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Abstract

We constructively prove the existence of an approximate Nash equilibrium in a
finite strategic game directly by Sperner’s lemma. We follow the Bishop style con-
structive mathematics according to [1], [2] and [3].
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1. Introduction
It is often said that Brouwer’s fixed point theorem can not be constructively proved.

[5] provided a constructive proof of Brouwer’s fixed point theorem. But
it is not constructive from the view point of constructive mathematics a la
Bishop. It is sufficient to say that one dimensional case of Brouwer’s fixed
point theorem, that is, the intermediate value theorem is non-constructive.
See [2] or [4]. Brouwer’s fixed point theorem can be constructively, in the
sense of constructive mathematics a la Bishop, proved only approximately.
The existence of an exact fixed point of a function which satisfies some
property of local non-constancy may be constructively proved.
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of the Special Expenses for Hitech Promotion by the Ministry of Education, Science, Sports and Culture
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Thus, the existence of Nash equilibrium in a finite strategic game (a strategic game
with a finite number of players and a finite number of pure strategies) also can not be
constructively proved. On the other hand, however, Sperner’s lemma which is used to
prove Brouwer’s theorem can be constructively proved. Some authors have presented a
constructive (or an approximate) version of Brouwer’s theorem using Sperner’s lemma.
See [4] and [10]. Thus, Brouwer’s fixed point theorem can be constructively proved in
its constructive version, and it seems that we can prove the existence of an approximate
Nash equilibrium using the constructive version of Brouwer’s fixed point theorem.

Then, can we prove the existence of an approximate Nash equilibrium in a finite
strategic game directly by Sperner’s lemma?

We present such a proof. An approximate (or an e-approximate) Nash equilibrium is
a state such that mixed strategies chosen by all players are optimal responses each other
within the range of €.

In the next section we consider Sperner’s lemma. Its constructive proof is omitted..
In Section 3 we will show the existence of an approximate Nash equilibrium in a finite
strategic game by Sperner’s lemma. We follow the Bishop style constructive mathematics
according to [1], [2] and [3].

2. Sperner’s lemma

Let A denote an n-dimensional simplex. # is a finite natural number. For example, a
2-dimensional simplex is a triangle. Let partition or triangulate the simplex. Figure 1 is
an example of partition (triangulation) of a 2-dimensional simplex. In a 2-dimensional
case we divide each side of A in m equal segments, and draw the lines parallel to the sides
of A. m is a finite natural number. Then, the 2-dimensional simplex is partitioned into
m? triangles. We consider partition of A inductively for cases of higher dimension. In a
3 dimensional case each face of A is an 2-dimensional simplex, and so it is partitioned
into m? triangles in the way above mentioned, and draw the planes parallel to the faces
of A. Then, the 3-dimensional simplex is partitioned into m’ trigonal pyramids. And
similarly for cases of higher dimension.

Let K denote the set of small n-dimensional simplices of A constructed by partition.
Vertices of these small simplices of K are labeled with the numbers 0, 1, 2, . . ., n subject
to the following rules.

1. The vertices of A are respectively labeled with 0 ton. Welabel apoint (1,0, ..., 0)
with 0, a point (0, 1,0, ..., 0) with 1, a point (0,0, 1...,0) with 2, ..., a point
0, ...,0,1) with n. That is, a vertex whose k-th coordinate (k =0, 1,...,n)is
1 and all other coordinates are O is labeled with k.

2. If a vertex of K is contained in an n — 1-dimensional face of A, then this vertex is
labeled with some number which is the same as the number of one of the vertices
of that face.

3. If a vertex of K is contained in an n — 2-dimensional face of A, then this vertex is
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Figure 1: Partition and labeling of 2-dimensional simplex

labeled with some number which is the same as the number of one of the vertices
of that face. And similarly for cases of lower dimension.

4. A vertex contained inside of A is labeled with an arbitrary number among 0, 1,

A small simplex of K which is labeled with the numbers O, 1, ..., n is called a fully
labeled simplex. Sperner’s lemma is stated as follows.

Lemma 2.1. [Sperner’s lemma] If we label the vertices of K following the rules 1 ~
4, then there are an odd number of fully labeled simplices, and so there exists at least
one fully labeled simplex.

Proof. About constructive proofs of Sperner’s lemma see [7] or [8]. [ |

Since n and partition of A are finite, the number of small simplices constructed by
partition is also finite. Thus, we can constructively find a fully labeled n-dimensional
simplex of K through finite steps.

3. Approximate Nash equilibrium

Using Sperner’s lemma we look at the problem of the existence of an approximate Nash
equilibrium in a finite strategic game according to [6]. Let ¢ > 0 be a small number. If a
strategy of a player is an optimal response to strategies of other players within the range
of ¢, we call it an approximate optimal response, and call a state where all players choose
their approximate optimal responses each other an approximate Nash equilibrium.
Consider an n-players strategic game with m pure strategies for each player. n and
m are finite natural numbers not smaller than 2. Let S; be the set of pure strategies for
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player i, and denote his each pure strategy by s;;. His mixed strategy is defined as a
probability distribution over S;, and is denoted by p;. Let p;; be a probability that player

m
i chooses s;;, then Z pij = 1foralli. A combination of mixed strategies of all players
j=1
is called a profile, and is denoted by p. Let 7;(p) be the expected payoff of player i at
profile p, and m;(s;;, p—;) be his payoff when he chooses a strategy s;; at that profile,
where p_; denotes a combination of mixed strategies of players other than i at profile p.
7;(p) is written as follows,

i(p) = Z Pij7i(Sij, P—i)

{j:pij>0}

We assume that the values of payoffs of all players are finite. Then, since pure strategies
are finite and expected payoffs are linear functions about probability distributions over
the sets of pure strategies of all players, 7; (p) is uniformly continuous about p. Let S;
be the set of player i’s approximate optimal responses to p—;. It includes pure strategies
which satisfy the following condition.

Si = {sijlfor all sj; € S;, wisij. p—i) > wils];. p—i) — €.

Mixed strategies which assign positive probabilities to only pure strategies satisfying
this condition are also approximate optimal responses for player i. Each player chooses
one of his approximate optimal responses corresponding to strategies of other players.
Now we define the following function.

pij +max(m;(s;j, p—;) — 7;(p), 0)

Vij®) =5 + > ey max (7w (sik, p—i) — 7 (p), 0)’

where Z%‘j = 1 foralli. Let y;(p) = (Y;, ¥y, ... and ¥; ), v (p) = (¥,
j=1

Yo, -+, ¥,). Since each ¥; is an m-dimensional vector such that the values of its
components are between 0 and 1, and the sum of its components is 1, it represents a
point on an m — l-dimensional simplex. The vertices of the simplex correspond to
pure strategies. 1 (p) is a combination of vectors v;’s. It is a vector such that its
components consist of components of v;(p) of all players. Thus, it is a vector with
n X m components, but since the number of independent components is n(m — 1), the
range of ¥ (p) is the n-times product of m — 1-dimensional simplices. It is convex,
and homeomorphic to n(m — 1)-dimensional simplex. Let denote the n-times product
of m — 1-dimensional simplices by (A" 1" and an n(m — 1)-dimensional simplex by
A=) p = (p1, p2, ..., pn) is also a vector with n x m components, and the number
of its independent components is n(m — 1). Thus, the domain of ¥ (p) is the same set
as the range of v (p), and a uniformly continuous function from n(m — 1)-dimensional
simplex to itself corresponds one to one to a uniformly continuous function from the



Constructive proof of approximate Nash equilibrium 223

Figure 2: Homeomorphism between (A"~ 1" and A"

domain of ¥ (p) to its range. The relation between (A"~ 1)" and A"~ in the case

where
1.

n = m = 2 is illustrated in Figure 2. F corresponds to H, and G corresponds to

Let g be apointon A"~V and p = 5(q) be a uniformly continuous homeomorphism
between (A" 1" and A""~D_ Then,

¢(q) =¥ on(q)

is a uniformly continuous function from A= 40 jtself.
Now we show the following theorem.

Theorem 3.1. In any finite strategic game there exists an approximate Nash equilibrium.

Proof.
1.

First we show that we can partition A"™=D \which is the domain and range
of ¢(q), so that the conditions for Sperner’s lemma are satisfied. We partition
A1 according to the method in Sperner’s lemma, and label the vertices of
simplices constructed by partition of A"~ It is important how to label the
vertices contained in the faces of A"~ Let K be the set of small simplices
constructed by partition of A=, q = (40, 941, - - -+ qnom—1)) be a vertex of a
simplex of K, and denote the i-th component of ¢(q) by ¢;. Then, we label a
vertex ( according to the following rule,

If gx > ¢ or g + T > &, we label q with &,

where T > 0. If there are multiple k’s which satisfy this condition, we label q
conveniently for the conditions for Sperner’s lemma to be satisfied. We do not
randomly label the vertices.

For example, let q be a point contained in an n(m — 1) — 1-dimensional face of
A= guch that g; = Oforonei amongO, 1,2, ..., n(m—1) (its i-th coordinate
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n(m—1)
is0). Witht > 0,¢;, > 0Qor¢; < 2. When ¢; > 0, from Z qgj = 1,
j=0
n(m—1)
Z ¢j=1andg; =0 we have

Jj=0

n(m—1) n(m—1)

dooai> )&

=0 =0

Then, for at least one j (denote it by k) we have g > ¢, and we label q with

k, where k is one of the numbers which satisfy gx > ;. Since ¢; > ¢;, i does
n(m—1)

not satisfy this condition. When ¢; < 7, ¢; = 0 implies Z gj = 1. Since
j=0.j#i

n(m—1)

Z ¢ <1, we obtain
J=0.j#i

n(m—1) n(m—1)

Y= ) ¢

j=0,j#i j=0.j#i
Then, for T > 0 we have

n(m—1) n(m—1)

Z (gj+ 1) > Z ¢j-

J=0,j#i J=0,j#i

There is at least one j (7 i) which satisfies g; + 7 > ¢ ;. Denote it by k, and we
label q with k. k is one of the numbers other than i such that g, 4+t > ¢ is satisfied.
i itself satisfies this condition (g; + t > ¢;). But, since there is a number other
than { which satisfies this condition, we can select a number other than i. We have
proved that we can label the vertices contained in an n(m — 1) — 1-dimensional
face of A"~D guch that qgi = 0 for one i among 0,1,2,...,n(m — 1) with
the numbers other than i. By similar procedures we can show that we can label
the vertices contained in an n(m — 1) — 2-dimensional face of A"0"=D guch that
gi = 0fortwoi’samong0, 1,2, ..., n(m — 1) with the numbers other than those
i’s, and so on.

%In constructive mathematics for any real number x we can not prove that x > O or x < 0, thatx > 0
or x = 0 or x < 0. But for any distinct real numbers x, y and z such that x > z we can prove that x > y
or y > z. See [1], [2] and [3] about constructive mathematics.
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Consider the case where g; = ¢;+1 = 0. By similar procedures we see
that when ¢; > Oor ¢; 1 > 0,

n(m—1) n(m—1)

) TE D D T

=0, j#i,i+1 j=0,j#i,i+1

Then, for at least one j(denote it by k) we have gx > ¢, and we label
q with k. On the other hand, when ¢; < 7 and ¢;, | < 7, we have

n(m—1) n(m—1)

dYooai= ) &

j=0,j#i,i+1 J=0,j#i,i+1

Then, for t > 0 we have

n(m—1) n(m—1)
X @ton= Y ¢
j=0, j#i,i+1 j=0,j#i,i+1

Thus, there is at least one j(# i, i + 1) which satisfies g; + v > ¢;.
Denote it by &, and we label q with k.

Next consider the case where ¢; = 0 for all i other than n(m — 1). If
for some i {; > 0, then we have gnom—1) > §,m—1)- and label q with
n(m — 1). On the other hand, if ¢ ; < 7 forall j # n(m — 1), then we
obtain gnm—1) = {pm—1y- Itimplies gnm—1) +7T > §,on—1)- Thus, we
can label q with n(m — 1).

Therefore, the conditions for Sperner’s lemma are satisfied, and there exists an
odd number of fully labeled simplices in K.

2. Suppose that we partition A= sufficiently fine so that the distance between
any pair of the vertices of small simplices is sufficiently small. Let q.q',... and
q"" =1 be the vertices of a fully labeled simplex. We name these vertices so that
qo, q,..., q”(m_l) are labeled, respectively, with 0, 1, ..., n(m — 1). The values
of ¢ at theses vertices are C(qo), {(ql), ... and ¢(q" (m_l)). The i-th components
of q° and ¢ (q") are denoted by q? and ¢ (q");, and so on.

From the uniform continuity of { we can select § > 0 so that when the distance
between qo and q1 (|qO — q1 |) is smaller than &, the distance between g“(qo) and
{(ql) (|§(q0) — ;(ql)l) is smaller than €. We can make § satisfying § < .
Suppose T > 0. About q°, from the labeling rules we have q8 +1 > 2(q")o.
About q', also from the labeling rules we have q% + 1 > ¢(q"); which implies

3For example, for§ < 1 and ¢ < 1, if when |q0 — q1| < & we have |§(q0) — g(q])| < &, then we have
|§(q0) — {(ql)l < ¢ also when |q0 — q1| < de < e.
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qi > ;(ql)l — 7. By the uniform continuity of ¢, |q0 — q1| < 6 implies |§(q0) —
{(ql)| < &, which means g‘(ql)l > {(qo)l — &. On the other hand, |q0 - q1| )
means q(l) > qi — 4. Thus, from

q>q] -5 q} > (@) -7, ¢@) > ¢(q”) —«

we obtain
©>cq) —6—e—1t>¢q") —26—1

By similar arguments, for each i other than 0, we obtain
Q) > ¢(q") -2 — 7. (3.1)

Fori = 0 we have q8 + 17 > 2(q%)0. Then,

q0 > 2(q" - 3.2)

Adding (3.1) and (3.2) side by side except for some i (denote it by k) other than 0
yields

n(m—1) n(m—1)
Yod)> ) @) —2mm —1) —1le — nm — Dr.

J=0,j#k J=0,j#k

n(m—1) n(m—1)

From Y q)=1, Y  ¢(q");=1wehavel—q} > 1—2(q")—2[(n(m—
j=0 j=0
1) — 1le — n(m — 1), which is rewritten as

q) < (@) + 2[(n(m — 1) — 1]e + n(m — .
Since (3.1) implies q,? > g“(qo)k — 2e — 1, we have
c(q") — 26 — 1 < q)) < ¢(q”)k +2[(n(m — 1) — 1]e +n(m — 1)t.

Thus,
¢ — 2(@)| < 2[(n(m — 1) — 1]e + n(m — Dt (33)
is derived. On the other hand, adding (3.1) from 1 to n(m — 1) yields

n(m—1) n(m—1)

dYoq)> Y ¢q”); —2n0m — e —n(m — Dr.

j=1 j=1
n(m—1) n(m—1)
From Z q? =1, Z {(qo)j = 1 we have
j=0 j=0

1—q)>1-2¢(q%0—2n(m — 1)e —n(m — . (3.4)
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Then, from (3.2) and (3.4) we get
19 — 2(q°)ol < 2n(m — 1)e +n(m — . (3.5)

Since n and m are finite, and ¢ and t are positive real numbers which are small,
2n(m — 1)e +n(m — 1)t and 2[(n(m — 1) — 1]e + n(m — 1)t are also small.
Redefining 2n(m —1)e+n(m — 1)t by ¢, (3.3) and (3.5) yield the following result,

1qY — ¢(g))| < & for all i. (3.6)
All points contained in the fully labeled simplex of K satisfy this relation.

3. Denote a point which satisfies (3.6) by q. Let p = n(q) = (p1, p2,---, Pn)-
Denote the components of p; by p;;. Since  and v are uniformly continuous,

|¥i; — pijl <A, foralli and j,

for some A > 0. If ¢ is small, A is also small. From the definition of v; > We obtain

' pij +max(m;(s;j, p—;) — m;(p), 0) —
1+ >0 max(w; (sik, p—i) — 7 (P),0) "’
_ ‘maX(ﬂi(Sij» P—i) — i (), 0) — pij > max(ww; (six, P—i) — 7 (P), 0) -

= = — A.
1+ max(m; (sik, p—i) — i (P), 0)

m
Lety = » max(r;(sit. p—i) — 7;(p). 0). then
k=1

‘maX(ﬂi(Sij, p—i) —i(p),0) — ¥ pij s

1+y

or equivalently
[max (7 (sij. p-i) — wi(B). 0) — ¥ pij| < (1+y)a

is derived, where p_; denotes a combination of mixed strategies of players other
than i at profile p. This implies

—(I+yY)A+ypij <max(mw;(sij, p—i) — 7 (P),0) < (1 +y)A+ ypij.

Since ;(p) = Z pijmi(sij, Pi), it is impossible that max(m;(s;;, p—;) —
{j:pij>0}
mi(p),0) = m;(s;j, p—i) —m;(p) > Oforall j satisfying p;; > 0. Thus, y as well
as A is a small real number. Redefining (1 + y)A +y p;; by &, max(w;(s;j, p—;) —
m;(p),0) < eholds for all 5;;’s whether p;; > 0 or not, and it holds for all players.
That is, strategies of all players in p are optimal responses each other within the
range of €. Thus, they are approximate optimal responses, and a state where all
players choose these strategies is an approximate Nash equilibrium. [
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4. Concluding Remark

In this paper we have presented a proof of the existence of an approximate Nash equi-
librium in a finite strategic game directly by Sperner’s lemma from a point of view of
constructive mathematics. In another paper, ([9]), we apply this method to prove the
existence of an approximate equilibrium in a competitive economy.
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