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Abstract

Harsanyi and Selten (1988) have proposed a theory of equilibrium selection that selects
a unique Nash equilibrium for any non-cooperative N-person game. The heart of their
theory is given by the tracing procedure, a mathematical construction that adjusts arbi-
trary prior beliefs into equilibrium beliefs. The tracing procedure plays an important role
in the definition of risk-dominance for Nash equilibria. Although the term “procedure”
suggests a numerical approach, the tracing procedure itself is a non-constructive method.
In this paper we propose a homotopy algorithm that generates a path of strategies. By
employing lexicographic pivoting techniques it can be shown that for the entire class of
non-cooperative N-person games the path converges to an approximate Nash equilibrium,
even when the starting point or the game is degenerate. The outcome of the algorithm is
shown to be arbitrarily close to the beliefs proposed by the tracing procedure. Therefore,
the algorithm does not compute just any Nash equilibrium, but one with a sound game-
theoretic underpinning. Like other homotopy algorithms, it is easily implemented on a
computer. To show our results we apply methods from the theory of simplicial algorithms

and algebraic geometry.
JEL classification: C63, C72
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1 Introduction

During the past years, economics has greatly benefitted from the introduction of game
theoric tools. A further use of game theory is, however, hampered by at least two factors.
First of all, there may be many solutions to a game. This view is expressed as follows in
van Damme (1995): “In the last two decades, game theoretic methods have become more
and more important in economics and the other social sciences. Many scientific papers in
these areas have the following basic structure: A problem is modeled as a game, the game
is analyzed by computing its equilibria, and the properties of the latter are translated back
into insights relevant to the original problem. ... It has been found that the tools may not
be powerful enough... For example, many models admit a vast multiplicity of equilibrium
outcomes so that the predictive power of game theoretic analysis is limited. To increase
understanding, it may, hence, be necessary to perfect the tools.” A way out of this dilemma
has been suggested by the equilibrium selection theory as described in Harsanyi and Selten
(1988). The main ingredient of this equilibrium selection theory is constituted by the
linear tracing procedure. The linear tracing procedure plays also an important role in
making risk-dominance comparisons of Nash equilibria, see Harsanyi and Selten (1988).
The concept of risk-dominance is frequently used in evolutionary game theory.

A second problem is that it is usually far from obvious to derive any solution for a
given game. Moreover, considering the quotation of van Damme (1995), to find just a
solution is not good enough. What is really needed is a solution that has a good game
theoretic underpinning, for instance the solution provided by the linear tracing procedure.
In evolutionary game theory attention is often focussed on 2-player games where each
player has two strategies. An important reason to restrict oneself to these games is that
it is very hard to determine the risk-dominance relationships for Nash equilibria in more
complicated games. To do this one needs to apply the linear tracing procedure several
times to these games, which is in general not possible without a numerical algorithm.

This paper presents an algorithm that computates the Nash equilibrium selected by
the linear tracing procedure for N-person non-cooperative games in normal form. The
linear tracing procedure operates as follows. The players start with identical initial beliefs
concerning the play of the other players, so the beliefs concerning the play of a certain
player are equal among all players. First, the players optimize by playing best replies
against these initial beliefs. Next, they observe that their beliefs are not met and they
subsequently update their beliefs and react optimally there upon. This updating of beliefs
continues until equilibrium beliefs for the game have been found.

Mathematically, the linear tracing procedure can be modeled as tracing a path of zeroes
related to a homotopy. The homotopy transforms the initial problem of playing against

the prior beliefs into the equilibrium problem of the game. It has been shown by Harsanyi



(1975) that for a generic game the linear tracing procedure yields a path of points and
selects a unique outcome. In this case the linear tracing procedure is said to be well
defined. For any game the linear tracing procedure yields a set of stategies that connects
a best reply to the prior beliefs to at least one Nash equilibrium of the game. If one wants
to select a unique Nash equilibrium even in the exceptional case where multiple Nash
equilibria are connected to the prior beliefs, one possibility is to resort to the logarithmic
tracing procedure. Whenever the linear tracing procedure is well defined, the logarithmic
tracing procedure will select the same outcome, see Schanuel, Simon, and Zame (1991).

The case with N = 2 players corresponds to the class of bimatrix games. The first
algorithm to solve for a Nash equilibrium of these games has been given by Lemke and
Howson (1964). A drawback of this method is that it has to be started at a vertex of
the strategy space. More flexible is the method proposed by van den Elzen and Talman
(1991). This method can be started from any strategy vector in the strategy space. In
van den Elzen and Talman (1995) it is shown that their algorithm generates a non-linear
transformation of the path of beliefs corresponding to the path as generated by the linear
tracing procedure. This non-linear transformation guarantees that the path generated by
the van den Elzen and Talman (1995) algorithm is piecewise linear for bimatrix games, and
is therefore easily implemented on a computer. This linear approach can also be extended
to polymatrix games, see van den Elzen (1996), but not beyond.

The general case with N > 2 is considerably more difficult. For this case the Nash equi-
librium equations are non-linear and in general impossible to solve analytically. Therefore
one has to use a numerical approach. The first procedures for finding an equilibrium for
N-person games are developed by Rosenmiiller (1971) and Wilson (1971). Both methods
can be seen as different generalizations of the procedure of Lemke and Howson for 2-player
games. Although these methods are not directly suitable for computational purposes be-
cause they merely prove the existence of a non-linear path leading to an equilibrium, their
seminal work was a very important step towards an implementable algorithm as developed
by Garcia, Lemke and Liithi (1973). A more efficient algorithm was developed in van der
Laan and Talman (1982) that operates directly on the strategy space and that can be
restarted at any point in the strategy space. The problem with these algorithms is that
they just calculate an approximation of a sample Nash equilibrium and do not bother with
respect to the game-theoretic properties of the equilibrium found.

In this paper we present a method that follows the set of strategies implicitly defined
by the linear tracing procedure arbitrarily close. In this way we make the linear tracing
procedure operational for N-player games. The entire path of strategy vectors generated
possesses a game-theoretic interpretation, see Harsanyi and Selten (1988). Unlike the

algorithm for the 2-player case of van den Elzen and Talman (1995), our algorithm works



directly on the same strategy space and with the same payoff function as used in the linear
tracing procedure. The entire space is given by [0, 1] x S, with [0, 1] the interval from which
the homotopy parameter, ¢, is chosen and with S the Cartesian product of the N individual
strategy sets. By triangulating the set [0, 1] x S we will replace the original problem by
a piecewise linear one. The algorithm belongs to the class of homotopy algorithms, which
were first developed in Eaves (1972). The algorithm is constructed in such a way that any
triangulation can be used. Of course, in practice one would like to take a triangulation
that can be implemented easily on a computer.

A novelty of the algorithm is that the starting point is endogenously determined by
the payoffs of the game. We show that the algorithm selects in every game a unique
vertex of the strategy space that is related to Nash equilibrium play against the prior (this
latter property may be satisfied for many vertices). The starting point is chosen such that
the algorithm will not generate any other simplices in {0} x S. We prove that we can
approximate the entire path of a well defined linear tracing procedure arbitrarily close by
taking simplices with mesh size small enough. If the linear tracing procedure is not well
defined we will still stay arbitrarily close to the set of strategies generated by it, and we
will compute an approximation of a Nash equilibrium in this set. These features are new
as well, since unlike other simplicial algorithms we have to consider the convergence of a
sequence of paths and not only the convergence of a sequence of end points. Otherwise
we cannot guarantee that the Nash equilibrium selected by the linear tracing procedure is
also selected by the algorithm. For the 2-player case these problems do not occur, since
in that case it is possible to generate the path of the linear tracing procedure exactly. In
order to handle degeneracies we employ lexicographic pivoting techniques. Degeneracies
are important in game theory and are often the rule rather than the exception.

The paper has been organized as follows. In Section 2 we give some notation and the
definition of the linear tracing procedure. Next, in Section 3 we treat some preliminaries for
piecewise linear methods, and in Section 4 we explain the algorithm, which is illustrated in
Section 5 by means of an example. In Section 6 we prove the convergence of the algorithm
for any game. This implies that for every game we can compute an approximate Nash
equilibrium. In Section 7 we show that if the mesh size of the triangulation used goes to
zero, then the paths generated by the algorithm converge to the path of the linear tracing
procedure and the approximate Nash equilibria converge to the Nash equilibrium selected

by the linear tracing procedure.



2 The Linear Tracing Procedure

For m € IN, let R! be the non-negative orthant of the m-dimensional Euclidean space and
let S™ denote the (m — 1)-dimensional unit simplex in R™, i.e. S™ = {z € R} | I, x; =
1}. For j = 1,...,m, we denote by e™(j) the j-th m-dimensional unit vector. Furthermore,
0™ and 1™ denote the m-dimensional vectors of all zeroes and all ones, respectively. The
m-~dimensional unit matrix is denoted by I™. The notation co is used to denote the convex
hull of a set.

An N-person non-cooperative game in normal formis a tuple I' = (®4,..., Py, Ry, ..., Ry),
with ®; and R; : [[;en ©i — R the set of pure strategies and the payoff function of player
i, and NV = {1,..., N} the set of players. Player ¢ has M, pure strategies. The total
number of pure strategies is given by M = ;.\, M;. We number the pure strategies of
player i. For k = 1,..., M;, pure strategy k of player ¢ is denoted by (i, k). The union of
the pure strategies over all players is denoted by ®, = U;cn®;. The set of pure strategy
combinations is given by ® = [[;cn ®i.

A mixed strategy of player ¢ is a probability distribution on ®;. Since the strategies are
numbered, we can identify the set of all probability distributions on ®; with S where
for s; € SMi the probability assigned to pure strategy (i, k) is given by s;z. The strategy
space of the game is therefore equal to S = [[;cn S™. Observe that the dimension of S
equals M — N. Given a mixed strategy combination s € S and a strategy 3; € SMi, we
denote by s\ S; the mixed strategy combination that results from replacing s; by 5;. If a
mixed strategy combination s is played, then the probability s(¢) that the pure strategy
combination ¢ = ((1,k1),..., (N, ky)) occurs is given by

s(¢) = H Sik;

ieEN

and the expected payoff of player ¢ by

Ri(s) = Y s(¢)Ri(0).
pcd
A mixed strategy combination s is said to be a Nash equilibrium of a game I' if it is a best
reply against itself. The set of Nash equilibria of a game I' is denoted by NE(T').

For the remainder of the paper an N-person non-cooperative game I' is assumed to be
given. In the description of the linear tracing procedure a subjective probability distri-
bution p € S, called prior, is given. The prior describes the initial beliefs of all players
about the strategies played by the other players. So, it is assumed that all players have the
same initial beliefs. The determination of the prior is one of the aspects of the equilibrium
selection theory of Harsanyi and Selten (1988). For the remainder of the paper a prior p

is assumed to be given.



For every t € [0, 1], the linear tracing procedure generates a Nash equilibrium of a game
"= (®y,..., PN, HE, ...  HY), where the payoff function H} : S — R of player 7 is defined
by

Hj(s) =tRi(s) + (1 = t)Ri(p \ s:).

Together all the Nash equilibria generated by the linear tracing procedure yield a set of
strategies (usually a path of strategies) linking a Nash equilibrium of I'® to a Nash equi-
librium of I''. In a Nash equilibrium s? of the game I'* every player i plays a best reply in
the game I against the probability distribution ¢[s] + (1 — t)[p] on ®, with [s] and [p] the
probability distributions on ® generated by s and p, respectively. The probability distribu-
tion ¢[s] 4 (1 —t)[p| does in general not belong to S, since this probability distribution may
be correlated. The interpretation of the linear tracing procedure is that players gradually
adjust their beliefs about the behaviour of the other players, giving less and less weight to
the initial beliefs, the prior. In the game I'° for instance there is no strategic interaction
and players simply choose a best reply to the prior. In the game I'! there is no longer a
role for the prior and players choose a best reply against the choices of their opponents.
For more details on the tracing procedure the reader is referred to Harsanyi and Selten
(1988).
The marginal payoff function G : [0,1] x S — R is defined by

Gie(t,s) =tRi(s\ (4, k) + (1 —t)R;(p\ (i,k)), (i, k) € .. (1)

Gik(t,s) is the payoff to player ¢ when playing pure strategy (i,k) against the mixed
strategy combination s in game I'* or, alternatively, the payoff to player ¢ when playing
pure strategy (i, k) against the probability distribution ¢[s] + (1 —t)[p] on ® in the game I'.
It is standard to derive the payoff functions HY, ..., HY from the marginal payoff functions
G(t,-) and to characterize a Nash equilibrium of the game I'* in terms of G(¢,-). Indeed,
s is a Nash equilibrium of I'" if and only if s; > 0 implies Gy (¢, s) = max(ycs, Gu(t, s).

Hence it makes sense to define for € > 0 an e-Nash equilibrium of I' as follows.

Definition 2.1 Let (I',p) be given. For ¢ > 0, a mixed strategy combination s € S is
called an e-Nash equilibrium of I'" if s; > 0 implies Gy (t, s) > max s, Gu(t, s) — €.

A player can increase his payoff in an e-Nash equilibrium of I'"* at most by & by choosing
a best reply.
The set of all Nash equilibria related to the games I'*; ¢ € [0, 1], is denoted by

L={(ts)e[0,1] x S|seNETI}.

The linear tracing procedure is said to be feasible if there exists a path in £ connecting

a best reply against the prior to a Nash equilibrium of the game I'; i.e. there exists a
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continuous function 7 : [0, 1] — £ such that y(0) € LN ({0} x .S) and y(1) € LN ({1} x .5).
It is shown in Schanuel, Simon, and Zame (1991) that the linear tracing procedure is always
feasible. However, there may be many trajectories ([0, 1]) that link a Nash equilibrium of
I'% to a Nash equilibrium of I'!. If this trajectory is unique, then the linear tracing procedure
is said to be well defined. If the linear tracing procedure is well defined, then it selects a
unique Nash equilibrium of the game I'. It is shown by Harsanyi (1975) that, given a prior,
the linear tracing procedure is well defined for almost all N-person non-cooperative games.

It is obvious that the set £° = £ N ({0} x ) is connected. In fact, because of the
linearity of G(0,-) it holds that £° is a polytope, the set of best replies against p. We
denote the component, i.e. a maximally connected subset, of £ that contains £° by L°.
Since L is a semi-algebraic set, see Schanuel, Simon, and Zame (1991), it holds that £ is
path-connected. The linear tracing procedure is feasible if and only if £¢N ({1} x S) # 0.
An implication of well definedness of the linear tracing procedure is that both £°N ({0} x 5)
and L£°N ({1} x S) consist of a single element.

If the number of players is equal to 2, then it is possible to compute the set L€ exactly.
However, even in that case there is a need for a systematic approach as given in van den
Elzen and Talman (1995). If the number of players is greater than or equal to 3, then
computing the set L£¢ corresponds to solving a higher order polynomial, which cannot be
done in general. In that case there is not only a need for a systematic approach, but also

for a numerical algorithm.

3 A Piecewise Linear Approach

The basic idea for the algorithm is relatively simple. We approximate the marginal payoff
function G as given in (1) by a function that is piecewise linear on [0, 1] x S. Then we can
solve for the set L£° corresponding to this piecewise linear approximation.

Let us discuss some preliminaries related to piecewise linear approximations. For given

m € IN, an m-dimensional simplex or m-simplex ¢ in R" is defined as the convex hull of

m+1 affinely independent points z', ..., 2™ of R". We usually write o = o(z!,...,2™)
and call z',... ™% the vertices of 0. An (m — 1)-simplex being the convex hull of m
verticesof o(x!, ..., 2™!) is said to be a facet of 0. The facet 7(z*, ..., 27~ 271 .. ™)

is called the facet of o opposite to the vertex x’. For a non-negative integer m’ less than
or equal to m, an m/-simplex being the convex hull of m’ + 1 vertices of ¢ is said to be an
m/-face or face of o.

A finite collection ¥ of m-simplices is a triangulation of an m-dimensional convex subset
T of R™ if

1. T is the union of all simplices in X;



2. the intersection of any two simplices in ¥ is either empty or a common face of both.

If ¥ is a triangulation of T, and a facet 7 of o' € ¥ is a subset of the relative boundary
of T, then there is no 0% € ¥ such that 02 # o' and 7 is a facet of o2. If 7 is not a subset

I and

of the relative boundary of T, then there is exactly one 02 € ¥ such that 0% # o
7 is also a facet of 2. The mesh size of a triangulation ¥ of T is defined by mesh(X) =
max{||z — Y|« | z,y € 0,0 € £}.

It is well-known that full-dimensional affine parts of the relative boundary of a set are
triangulated by the facets of the simplices in a triangulation. More precisely, let ¥ be a
triangulation of a convex m-dimensional subset 7" of R", and let the (m — 1)-dimensional
subset T of the relative boundary of T be such that T is equal to the affine hull of T'
intersected with 7. Then the collection X given by ¥ = {7 € T | 30 € &, 7 is a facet of
o} is a triangulation of T', see Todd (1976a), Theorem 2.3, page 27. For instance, the set
{0} x S is triangulated by the facets of the simplices in a triangulation of [0, 1] x S.

An example of a triangulation of [0, 1] x S has been introduced in Doup and Talman
(1987) and uses earlier ideas of Eaves and Saigal (1972), Todd (1976b) and van der Laan and
Talman (1980). It is illustrated in Figure 1 for the case we have two players each having
two pure strategies. Although any triangulation of [0,1] x S will do for the purposes
of the algorithm, this triangulation has several nice properties. First of all, it is easily
implemented on a computer. Moreover, it has several nice symmetry properties. For
example, it enables us to choose points t, ... t* with t° = 0 and t* = 1 (and a natural
choice would be t/ = j/k, j = 0,...,k) such that every slice {t/} x S is triangulated
in an identical way by the facets of the simplices in the triangulation. Any simplex in

this triangulation is contained in [£1, 1] x S for some j. So, [51, 4] x S is filled up with

simplices in a consistent way. All 3-simplices in co(z3,7°, 7%, 712, 714, %)

are depicted in
Figure 1. The mesh size of this triangulation can be made arbitrarily small.

For later purposes we give all 3-simplices in the triangulation of Figure 1 in Table 2. In
Table 2 only the 3-simplices in [0, 1] x S are given. The ones in [$, 1] x S follow by means
of a translation. The position in the table is related to the position of a simplex in the
triangulation.

A function G : [0, 1] x.S — R is called a piecewise linear approximation of the marginal
payoff function G with respect to ¥ if for each vertex 27 of any o(z!,... 2 N*2) € &,
G(27) = G(27) and G is affine on each simplex of . Hence, if z € o(z!,... oM N+2)
sox = YN el N >0, =1,...,M — N +2, YN = 1, then G(z) =
ZM N+2 ) G(ad).

Definition 3.1 Let (I',p, ¥) be given. A mixed strategy combination s € S is called an
approximate Nash equilibrium of I'* if s;, > 0 implies Gy (¢, s) = mMax(; )ea, Galt, s).



z’ z8
z* z
o
-
Tt 2

(0,(1,0),(1,0)) refers to the
strategy vector at which both players play their first pure strategy. Similarly, %, ', and
7° correspond to (0, (0,1),(1,0)), (0,(1,0),(0,1)), and (0, (0,1),(0,1)), respectively.

Figure 1. A triangulation of [0, 1] x S. The vertex T' =

The algorithm will yield a path of approximate Nash equilibria going from an approximate
Nash equilibrium of I'° to an approximate Nash equilibrium of I'!. An approximate Nash
equilibrium of I is not necessarily a Nash equilibrium of I'* (although it is possible to show
that an approximate Nash equilibrium of T° is a Nash equilibrium of I'°). Nevertheless,
the following result shows that it is an e-Nash equilibrium of I with € > 0 related to the

mesh size of the triangulation.

Theorem 3.2 Let (I',p,X) be given. For every € > 0 we can choose § > 0 such that
z,2€(0,1] xS, ||Z —Z||o <6, implies ||G(Z) — G(Z)||oe < 3. If the mesh size of ¥ is less

({EG EQ ES §14})

co({z%,z°, '8 14})

({fll §7 ES §14})

14})

({ES §7 ES §14})

14})

({ES EQ ES §14})

14})

co({z*, 7", T'¢ co({z®, 7", T'° co({z®,7°, '8

co({z*, 7%, 7%, 7'})

co({z8,z'7, 716 7'1})

co({z8, 77, 78 7'1})

co({7° )

co({z*, 7, 7° x14})

14})
14})

co({z*,z, T'°

co({z*,x'3

co({z%, 7!, 7° x14})

14})
14})

co({z?,z, z'°

co({z?, 7!

co({7%, 7,7 ,x14})
2 —14})
7MY

co({7?, f?’ fl

co({z?, 7!

co({fﬁ, z3, T5, EM})
2 §14})
2 §14})

co({z®, 73, T

co({z"

Table 2. All full-dimensional simplices in [0, 3] x S.




than 6 and s is an approximate Nash equilibrium of FZ, then s is an e-Nash equilibrium of
I,

Proof

Let € > 0 be given. Since G is a continuous function with domain a compact set, we can
choose 9 > 0 as in the theorem. Let the mesh size of ¥ be less than ¢ and let § be an
approximate Nash equilibrium of I'¥. Let o € ¥ be such that 7 = (t,3) € 0. Then there
exists A € RY"*? such that >V ) = 1and 7 = 2 M7V \ja7, with 27 the vertices

of o. Then
M—N+2 1

IG(@) - G@) | = || Zl N (G(27) = G@))ll < 3,

so, for every (i, k) € ®,,

1 — 1
Now, S; > 0 implies
_ — 1 — 1 _
) D= (7)) > G (7)— e — (T — e > (7)) e — (1.3 —¢.
Git(t,35) = Gu(T) > Gi(T) 25 (%gi Gu(T) 25 > (%%i Giy(T)—e (%%i Giy(t,s)—e¢

Q.E.D.

By Theorem 3.2 we will be able to show that the algorithm generates a path of e-Nash
equilibria of games I'*, ¢ € [0, 1], with € going to zero if the mesh size § of the triangulation
) goes to zero. The result makes clear that it is possible to give an upper bound for ¢ in

terms of €, the payoffs of the game, R;, and the prior, p.

4 The Algorithm

Let a subset B, of ®, be given with the property that for every player i there is at least one
pure strategy (i,k) in B,. Such a set B, is called admissible. Let B; denote the set of all
pure strategies of player 7 in B,. The set B; is related to all best replies of player ¢ against
a certain strategy combination. The set S(B,) denotes all mixed strategy combinations

that give positive weight only to pure strategies in B,, so

S(B)={se8| Y sa=1icN}.

(3,k)EB;

Let a triangulation ¥ of [0, 1] x S be given. For an admissible subset B, of ®, we denote
by X(B.) the collection of m-faces of simplices in ¥, where m = |B,| + 1 — N, that are
contained in [0, 1] x S(B,), so

Y(By)={r C[0,1] x S(B,) | Jo € &, Tis a (|Bs| +1— N)-face of c}.

9



Here | B,| denotes the cardinality of B,. By repeated application of the result that claims
that the relative boundary of a set is triangulated by the facets of a triangulation, it follows
that X(B,) is a triangulation of [0, 1] x S(B,). Notice that X(®,) = X.

Let an admissible B, C ®, and a simplex o(z!,..., ™) € X(B,) be given. Consider
solutions & = ((Aj)j=1,..m+1, (Hi) s k)e®.\B., (Bi)ien) € RYMH? of the following system of
equations:

Smab =1,

Jj=1

L _ _ o (2)
YN Gi(@0) + Y e s, b (k) — BilM = 0Mi) e N.

IfA>0,j=1,....m+1, and py > 0, (i,k) € ®; \ B;, then £ is called an admissible
solution to (2). An admissible solution £ corresponds to an approximate Nash equilibrium
s of T". Indeed, (t,s) = Z;’Q}l \jz?, strategies in B, are best replies given the marginal
payoff function G, p; is the payoff gap between strategy (i,k) € ®; \ B; and a best reply
for player i, and 3; is the expected payoff for player i. Since o C [0, 1] x S(B.), strategies
that are not a best reply are played with probability zero. An admissible solution to (2)
is said to be degenerate if at least two of the variables A;, 7 = 1,...,m + 1, and s,
(i,k) € @, \ B., are equal to zero.

In the remainder of this section an algorithm will be introduced that generates by
means of lexicographic pivoting techniques a piecewise linear path of approximate Nash
equilibria in [0,1] x S joining {0} x S to {1} x S. The path is such that every (t,s)
on it corresponds to an admissible B, C ®,, a simplex o0 € 3(B,), and an admissible
solution £ as described above. The algorithm will specify in a unique way how to move
from one simplex to another. For given (B,, o), (2) corresponds to a linear system with
M + 1 equations and M + 2 variables. If we rule out degeneracies, then a non-empty
solution set is a 1-dimensional compact line segment. The end points of the line segment
are either approximate Nash equilibria for T or T'!, or yield solutions for a new (B.,7).
Indeed, degeneracies ruled out, at an end-point either \; = 0 for exactly one j, or p;; =0
for exactly one (i, k) € ®; \ B;. In the first case, the end-point belongs to the facet 7 of
opposite to the vertex z7. If 7 belongs to the relative interior of [0, 1] x S(B,), then there is a
unique simplex & € 3(B,) such that & # o, and 7 is a facet of @. The algorithm continues
by generating a line-segment of solutions in @. If 7 belongs to the relative boundary of
[0,1] x S(B.), then the end-point is either an approximate Nash equilibrium for ', or an
approximate Nash equilibrium for I'!, or 7 € ¥(B,), with B, a uniquely determined subset
of B, having one element less, and the algorithm continues with a line-segment of solutions
in 7. If p;; = 0, then also strategy (i, k) is a best reply. The algorithm continues with a
line-segment of solutions in &, where @ is the unique simplex in ¥(B, U {(i,k)}) having o
as a facet.

In game theory degeneracy is not always a non-generic phenomenon. For instance, for a
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normal form representation of a game in extensive form, degeneracy is the rule rather than
the exception, even if the payoffs in the extensive form game are randomly chosen. But
also in other normal form games, representing certain economic situations, degeneracy can
easily occur, simply because payoffs are not randomly chosen but reflect some structure that
is present in the economic model. We will deal with degeneracy by exploiting lexicographic
pivoting techniques. In this paper we extend the techniques as used in Eaves (1971), Todd
(1976a), Wright (1981), and Herings, Talman, and Yang (1996).

Let us take a closer look at the system (2). For an admissible B, C ®, and a facet
7(zt, ..., 2™) of a simplex in X(B,), the (M + 1) x (M + 1)-matrix Ag, , is defined by

1 -1 0 cor e e a0
Ey 0 —1M 0

AB*,T: — —_ 5
G(zY) -+ Gz™) 0 . 0 o . 0

0 0 Ex O 0 —1Mw

where, for i € N, E; = [e™i(k)](; kyew p;- The matrix Ap, , corresponds to the coefficients
in (2) when a facet 7 of a simplex o is considered. Suppose Agiﬂ exists. From A B*JAEJ =
IM+1 it follows that the first column of Agii corresponds to an admissible solution to (2)
for any o € X(B,) being the convex hull of 7 and some vertex z™™ € [0,1] x S(B.),
whenever the first M +1— N components of this column are non-negative. No restrictions
are imposed on the last NV rows of Agiﬂ. In a non-degenerate solution the first M +1— N
components are all positive, since A\, 11 = 0 extends the solution for the facet 7 to the
simplex o.

RM*! is lexicographically positive if z # 0+1" and its first non-zero

A row vector x €
entry is positive. The matrix Ap, ; is said to be semi-lexicopositive if each of the first

M + 1 — N rows is lexicographically positive.

Definition 4.1 Let (I, p,X) be given and let B, be an admissible subset of ®,. A facet 7

of a simplex in X(B,) is B,-complete if Ap! _ exists and is semi-lexicopositive.

By restricting attention to complete facets, we will be able to take care of degeneracy
problems. Given a linear system of equations as in (2), determined by a B,-complete facet
7, we will pivot in a new column, either of the type (1, G(z™*!)) or of the type (0, e (k)).
By making semi-lexicographic pivot steps, this determines in a unique way a column out
of the first M +1 — N to be replaced. A semi-lexicographic pivot step replaces the unique
column out of the first M 41— N ones, that makes the inverse of the resulting matrix Ap, -
semi-lexicopositive. Such a pivot step is not more difficult to carry out than a normal one
and coincides with it if there is no degeneracy.

The consideration of B,-complete facets will also provide us with a unique, endogenously
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determined, starting point for the algorithm. The admissible subset B of ®, is defined
by BY = {(i,k;)}, i € N, where k; is the largest integer such that (i, k;) is a best reply to
p for player i. Notice that |B?| = N. The facet (vertex) 7 = {0} x S(B?) is B%-complete,
see Lemma 6.1 for a proof. It will be shown that there is no other B,-complete facet 7
in {0} x S. Even in degenerate cases, the semi-lexicographic rules single out the unique
B?-complete facet {0} x S(B?), which will serve as a unique, endogenously determined
starting point of the algorithm.

The steps of the algorithm are as follows.

Algorithm 4.2 Let (', p,>) be given.

Step 0. Let m =1 and n = 1. Let B, = B?, 7' = {0} x S(B,), and let 2% be the unique

vertex of the 1-simplex of 3(B,) containing 7! as the facet opposite to it.

Step 1. Let o be equal to the convex hull of 7 and {z™"!}. Make a semi-lexicographic
pivot step with (1, G(z™*1)) into the system of equations (2) corresponding to Ag, rn,
yielding a unique column j’ of Ap, ;» which has to be replaced. If j' € {m+1,..., M+
1 — N}, then go to Step 3 with (¢, k') the pure strategy corresponding to column j'.
Otherwise, go to Step 2.

Step 2. Increase the value of n by 1 and let 7" be the facet of o opposite 7. If 7 € {1} xS,
then the algorithm terminates with an approximate Nash equilibrium s* of I'! induced
by the solution of (2) corresponding to Ap, ,». If 7" € X(B,) for some admissible
B, C ., then go to Step 4. Otherwise, there is exactly one m-simplex & of ¥(B,)

m+1

such that @ # ¢ and 7" is a facet of . Go to Step 1 with = as the unique vertex

of @ opposite 7".

Step 3. Let the admissible B, C ®, be defined by B, = B, U {(#', k’)}. There is a unique

simplex @ of ¥(B.) having o as a facet. Increase the value of both m and n by 1 and

m—+1

go to Step 1 with x as the unique vertex of & opposite o, B, = B,, and 7" = 0.

Step 4. Let o be equal to 7". Make a semi-lexicographic pivot step with
(0, eM( Z;i M; +k)) into the system of equations (2) corresponding to Ag, ,», where
(i, k) is such that B, U{(i,k)} = B,. This yields a unique column j’ of Ap, ;» which
has to be replaced. If j* € {m+1,..., M +1— N}, then decrease the value of both m
and n by 1 and go to Step 3 with (i, k') the pure strategy corresponding to column
j" and B, = B,. Otherwise, decrease the value of m by 1 and go to Step 2 with
B, = B,.

In Section 6 it is shown that every step in the algorithm is feasible and that every semi-

lexicographic pivot step is unique. Furthermore, the algorithm is shown to terminate after
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a finite number of steps, after having generated a B,-complete facet 7 being a subset of
{1} x S(B.).

Consider all different pairs (B, 71),..., (BE, TE) successively generated by Algorith-
m 4.2 Fork =1,... k 7° = Tk(xl,...,xmk) with m* = |B¥| + 1 — N. Define ¢ =
(t*,3%) € 7F by 3*F = Z;’fl \;z? with ); following from the admissible solution of sys-
tem (2) corresponding to Agi x. So §* is an approximate Nash equilibrium of T'*". For
r € R, define |r| as the greatest integer which is less than or equal to r. Finally, define

the piecewise linear, continuous function = : [0,1] — [0, 1] x S by

~

7)) = (1—(k—Dr+ [k — D@ HED 4 (& - 1) — [(k - 1)r])z2 0],

Consider some 7 € [0,1]. Then 7(r) = (¢, s) is a convex combination of two points Z* and
TFL Tt is easily verified, because of the linearity of the system, that 7(r) gives rise to an
admissible solution for (2) with B, equal to B¥N B! and o equal to the convex hull of 7%

and 7Ft+1

. So, s is an approximate Nash equilibrium of I'*. The function 7 : [0, 1] — [0,1] xS
is called the path generated by the algorithm. When the mesh size of the triangulation
used goes to zero, the path generated by the algorithm converges to the linear tracing

procedure, for a proof and a precise statement see Section 7.

5 An Example

To illustrate Algorithm 4.2, we consider the game of Figure 2. The unique Nash equi-

librium of this game is ((3, %), (3, 3)). We write ®1 = {(1,1), (1,2)}, ®2 = {(2,1),(2,2)},

Ri((1,1),(2,1)) = 2, etc. Consider a prior p = ((3,3), (3, 1)). It follows that

Hi(s) = tRi(s)+ (1 —t)[Ls11 + Is10],
Hj(s) = tRy(s)+ (1 —1t)[3s01 + 2s22],

and
Gu(t,s) = (2521 + s22) + (1 — )3,
Gua(t,s) = t(so1+4s2)+ (1 —1t)%
Ga (t, 8) = t(2811 + 4812) + (1 —t

Goo(t,s) = t(4s11)+ (1 —1t)2.
We take the triangulation X depicted in Figure 1.

First we have to determine BY. It is given by B? = {(1,2), (2,1)}. Against the prior both
pure strategies give player 1 a payoff of £, G11(0, ((3,3), (3,1))) = G12(0,((3,3), (3, 1)) =
E. The tie-breaking rule introduced to determine B?, requires that the second pure strategy
of player 1 is selected. It is obvious that s = ((0,1),(1,0)) is a Nash equilibrium of I'°.
The simplex 7! is equal to {0} x {((0,1),(1,0))} and is denoted in Figure 1 by z3. The
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1,4

B | 14 | 40

Figure 2. A 2-person game.

unique simplex of X({(1,2),(2,1)}) containing 7! as a facet is given by o = co({z?,7'?}),
and the unique vertex of it not in 7! is Z'2. This terminates Step 0. It holds that

100 0 0 10 0 00
T10 -1 0 01 -1 00
Agpn=|T 00 -1 0| and(Ap)'=]10 0 -1 1
300 0 —1 I'o-1 00
(201 0 -1 (30 0 -1 0]

It is easily verified that (A Bo,1) ! is semi-lexicopositive. The first column of (Apgo 1),

given by the vector (1,0, 1, % 1+ 3), corresponds to an admissible solution of (2). Here, A\; = 1,

the weight attached to vertex T3, p11 = 0, po2 = 1, the losses in payoff for player 1 using
his first strategy and for player 2 using his second strategy, and 3, = E, Bo = 3, the
expected payoffs of players 1 and 2. Now we have to make a semi-lexicographic pivot
step with (1,G(z'?)) = (1,(£,4,2,1)) into the system of equations (2) corresponding
to Apo 1. This yields column 2 to be replaced, which corresponds to pure strategy (1,1).
Since 2 € {2, 3}, we go to Step 3 and we increase the dimension of the simplices generated
by 1

Step 3 takes B, = B,U{(1,1)} = {(1,1),(1,2),(2,1)}. The unique simplex & of ¥(B.)
having co({Z3, T'?}) as a facet is co({x2 73, 7'2}). Next, m and n are set equal to 2, and
Step 1 is carried out with 23 = 72, B, = {(1, 1),(1,2),(2,1)}, and 7% = co({z3,7'?}), etc.

The algorithm reaches {1} x S after generating the 13 facets that are denoted by 71, ... 713

in Figure 3.
It can be verified that 71 = {73}, 72 = ({E3 T2}, 3 = co({EQ,EH}), ™ =
co({7?, x“}) 75 —co({x z'0}), 76 —co({x 7%, 77 = co({T*, xm}) =
co({T*, 70, 713)), 79 = co({Z10, 713, 714}), 710 = co({Z10, 74, 729)), 711 = co({z10, 711, 729}),
712 = co({x“,_1 ,723}), and 713 = co({7'?,7%°,7?%}). An interesting situation occurs at

75. In Step 2 we reach the case where 75 belongs to the Cartesian product of [0, 1] and the
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Figure 3. The algorithm in action.

boundary of S(B,), 7% € 3({(1,1),(2,1)}). We have to go to Step 4 in order to decrease
the dimension by 1. In Step 4 we pivot in the vector (0, e*(2)) since B, = B, U {(1,2)}.
This yields column 3 to be replaced, which corresponds to pure strategy 2 of player 2.
Since 3 € {3}, we go to Step 3 to increase the dimension. It holds that 7% is both
{(1,1),(1,2),(2,1)}-complete and {(1, 1), (2,1), (2,2)}-complete, yielding two different ad-
missible solutions to the system of equations (2).

The importance of the semi-lexicographic pivot steps becomes clear when reaching
719 When 7% is pivoted in, ordinary pivot steps cannot determine whether '3 or z'4
should be pivoted out. Let us denote the facet obtained by pivoting out z'* by 7!°, so

710 = co({z!°,7'3,7%3}). In both cases B, = ®,. It holds that

1 11 0 0] [0 2 -2 2 -2
13 15 3 2 2 2
5 & 2 1 0 3 0 0 -3 3
Ag ;o= |4 L 5 1 0] and (Ag,;0) ' =] L —2 2 -2 11,
5 7 3 1
3 23 0 -1 -3 -1 9 o
2 32 0 -1 2 0 0 -2 -1
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and

(1 1 1 0 0] (i 0 o0 2 -2
3 15 13 2 1 1
2 s s L0 5 1 -1 3 —3
A(I,*7F10 = g % %7 -1 0 | and (A(I,*7F10)_1 =10 -1 1 -1 1
3303 01 Pt 0o
2 3 3 0 —1| 5 0 0 -2 —i]

—~

It is easily verified that A(I,*7F10)_1 is not semi-lexicopositive, since the third row is not
lexicographically positive. So 7'° will not be generated by the semi-lexicographic pivot
steps, but instead 719 is the uniquely determined facet. Since 7'% C {1} x S, the algorithm
will terminate there as is dictated by Step 2.

The path generated by the algorithm in the example is illustrated in Figure 3 by the

heavily drawn line going from 7! to 713, It is given by the points

0 0 0 5 5 5 3 g 5 1
O\ 1A TEY T TV T T T LA |2
I NS [\ TNo/ L [No L I\ LS I\e/ LS [\ ] I\5]]
1 1 1 1 g 5
0 0 0 0 6 i 6 i

and all convex combinations of two successive points. The end point is exactly equal to
the unique Nash equilibrium of the game T'.

Because the game of Figure 2 is so simple, it is possible to determine the set £ exactly.
This set is depicted in Figure 3 by the dotted line. It is easily seen that £ consists of only
one component and £ = L°. It is given by the points

0\ (o) (1) (3
0 1 1 1
LIS\ 5 {\O/ ]S [\O/
1 1 1 3

1
0 0 0 1

all convex combinations of two successive points, and, in addition, the points

t
(H—?:t)

6t 1
3t—1

/> te(g,l].

It is clear from the figure that even though the mesh size of the triangulation is pretty large,

PR
NN [V
N~

the set L is approximated very well by Algorithm 4.2. The approximate Nash equilibrium

computed, Z% = (1,((2,31),(2,1))), is an exact Nash equilibrium.
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6 Convergence to an e-Nash Equilibrium of I

We show that every step in Algorithm 4.2 is unique and feasible, and that the algorithm
generates a piecewise linear path in a sequence of adjacent simplices. The path consists
of approximate Nash equilibria of T, ¢ € [0,1]. First we show that 7 = {0} x S(B?) is
BY-complete and that there is no other 0-simplex in the slice {0} x S that is B,-complete

for some B,. We consider the case |B,| = N first.

Lemma 6.1 Let (T',p,X) be given. The facet T = {0} x S(B?) is BY-complete. There is
no other Bi-complete facet T in {0} x S with |B.| = N.

Proof

Let t = 0 and |B,| = N. If 7 C {0} x S is B,-complete, then, for i € N, B; = {(i, k;)} with
(i, k;) a best reply for player ¢ against the p. It is straightforward that

1 0 ... 0 0 ... 0
Ri(p )\ (1,1))

Ri(p\ (1,0,))

Rx(p\ (N 1))

| Ru(p\ (N, My))

E, 0 0 —1MM 9 0

0 0 Ex O 0 —1Mw

where E; is the M; x M; unit matrix with column e*i(k;) deleted. Inverting Ap, , we find
that

1 0 0
R, Ey 0 0
. : 0 . 0
Ap.. = o 0 0 o )
Ri(p\ (1, k1))
—eNXMl(l,kl) —GNXMN(N, ]{JN)
| Bn(p\ (N, kn)) |

where R; € R}~ is the column vector given by Ry = Ri(p \ (i,k:)) — Ri(p \ (i,1)),
(i,1) € ®; \ {(4, k;)}, and where E; is the (M; — 1) x M;-matrix given by

E; = [ eMi=1(1) .. Mtk —1) —1Mit Mt (Ey) o M (M - 1) }

and eV *Mi(4 k;) is the (N x M;)-matrix filled with zeroes, except in row 4 column k; where
a 1 occurs. If k; = 1, then the first column of Ej is given by —1™i~1 and if k; = M;, then
the last column of Ej is given by —1¥i~!. By computing A BMAEJ it is easily verified that

A]_gi . is indeed given by the expression above. Now A]_gi , 1s semi-lexicopositive if and only
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if k; is the largest integer such that (i, k;) is a best reply to p for player i. Q.E.D.

The next lemma shows that there are no B,-complete facets 7 in {0} x S where the

cardinality of B, exceeds N.

Lemma 6.2 Let (I', p,X) be given. Then there is no B.-complete facet T in {0} x S with
|B.| > N.

Proof

Consider any |B,| > N and any facet 7((0,s'),...,(0,s™)) C {0} x S(B.) of a simplex in
¥ (Bs). Then

1 1 0 o cei e o0
E; 0 —1M 0
AB*T: — _
G(0,s) --- G(O,s™) O . 0 0 . 0
_ 0 0 Ey 0 0 —1Mv |

Observe that Gx(0,s7) = Ri(p\ (i,k)), (i,k) € ®;. So, G(0, s’) is independent of j and
Ap, - is not invertible. Therefore, 7 is certainly not B,-complete. Q.E.D.

Lemma 6.1 selects for each player a unique pure strategy such that the resulting pure
strategy combination, denoted by s°, is a Nash equilibrium for the game I'°. Lemma 6.2
shows that there are no other Nash equilibria for the game I'° that satisfy our criterion of
completeness. The resulting point (0, s°) is linked in Step 0 of Algorithm 4.2 to a point
(t,s') that is the other vertex of the unique simplex in X(B?) having {0} x S(B?) as a
facet.

The following lemma is well-known in linear programming theory, see for example Murty
(1983). It can be used to link several complete facets to each other. Moreover, it gives us

an easy way to perform a semi-lexicographic pivot step.

Lemma 6.3 Let an invertible n X n matriz A, a vector z of R", and some j € {1,...,n}
be given. The n x n matriz A is defined by A= (A1 ... Aj_1 2 Aji1 ... Ay). Then either
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(A712); =0 and A is singular, or (A712); # 0 and

(A1) — Y= (A7Y;

(A~12);

. L
AT = =, (A7)
— A~1z); 1 —
(A1 — G52 (A7),

Lemma 6.3 is easily shown by calculating A~*A. The structure of the remainder of the
convergence proof is closely related to the one of Wright (1981) and Herings, Talman
and Yang (1996), although we have to deal of course with the specifics of our algorithm.
For the proofs of Lemma 6.4 and 6.5 we use the concept of a lexicographic ordering. A
vector T € IR" is said to be lexicographically greater than a vector x € R" if T — x is
lexicographically positive. In this way the lexicographic ordering is obtained, a complete
ordering on R".

Lemma 6.4 describes all possible cases that may occur if a B,-complete facet 7 is given
m+1

and a semi-lexicographic pivot step with a vector (1, G(z™*1)) is made, where x is a

vertex of a simplex having 7 as a facet opposite to it.
Lemma 6.4 Let (I, p, X)) be given. Consider a B,-complete facet T of a simplex o € 3(B,).
Then ezxactly one of the following cases holds:

1. o has exactly one other B.-complete facet T,

2. o is B,-complete for precisely one admissible B, C ®,.

Proof

Let 2! be the vertex of o not contained in 7 and let y € RM ™ be given by

1
= AG! — .
y By, ( G(xm-f—l) )

Since (Ap. )1 = (1™, 0M+1=m") it holds that X7, (Ap ,);1 = 1 and X7 (A5' ) =0,

l=2,..., M+1. Suppose that the first M +1— N components of y are non-positive. Then

we obtain a contradiction since

T T T T 1 T 1
0> (1™ ’ 0M+1—m — (1™ ’ 0M+1—m A—l . — 1’ OM o — 1’
= ( )y ( ) BT ( G(.'L’m—H) ) ( ) ( G(.’L’m+1) )
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where the first inequality uses that m < M + 1 — N. Consequently, y; > 0 for some
je{l,...,M+1—-N}. Let j'e {1,...,M +1— N} be such that ﬁ(A]g}J)j/. is minimal
according to the lexicographic ordering over all row vectors yij(AgivT) ;. for which y; > 0
and j € {1,...,M +1— N}. The row j is uniquely determined because otherwise there
would be two rows that are linearly dependent and Agiﬂ would not be invertible. It holds
that either ' € {1,..., m}orj e {m+1,..., M +1— N}

In the first case let 7 be the facet of o opposite z7". By Lemma 6.3 and the choice of 5’
it follows that A]_gif exists and is semi-lexicopositive. So T is B,-complete.

In the second case it holds that column j' of Ap, ; corresponds to pure strategy k of
player i. Let B, C ®, be defined by B, = B, U{(i, k)}. Obviously, B, is admissible and o
is a facet of a simplex of ¥(B,). By Lemma 6.3 and the choice of j it follows that A%iJ
exists and is semi-lexicopositive. So, ¢ is B,-complete.

Lemma 6.3 guarantees that replacement of another column of Ap, » would give a new
matrix that does not have a semi-lexicopositive inverse. This implies that the two cases
considered above are mutually exclusive, and that the facet 7 and the set B, are uniquely

determined. Q.E.D.

The operation used in the proof of Lemma 6.4, where a column of Ap, ; is determined in a
unique way and is replaced by the vector (1, G(z™!)), is called a semi-lexicographic pivot
step in Step 1 of Algorithm 4.2. Case 1 occurs in the algorithm if one goes from Step 1 to
Step 2, and Case 2 if one goes from Step 1 to Step 3.

Consider a B,-complete facet 7 that is also a simplex belonging to ¥(B,) for some
admissible B, C ®,. Then there is a unique strategy (7, k) such that B, = B, U {(7,k)}.
Lemma 6.5 describes all possible cases that may occur if a semi-lexicographic pivot step

with a vector (0, (1)) is made, where | = S2:=1 M; + F.

Lemma 6.5 Let (T',p, %) be given. Consider a B.-complete facet T that belongs to ¥(B.)

for some admissible B, C ®,. Then exactly one of the following cases holds:
1. T is B,-complete for precisely one admissible B, C ®, with B, #+ B.,
2. precisely one facet v of T is B,-complete.

Proof
There is a unique strategy (i, k) such that B, = B, U{(3,k)}. Define I = >2'=} M; + k. Let
y € RM*! be given by
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Since (Ap. )1 = (1™, 0M+1=m") it holds that 37, (Ap ,);1 = 1 and X7 (A5' ) =0,

T

l=2,..., M+1. Suppose that the first M +1— N components of y are non-positive. Then

T T T T 0 T 0
1m ’ 0M+1—m — (1™ ’ 0M+1—m A—l — 1’ OM — 0’
( )y ( ) By,T GM(Z) ( ) GM(Z)

so the first m components of y are zero. Now it holds that

M+1 M+1
1= (A )irryi = D (ABr)i+1i¥i = —Ynrsi-n4i

j=1 j=m+1

0 _
S0, Ypr+1-n47 = —1 and a solution to Ap, ;y = ( eM(1) ) can only exist if (i, k) ¢ B; for

every k # k. Since B, = B,U{(i, k)}, it follows that B, is not admissible, a contradiction.
Consequently, y; > 0 for some j € {1,...,M+1—N}. Let j' € {1,..., M +1— N} be such
that ﬁ(A]_giT) ;. 1s minimal according to the lexicographic ordering over all row vectors
L(Ag!,)j. for which y; > 0 and j € {1,...,M + 1 — N}. The row j' has to be unique

vi
because otherwise Ap! _ would not be invertible. It holds that either j' € {1,...,m} or

je{m+1,...,M+1— N}

Ifj/e {m+1,...,M +1— N}, then let (¢, k") be the strategy that corresponds to
column j'. Let an admissible B, C ®, be defined by B, = B,U{(#, ')}, and consider A B
By Lemma 6.3 the choice of j/ guarantees that A=' is semi-lexicopositive and therefore7 T

T

is B’*—complete.

If j/ € {1,...,m}, then let v be the facet of 7 opposite 27", Using Lemma 6.3 the choice
-1

E*,’U
Again, Lemma 6.3 guarantees that replacement of another column of Ap, , would give

of j/ implies that A is semi-lexicopositive and hence v is B,-complete.
a new matrix that does not have a semi-lexicopositive inverse. This implies that the two
cases considered above are mutually exclusive, and that the facet v and the set B, are

uniquely determined. Q.E.D.

The operation used in the proof of Lemma 6.5, where a column of Ap, . is determined
in a unique way and is replaced by the vector (0,eM( Z;i M; +k)")T is called a semi-
lexicographic pivot step in Step 4 of Algorithm 4.2. Case 1 of Lemma 6.5 happens if one
goes from Step 4 of Algorithm 4.2 to Step 3, and Case 2 if one goes from Step 4 to Step 2.

It has already been indicated that Algorithm 4.2 generates a sequence of adjacent complete

facets with varying dimension. The idea of adjacent is made precise in Definition 6.6.

Definition 6.6 (Adjacent complete facets) Let (I', p, X) be given. The complete facets

7 and 7T are adjacent if 7 and 7 are both B,-complete facets of the same simplex of ¥(B,),
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or if 7 is a B,-complete facet of the B,-complete simplex 7 of Y(B.),orif Tis a B,-complete

facet of the B,-complete simplex 7 of $(B,).

Theorem 6.7 Let (T, p,X) be given. Consider a B,-complete facet T. If T = {0} x S(B?)
or 7 C {1} x S, then T has one adjacent complete facet. Otherwise, T has two adjacent
complete facets.

Proof

Let 7 = {0} x S(BY). Since {0} x S(B?) is a subset of the relative boundary of [0, 1] x S(B?),
there is a unique 1-simplex o € X(B?) such that 7 is a facet of 0. By Lemma 6.4 it holds
that either o has exactly one other B%-complete facet 7, or the 1-simplex ¢ is B,-complete
for precisely one admissible B, C ®,. So there exists exactly one adjacent complete facet
to {0} x S(BY).

Let 7 C {1} x S be B,-complete. Clearly, there is no admissible B, C ®, such that
7 € X(B,), since a simplex in ¥(B,) has always vertices outside {1} x S. Since 7 is a subset
of the relative boundary of [0,1] x S, there is a unique 1-simplex o € X(B,) such that 7
is a facet of 0. It follows again by Lemma 6.4 that there is exactly one adjacent complete
facet to 7.

For all other adjacent complete facets 7 it holds either that 7 belongs to the relative
boundary of [0,1] x S or to the relative interior of [0, 1] x S.

In the first case there is a unique o € X(B,) having 7 as a facet. By Lemma 6.4
it holds that either o has exactly one other B,-complete facet 7, or o is B,-complete for
precisely one admissible B, C ®,. This gives us one adjacent complete facet to 7. Moreover,
T € E(ﬁk) for precisely one admissible B, C ®,, since 7 lies in the relative boundary of
Y(B.), 7 # {0} x S(B?) by assumption, and 7 is not a subset of {1} x S by assumption,
and 7 ¢ {0} x S by Lemma 6.2. By Lemma 6.5 it holds that either 7 is B,-complete for
precisely one admissible B, C ®, with B, =+ B,, or precisely one facet v of 7 is ﬁ*—complete.
In the latter case we are done. In the first case, since 7 belongs to the relative boundary of
(B,), there is exactly one & € X(B,) having 7 as a facet, and applying Lemma 6.4 again
gives the second adjacent complete facet to 7. There can be no other adjacent complete
facets to 7.

When 7 belongs to the relative interior of ¥(B,), we apply Lemma 6.4 twice to get

exactly two adjacent complete facets. Q.E.D.

The implications of Theorem 6.7 are striking. The BP-complete facet {0} x S(B?) has

exactly one adjacent complete facet. That facet either belongs to the boundary of {1} x S

1

and we have found an approximate Nash equilibrium®, or has exactly one adjacent com-

1Tt will usually not be the case that the boundary {1} x S is reached in one step. For this to occur it
is required that the triangulation ¥ has a very large mesh size.
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plete facet not being equal to {0} x S(B?). In this way a sequence of adjacent complete
facets is generated in a unique way, starting from {0} x S(B?). The systematic steps of
how to generate this sequence are given in Algorithm 4.2. Theorem 6.8 shows that the
algorithm always reaches in a finite number of steps a complete facet in {1} x S. As stated
in Theorem 6.9, this implies that the algorithm converges to an e-Nash equilibrium in a

finite number of steps.

Theorem 6.8 (Convergence of Algorithm 4.2) Let (I',p,X) be given. Then there

exists a unique finite sequence of complete facets T, . .. 7" such that Tt = {0} x S(BY),
* {1} x S, and any two successive facets in the finite sequence are adjacent complete
facets.
Proof

Let 71 = {0} x S(BY?). Let 72 be the unique adjacent complete facet that exists according
to Theorem 6.7. Whenever 7% for some k > 1 is not equal to {0} x S(B?) and not a subset

! not equal

of {1} x S, there exists by Theorem 6.7 a unique adjacent complete facet 7%+
to 7%~1. Now it follows from the door-in door-out principle of Lemke and Howson (1964)
that all simplices generated in the sequence above are different. Moreover, the collection
of all facets of simplices in ¥(B,) is finite for any admissible B, C ®,. So, after a finite

number of steps, say %, a facet in {1} x S must be reached. Q.E.D.

By connecting the solutions found in each of the complete facets generated by the algo-
rithm, we find the path generated by the algorithm, 7 : [0,1] — [0,1] x S, as constructed

in Section 4.

Theorem 6.9 Let (I',p,X) be given with mesh(X) < 4, where § satisfies ||T — Z||oo <
implies ||G(Z) — G(Z)||ls < 3¢, 2,7 € [0,1] x S. Then w(r) = (t,s) implies that s is an
e-Nash equilibrium of T*. Moreover, w(0) = (0,s) with sy, = 1 for all (i,k;) € B?, and
(1) = (1, s*) with s* an e-Nash equilibrium of T

Proof
This follows straightforwardly from Theorem 3.2, Theorem 6.8, and the definition of Algo-
rithm 4.2. Q.E.D.

Theorem 6.9 shows that any (¢, s) in the image set of 7 corresponds to an e-Nash equilibri-
um of I'. Since we have shown that the algorithm reaches a complete facet in {1} x S in a
finite number of steps, we know that the algorithm converges to an e-Nash equilibrium in a
finite number of steps. Notice that this result is true for any game and any prior, irrespec-
tive of possible degeneracies. It is clear that the inaccuracy of the final solution generated,

e, depends on the mesh size of the triangulation. If the mesh size of the triangulation goes
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to zero, then also the inaccuracy € goes to zero. From a practical perspective, there is a

clear trade-off between rapid convergence and getting very accurate solutions.

7 Convergence to the Linear Tracing Procedure

It has been shown that Algorithm 4.2 converges to some e-Nash equilibrium, given any game
and prior. It remains to be shown that this e-Nash equilibrium is indeed an approximation
of the Nash equilibrium selected by the linear tracing procedure. To verify this, we need a
distance function to measure the discrepancy between the set L£¢ generated by the linear
tracing procedure, and points 7(r) which are generated by Algorithm 4.2.

Let S denote the collection of all non-empty compact subsets of [0,1] x S. We define
the distance function d: [0,1] x S x § — R by

d(z,T) =min||z —y|lw, x€[0,1] xS, T €S.
yeT

Theorem 7.1 Let (I',p) be given. Then, for every ¢ > 0, there exists § > 0, such that for
every triangulation X of [0, 1] x S satisfying mesh(X) < 6 it holds that max,c(o 1) d(m(r), L) <
E.

Proof

Suppose the theorem is not true. Then there exists € > 0 such that for every n € IN there
exists a triangulation X" of [0,1] x S such that mesh(X") < £, and there exists r" € [0,1]
such that d(7"(r"),L°) > €. Here 7" : [0,1] — [0,1] x S denotes the path generated by
the algorithm when the triangulation X" is used. By Hildenbrand (1974), Proposition 1,
page 16, the sequence {7"([0, 1]) }ew has a convergent subsequence. By Theorem 3.2 and
by continuity of the function G, it follows that the closed limit of a converging subsequence
of {7"([0, 1]) }new belongs to L. Moreover, since 7"([0, 1]) is connected for every n € IN, the
closed limit is connected by Mas-Colell (1985), Theorem A.5.1(ii), page 10. But then the
closed limit should be a subset of L since it contains points in £°. Take any accumulation

point T of the sequence {7"(r")}nen. Then
0 =d(Z, L) > inf{d(7"(r"), L) | n € N} > ¢,

a contradiction. Q.E.D.

Theorem 7.1 shows that for all games the algorithm stays arbitrarily close to the strategies
defined by the linear tracing procedure. This even holds true if the linear tracing proce-
dure is not well defined and does not select a unique Nash equilibrium. In that case the

e-Nash equilibrium generated by the algorithm is still an approximation of one of the Nash
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equilibria in £°. Theorem 7.1 does not only claim that 7(1) is close to a Nash equilibrium
selected by the linear tracing procedure. It makes clear that the entire path 7 does not get
further than ¢ away from L°.

Theorem 7.2 Let (I',p) be given. If the linear tracing procedure is well defined, then, for
every € > 0 there exists 6 > 0 such that for every triangulation ¥ of [0,1] x S satisfying
mesh(X) < 6 it holds that max sece d((t, s),n([0,1])) < e. Moreover, if (0,s") € LS, then
d((0,5°),{m(0)}) < e, and if (1,s*) € LE, then d((1,s%),{r(1)}) <e.

Proof

Suppose the theorem is not true. Then there exists € > 0 such that for every n € IN
there is a triangulation X" of [0,1] x S with mesh(X") < 1, and there is (t",s") € L°
such that d((t",s™),7™([0,1])) > e. Without loss of generality the sequence {(t", s")}nen
is convergent, say to (¢,5), and by Hildenbrand (1974), Proposition 1, page 16, the se-
quence {(7"([0,1])) }nen is convergent, say to the set II. By Theorem 7.1 it follows that
II C L£°. Obviously, (£,5) ¢ II. Since the set £° is a polytope, well definedness of the
linear tracing procedure implies that £° contains a single point, say (0, s). Similarly, well
definedness yields that there is only one (¢,s) € £¢ such that ¢t = 1, say (1,s!). It follows
that 7™(0) — (0, s°) and 7"(1) — (1, s'). The results of Schanuel, Simon, and Zame (1991)
imply that L€ is path-connected. Then it is easily seen that the linear tracing procedure is
well defined if and only if there is a homeomorphism & : [0, 1] — £¢ with h(0) = (0, s°) and
h(1) = (1, s'). Moreover, there is 7 € (0,1) such that (£,3) = h(7). By Mas-Colell (1985),
Theorem A.5.1.(ii), page 10, II is connected. However, IT C h([0,1] \ {7}), h(0) € II,

h(1) € II, and h is a homeomorphism, so II is not connected, a contradiction. Q.E.D.

Theorem 7.2 claims that the path generated by the algorithm approximates every strategy
of the linear tracing procedure if the linear tracing procedure is well defined. Obviously, if
for instance the set £¢ has a branch point, then it cannot be expected that all points in £¢
are approximated by the path 7 generated by Algorithm 4.2. In this case the algorithm

will track one of the branches that leads to an approximate Nash equilibrium.

Corollary 7.3 Let (I', p) be given. Let (X")new be a sequence of triangulations of [0, 1] x S
with mesh size converging to zero. If the linear tracing procedure is well defined, then
7©"([0,1]) converges to L¢ in the Hausdorff topology on S.

If the linear tracing procedure is well defined, then every strategy generated by it is approx-
imated by Algorithm 4.2, see Theorem 7.2, and every strategy generated by Algorithm 4.2
approximates a strategy corresponding to the linear tracing procedure according to The-

orem 7.1. Since the linear tracing procedure is well defined for almost every game, see
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Harsanyi (1975), this implies that the algorithm converges to the linear tracing procedure

in the Hausdorff sense for almost all games.

References

Damme, E. van (1995), Game Theory: The Next Stage, CentER Discussion Paper 9573,
Tilburg University, Tilburg.

Doup, T.M., and A.J.J. Talman (1987), “A Continuous Deformation Algorithm on the
Product Space of Unit Simplices,” Mathematics of Operations Research, 12, 485-521.

Eaves, B.C. (1971), “The Linear Complementarity Problem,” Management Science, 17,
612-634.

Eaves, B.C. (1972), “Homotopies for Computation of Fixed Points,” Mathematical Pro-
gramming, 3, 1-22.

Eaves, B.C., and R. Saigal (1972), “Homotopies for Computation of Fixed Points on Un-
bounded Regions,” Mathematical Programmaing, 3, 225-237.

Elzen, A.H. van den (1996), Constructive Application of the Linear Tracing Procedure to
Polymatriz Games, Research Memorandum FEW 738, Faculty of Economics, Tilburg U-
niversity, Tilburg.

Elzen, A.H. van den, and A.J.J. Talman (1991), A Procedure for Finding Nash Equilibria
in Bi-Matrix Games, ZOR - Methods and Models of Operations Research, 35, 27-43.

Elzen, A.H. van den, and A.J.J. Talman (1995), An Algorithmic Approach towards the
Tracing Procedure of Harsanyi and Selten, CentER Discussion Paper No. 95111, Tilburg
University, Tilburg.

Garcia, C.B., C.E. Lemke, and H.J. Liithi (1973), Simplicial Approximation of an Equi-
librium Point of Noncooperative N-Person Games, in T.C. Hu and S.M. Robinson (eds.),

Mathematical Programming, Academic Press, New York, pp. 227-260.

Harsanyi, J.C. (1975), “The Tracing Procedure: A Bayesian Approach to Defining a So-
lution for n-Person Noncooperative Games,” International Journal of Game Theory, 4,
61-94.

Harsanyi, J.C., and R. Selten (1988), A General Theory of Equilibrium Selection in Games,
MIT Press, Cambridge.

26



Herings, P.J.J., G. van der Laan, and R. Venniker (1996), The Transition from a Dreéze
Equilibrium to a Walrasian Equilibrium, IRES Discussion Paper 9613, IRES, Université
Catholique de Louvain, Louvain-la-Neuve. Forthcoming in Journal of Mathematical Eco-

nomaics.

Herings, P.J.J.; A.J.J. Talman, and Z. Yang (1996), “The Computation of a Continuum of
Constrained Equilibria,” Mathematics of Operations Research, 21, 675-696.

Hildenbrand, W. (1974), Core and Equilibria of a Large Economy, Princeton University
Press, Princeton.

Laan, G. van der, and A.J.J. Talman (1980), “A New Subdivision for Computing Fixed
Points with a Homotopy Algorithm,” Mathematical Programming, 19, 78-91.

Laan, G. van der, and A.J.J. Talman (1982), On the Computation of Fixed Points in the
Product Space of Unit Simplices and an Application to Noncooperative N Person Games,
Mathematics of Operations Research, 7, 1-13.

Lemke, C.E., and J.T. Howson, Jr. (1964), Equilibrium Points of Bimatrix Games, SIAM
Journal on Applied Mathematics, 12, 413-423.

Mas-Colell, A. (1985), The Theory of General Economic Equilibrium, A Differentiable Ap-
proach, Cambridge University Press, Cambridge.

Murty, K.G. (1983), Linear Programming, Wiley, New York.

Rosenmiiller, J. (1971), On a Generalization of the Lemke-Howson Algorithm to Non-
Cooperative N-Person Games, SIAM Journal on Applied Mathematics, 21, 73-79.

Schanuel, S.H., L.K. Simon, and W.R. Zame (1991), “The Algebraic Geometry of Games
and the Tracing Procedure”, in R. Selten (ed.), Game Equilibrium Models II: Methods,
Morals and Markets, Springer-Verlag, Berlin, 9-43.

Todd, M.J. (1976a), The Computation of Fized Points and Applications, Lecture Notes in
Economics and Mathematical Systems 124, Springer Verlag, Berlin.

Todd, M.J. (1976b), “On Triangulations for Computing Fixed Points,” Mathematical Pro-
gramming, 10, 322-346.

Wilson, R. (1971), Computing Equilibria of N-Person Games, SIAM Journal on Applied
Mathematics, 21, 80-87.

Wright, A.H. (1981), “The Octahedral Algorithm, a New Simplicial Fixed Point Algorith-

27



m,” Mathematical Programming, 21, 47-69.

28



