‘ auxiliary
games of various nature. We will investigate for which classes the existence of
pure stationary strategies can be derived from the fact that the auxiliary game has
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apotential function.
We will repeat the definition of the classes we will consider.

ARAT-games (Additive Rewards and Additive Transitions)

A two-person stochastic game is an ARAT-game if, for dl s € S, adl a! € Al

and al a® € A2,

ri(s, al a?) = rli(s, 1)+r12(s,a2),

r2(s,at a2) 21(5 a') +r*(s,a?),

p(t|s,al,a®) = p'(t]s,a') + p(t| 5, a%)

for some functions %/ and p7. So, the reward functions as well as the transition
probabilities are sums of two functions, one only dependent on the state and the
action of player I, the other only dependent onthe stateand the action of player I1. If
p! or p? isidentically zero, wetalk about single control games If for every element
s € S one of the transition functions p (s, a', a?) or p*(s,a',a?) vanishes, we
call the stochastic game a stochastic game with switching control

2

SER-SIT-games (Separable Rewards and State |ndependent Transitions)

In a SER-SIT stochastic game the actions spaces are the same in each state:
Ak = AF(=: A¥)fors,t € Sandk = 1,2.
A stochashc gameis a SER-ST-game if, for all states s € S, al a! € A and
al a? € A?,

ri(s, a ,a%) = 10(8) +rt(al,a?)
r?(s,at a2) r20(s) +r?(at, a?)
p(t]s,at,a?) = p(t|at,a?) isnot dependent on s.

So, the reward functlon is the sum of two parts, one only dependent on the
present state and the other only dependent on the action profile. The transitions
are not dependent on the present state.

If p(t|s,at,a?) = p(t] s) isnot dependent on the actions, we call the stochastic
gamea stochastl ¢ game with action independent transitions (AIT).

3 Zero-sum stochastic games with pure optimal strategies

In this section we prove that two-person, zero-sum, -discounted stochastic games
have a pure optimal stationary strategy if each of the auxiliary games I'(s, vg)
(s € S) hasapotential function. If all auxiliary gamesT'(s, ) (s € S, x € IR?)
have a potential function, then the stochastic gameis an ARAT-game. We provide
an example showing that not every stochastic game of the first category is an
ARAT-game.

Theorem 3.1.  If the auxiliary games {I'(s, v3)}ses Of atwo-person, zero-sum,
(-discounted stochastic game have a potential function, then the stochastic game
has an optimal stationary strategy in pure strategies.
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Proof: By Monderer and Shapley [4], every auxiliary game hasapure equilibrium
and by Shapley [9] these pure strategies form an optimal stationary strategy in the
stochastic game. <

In the second lemma we prove that Theorem 3.1 can be applied to zero-sum
ARAT-games.

Lemma 3.2 If a two-person zero-sum gameis an ARAT-game, all auxiliary games
T'(s,x) have a potential function and, conversely, if all auxiliary games I'(s, )
have a potential function, the stochastic game is an ARAT-game.

Proof: The payoff in any game I'(s, =) can be written as:
rt(s,at,a®) + 8 Y ,cq p(t]s,at,a®) xy =
[P (s,0) 48 Y yes P (] 5,00) 2] + [11%(5,0%) 48 Y g PP(t | 5,0%) 2],

So, the zero-sum gameI'(s, z) satisfiesthe separability property and, therefore,
it admits a potential function by Theorem 3.1.

Conversely, if I'(s, z) has a potentia function for al s € S and al z € IR,
one can take x = 0 and find by Proposition 1, that the rewards are additive:
ri(s,at,a?®) = rtt(s,al) + r12(s, a?).

If wetakeany s,t € S and z = e;, the separation condition for the auxiliary
gamel'(s,e;) gives  ril(s,al)+71%(s,a®)+B8p(t|s,at,a?) = #i(s,al) +
712(s,a?) for certain functions 7! and 712,

From this equation we can find the components

(¢ 5. ab) = Flk(s,ak)irlk(s’ak)‘ .
B
Corollary. Two-person zero-sum ARAT-games have a pure optimal stationary
strategy.

The next example shows that the ARAT-games do not exhaust the class of

stochastic games where Lemma 2.1 applies.

Example 1. LetS = {so,s1,s2,s3}. The states s; # s, are absorbing states:
both players have one action and the reward is r(s;) = u; fori = 1,2, 3. In state
so both players have two actions and the rewards and transitions are given by:
1 | Tur —ug |81 — 82
r(s0) = [—ug 0 ] and  p(so) = {_> S5 —>30]'
Uj

1-p

Then for the state s; (i > 1) we have vg(s;) =
auxiliary gameis

and for state sy the

I'(so,v3) : l

ug(—1+ %) Bva(so)
Then vg(sg) = 0 solves the Shapley equations if
ug(—1+ T3 f) < 0.
If wetake u; = ug + ug we have the diagona property. If 5 > 0.5 we must

ur(-1+ 25) wa(-1+ 1%)1

fﬂ) > Oandug(—1+
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have uz > 0, us < 0 and u; = us + usz. Clearly, the rewards are additive but the
transitions are not.

4 Non-zero-sum stochastic games with equilibria in pure strategies

We start with two rather simple classes of non-zero-sum stochastic games with
pure Nash eguilibria. Thefirst classisthe class of coordination games. A n-person
stochastic game is a coordination game if al players have the same reward func-
tion. The second classisthe classof stochastic gameswith action independent tran-
sitions in which al n-person games a = (ay,...a,) — (r'(s,a),...,r"(s,a))
have a potential function.

Theorem 4.1. (i) If in an n-person stochastic game the reward functions are
the same for all players, then the stochastic game has a Nash equilibrium in pure
strategies.

(ii)  If an n-person stochastic game has action independent transitions (AIT)
and for each state s € S the finite n-person game with strategy sets {A*},—1. .,
and payoff functions a ~ {r*(s,a)},=1,. . has a potential function, then the
stochastic game has a Nash equilibrium in pure strategies.

Proof: (i) We prove that a Nash equilibrium is obtained by solving the following
dynamical programming problem. Theset of states S isthesameasinthestochastic
game. Theactionsinstates € SisA,: = [[;_, Al.Finally, thereward functions
and transition functions are also the same as in the stochastic game (although the
interpretation is slightly different): 7 = » = »* for al playersi and p = p. It is
well known (see Blackwell [1]) that dynamic programming problems have optimal
stationary strategies in pure actions. Let f : s € S — f(s) € A, be such an
optimal strategy. If each player i choosesthe i-th component f; of f, thisisaNash
equilibrium in the stochastic game. If any player deviates from his strategy in any
stage of the game, his expected payoff cannot increase as the same deviation in
the dynamical program would give the same increase of expected payoff.

(it) If the players have no influence on the transitions, they will make the best
out of the state they are. By the result of Shapley and Monderer there is a pure
Nash equilibrium in each auxiliary game. That is, for each state s € S thereisa
Nash equilibrium (f1(s), ..., f"(s)) € [, A% of the stage game. This defines
aMarkov component f¢ for each player i. Deviation of any player will not increase
the payoff at any time in any state and has no influence on later expected payoffs.
No player can gain by deviating at any timein any state. <

For non-zero-sum stochastic games the ARAT-structure is not sufficient for the
existence of a pure stationary equilibrium (see Raghavan et a.[8] and Thuijsman
and Raghavan [12] for an example). Moreover, the auxiliary games as considered
in the case of zero-sum games make little sense. If, however, the rewards for one
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player are additive and the transitions are single controlled by the other player,
there are pure stationary equilibria.

Theorem 4.2. If in a non-zero-sum, two-person, stochastic game player | has
an additive reward function and the transitions are controlled by (the actions of)
player 11, then there is a pure stationary equilibrium.

Proof: The additivity of the reward function of player | means that
ri(s,at,a?®) = ril(s,a') +r1%(s, a?).

The single control saysthat p(t | s, a', a?) = p?(t| s, a?).

As player | has no influence on the transitions it seems natural to assume that,
in every state he will maximize the part of the reward ! (s, a') under his control.

So, we define a pure Markov component f with the property that

(s, f3(s)) = maxgicar (s, at).

If wefix £ player 11 will consider the dynamic decision problem with reward
function 7 : T?: = {(s,a?) : s € S,a® € A2} — IR defined by 7(s,a?): =
r%(s, fa(s),a?) and transition probabilities p = p?: T? — A(S) asbefore.

Dynamical programming problems can be solved in pure stationary strategies.
One solvesfirst the Bellman equations:

zeRS: x,=maxeeaz [F(s,a®) + 8 Y05 D(t]|s,a%) z]
and takes f3(s) € A2 such that
J3(s) € argmax {a? > [F(s,a%) + 8 Yyes Bt |5, a2) 2]}

Then (f2)>° isapure stationary strategy and a best responseto (f3 ), because
itisan optimal strategy in the dynamic program.

The pure stationary strategy (f3)>° is a best response to every station-
ary strategy of player 1l. This follows from the formula V;(fg, f*) =
[I — BP(f3)]7 1 (RY(f3) + R'2(f?)). If player | deviates from fi to f! all
components of R1!(f1) are less or equal to the components of R'*(f4) and as
thematrix [[ — 3 P(f%)]"' > 0dso

[~ 8P (RI(f) — RM(f1) 2 0.

Theterm [T — 3 P(f?)]~* (R'?(f?) does not change by a deviation of player |

and (fa)°° isabest response to every stationary strategy of player 1. <

Remark: In Nowak and Raghavan (1993) it is proved that, if the transitions are
single control, aNash equilibrium can be found by solving the following auxiliary
bimatrix game. The strategy space of each player consists of the finite set of all
Markov components { f} }rearcr and { f2 }ie oz

If player | chooses the Markov component £} and player 11 chooses the Markov
component /7, thepayoff toplayer lis>" .o R'(f{, f)s andthepayoff to player
isY e Vi(fer f7)s- 1 {&renrcr and {m}ienrc> form aNash equilibrium
of theauxiliary game, the stationary strategies f!: = >, _ ;00 & frand f2: =
Y iemc2 M 17 definesan equilibriumin stationary strategiesfor the 3-discounted
stochastic game. Therefore, the stochastic game has a pure stationary strategy, if
the auxiliary bimatrix game has a pure Nash equilibrium.
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If we have a SER-SI T-stochastic game and the bimatrix game
[rk(s, al, a2)}a1 €Al . a2c A2
isapotential game for every state s € S, the 3-discounted stochastic game need
not have a pure stationary equilibrium. We need an additional condition.

Theorem 4.3.  If in astochastic game with separable reward functions and state
independent transitions

(i) the partial reward game [r*1(a', a?)],1c a1 a2c a2 has a potential function
and

(ii) the matrix game Q: (a',a?) — (p(a',a?),r1% — r2°) has the diagona
property,

then the stochastic game has an equilibrium in pure stationary strategies.

Proof: Parthasarathy et a. [5] provides a method to solve SER-SIT stochastic
games. It is sufficient to solve the auxiliary bimatrix game with strategy spaces A*
and A2 and payoff matrices

[P (a,a?) + B Y, cqp(t]at,a®) r(8)] e ar a2e a2
If (&,m) € A(AY) x A(A?) isaNash equilibrium of the auxiliary game, then
the (even state independent) stationary strategy (£°°,7°°) is an equilibrium in
the -discounted SER-SIT stochastic game. If the auxiliary game has a potential
function, the stochastic game has a pure stationary equilibrium.

Let Fy: Al x A% — IR beapotential function of the reward game with payoffs

[rkl(al, 02)]a1 €Al q2€A2-

We have to prove that the bimatrix game [8 Y, p(t|at, a?) r¥0(t)] has a
potential function. By Monderer and Shapley [4], (Theorem 2.8) thisistrueif and
only if the matrix

Q=18 esp(t]al,a?) (1'0(t) = 20(t))]q1 41,2 42 hasthe diagonal
property (see the proof of Proposition 2.1). <

Example 2. Thefollowing example shows that the condition

Q: (a,a®) — (p(a*,a?),r® — r2°) hasthe diagonal property,
isnot superfluous. Let S = {s1, s2}. The action spaces A' and A? consist of two
actions:

r*(al,a?): = {(;:

(2,2) (0,1) $2 ( 1)

—3
1 . | (@1:0) (0:1)
p(sila’,a®) s pls2|al,0%): = {(0.5:0.5) (0.5:0.5)]'

A potential function F for [r¥1] andthefunctionQ: (a',a?)— (p(a',a?),r*0—
r2%) have the following values

0 <g,ﬂ 0By, :[<3 —1>]

Fi(a',a2) = [(i 8} Qa',a?) = E ‘04] (not satisfying the diag-

onal property).

If we compute the auxiliary bimatrix game, we get the matrices:
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(170) (070) (35_1) (_371) _ (1+3ﬂ7_ﬂ) (_3676)
[(2,2> <o,1>} T8 [ 0,0 (0,0) ] ‘{ 22 01 |

If 3> 1, theauxiliary game has only one completely mixed Nash equilibrium.
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Abstract

We deal with a game-theoretic framework involving a finite number of infi-
nite populations, members of which have a finite number of available strategies.
The payoff of each individual depends on her own action and distributions of
actions of individuals in all populations. A method to find all equilibria is dis-
cussed which requires the search through all nonempty subsets of the types’
strategy sets, assigning equilibria to each of them. The method is then used
to find equilibria in two types of “neighborhood” games in which there is one
type of player who has strategies in V' = {1,...,k} and payoff functions
®(j;p) = a-pj—1+Pp;+a pj1forj=2... k—1and: in the case
of “chain” games ®(1;p) = p1 + « - p2; ®(k;p) = @ - Pr—1 + Pk; in
the case of “circular” games ®(1;p) = o - px + p1 + - p2; ®(k;p) =
a - Ppr_1+ Ppr + a - p1; (in both cases 0 < o < %; p is a distribution on
V). The Fibonacci numbers are used to determine the coordinates of equilib-
ria in the case a = % for other values of v we need to construct numerical
Fibonacci-like sequences which determine, in an analogous manner, coordi-
nates of equilibria. An alternative procedure makes use of some numerical
Pascal-like triangles, specially constructed for this purpose.

Key words. Fibonacci numbers, numerical triangles, large game, “neighbor-
hood” game, equilibrium

AMS Subject Classifications. 91A10, 91A13, 91D25, 11B39

1 Equilibria in simple large games

Formally, a game of the type considered in this paper is defined as a system
consisting of positive integers n, k1, ko, ..., k, (n is the number of populations
and, fori = 1,...,n, k; is the number of strategies available for individuals of
type i) and functions ®% : Vix Ay, x---x A, — R,i = 1,...,n (wedenote the
set{1,2,..., k;} of strategies of type i by V*; A, denotes the standard simplex in
R*); @ (j;pt,...,p") isthe payoff of a player of type i choosing the strategy ;
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while, fori = 1,. .., n, the prevailing distributions of strategies of the respective
types are p',...,p".

An equilibrium for a game I' = (n, k1, ko, ..., kn; ®,..., ®") is a system
of distributions of strategies of the players of respective types (pl, cee p") €
Ag, X - x Ay suchthat, fori =1,...,n,

ki

max;—i ., P (j;pl, cee p"’) = ijl p; - @ (j; P ..., p"’) .
So an equilibrium is a system of distributions of strategies such that for each type i,
the average payoff of players of this type is equal to the maximal possible payoff;
this, somewhat informally, means that there are no players of any type who could
increase their payoffs.

The most natural technique to find all equilibria in a game T" seems to reduce

the problem to finding solutions of the system of equations:

However, in practice, finding all solutions of the above system, or even finding
a single solution, is difficult because of the “max” operator which always turns a
smooth system into a nonsmooth one and, in general, it changes the class of the
considered problems.

We therefore propose the following algorithm to find all equilibriain T.

1. Select, for each type s = 1, ...,n, a nonempty set of strategies W* C V#;

2. Find all solutions of the system of equations:

where, fori =1,...,n, pj = p’ whenever j € W and otherwise p', is fixed as 0
(note that the system consists of #W! + - - - + #W™ — n equations which contain
H#W?L ... 4 #W" variables; if for technical reasons the number of equations
should be increased, the natural candidates are the equations Zfi:l f);'- =0,i=
1,...,n);

3. Eliminate the found solutions (p',...,p™) which are not equilibria, i.e.,
those for which there exist i = 1,...,n, j € W'and 5/ ¢ W' such that
(55 pt,...,p") > @ (;p',...,P").

This procedure should be repeated for all possible selections (Wl, e W"),
as described in step (1).
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Some remarks are in order now.

We write in point (2): “find all solutions”; probably in some specific cases one
will not be able to find “all” solutions. The phrase “find all solutions” should rather
be understood as: “we reduce the problem of finding equilibria to an optimization
problem; if all its solutions can be found, it is fine; otherwise, we have at least
exported the problem to another branch of mathematics”.

The proposed procedure can be usually simplified because of symmetries or
other regularities in the data; this will be illustrated in the example below.

Some equilibria may be identified several times, while executing this procedure
for different potential supports (which is the case where a found equilibrium has
some coordinates equal to 0); if we want to avoid these phenomena, we may simply
add a step in the algorithm eliminating such equilibria.

We illustrate the proposed algorithm by an example.

Example 1.1. Suppose that we are given a game I' = (1,4; ®) with one pop-
ulation and four available strategies 1,2, 3, 4; the payoff function is defined by

(j;p) =pj + 3 (th,ﬂ:l Pr> (the upper script ' at ®' may be skipped
in this case). We need to consider 15 possible supports W of an equilibrium:
{1}, {2}, {3}, {4},...,{1,2,3,4}. In general, all the 15 cases should be con-
sidered separately, but due to the occurring symmetries this number reduces to
9 (except (7), (8), and (15), every case has a symmetric counterpart; see the last
column in Table 1).

For instance, for W = {1} we get the payoff 1 corresponding to the distribution

(1,0,0,0) and the use of the first strategy. We only need to check whether the
payoffs corresponding to a choice of strategies 2, 3, or 4 do not exceed 1; of course,
this is not the case, so (1,0,0,0) is an equilibrium. The case of W = {4} is
symmetric, so both cases get the same label (1).
For W = {1, 3} we have to solve, for py, ps, the simultaneous equations p; + % .
P2 =1 -po+ps+ L papi+ps = 1. Wefind the solution (1,0,1,0); while
using a strategy 1 or 3, a player obtains the payoff %; otherwise, using the strategy
2 he obtains the payoff % and using the fourth strategy he gets the payoff % The
case W = {2,4} is symmetric.

The remaining cases are skipped, because their discussion is similar.

As understood in the present paper, a neighborhood game is one with one type
of players and k strategies 1,2, ..., k which are vertices in an undirected graph
without loops G = ({1,2,..., k}, E); the payoff function is ©(j;p) = p; + o -
ZT:{T’J.}EE pr, « is real. So the payoff for a player who chose a strategy j is p;
plus the sum of all p,- such that  is a neighbor of j, multiplied by a coefficient «.

In the present paper, we give a complete analysis of equilibria in neighborhood
games in which G is a chain or a cycle while 0 < o < %
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Table 1: A simple “neighborhood” game.

#  Support Equilibrium Payoffs for Actual Symmetries
W Eq(W) resp. strategies  payoff
1 {1} (1,0,0,0) (1,1,0,0) 1 (1)
2 {2} (0,1,0,0) (3,1,%,0) 1 (2)
3 {3} (0,0,1,0) (0,5,1,%) 1 (2)
4 {4} (0,0,0,1) (0,0,%,1) 1 (1)
5 {132} (%7%7030) (%a%a%ao) % (5)
6 {13} (3:0:3,0) (3:3:2:5) ; (6)
7 {1,4} éz,o,o,;g (?,g,g,? 2 (7)
sozsp 0450 (5Egg ; ®)
9 {234} (Oaﬁaoa%) (6;?;;;;) g (6)
10 {3,4} (0,0, 3, 3) (077 63" g) 3 (5)
11 {1,2,3} %3,%,3%,0)4 (@E@’% 5 (11)
12 {1,2,4} @,ﬁ,go, @) (@@@,@ E (12)
13 {1,3,4} E,20,11—02, =) (@, B D e (12)
woesy - Oss9, wEern o5 O
15 {1,234} ({575 735) (30033°3) 3 (15)

2 A few tricks

This section has an introductory character; it contains intuitive examples related
to Fibonacci numbers; the general theory will be presented in Sec. 4. The proofs
of all statements in this section are skipped, because they will be proved in Sec. 4.

Example 2.1. We take the Fibonacci sequence (Fy, Fy,...) = (1,1,2,3,5,8,
13,21,34,...) and choose a positive integer k. We form a sequence (ff, ..., fF)
oflength k Ietting (ff, ceey f]l;) = (Fle, FQFk_17F3Fk_2’ o Fy_ 1 F5, FkFl).
We find that, for each k, the value %/~ + fF + LfF, (fori = 1and i =
k we supplement the formula taking f§ = f , = 0) is constant for all i =
1,...,k, although this value is different for different k. Obviously, the sequence
(fE,..., fF) is symmetric, i.e., fF = fF,,_, foralli.

For instance, for k = 5 we have (f7, /3, 5, f7, f2) = (5,3,4,3,5) and the
term L2, + f7 + 3 f2,, fori =2,3,4 (atboundaries, f{ + % f3 or 1 2 + f2)
is constant and equal to 13—8.

Another example: for k = 8, we have (f, f8,..., f§) = (21,13,16,15, 15,
16, 13,21) and the term £ & | + f& 4+ § %, fori = 2,...,7, (at boundaries,
[+ L8 or &8+ f§) is constant and equal to 0.

Let us now form a numerical triangle (Table 2) whose k-th row is composed of
elements of the sequence (ff,..., f/), visually arranged as the Pascal triangle.
On the right, we put the corresponding to each row values—equal for all - numbers
LfE L+ fF+ 3 fE | (atboundaries ff + & fFor 2 fE_ + fF).

Observe that this triangle may be obtained by the following rule: the first two
rows are given; suppose that the first £ rows are already constructed; then the row



Fibonacci Numbers and Equilibria in Large “Neighborhood” Games 449

of number &+ 1 is constructed so that its terms are situated as in the Pascal triangle
and each of them is defined as a sum of two elements in the two preceding rows,
along a diagonal, no matter which. If one element along a diagonal is missing, it
is substituted by 0; if two are missing, this diagonal is neglected (this is the case
for the border entries). The rule is illustrated by two entries in the triangle, B and
[I6], and the entries whose sum they are, along a diagonal, are marked by *, or °.

Note that, in the same triangle (Table 3), the entries at the right border, marked
by * (as well as those at the left border) form the Fibonacci sequence; the same is
true for the entries marked by °. The entries marked by * form the sequence of
Fibonacci numbers multiplied by 3 (the fourth Fibonacci number); those marked
by * form the sequence of Fibonacci numbers multiplied by 8, the sixth Fibonacci
number, etc.

Table 2: A recursive rule to construct the Fibonacci triangle.

# Value
1 1 3/3
2 1 1 4/3
3 2 1 2 7/3
4 3 2 2 3 11/3
5 5 3° 4 3 5 18/3
6 8* 5° 6 6* 5 8° 29/3
7 13 5] 10 9 10* 8° 13 47/3
8 21 13 16 15 15 16 13 21 76/3

Table 3: Products of Fibonacci numbers.

# Value
1 1* 3/3
2 1° 1* 4/3
3 2 1° 2% 7/3
4 3% 2 2° 3* 11/3
5 5 3% 4 3° 5* 18/3
6 8 5 6% 6 5° 8* 29/3
7 13 8 10 9% 10 8° 13* 47/3
8

21 13 16~ 15 15% 16 13° 21* 76/3

Example 2.2. We take, instead of the Fibonacci sequence, the sequence
(F2,F3,...) = (1,1,3,4,11,15,41,56,153,...), formed by the following
rule: Ff = F3 = 1;if F? , and F?_, are already defined then we define
F}=F} |+ F? ,ifkisevenand F? = 2F? | + F? , if k is odd (the nota-
tion F? is used to stress similarity to ordinary Fibonacci numbers F; and also
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for the reason of consistency with notation to be introduced in Sec. 4). Choose

a positive integer k. We form the sequence ( S ,fk) of length & letting
(fﬁ.”7?ﬂzﬁFﬁfJ@ﬁLpEﬁfﬁwu,Eig?JfFﬁﬁkEwm
and (fPF,.. f2F) = (FRFZ,2F3F2 F3F2,,..., 2FE \F3 FPF?) if

k is odd (entries at odd places i have the form F?FZ,, _,; entries at even places i
are 2F2F7 | ).

Note that, for each k, the value —f + PRt 1 ffl is constant for all
i =1,...,k, although this value is dlfferent for different & (fori = 1and i = k

we supplement the formula assuming fé"‘ = ,ffl = 0). Obviously, the sequence
(ff’k, , .,f,f”“) is symmetric.

For instance, for k = 5 we have (f N 42’5 2, 5) (11,8,9,8,11)

and the term 1 #2% + #2° +- 1 £ (at boundaries, f;"" For 2R 2R
is constant over i and equal to 22.

For k _»8vvehave (f 28,...7 3’8) = (56,41 45,44744745,41,56)and
the term 1 2% + f7° + 1 £27 (at boundaries, f;°° + L f3% or L2 + £3%) is

constant over ¢ and equal to 252,
Letusnowforma numerical triangle (Table 4) whose k-th row is composed of the

elementsofthesequence( 2’“,..., . ) wsuallyarrangedasthePascaItrlangIe

On the right, we put the corresponding to each row values + f2 g 4 ,+1
(again, all of them equal, at boundaries f;* + 1 f5* or 7f,€ .

Table 4: A Fibonacci-like triangle.

Value
1 4/4

1 1 5/4

3 2 3 14/4
19/4
11* 8° 9* 8 11° 52/4

15 11 12 12* 11° 15 71/4
30 33 32 30 41 194/4

41 45 44 44 45 41 56 265/4

0~ O ULk w N — IR
B~
—
o~
o
(e}
o
o~

ot
(=2}

Observe that this triangle may be obtained by the following rule: the first two
rows are given; suppose that the first & — 1 rows are already constructed; then
the row of number £ is constructed so that its terms are situated as in the Pascal
triangle and each of them is defined as follows:

o for even k, as a sum of two elements in the two preceding rows, along a

diagonal, no matter which;
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e for odd k£, as a sum of two elements in the two preceding rows (the one in

the row right above multiplied by 2), along a diagonal, no matter which.

If one element along a diagonal is missing, it is substituted by 0; if two are
missing, this diagonal is neglected (this is the case for the border entries). The
rule is illustrated by two entries in the triangle, [T and B3], and the entries whose
(adjusted) sum they are, along a diagonal, are marked by *, or °; the entry to be
multiplied by 2 is italicized.

3 Some linear algebra

For real o and a positive integer & we define k& x k matrices Dy = (d,;) and
Ejf = (e;;) by formulas

1 ifi=j; 1 ifi=j;
dij: Ol|f|Z—j|:]., and €= a|f|l—j|:10r|l—j|:k—1,
0 otherwise, 0 otherwise.

So the matrices Dy’ and £} look like:

1 o« 0 O 0 0 O
a 1 o 0 0O 0 O
a 1 « 0 0 O
Dy — 0 0 « 0 0 O 7
0 0 0 O 1 a O
0O 0 0 O « «
L 0 0 0 O 0 a 1]
1 o 0 O 0 0 «
a 1 o 0 0O 0 O
« « 0 0 0
Ep — 0 a 1 0O 0 O
0O 0 0 O 1 a O
0 0 0 0 o o
L o 0 0 O a 1]
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Theorem 3.1. Forany —1 < a < £ and positive integer k, det D > 0.

Lemma3d.l. Let0<pg< i. The sequence (xy) defined by 2o = 21 = 1 and,
recursively for k = 2,3, ..., v = xx_1 — Bx_o, has all terms positive.

Proof. By definition, z, and z; are positive and z; > 1 x,. We prove, by induction
fork =2,3,...,thatz is positive and zj, > %xk_l (the inequality is necessary to
perform the inductive step). So suppose that for some positive k& we already know
that xj, is positive and x > %xk,l. Then we have (we use below both inductive
assumptions, the second in the form —z, 1 > —2x;)

1

1 1
Tht1 = Tp — BTp—1 > Tpp — 78k—1> Tk~ 7 2x), = 5%k

and therefore ;41 is positive. O

Proof of Theorem 3.1. Taking the Laplace expansion of Dj' along the first row,
we get a recursive formula which holds for k = 3,4, .. .:

det DY = det D{_; — o det D§_,.

Let 3 = o2 and define a sequence (zy) letting zo = 1 and, for k = 1,2,...,
x, = det Dg. We have, applying the displayed formula, z, = z1—1 — Szi—o.
Hence, the lemma applies and it follows that all terms of the sequence are positive,
which means that det D, > 0. [

Theorem3.2. For any —3 < o < 3 and positive integer k, the matrix E}

is nonsingular. The matrix Ek_l/2 has rank k£ — 1 for all k. The matrix Ei/Q is
nonsingular for odd k; for even k, k& > 4, it has the rank k& — 1.

Proof. Fix—% <a< %andapositive integer k. Suppose that £ is singular. Then
there exists a nonzero vector x such that £ - x = 0, i.e., z; = —ax;_1 —axj_1
foryj =1,...,k (for j = 1 and j = k some indices at the right side should
be understood modulo k). For at least one j, z; # 0 in which case we have
lz;| < %l|xj—1| + §|xj41]; for all remaining j we have |z;| < 3 |z;_1| +
3 |zj41|. Summing up the sides of all these inequalities over j = 1,..., k we get
a contradiction - |2 < 328 |y

The matrix E,;l/Q is singular because E,;l/2 -[1,1,...,1]7 = 0. The rank of

Ek’l/2 is k — 1 because E,:l/z has a submatrix D,;l{z which, by Theorem 3.1, is
nonsingular.

For even k > 4, the matrix E,/* is singular, because £,/ - [1,—1,1, —
1,...,1,—1]T = 0. Therank of E/* is k — 1 because E;/? has a submatrix D /%
which, by Theorem 3.1, is nonsingular.

Finally, we prove that E;/Q is nonsingular for odd k. Suppose not, then there

exists a nonzero vector x such that E,i/z -x = 0. Let j be such that the absolute
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value |z ;| ismaximal among |z1 |, . . ., |zx|. Because of symmetry we may assume,
without loss off generality, that j is equal to 1 and x; = 1. We have then 1 =
—3x), — 32, Which is possible only if 2, = —1 and z, = —1. Repeating this
argument, we prove inductively, for » = 2,3,... k, that z,. = 1 for odd r and
xz, = —1 for even r; hence also z;, = 1, a contradiction. O

4 Exact sequences

Let « be real and let k& be a positive integer. A sequence of reals (x1,...,xx)
is a-exact if foreachi = 1,...,kand j = 1,...,k, az;_1 + 2; + azx;p1 =
ax;—1 + z; + ax;y; (at boundary entries we supplement by ¢ = 2541 = 0).

4.1 Generalized Fibonacci sequences

Let A be real. A generalized Fibonacci sequence with parameter A (for short,
Fibonacci A-sequence) is the sequence of reals (F7*, F5*, F5', .. .) suchthat F* =
Ft =1and FA = A-FA |+ FA, for odd i while F/* = FA1+FA foreven .
The standard (A, k)-sequence is the sequence f4* = (fAk) defined as
follows:
forodd kandodd i = 1,3,5,... ,k, fA* = FA - F |

forodd kandeveni =2,4,....k—1, fA* = A-FA-FA,_;
forevenkandi = 1,2,...,k, f/** = FAR . FAR
More visually:

a standard (A, 6)-sequence looks like:
(F R BB B FP - BB FRRS B
a standard (A, 7)-sequence looks like:
(Ff*FA AP FA R FA A B PR PSP ACFY - F RSP,

Clearly, every standard sequence is symmetric, i.e., f/** = fk+1 s forall Ak
andi = 1,2, ..., k. Theordinary Fibonacci sequence is the same as the generalized
Fibonacci 1-sequence.

Remark 4.1. Every constant sequence is 0-exact and there are no other 0-exact
sequences. [J

Proposition 4.1.  If A > 0 then, for each £, all elements of the standard (A, k)-
sequence are positive. For each even k, all elements of the standard (0, k)-sequence
are positive; for odd %, the standard (0, k)-sequence is (1,0,1,0,...,1,0,1). O

Theorem 4.1. Let A # —2 and let k be a positive integer. The standard (A, k)-

sequence is <A+2) -exact.
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Proof. Choose A and k, as indicated. Denote AL“ = «a. We need to prove that

a- fAR+ P +a ft+1 +ft+1+04 ft+27 fort =2,3,...,k—1, (1)
Ak+a'f§‘k:a'ff4k+f5‘k+a'f§4k )

and
a- [ty + [t o [ = o 12+ AR 3

To reduce the number of cases to be considered, we augment the original
Fibonacci A-sequence with an initial term F* = 0, so instead we get the sequence
(Fg', F{*, F5',...); note that this sequence is defined by Fi* = 0, Ff* = 1 and
exactly the same recursive formula as in the definition of a Fibonacci A-sequence:

=AFA, + FA, foroddiand FA = F4, + FA for even i. The standard

sequence is then augmented to (f'%, f2F, ... fkﬂ) defined in the same
manner as in the onglnal deflnltlon. the elements ff”“ ;= 1,...,k, remain
unchanged while fik fk+1 = 0 (for even k we have f{{"f =F'-F, =0,
[k = F&, - Fg' = 0; for odd k we have f§'* = A F - Ff, =0,

[k = A-F2 L F = 0). Hence, instead of proving (1), (2), and (3) we actu-
ally have to prove that (1) holds fori = 1,2, 3, ..., k, for the augmented standard
sequence.

Case 1. k is even. Then we have the augmented standard sequence

(Fo B, FOFE P B B, B SRR R R,

and we have to prove that, fori = 1,2,3, ...k,

o FA R, +FAFAL L va FAL R
—a-Fr P+ Fi Bl +a Fy - Fib 4

Formally, we should consider two cases: where i is even and where ¢ is odd. The
two cases are symmetric so we shall only deal with the first one.
Wedenote FA, =a, FA=0b, F!, ,=c F,=d

Then we have (keep in mind that now & — i is even):

;tl =A-FA+FA =a+ A-b;

ZXQ F+1XFA (A+1) - FA+FA, =a+(A+1) b
k+1 =AFA +FY  =c+Ad

Ry =Fh o+ P =(A+)-FL + F =c+(A+1)-d

Substituting in (4), also « = -, we get:

1

1
.a- A+1)- . A- . A-b)-d=
a3 ¢ c+(A+1)-dJ+b-(c+ d)+A+2 (a+A-b)-d
1

1
= g b et Ad et A D) dt s fat(A+])-be
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which is a tautology that holds for all real numbers a,b,c,d and A # —2.

Case 2. k is odd. Then we have the augmented standard sequence
(A'F64‘Fl?+17Ff4'FI?aA'FQA'Ff—laFf'FI?—Q’”'a

AF/?—IFfaFI?Ff7AFkA’:4+1FOA)

Foreveni =24, ...,k — 1 we have to prove that
a-Fy Fla + AF R +a-Fy B =
=a-A-FAFL L+ PR+ ACFL, P ®)

Foroddi =1,3,..., k we have to prove that
a-A-FA - FI?+2—7I +F Fl?+1—7: +a-A- F{il F =

=a-F R+ A Fh - R o Fio - Rl (6)

Again, the two cases are symmetric and we shall only deal with the first one.
As in the previous case, we denote FA, = a, FA = b, F!, , =
c, Flf_i =d.

Then we have (keep in mind that now & — 4 is odd):
FA, =AFA+FA =a+A-b
FiX2 =Fi +FA=(A+1) FA+FA =a+ (A+1)-b;
Fio i =FL+ Ly =ctd;
F, = AFRL Y = (A1) R AR = Act(A+1)-d

Substituting in (5), also v = 1, we get:

Ata

L [A-c+ (A+1) d]+Ab(+d)+L (a+A-b)-d=
A+2 a C C A+2 a =
b A-b-(c+d)+(a+A-b) d+$ A-la+(A+1)-0]
_A—|—2 C a A—|—2 a C,

which is a tautology that holds for all real numbers a, b, c,d and A # —2.
This completes the proof of the theorem. (I

Corollary 4.1. For each positive integer k and o # 0, the sequence f4*, where
A=1_2isa-exact. Forany —% < a < %, a # 0, any other a-exact sequence
of length % is proportional to f4*.

Proof. The last statement follows from Theorem 3.1. O
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Table 5: The Fibonacci-like triangle — general case.

Al
i
1]
A2 A2
i 2
1] 1]
A3 A3 A3
i 2 3
[A+1] [A] [A+1]
A4 A4 A4 A4
i 2 3 4

[A+2] [AF1] [A+1] [A+2]

4.2 Pascal-like triangles

We now turn back to the subject of Pascal-like triangles, already tackled in Sec. 2.
We show the triangle (Table (5) whose k-th row consists of consecutive elements of
the standard (A, k)-sequence. Right below, in square brackets, we give the explicit
formula.

Theorem 4.2. Letk > 5bean odd positive integer. Then:
a fik = A fT g
b'féélk_A fAkl A fA,kl fAkz
CfAk = AL kT AR g p ARl p AR for i — 304k —2;

d.f,j”“l—A fAk 1+fAk2 fAkl
e.fk fAlcl fAk 2

Theorem 4.3. Letk > 4 be an even positive integer. Then:
a.f1 _fAk 1_~_fAk7
b 3% = f{ = Ay g
C Al = AT fA T = T R for i = 3,4, k- 2

Ak: 1 Ak 2 LAk—1.
d-fA = +f = Jr—1 >
Ak L ARDe

e. fi* *fk—1 + frle

Analogous formulas to those in Theorems 4.2 and 4.3 are also true for k = 3
and k = 2; they are (immediately checked):
428 (k = 3) f{15 = A FA2 4 M 415 = Af{2 = A f2, 40 = A 24 0,
43 (k= 2) fA2 = A1 A2 = L O

Proof of Theorem 4.2. Because of the symmetry of the triangle we only need to
prove that:

X)fori=1,2,... k-2 fAk=A. fAk=1 4 pAk=2
and

(Y) fitk, = A 5

We shall consider separately two cases of (X): (XO) where i is odd and (XE)
where 1 is even.
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To prove (XO), we substitute (according to the definition of standard sequences)
in(X) fA% = FA-FA L P = FAFA LM = FACFL | and we
get FA-F = A-FAFA  + FA-F |, whichis obviously true, because,
by definition of an (A, k)-sequence, F{A , ., = A- F&, + FA, _, (clearly, here

+1—1
k+ 1 — i is odd).

To prove (XE), we substitute (according to the definition of standard sequences)
in(X) fAF = A-FA-FA L T = FA RS, f{“r“ =A-FAFE

andweget A-FA-F = A-FA F  +A-FA-F2 |, whichis obviously
true, because, by definition of an (A, k)-sequence, F, ,_, = Ft, + F
(clearly, here k 4+ 1 — 7 is even).

To prove (Y) we substitute in (Y), according to the definition of an (A, k)-
sequence, f{%, = A-F5* FA L and £ = FA-FA | soweget A-F5' FA | =
A - F{ - F/* | which is obviously true, because FA=F 0

Proof of Theorem 4.3. Because of the symmetry of the triangle we only need to
prove that:

@) fori=1,2,... k-2, fAk = pAh-t 4 pAR—2
and

(T) f _ A k: 1.

We shall consider separately two cases of (Z): (ZO) where 7 is odd and (ZE)
where 7 is even.

To prove (ZO), we substitute (according to the definition of standard sequences)
in(2) f*=FAFAL i,f = FAFA P2 =FA FA L andwe
get FA-F = FA F  +FA- Ff_, which is obviously true, because, by
definition of an (A, k)-sequence, FA | . = FA +F2 |, (clearly,here k+1—i
is even).

To prove (ZE), we substitute (according to the definition of standard sequences)
in (2) f{** = F*- F/?+1—iaf54’k71 = A-FAFA LM = FACRA
and we get FA - Fh = A-FAFL + FA F,f 1_; which is obviously
true, because, by definition of an (A, k)-sequence, Fi, |, = A- Ft, + F
(clearly, here k + 1 — 4 is odd).

To prove (T) we substitute in (T), according to the definition of an (A, k)-
sequence, %, = F5* - FA and f;h 1 = FA - FA | andwe get Fi' - FA | =
F{ - FL | which is obviously true, because F1 =F.0

Theorems 4.2 and 4.3 actually describe a recursive procedure, extending this
already mentioned in Sec. 2, allowing for an alternative construction of standard
sequences: we first fix the first row of the triangle consisting of a single element
1, the second row consisting of terms of the sequence (1, 1), and then we use
the recursive formulas to construct the consecutive rows (standard sequences): the
newly defined element is a sum of two preceding elements, along (any) diagonal,
the immediate predecessor multiplied by A or 1, according to whether the number
of the row is odd or even.

+1—7
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4.3 Value and volume of a sequence

Proposition 4.2. 1. Sequences (0,0, ...,0), (t) and (¢,t) (¢ is real) are a-exact
for every real .
2. If any other sequence is a-exact and 3-exact then « = .

Proof. (1) is obvious. To prove (2), suppose that a sequence x = (z1,...,zk) IS
a- and §-exact. Then, in particular, we have z1 + azs = axy + x2 + axs and
&1 + By = Pr1 4 22 + Bxs which implies (a — ) (z1 — x2 4+ x3) = 0. If
21 — 22 + 23 = 0 then x must have the form (a,b,b — a, .. .). Equality a + ab =
aa+b+a (b — a) (following from a-exactness) implies a = b; the sequence ofthe

form (a, a,0,...) is either one of those in (1) orelse o, 5 # Oand x4y = & = =%
hence a = ). If x1 — 29 + 23 # O thenalso o = 5. O
The value of an a-exact sequence x = (x1,...,x) (denoted by Val(x)) is

the number z; + ax5 (if the length of the sequence is 1 then Val(x) = x). For
sequences of the form (¢, ¢) (¢ - real) the term “value” should rather be specified to
“a-value” (for different «, their a-values are different). The values of sequences
(0,0,...,0)are obviously 0; the value of (¢) is t. Otherwise, in view of Proposition
9, the o of an c-exact sequence is unique and therefore the term “value” is sufficient.

Equalization of an exact sequence x = (z1,...,x)) With nonzero value is
the sequence (z1 - Val(x) ™!, ...,z - Val(x)~!). In the case of sequences of the
form (¢,t), t # 0, we should rather speak of their a-equalizations.

Proposition 4.3. Let A # —2 and let k be a positive integer. The value of the
standard sequence f4* isequal to FA F [ ifkisevenand FA+ 45 FA

IPR +A+2 +m
if & is odd. O

The volume of any sequence x = (z1, . ..
It is denoted by Vol(x).

, xy,) of reals is the sum of its elements.

Proposition 4.4, Let A # —2and A # —4 and let k be a positive integer.
1. If k is odd then the volume of the standard sequence f4* is equal to

e .

. FA
A+4 A+4 TR

2. If k is even then the volume of the standard sequence f4* is equal to

RAS2k+2 Ly kA

CFA
A+4 A+4 kT

Proof. We have
L Ak L Ak 1 Ak
( TaAal >+<A+2 15" Azl ) "

+(A12k1+f )=evaﬁ“%
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hence
Vol (f45) + —2— Vol (f4%) = k - Val (f4*) 4 —— ik 4 —L_par
A+2 A27t T A2k
Equivalently,
A+4 AkY _ g Ak 2 ak
) Vol (f**) =k - Val (f )+A+2 i
or A+2 2
Ak Ak Ak
Vol (f4%) = o -k - Val (f )+A+41.

Substituting fi** = F* and, Val (f4%) = F + 415 - F¢t, for even & or
Val (f4%) = F2 - FA | for odd k, we get the hypothesis. [J

+ A
5 Equilibria of “neighborhood” games

In this section we shall deal with two types of “neighborhood” games, where the
underlying graph is a chain or a cycle. In the present paper we restrict our attention
to the case where the parameter « is in the interval [0, $].

5.1 “Chain” games

The “chain” games are formally defined as ones of the form T" = (1, k; ®) with
the payoff function

pP1+a-p2, ifj=1,
(j;p) = @ pj1tpjta-piy, =2 k-1
- Pk-1 + Pk, if j =k,

for some real number «. So, a “chain” game is uniquely determined by the pair
(k, ).

Let us now fix a positive integer k& and o € [07 2} so we fix the game. For a
nonempty set S C {1,...,k}, a block is a maximal (w. r. t. inclusion) subset B
of S such that for every j, 7 € Band j < r < j/,also r € B. Every nonempty
set S C {1,...,k} isaunion of disjoint blocks; we denote, for j = 1,... k, by
X, (:S) the number of blocks in S with exactly j elements. For each nonempty set
S C{1,...,k} we define a vector p® = (p{,...,p?) as follows:

Case 1. a > 0. Write A = 1 — 2. We denote H(S) = >F_ x.(5) -
Val (fA’“f1 Vol (fA). If t ¢ S we set p; = 0; otherwise we define py =

[ Val (f4) ~'. H(S)~!, where u and v are such that ¢ is the v-th consecutive
element of a block with v elements.
Case 2. o = 0. We define p{ = (#5) ™" if i € S and p¥ = 0 otherwise.
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Theorem 5.1. LetI" be a “chain’” game with parameters k£ and o € [0, %) For
each nonempty set S C {1,...,k}, the vector p* is the unique equilibrium in T
whose support is equal to S. So, the game has exactly 2% — 1 equilibria.

Proof. For o = 0 the hypothesis is obvious. In the opposite case, write A = é —2.
Choose S C {1,...,k}, S # (). By Theorems 4.1 and 3.1, the quantities assigned
to consecutive elements in each block in S with r elements must be proportional to
entries of the sequence f4". The payoffs for strategies in different blocks must be
equal, by the definition of equilibrium, so the sequences of the assigned quantities
should be equalized. Finally, all assigned quantities must be normalized to sum
up to 1. This is exactly what has been performed while constructing distributions
p°. By Proposition 4, the coordinates of pf are positive if j € S and they are 0
otherwise.

Let j ¢ S. If the two neighbors of j belong to .S then the payoff at j, equal to
a-pf | +a-pj,,,islessthanmax{p7 ,,p7,}, hence itis less than the payoff
for at least one of the strategies j — 1 and j + 1. If 5 has only one or zero neighbors
in S, the inequality holds as well which means that p* is actually an equilibrium.

By construction, the equilibrium with the support S is unique. [J

5.2 “Circular” games

The “circular” games are defined as ones of the form I = (1, k; @) with the payoff
function

@ Pk +Pp1+a-pa, ifj=1
®(j;p) = @ Pj1tpjta-pjy, =2 k-1
a-pr-1+prta-p, ifj=Fk

for some real number «. So, a “circular” game is uniquely determined by the pair
(k, ).

Let us now fix a positive integer & and o € [0, 3], so we fix the game. In this
case, we define a “block” in a somewhat different manner. For a nonempty set
S C {1,...,k}, a C-block is a maximal (w. r. t. inclusion) subset B of .S such
that for every 5,7/ € Band j < r < j/,also r € B; a C-block is also a set
of the form {r,r+1,...,k—1,k,1,...,s}, if s <r — 1. By definition, the set
{1,2,...,k} is not a C-block. Every nonempty set S C {1,...,k} is a union of
disjoint C-blocks; we denote, for j = 1,..., k, by x;(5) the number of C-blocks
in S with exactly j elements. For each nonempty set S C {1,...,k} we define a
vector p° = (p7,...,p7) as follows:

Case l.a > 0.a. If S = {1,2,...,k} then we define p¥ = (k=1 k™1, ...,
k=1,

b. Suppose that S # {1,2, ..., k}; denote A = L1 — 2. We also denote H(S)=
S X.(S) - Val (fAT)f1 Vol (fA7). If t ¢ S we set py = 0; otherwise we
define py = fA* - Val (fA’“)_1 - H(S)~', where u and v are such that ¢ is the
v-th consecutive element of a C-block with « elements.
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Case 2. o« = 0. We define pf = (#5) " if i € S and otherwise p5 = 0.

Theorem 5.2. Let I" be a “circular” game with parameters k and o« € [0, %)
For each nonempty set S C {1,...,k}, the vector p* is the unique equilibrium
in " whose support is equal to S. So, the game has exactly 2% — 1 equilibria.

Proof. The case « = 0 is trivial. Otherwise, choose S # 0; if S = {1,2,...,k}
then, by Theorem 3.2, the uniqueness in this case holds. For S # {1,2, ..., k} the
proof is exactly the same as that of Theorem 5.1. [

5.3 Thecase a = 3

We say thatanonempty set S C {1,..., k}isregular if its all blocks are singletons
or else they have an even number of elements. We say that a nonempty set S C
{1,...,k} is C-regular if its all C-blocks are singletons or else they have an even
number of elements.

Theorem 5.3.  Let I be a ““chain” game with parameters k and o = % For each
nonempty regular set S C {1,...,k}, the vector p* is the unique equilibrium in
T', whose support is equal to .S. There are no other equilibria in this game.

Proof. If a set of strategies S is not regular then the standard sequence corre-
sponding to a block with an odd number of elements », » > 1, has the form
(1,0,1,...,0,1), hence the support of the equilibrium found for .S is properly
included in S; this equilibrium will be found again for another S’, properly included
inS. 0O

Theorem 5.4. Let I" be a “circular’” game with parameters k£ and o = % For
each nonempty set S C {1,...,k}, equal to {1,...,k} or C-regular, the vector
p? is the unique equilibrium in T, whose support is equal to S. There are no other
equilibria in this game.

Proof. Almost the same as the proof of Theorem 5.3. [J

6 Final remarks

Generalizations of Fibonacci sequences are too numerous to quote or discuss them
here. An interested reader may consult articles in The Fibonacci Quarterly [1].
The games, as described in Sec. 1, have been introduced by Wieczorek in [2],
earlier reported in [3]. The spatial problems related to those in the present paper
have been studied by Wieczorek and Wiszniewska-Matyszkiel in [5] (see also
Wieczorek [4]). The games with parameter « outside the domain [O, %] have
not been discussed in the present paper; they are also interesting from game-
theoretic point of view, but their interpretation is different and in this case some
extra complications occur, which require a separate discussion. Computing the
number of equilibria in “neighborhood” games with parameter o = % may be a
nice exercise for students at an undergraduate combinatorics course.
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