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Abstract

In this thesis we study two different non-cooperative two-person games.
First, we study a zero-sum game played by players I and I/ on an X n
random matrix, where the entries are iid standard normally distributed
random variables. Given the realization of the matrix, player I chooses
a row ¢ and player I a column j. The entry at position (i, j) represents
the winnings and losings of the players. Let p = [p1, ..., pn]T denote the

optimal strategy of player I. We show that P (maxie[n] p; > ﬁ) —0 as
n — oo for any ¢ > 10/7 (1 + y/2log4) v/log 4.

The other game studied here is a spatial game in which each player,
represented by a vertex in a given graph, plays the repeated prisoner’s
dilemma game against its neighbors. At time one, each player chooses
a strategy at random independently of each other. At time t = 2,3, ...,
each player, looking at its neighborhood (including the player itself), uses
the strategy of the player that scored highest in the previous round. We
study the game played on some deterministic graphs. For certain graphs
and choices of the parameters of the game, we find the probability that
a given player cooperates as time tends to infinity. We also analyze the
iterated prisoner’s dilemma played on the binomial random graph. In
particular, we study the asymptotic distribution of cooperation when the
number of players tends to infinity. More precisely, if n stands for the
numbers of players and r is the probability that two players play against
each other, we show that asymptotically almost surely (a.a.s.) coopera-

tion dies out if r = #, ¢ < 1, whereas it survives a.a.s. in the largest

component if 7 = )\10% and A = A(n) < % such that Alogn — oo as

n — oQ.

Keywords: zero-sum game, optimal strategy, random matrix, iterated
prisoner’s dilemma, spatial game, cooperation, deterministic graph, bi-
nomial random graph.
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Chapter 1

Introduction

Game Theory is a branch of applied mathematics originally related to
economical and political problems. In its origins, John von Neumann
and Oskar Morgenstern intended to study human behavior when making
strategic decisions. The assumption was that these decisions were based
on rationality. Nowadays Game Theory is related to other areas such as
ecology and biology, in particular related to evolution. In these areas,
the individuals behavior does not rely on rationality but on other aspects
such as fitness and natural selection.

In Game Theory, the decisions makers are called players [10]. Typical
objects of study are games called Two-person games. The players, player
I and player 11, have a choice to make, and each player’s score depends
on its own choice and the choice of the other player [9]. If the players’
actions are independent, then the game is called non-cooperative. A
very simple description of a non-cooperative two-person game is given

by (S1,S11, A1, Arr), where

1. St is a nonempty set, the set of possible moves of player I;
2. Syr is a nonempty set, the set of possible moves of player I1;

3. Ay and Ajy are the score functions (real valued functions) defined
on S 7 X S II-
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This way to describe the game is known as the "Strategic Form" [10].
The interpretation is as following: at the same time and without having
information about the other player’s choice, player I chooses s; € S and
player IT chooses sy € Syy, resulting in that player I wins Aj(sy, sr7)
and player II wins Asr(sr,srr). When the total score to both players
adds to zero, i.e. Aj(sy,srr) = —Arr(sy,syr) for all s; € Sy, s € Sqy,
the game is called a zero-sum game. Two-person zero-sum games are
also known as matrix games, because the scores can be represented by
a matrix. If Sy = {sr1,....,81,} and Srr = {srr.1,..., 511,m}, then the
matrix
Tl o Tim
X =

Tnl *° Tnm

is the Payoff matrix of the game, with
wij = Ar(sri, s115) = —Arr(s1,811,5)-

The matrix is known to both players. Player I chooses a row, i (sr;),
and player I chooses a column, j (s7;); then player 11 pays x;; to player
I'if 2;; > 0 or player I pays |x;;| to player IT if z;; < 0.

We distinguish between pure strategies and mixed strategies. Pure strate-
gies for player I (I1) are just deterministic choices of a move or element
of Sy (Srr). In a mixed strategy p = [p1, ...,pn]T (a = [q1, ...,qn]T) for
player I (II), each element p; (g;) is a probability, so that when I (I1)
makes its choice of move, it does so according to these probabilities:
move Sy, (sy7;) is chosen with probability p; (¢;). Mixed strategies are
also known as randomized strategies. According to the well-known Min-
imax Theorem of von Neumann and Morgenstern there exist a number
V, called the value of the game, and mixed strategies p = [p1, ...,pn]T
and q = [q1, ..., qn]T, called optimal strategies or minimax strategies, for
both players respectively. These strategies have the following properties:
when player I plays p then its expected winnings are at least V' indepen-
dently of what player I1 plays, and if player I1 plays q then its expected
loses are at most V' [I]. A central issue in Game Theory is the study
of the optimal strategies. In this sense, Jonasson in [I] analyzed the
optimal strategies p = [p1, ...,pn]T and q = [q1, ..., qn]T of a two-person
zero-sum game played on a random nxn-matrix X' = [Xj],; ..
the X;;’s are iid normally distributed random variables. More precisely,

where



the author shows that if Z is the number of rows in the support of the
optimal strategy for player I given the realization of the matrix, then
there exists a < % such that

P<<;—a)n<Z<<;+a>n> -

as n — oo. It is also shown that EZ = (1 4 o(1)) n. In Chapter 2, we
study the same game, establishing a result about the maximal probability
assigned to a row/column in the optimal strategy. More precisely, we find

that for any ¢ > 10y/7 (14 /2log4) y/log4,

C
P ; > — | =0,
<?2?ffp’ ﬁ)
as n — oQ.

The second part of this thesis concerns a model introduced by Lindgren
and Nordahl [3], in which the well-known "Prisoner’s dilemma" is studied
in a spatial setting. Merrill Flood and Melvin Dresher stated the Pris-
oner’s dilemma for first time in 1950. However, the "prisoner’s dilemma"
name was given by Albert W. Tucker who formalized the game using a
payoff matrix to describe it [I3]. The following is the prisoner’s dilemma:
two suspects are arrested by the police. The police offers the same deal
to each prisoner. If one testifies against the other (defects) and the other
remains silent (cooperates), the defector goes free and the cooperator
gets a b-year sentence. If both prisoners cooperate, each of them receive
a l-year sentence. If each prisoner testifies against the other, each re-
ceives a 3-years sentence. This means that there are only two actions
for each prisoner, to defect (D) or to cooperate (C). What should the
prisoners do? Assuming that each prisoner wants only to minimize his
own time in prison, then the best action to take is to defect, whatever
the other prisoner does. On the other hand, it is clear that if the two
prisoners were to act for their common good, they should cooperate.

This need of choice between defection and cooperation is present in many
social and biological contexts. In fact, the prisoner’s dilemma is present
at all levels, as explained by Nowak in [4]: "Replicating molecules had
to cooperate to form the first cells. Single cells had to cooperate to form
the first multicellular organisms. The soma cells of the body cooperate
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and help the cells of the germ line to reproduce. Animals cooperates
to form social structures... Humans cooperate on large scale, giving
raise to cities, states and countries. Cooperation allows specialization.
Nobody needs to know everything. But cooperation is always vulnerable
to exploitation by defectors."

Lindgren and Nordahl model the evolution of cooperation in a spatial
setting: each player, associated with a vertex in a given graph, plays
the prisoner’s dilemma game against its neighbors. In their work, the
authors made simulations in order to understand the behavior of coop-
eration as the game is played repeatedly. In this thesis, we establish
some rigorous results concerning the iterated prisoner’s dilemma. Here
the game is played with the following rules: (i) at time O each player
chooses independently strategy C with probability p, and strategy D
with probability 1 — p = ¢; (ii) at time ¢ = 1,2, ... each player plays the
game against its neighbors; (iii) at time ¢ = 2,3, ... each player, looking
at its own neighborhood (the player itself and its neighbors), uses the
same strategy as the player with highest score at time ¢ — 1. For each
player, the payoff matrix of a single game is

C D
c/({1 0
D ( b a >
with0 <a<1,1 <b<2,a+b<2. We are interested in the probability
that cooperation survives as the game is played repeatedly, in particular
that a given player ¢ survives as a cooperator as t — co. More formally,
we study the limit m,(C) = limy_yo P(si = C), where s stands for the
strategy used by player ¢ at time ¢. The structure of the population
is determined by different graphs, characterized by vertices and edges,
which represents players and interactions respectively. In Chapter 3
we study some deterministic graphs, in which there are infinitely many
players and the number of neighbors is equal for all players. Examples
of such graphs are trees, d-dimensional lattices, etc. In most cases m,(C')
depends on the parameters a and b. We study for each graph, as it
is possible, the evolution of cooperation for different values of a and b.

However, there are cases that 7,(C) is independent of @ and b. One such
case is the one-dimensional lattice, where each player plays against its



two neighbors. We show in this case that

(€)= (¢+1°)°p*(3—2p).

But this is just the special case of the n—1-nary tree, in which each player
plays the game against its n neighbors, for which given the conditions
a+(n—1)b<mnand (n—1)a+b>n—1, we show that

m(C) = pnﬂxn("*l)(l—p"71x2*3"+"2>n

—pz" ((1 — p”:z:("_2)”)n — 1) ,

where z = p + ¢(1 — p" ).

In Chapter 4 we study the iterated prisoner’s dilemma played on a
random graph known as the binomial random graph. In this graph,
denoted by G(n, ), there are n players which play with each other. This
interaction is given by the result of (g) independent coins flipping, each of
them with probability of success equal to r € (0, 1) [6]. We are interested
in the behavior of cooperation as n tends to infinity, with r as a function
of n. Our results are also independent of a and b. We show, for example,
that the probability that cooperation survives in some part of the graph
tends to zero if r > %,0 <c<l1.
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Chapter 2

The optimal strategy of a
two-person zero-sum game

Consider a two-person game, played by player I and player I, which is
described by (Sr, Srr, Ar, Arr), where

1. Sy ={ry,...,rs} is the set of moves of player I;
2. Sir=A{c1,...,cn} is the set of moves of player I7;
3. A; and Ajj are the score functions defined on S; x Syr;

4. Xy = Ar(ri,c5) = —Arr(riscj), i,5 = 1,2...,n. The X;;’s are iid
random variables with a standard normal distribution.

We interpret this as following [I]: the game is played on a n X n-matrix
X = [Xi], <ij<n where the X;;’s are iid random variables with a stan-
dard normal distribution. The matrix is known to both players; player I
chooses a row, i (7;), and player 11 chooses a column, j (c;); then player
IT pays X;; to player I if X;; > 0. If X;; < 0, player I pays |Xj;| to
player 11. We allow both players to use mixed strategies.

Definition 1. A mized strategy for player I is a vector probability p* =
[P, ...,pfl]T, with
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where p} is the probability that player I chooses the move r;. Moreover,
there are mixed strategies, called optimal strategies, with the following
properties [10]:

Theorem 2.0.1. For every finite two-person zero-sum game played on

a matriz X = [xij]1<i,j<n’

1. there is a number V called the value of the game;

2. there is a mized strategy p = [p1, ...,pn]T for player I, called an
optimal strategy, such that

n
Zpil"ij >V forallj =1,2,...,n;
i=1

3. there is a mized strategy q for player 11, called an optimal strategy,
such that

n
quwij <V foralli=1,2,...,n.
j=1

This theorem, due to von Neumann, is the well-known Minimax Theo-
rem. In fact, the so-called Equilibrium theorem [I0] says that if player
I plays p and player II plays q, then

Zpixij =V for all j = such that ¢; > 0,
i=1

and

n
Z gjzij = V for all 4 such that p; > 0.
j=1



In this chapter, we study the optimal strategy of a game described
as above. More precisely, we establish the following result concern-
ing the maximal probability assigned to a row in the optimal strategy
p=[p1,. pn]T for player I given the realization of the payoff matrix.

Theorem 2.0.2. For any ¢ > 10y/7 (1 + y/2log4) y/Iog4,

P<maxpi> — 0 as n — 0o.

C>

Proof. Consider any k x k sub-matrix A of X'. Since the X;;’s are stan-
dard normally distributed, the distribution of A; ™! is invariant under
multiplication by any orthogonal matrix [1]. In particular, the distribu-
tion of A, ! is invariant under multiplication by a rotation matrix.

Let &1, &9, ..., & be 1.9.d. standard normally distributed random variables.
Let also

_ &i
Ty = ————
2 j=1 5]2'
It is well known that x = [zq, ...,xk]T is uniformly distributed on the

surface of the (unit) k-sphere.

Let now E;” = {y, = Ay '1 e RE}, B = {y, = Ax 'l € R} and
E, = E]j U E,, where y;, = [y1, ...,yk]T .

Let also Nt = {21 >0,..,2;, >0} and N~ = {21 <0,...,x7; < 0}.
Since the x;’s are the coordinates of a uniformly distributed point on
the surface of the sphere, we have that for ¢,d > 0,

|21]

(™ 2 )
_ ((51+£1+5k \F’N+>
P
P

“U

|y1] >
pl— 1 |Ek
<|y1! oyl T f

IN

&l > ev/n)
([&2] + - + [&k]) < n).



10 2. The optimal strategy of a two-person zero-sum game

Since the &s are N(0,1) r.v., B(&1]) = /2, E(&?) = 1 and for 2 > 0

22
P(|&] > z) < 2¢72 [5]. In order to proceed, we need the following
Chernoff bound [7]:

Theorem 2.0.3. If X1, Xo, ..., X,, are nonnegative independent random
variables, we have the following bound for the sum X =3 1" | X;:

A2

P(X <E(X)—\) < e *ZiaBa?,

Letting Sk = Z?:Q |€;], we then have

|y1|
P <\y1|++yk! > W\Ek> < P (1] = ev/n)

P (dSk < E(dSy) — (d %’:1 —1) n>

9 2 (dy/2 551 -1)" 0,

—Z T T4 e 2D n

Let now Z = |{i € [n] : p; > 0}|. Finally, we have that
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A
3
N
A
'©
=
S

2
n 2 (av/Z 551 1)
}: "ok [ 2 <2 N S R A

- k(k) S v

<
2
—{—n2( 2 e_én—i—e_ (d\/g(oéi%)il) n ( max <n>221_k>.
c/n ke[|0.1n]|+1;n] \ Kk

It is shown in [I] that P(Z < |0.1n]) — 0 as n — oo, and since

A
3

2
max (n) o=k < gy,
ke[l0.1n]+1;n) \ Kk

we have that

cd
P | maxp; > — < P(Z<|01n
(ie[n]p \/ﬁ> (7= 104n))

asn—)ooifc>\/210g4andd>%(1+\/210g4). O
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Chapter 3

The 1terated Prisoner’s
dilemma on deterministic
graphs

In this chapter, we study the well-known prisoner’s dilemma in a spa-
tial setting. The prisoner’s dilemma is a two-person game described by
(S1,S11, A1, A1), where
1. St =8 ={C, D} is the set of possible moves of player I;
2. Sir =8 ={C, D} is the set of possible moves of player II;
3. A; and Ajj are the score functions defined on Sy x Syr, and
4. AI(Z7]) = All(jui) - inj7 Z)J S Sa where xC,C = ]-7 :EC,D - Oa
zpc=band xpp =a, with0<a<1,1<b<2,a+b<2.
Here C' stands for "cooperate" and D for "defect". An alternative way
to write this is in terms of the payoff bi-matrix
cC D
C (1,1 0,b
D\b,0 a,a

13
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withO<a<1l,1<b<2,a+b<2.

Consider a graph G(V, E), where V and F are the vertex set and the edge
set respectively. Let vertices and edges represent players and interaction
respectively. More precisely, two vertices connected by an edge represent
two players playing against each other. We use ¢ <> j to indicate that
player ¢ and player j play against each other, 7,j € V (i.e. that there is
an edge between ¢ and j). We define the neighbors of player i € V as
those players whose vertices are connected by an edge to the vertex of
player q.

Let si € {C,D} be the move chosen by player i at time ¢t = 0,1,...,
i € V. Let also N; = {i, N}, ,Nzk’} be the neighborhood of player i,
where NZ-I, NI-Q, v Niki are the k; neighbors of player . Consider now a
game played with the following rules:

e at time zero, each player ¢ € V chooses, independently, move C
with probability p or move D with probability ¢ =1 — p;

e at time t = 1,2, ..., each player ¢ € V plays the prisoner’s dilemma
against its neighbors;

e at time one, player ¢ chooses 56, and at time t = 2, 3, ..., it chooses
move according to the following updating rule:

C if #k € N; : vl = maxjen, vl s,

t+1 _ : cot toot

s; =49 D if ﬂkGNi.vk—maneNivj,sk—
s§ otherwise,

|
Qg

where v} is the total score of player i at time ¢ = 1,2,... More
formally, v} = Uf’cl{st:c} + vf’Dl{St_:D}, where

o
Yy - Z 1{s§=C}
jiierj

and

tD
u = b2 Moy ta ) Laop)

VEARS] VEARS]
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are the total score of player ¢ at time t given that it chooses move
C and D respectively.

In short, the interpretation is as follows: at time ¢ = 2,3, ..., player
i € V chooses the move of the player (within its neighborhood)
with highest score in the previous round. If there are two or more
players with highest score and different move, then player ¢ chooses
the same move as the one chosen in the previous round.

In this chapter, we study the repeated prisoner’s dilemma played on some
deterministic graphs which have the common property that they contain
infinitely many players and where the number k; of neighbors is equal
for all # € V. As we have seen above, cooperation is a weak strategy
against defection. The advantage of spatial structure is that it can make
it possible for cooperators to form clusters protecting themselves against
defectors [12][4]. This happens because the winnings of mutual coopera-
tion can overbalance losings against defection [12]. Here, we study only
cases when a D cannot be defeated so that the system is stable after a
finite number of rounds and the calculations become more simple.

We are mainly interested in the probability that cooperation survives as
the game is played repeatedly, in particular that a given player i € V'
survives as a cooperator as t — oo. More formally, we study the limit
mp(C) = limyy0o P(si = C). To simplify, we refer to a player which
chooses move C as a C. In the same way, we refer to a player which
chooses move D as a D. We are also interested in the size of the cluster
in which player ¢ € V survives as C. We may regard such a cluster
as a community of cooperators. In this sense, we define a cluster as a
connected component of players such that all players choose same move.
Let C; be the number of C’s in the cluster which contains player i, as
t — o0o. In some cases, we find the distribution of C;.

3.1 One dimensional lattice

Consider firstly the one dimensional lattice, where the players are the
elements of Z and where the game is played between each pair of players
whose FEuclidean distance is one. This means that player ¢ plays against
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player ¢ +1 and ¢ — 1, ¢ € Z. This is a nice case since it is independent
of a and b, as we see in the following theorem:

Theorem 3.1.1. For alla and b such that0 <a<1,1<b<2,a+b<
2

7

(0 = (q+p°)°p*(3—2p).

Proof. When the game is played on the one dimensional lattice, each
player has only two neighbors. This means that the total score for player
1 € 7, at each time, is 2, 1 or 0 if it chooses move C; and it is 2b, b+ a
or 2a if it chooses move D. Since b > 1, a D cannot change to C.
Since a + b < 2 and 2b > 2, a player which plays C' at time t plays
C also at time t + 1 if and only if at time ¢: (i) it plays against two
C’s ; or (ii) it plays against a C' and a D which play against another
C and another D respectively. In particular, this means that player ¢
has to belong, at each time, to a cluster of at least three C’s. Figure
shows initial configurations which give a final cluster of three C'’s.
Consequently, P(C; = 1) = P(C; = 2) = 0, and for s = 3,4, ..., we have
that

2
P(C; = s5) = sp°q* + 2sp* ¢ + sp*tq? = sp*(q + p?)”.
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The expectation of C; is

0o
Z) — Z 82 (psq4 + 2ps+2q3 +ps+4q2)

s=3
(9]
Zs(s + 1) (psq4 + 2ps+2q3 +ps+4q2)

—(q+ %) (3—2p)

o0

ZS(S 4 1) (p8q4 4 2p5+2q3 +p8+4q2)
s=1

-2 (pg* + 20°¢* + p°¢?) — 6 (p*q* + 2p* ¢ + p°¢?)
2

—(q+1p°)p*(3—2p)

4 3.3 2.5 d2 - 1
(¢'p+2¢°0° + ¢*p°) — > _p°*
dp s=1

-2 (pg* + 20°¢* + p°¢?) — 6 (p*q* + 2p* ¢ + p°¢?)
2

—(q+1p°)p* (3—2p)

2 2
(¢*p +2¢°p* + ¢*p°) <q3 —2- 619) —(q+p*)7p* (3—2p)

p*(1 = qp)*(9 + p(4p — 11))

q

D D|C C C| D D
c b ¢c|lc ¢c ¢c| D D
c b c|lc € ¢ Cc D cC

Figure 3.1: Some configurations which produce a final cluster of three

C’s.
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3.2 Z x ZQ

As a slightly more complex structure involving a second dimension in the
simplest possible form, consider now the lattice on Z x Zo, as we see in
Figure Let each element (i, k) € Z x Z2 be a player. For each pair of
players, let the players play against each other if their Euclidean distance
is one. We refer to the set of the players (i, k), ¢ € Z, as the players in
the k™" row, k = 1,2. This case, as in most cases, is not independent of

Figure 3.2: A part of the lattice on Z x Zs.

the parameters of the payoff matrix, as we see shall now see.

Theorem 3.2.1. If 3> 2a+b > 2,a+ 2b > 3, then

(0 = (¢ +p") ' <(1—p?)2 —1- 2p2> .

Proof. Consider a player which chooses move C. Since 3 > 2a + b and
a+2b > 3, at each time this player survives as C' if and only if: (i) it plays
against three C’s; or (ii) at least one of its neighbors is a C' which plays
against two other C’s and each D it plays against, plays only against
other D’s. Since 2a + b > 2, it is not possible for a D to change to C.
Suppose now that player ¢ belongs, at time zero, to a cluster of s C’s,
s =1,2,.... Suppose also that there is at least one D which plays against
two or more C’s of this cluster. Because of the structure of this graph,
such a cluster cannot overbalance the losses against defection. Figure|3.3
shows an initial cluster of eight C’s which cannot survive. Consequently,
player i survives as C if and only if it belongs to an initial cluster of
s x 2 C’s, s =3,4,... Figure [3.4] shows some initial configurations which
produce a final cluster of six C’s.

Now it is clear that P(C; = 1) =...= P(C; =5) =0, and for s = 3,4, ...,
P(C; =2s—1) =0 and P(C; = 2s) = sp*°¢® + 2sp>(5T2)¢0 4 sp2(st4) gt
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L]

L]

O+—0
O+—0
O+—0
Q—0
Q—0
Q—0
O+—0
O+—0
or—0

Figure 3.3: An initial cluster of eight C’s which cannot resist the attack

of the defectors.

(9]
o
(9]
(9]
(9]
(g]
o
J

(9]
o
(9]
(9]
(9]
(g]
(9]
J
(9]

Figure 3.4: Some configurations which give a final cluster of six C's.

Thus,

[o¢]
S e, -
s=1
o o (0.)
Z R Z speH0 13 gpletd s
s=3
(¢ +p") 4281)

2 4\2 4 pQ 2 4
(¢ +p)’q <(1_p2)2p 2p>
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In this case, the expectation of C; is

(o)
E(C) = QZS (Sp2sq8 1 25p2(sH2) 46 +5p2(s+4)q4)
s=3

2
2qp®(9 — 11p? + 4p*) (1 + p(p + p* — 2))
(1+p)°

We now study a different case with the condition a 4+ 2b < 3 instead of
a4+ 2b > 3. The new condition means that a cluster of four C’s in which
one C' plays against the three other C’s remains intact if and only the
C’s do not play, at time one, against a D which plays against all C’s.

Theorem 3.2.2. If2a+b> 2 and a+ 2b < 3, then

1p(C) = (g +p°(1 — qp))” (*(4 — 4p°))
+2° (¢* + 2pg® + p°) (20 (q+p*(1 — qp)) — (¢* + 2pg® + p°)) .

Proof. Since 2a+b > 2, a necessary condition for player i to survive as C'
is that it belongs to a cluster of C’s in which every time there is at least
one C with total score equal to 3. Since a + 2b < 3, a D invades that
cluster if and only if it plays against all C’s, and this can only happen
at time one. We recall that since 2a + b > 2, a D cannot change to C.
Let Aj,j7 =1,...,4, be the event that player ¢ survives as C' in a cluster
of the form shown in figure [3.5

LTI

i

i
A, | A,
i

Figure 3.5: Player ¢ belonging to different clusters of four C’s in which
one C has total score 3.
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From the above considerations, P(A;) = ... = P(A4) = p*(q + p*(1 — qp))g.
We also have that P(A; N Ag) = P(A1 N As) = pb(q+p*(1 - qp))z,
P(A; N Ag) = p5(¢® +2p4> + p?)°, P(As 0 A3) = p7 (¢ +p2(1 — qp))?,
P(A2 N Ag) = P(A3 N Ag) = p5(q+p*(1 — qp))°, P(A1 N A2 N A3) =
P(AsNA3NAg) = p7 (g + p2(1 — qp))%, P(A1NA2N Ay) = P(A1 N A3N
Ay) =p"(q+p*(1 — qp)) (¢* + 2p¢* + p*) and

P(AiNAyNA3NAy) =p(q+p*(1 - qp))Z-

The inclusion-exclusion formula gives

)

4
= Z )= > P(Ain Ay
1<j
+Z P(A;NA;NAy) — P(A1 N Ay N Az N Ay)
i<j<k

= 4p'(q+p*(1—ap))”" — 20°(g + p*(1 — ap))”

—p%(? + 2p4° + ) — p" (¢ + P*(1 — qp))’

~205(q + 21— qp))” + 20" (¢ + P*(1 — »)))”

+2p7 (¢ + p*(1 — ap)) (¢® + 20¢% +02) — ' (a + p°(1 — qp))’
= (¢+p*(1—ap))” (p*(4 - 4p7))

+0° (¢ + 2pa® + p°) (20 (¢ + P*(1 — ap)) — (¢ + 2pa* + p?)) .

O]

Remark. In this case (2a +b > 2,a + 2b < 3), we do not compute the
expectation of C; because it becomes much more complicated to obtain
P(C; = s) when s is large.

In the previous cases, we had the condition 2a+b > 2, which means that
player i survives as C' if and only if it belongs to a cluster in which every
time there is at least one C' with total score 3. We now study a different
case, still on Z x Zs, with the new condition 2a + b = 2. This allows
player ¢ to belong to a cluster in which there is at least one C with total
score 2 or 3.
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Theorem 3.2.3. If 2a+ b= 2 and a + 2b > 3, then

2
mW(C) = (@ +p")q" <(1fp2)2 —p2)

¢*p*(3 — 2p + 2p?)

T pa)”.

Proof. Given these conditions, a C' survives as C' if and only if at each
time there is at least one C' in its neighborhood with total score 2 or
3 and every time some player of this cluster plays against a D, that D
plays only against other D’s. Thus, there are two kind of clusters in
which player ¢ can survive as C'. One is when the C’s are positioned in
the same row. Given this graph, a C survives in a cluster of s C's in a
row, s = 3,4, ..., if and only if there are only D’s in the other row, and
in the ends of the rows there is no D which plays against two or more
C’s. Figure [3.6] shows initial configurations for which player i survives
as C' in a cluster of 3 C’s in a row.

Then, the probability that player ¢ survives as C' in a cluster of s C’s in
arow, s =3,4,...,1s

sp*q* 0 + 2sp* " (pg + pg® + p*q(1 — ¢*))
2
+sp* 2 2 (pg + pd® + pq(1 — ¢%))".

Another kind of cluster in which player ¢ can survive as C' consists of 2s
C’s, s = 2,3,..., with s of them in each row. Such a cluster remains intact
if and only if, at each time, the cluster plays against two C’s or two D’s
(which play against two other D’s) in each end. Thus, the probability
that player ¢ survives as C' in such a cluster of 2s C’s, s = 2,3, ..., is

8p25q8 + 2sp2(s+2) q6 + sp2(s+4)q4.

Then,
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0|
w/
0|
ol
0
(9]
w)
w)

Figure 3.6: Some initial configurations which give a final cluster of three
C’s.

e}

> 00
(C) = Z sp?5q8 +2 Z sp2(52) g6 4 Z sp2(std) g4
=2 5=2 5=2

(o) o0
+> sp* T+ 23 st (pg + pg® + pPa(1 — ¢))
5=3 5=3

oo
2
+> 02 (pg + pg® + pPa(1 — )
s=3

[ [e%S)
_ Z Sp25q4 (q4 + 2p4q2 + p8) + Z Spsqs (q6 + 2pq4 +p2q2)
s=2 s=3

2
2 1\2 4 b 2
= + — -
(@ +p")q ((1_p2)2 p)
¢*p*(3 — 2p + 2p?)
(¢ +p?)?

2
(¢* +pq)”.
]
We study the same case (2a + b = 2,a + 2b > 3) further in order to find

the distribution of C;. From the considerations above, it is clear that
P(C;=1)=P(C;=2)=0, and for s = 2,3, ...,
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P(CZ —95—1) = (28 _ 1)p25—1q28+5
+2(2s — 1)p*¢* 2 (pg + pg® + p°q(1 — ¢*))
2

2
+(2s — 1)p* > (pg + pg® + p*a(1 — ¢*))",

— —

and

P(C; = 2s) = 3p23q8 i 23p2(s+2)q6 + 3p2(s+4)q4
+28p25q25+6 + 4Sp2s+1q2s+4(pq +pq2 +p2q<1 _ q2))
2
+2sp”* 2 (pg + pg® + pPa(1 — ¢%))".

The expectation of C; is

EC) = i%P(Ci = 2s)
5=2

+ i(Zs —1)P(Ci=2s—1)
5=2

2qp" (4= 39" +p") (L +p(-2+p+1%))’
(1+p)?

+mq7p3(9 — gp(11 — 4qp)) x

x(~14+p(1+(=2+pp (1+7%)))"

3.3 The binary tree

In this section, we study the iterated prisoner’s dilemma played on the
binary tree. Let each vertex represent a player, and let those players
whose vertices are connected by an edge play against each other. This
means that each player plays against three other players. Our first result
about the tree is the following theorem:
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Theorem 3.3.1. If 2a+b > 2,a + 2b < 3 then
m™(C) = pta® (4 — 3p2x2(1 + px — p2m2))

where x = q(1 — p?) + p.

Proof. Since 2a + b > 2 and a 4+ 2b < 3, player ¢ survives as C if and
only if it belongs to a cluster of C’s in which at each time there is one
C with score equal to 3 and every time some player of this cluster plays
against a D, that D does not play against two other C’s. This means
such a cluster can be invaded only at time one.

Consider the four possible positions of player ¢ in a cluster of four C’s,
in which one C plays against the other three C’s, as shown in figure
Let Aj, j = 1,2,3,4, be the event that player ¢ survives as C' in such a
cluster of four C’s with i at position j. Set z = ¢(1 — p?) + p. Then, by
independence in the initial configuration, P(A;) = pta®, P(A; N Ag) =
.. = P(A1N Ay = p6.’£8, P(As N A3) = ... = P(As3 N Ay) = p7$9,
P(AlﬂAgﬂAg) =..= P(Al ﬂA30A4) = prIO and P<A20A3QA4> =
P(A; N Ay A3 N Ay) = p'%2'2. The inclusion-exclusion formula gives:

4
m(C) = P <U A¢>
i=1

= AP(A;) — 3P(A; N Ag) — 3P(A5 N As)
+3P(A1NAyNA3z) + P(As N Az N Ay)
—P(A1 NAsNA3N A4)

= dptaS — 3p528 — 3p720 4 3p3210

= p*a® (4 - 3p*2*(1 + pz — p*a?)) .

O

The second part of this section is concerned with the case 2a + b >
2,a+ 2b > 3. Proposition |3.3.2] gives not an exact result, but it presents
an estimation of m,(C). Before we proceed, consider player i and its
neighbors and second neighbors i1, 42,3, %11, %12, 121, 122,131 and 32, as
shown in Figure 3.8 Let B; be the event that player ¢ and its three
neighbors are C’s at time zero. Obviously, P(B;) = p*. Consider now
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A AN A

Figure 3.7: Different positions in a cluster of four C’s in which there is
a C' with total score equal to 3.

player i, j = 1,2,3, k = 1,2. Let also Fjj; be the event that vfjk <3
for all t = 1,2, ..., supposing that player ¢; only plays against ;. Set
now = = P (Fji|B;).

Proposition 3.3.2. If3>2a+b>2,a+ 2b > 3, then
m(C) = plat (4 — 3p2a? (1 + px — p2:1:2)) .

In addition, ¢*> < x < ¢ + p.

Proof. Consider a player which chooses move C. At each time, in order
to survive as C, this player has to belong to a cluster of C’s in which at
least one C' has total score three. Also, if a player of this cluster plays
against a D, that D plays only against other D’s. Since 2a+b > 2, a D
cannot change to C'. Consider also the four positions in such a cluster
of four C’s in which one C' plays against the three other C’s, as shown
in Figure 3.7 Let again A;, j = 1,2,3,4, be the event that player i
survives as C with position j. Consider firstly the event A;. Then we
have that

3 2
P(A)) = PB)P( ([ FilBi
j=1k=1

Consider now each player iz, j = 1,2, 3, k = 1,2. If player i;;, chooses at
time zero move D, then the cluster is not invaded if and only if i;;’s two
other neighbors also choose at time zero move D. If player i;; instead
chooses at time zero move C, then the cluster is not invaded if (but not
only if) i;;’s two other neighbors choose at time zero move D. Thus,
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¢ < x < ¢+ p. Since the ijx’s do not have neighbors in common
(excluding the ;’s), it is then clear that

3 2
ﬂﬂ Fijk| B; = 2°.
j=1k=1

By independence in the initial configuration and using the same argu-

ments, it is easily seen that P(A;) = ... = P(A4) = p*2b, P(A1 N Ay) =
.= P(Al N A4) = p6$8, P(A2 N Ag) = ... = P(Ag N A4) = p7.’L’9,
P(AlﬂAgﬂAg) =..= P(Al ﬂAgﬂA4) =p8(L‘10 and P(AgﬂAgﬂAél) =

P(A;1 N Ay A3 N Ay) = p'%2'2. The inclusion exclusion formula gives,

4
m(C) = P UA]-
j=1

= dp*a® - 3pa® 3p7x9+3p8 10
= p4x6(4—3px (1+px —p’x ))

Figure 3.8: The neighbors and second neighbors of player i.
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3.4 The (n — 1)-nary tree

As a generalization of much of the above, we now study the evolution of
cooperation when the iterated prisoner’s dilemma is played on the (n—1)-
nary tree, n = 2,3, ... Note that the one-dimensional lattice, studied in
the beginning of this chapter, is the special case of the (n — 1)-nary tree
with n = 2. The following theorem generalizes Theorem [3.1.1] and

Theorem [3.3.1]

Theorem 3.4.1. Ifa+ (n—1)b<n,(n—1)a+b>n—1 then

n
mp(0) = pn+1xn(nil)(1—pn71x2*3n+n2)

—pz" ((1 — p"x<n_2)n>n — 1) ,

where x = p + q(1 — p"1).

Proof. In the (n—1)-nary tree, each player plays against its n neighbors.
Since (n — 1)a + b > n — 1, player 4, in order to survive as a C, has to
belong to a cluster in which, at each time, there is at least one C' having
total score equal to n. Consider now the n+1 possible positions of player
i, in a cluster of (n + 1) C’s, in which one C plays against the other n
C’s (compare Figure B.7). Since a 4+ (n — 1)b < n, a D invades that
cluster if and only if it plays against all C’s. Thus, such a cluster can
only be invaded at time one. Since (n — 1)a +b > n — 1, a D cannot
change to C. Let now A;, j = 1,...,n + 1, be the event that player i
survives as C' in such a cluster of (n 4+ 1) C’s with i at position j. Here
position 1 refers to the position of the C' playing against the other n C’s.

By independence at time zero, it is clear that P(A;) = ... = P(An+1) =
p"t(p+q(1 —p”fl))(n_l)n. Set * = p+q(1 —p" ). Then, we have
that P(A1 N Ag) = ... = P(A1 N Apy1) = pznxz(”_l)Q and in general,

P(A1 N AN ...N Ay) = prtiHm=Dm=1) 4 (m=1)n-1)*+{n-1)(n—(m-1))
m = 2,..,n+ 1. We also have that P(Ay N A3) = p2”+1$2(n*1)2+n72
and in general, P(As N ...N A,,) = p(m—l)nﬂx(m—l)(n—l)z—i—(n—(m—l))’
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m = 3,...,n + 1. The inclusion-exclusion formula gives in this case:

mp(C)

(U

(n+ 1)P(A;) — nP(A; N Ay) — <Z) P(As N A3)

+o 4 (1) P(N A))

(n+ 1)P(A1) + Zn: <”> (—1)"P(A1 N ... N Aiy1)

1

& n i, n i(n i(n n n—i
+Z<i>(_1)p FLti(n1) gi(n— 1)+ (n-1) (n—i)
=1
+ <7;’> (_l)z 1 in+1,.i(n—1)"+n—1
=2

- n i i(n—1),.i(2—3n+n
A D (z‘)(—l)p< Dt C=sntn)
=1

_pJ:Z() 11n1(n2).

Applying the Binomial theorem to the last expression, we finally get

mp(C)

(n+ l)pn-l-lx(n—l)n
_’_pn+1xn(n71) <(1 _ pnflx273n+n2)n _ 1)

(1) 1)

pn+1 n(n— 1)( p —1,.2— 3n+n)

et ((1ma) o)
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3.5 The d-dimensional lattice

So far we have studied the evolution of cooperation in relatively simple
networks. One natural step towards more complex graphs are the d-
dimensional lattices, d = 2, 3..., where the players are the elements of Z¢
and those players which are adjacent play against each other. As we have
seen, spatial structure can make cooperation survive. This success occurs
when cooperators form clusters protecting themselves against defectors.
When the game is played on a lattice, it becomes of immediate interest
to know if there is positive probability that a given player survives in
an infinite cluster of cooperators. We interpret the existence of such a
cluster as if cooperation dominates the community.

Here, we analyze the case when (2d—1)a+b > 2d—1 and a+(2d—1)b <
2d. We study this case because of its simplicity: in this case, a C located
inside a large enough cluster of C’s cannot change to D. Firstly, we
establish that there is p € (0,1) such that the probability that player
¢ survives as C in an infinite cluster of C’s is greater than zero. This
is closely related to Percolation theory. In fact, we use very similar
arguments of the proof of Theorem 1.10 in [§] to show Theorem

Let 6(p) = P(C; = o0) and p. = sup{p : (p) = 0}.
Theorem 3.5.1. If (2d —1)a+b > 2d—1 and a+ (2d — 1)b < 2d, then

0 < pe(d) <1,
ford=2,3, ...

Proof. Firstly, we show that p.(d) > 0. Since (2d — 1)a+b>2d—1, a
D cannot change strategy. This means that, in order to have an infinite
cluster of C’s as t — 00, a necessary condition is that player ¢ belongs to
an infinite cluster of C’s at time zero. Let o(n) be the number of paths
which have length n and which start at the origin. It is clear that o(n) is
at most 2d(2d —1)" ' [8]. Let also N(n) be the number of those paths
which contain only C’s. Then

0(p) < Fp(N(n)=1)
< Ep(N(n))
= po(n)
< pt2d(2d —1)"7,
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for all n. This means that 6(p) = 0 if p < 57—=. Thus, p.(d) > 0.

Now, we show that p.(d) < 1. Consider firstly a symmetric 5 x 5 x ... X 5
d-dimensional box which contains in the center the origin. Let all players
contained in the box be cooperators. Consider now the player located
in the center of this box, i.e. player (0,...,0). Note that the minimal
number of edges needed to connect this player to a player located outside
the box is three. Since a+ (2d—1)b < 2d, player (0, ...,0) cannot change
strategy. This means that if at time zero there is an infinite connected
component of such boxes, then cooperation survives in an infinite cluster
independently of what happens to the other players. Let é(p) be the
probability that there exists an infinite connected component of disjoint
symmetric 5 x5 X ... x 5 d-dimensional boxes such that all players are C'’s,
and the origin is contained in the center of one of these boxes. Clearly,
0(p) > O(p). Such a cluster is finite if and only if all paths to infinity
are blocked by a connected path of disjoint 5 x 5 X ... X 5 d-dimensional
boxes which (each of them) contain at least one D. Note that diagonals
are also used to connect boxes in such a path (since the boxes block the
paths from the origin to infinity). Call the box which contains the origin,
box 0. In the same way, call the box which contains player (5,0, ...,0) in
the center, box k, k € Z. If the there is such a component enclosing the
origin, then it must contain some box k, k = 1,2, ... Note now that if box
k belongs to such a component, there is at least one self-avoiding path
starting from that box, passing through some box m, m = —1,-2, ...
and returning to box k. Then, such a path contains n boxes only if
k < n. Since each box is connected to one of the 3¢ — 1 closest located
boxes and since the path is a self-avoiding walk, there are no more than
(37 -1)(3¢ - 2)n_1 such paths. Therefore,

1-0(p) < 1-16(p)

S (ol 1))

= () (=) (=) (7-2)

n=1

(3 -1 (1-5") i

— if (1-p"") < ——.
-3 -2)(1-p) e )<<3d—2>

IN

3
—_
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This means that 1 — 0(p) — 0 as 1 — p® — 0. Thus, we can find
0 < po < 1 such that 1 —6(p) < % if p > po and then p. < po. O

As explained above, if (2d — 1)a+b > 2d — 1 and a + (2d — 1)b < 2d,
then a player located in the center of a 5 x 5 X ... X 5 d-dimensional box
of cooperators survives as C independently of what happens to the other
players, so obviously, m,(C) > p5d. In order to give a better bound, we
study the same case further. We only do this for d = 2 because the
calculations become much more complicated for larger d.

Proposition 3.5.2. If3a+b > 3 and a+ 3b < 4, then
y < mp(C) < By,
where

y = p2+p(—4+p(—4+p(10+p(7+p(—14+p x
X (—10 + p(20 + p(—46 + p(172 + p(—203 + p(—154 + p x
X (617 + p(—746 + p(777 + p(—926 + p(863 + p(—506 + p X
X (147 + p(70 + p(—135 + p(86 — 23p + p*)))))))))))))))))-

Proof. Since 3a + b > 3, player i € Z? survives as C only if, at each
time, it belongs to a cluster of five C’s in which there is at least one
C' with total score equal to 4. Since a + 3b < 4, this cluster remains
intact if and only if it never plays against a D which plays against all
(C’s. This means that a D can invade such a cluster of five C’s only
at time one. Now, consider the five positions of such cluster and let
Aj be the event that player ¢ survives as C, with position j =1,2,...,5,
where position one refers to the C' which plays against the four other C’s.
Note that since 3a + b > 3, a D cannot be defeated by a C'. Obviously,
P(A;) = ... = P(As5). We show in the Appendix that P(4;) =y, y as
given above. Since P(A;) < m,(C) < 5P(A;), the proof is complete. [

3.6 Zx(C,

In this section, we study the iterated prisoner’s when the presence of
defectors at time zero is rare. More precisely, we study the asymptotic
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distribution of cooperation as p tends to one. Firstly, consider the lat-
tice on Z X Zy, n = 2,3, ... Let each element (i,7) € Z X Z,, be a player.
For each pair of players, let the players play against each other if their
Euclidean distance is one. We refer to the set of the players (4, j), i € Z,
as the players in the j** row, j = 1,2,...,n. In the same way, we refer to
the set of players (i, §), j = 1,2, ...,n, as the players in the 7*" column. In
order to have symmetric conditions for all players, let each player located
in the n*" row play against the player located in the same column and
1%t row. This means that player (i,n) plays against player (i,1), i € Z.
We call a graph constructed in this way C,. Note that the lattice on
7. X Zs is the particular case of this graph with n = 2.

We choose to study this graph instead of the square lattice because this
one facilitates the calculations when p tends to one. In particular, we
analyze three different cases with the common property that a D cannot
change to C'. With this property, it is easier to capture the evolution of
defection when one single defector appears inside a cluster of cooperators.
In other cases, when a D can change to C', we cannot establish rigorous
results concerning lim,_,; 7,(C).

Let A be the event that player ¢ starts as C in the center of a cluster
of 5 x n C’s. Obviously, P(A) — 1 as p — 1. Since P(st = C) =
P(st = C|A)P(A) + P(st = C|A°)P(A®), we have that lim, 3 m,(C) =

lim, 1 P(st = C|A). Now, we can show the following results:

Proposition 3.6.1. Ifa + 3b < 4, then
lim m,(C) = 1.

p—1

Proof. Consider a cluster of 5 x n C’s. Since a + 3b < 4, a D invades
this cluster if and only if it plays against all C’s. Thus, it is clear that
P(st=ClA)=1fort=1,2,.. O

Theorem 3.6.2. Ifa+3b>4 and 3a+b > 3, then

0 ifn=234,5
. B 15/36 ifn =06
limg mp () = 20/49 ifn =17

1-849 ifn=38)9,..
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Proof. We show the case when n > 8. The other cases are shown in a
similar way. Let the column of player ¢ be column 0, and enumerate the
columns to the right as 1,2,..., and to the left, as -1,-2,... Let the row
of player i be row 0 and enumerate the rows upwards as 1,2, ..., L”T_IJ,
and downwards as —1, -2, ..., — (%11 Let & and & be the first column
to the right and to the left respectively which contains, at time zero,
one or more D’s. Let also X be the the number of D’s in column
k at time zero, k € Z. Obviously, P({; < o0) = P(§& < o0) =1
for all p € (0,1). We also have that P(X; = 1§ = k) = P(X,, =
1ep = m) = 2220 Jasp 1 k= 1,2, m = —1,-2,..
This means that the probability that there are more than one D in the
same column tends to zero as p tends to one. In fact, for any n < oo,
P(Xk-Jrl = O,Xk+2 =0, -~-7Xk+n = 0‘51 = k‘) —lasp— 1.

Since a+3b > 4 and 3a+b > 3, if there is a single D inside a cluster of C'’s,
then that D starts a cluster of D’s which invade the C’s. That cluster
forms a cross whose arms have width equal to three rows/columns, as
we can see in figure [3.9] Since other D’s starting far away will not have
effect on player i, we can assume that there is, at time zero and as p
tends to one, only one D on each side of player .

Such a cluster of D’s grows if and only if at least one of the D’s located
in one of the ends plays against three C’s. This means that player ¢
survives as C' if:

e at time zero, there is no D in row —2,—1,0,1,2. This happens, as
p — 1, with probability ("7_5)2;

e there is a D which starts a cluster of D’s in row 2 (-2) on one
side, and there is no D starting in row -3,-2,-1,0,1 (3,2,1,0,-1) on
the other side. This event has probability, as p — 1, equal to
4"7_26 + %;

e there is a D starting a cluster of D’s in row 1 (-1) on one side,
and this cluster is stopped by another cluster of D’s started in
row 2 or 3 (-2 or -3) on the other side. The probability for this is
8# lim, ,1 P(& > &2). The cluster of D’s is stopped by another
cluster of D’s started in the same row, without defection of player
i, only if & = &. The probability for the last event, as p — 1, is



3.6. Z x Cy 35

Figure 3.9: Evolution of a cluster of D’s started by a single D, with
n = 17 and the conditions a + 3b > 4 and 3a + b > 3.
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2.5 limy, . P(&1 = &);

e there is a D starting a cluster of D’s in row 0 on one side, and this
cluster is stopped by another cluster of D’s started by a D in row
2 or -2 on the other side. This has probability 4# limy, 1 P(& >
§2+2).

The random variables £; and &3 are independent and geometrically dis-

tributed with parameter 1 —p™. This means that P(&; = &) = (};ﬁz) —

0asp — 1. We also have that P(& > &+k) =S50, S, pns—D(1—
nk

p)p" =D (1 —p) = 1{)@” — % asp— 1, k=1,2,... Thus,

2
. n—>5 n—=06 2
limy mp(C) - = ( . ) AT T
11 11 11
P — -
+8 22+ n?2 29
6 9
n n

Theorem 3.6.3. If a + 3b >4 and 3a + b = 3, then

0 ifn=3,4
. B 10/25 ifn=>5
Sy (C) = 15/36 if n =6

1-84 18 ifn=1738,..

Proof. We show the case when n > 7. Given these conditions, a single
D starting inside a cluster of C’s will invade the C’s forming a cross.
As in the previous case, the arms of the cross will also have width equal
to three rows/columns. Since 3a + b = 3, a C' can survive as C in a
cluster of C’s which has width two rows/columns (in the previous case
the cluster of C’s needs to have, at least, width three rows/columns), as
shown in Figure [3.10]

The arms of such a cluster of D’s grow only if the D’s located in the
ends play against three C’s. Thus, player i survives as C, as t — o0, if
at time zero:



3.6. Z x Cy 37

Figure 3.10: A cluster of C’s with width two (rows) surrounded by D’s.

e there is no D starting a cluster of D’s in row —2, —1,0,1,2;

e there is a D which starts a cluster of D’s in row 2 (-2) on one side,
and there is no D starting in row -2,-1,0,1 (2,1,0,-1) on the other
side. This has probability, as p — 1, equal to 4252 + %;

n2

e there is a D starting in row 1 (-1) on one side. The cluster of D’s
is stopped by another cluster of D’s started in row 2 or 3 (-2 or -3)
on the other side. This happens, as p — 1, with probability %;

e there is a D which starts a cluster of D’s in row 0 on one side, and
this cluster is stopped by another cluster of D’s started in row 2
or -2 on the other side. The probability of this event is, as p — 1,
equal to %

We can conclude that

2
lim 7,(C) = (n 5) 428

p—1 n n2 n2
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Chapter 4

The 1terated Prisoner’s
dilemma on random graphs

In this chapter, once again we study the iterated Prisoner’s dilemma in
a spatial setting. As described previously, each player associated with
a vertex in a given graph plays the game against its neighbors. Now,
the game is played in a more typical network than those regular graphs
analyzed in the previous chapter. More precisely, it is played on a graph
constructed, at time zero, by random mechanisms.

4.1 Binomial random graph

Let Q be the set of all graphs on vertex set V. = {1,2,...,n}, and for
each graph w € 2, set

Pw) = re@—r))-e

where e, is the number of edges of w and r is the probability that two
vertex are connected. The graph chosen according to the P(w)’s, intro-
duced by Erdos and Rényi in 1961, is called the binomial random graph
and denoted G(n,r) [6]. Let nodes and edges represent players and in-
teraction respectively in the usual way.

39
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Let Y{, € Bi(n — 1,pr) (Y}, € Bi(n — 1,qr)) be the number of C’s (D’s)
which play against player i € V at time 1. Let also Y = Yé + Yf) and,
as in Chapter 3, let v} = vf’cl{stzc} + vf’Dl{st_:D} be the total score
for player ¢ at time t, where vf’s is the total score of player i at time ¢
given it uses strategy s € S = {C, D}. That is,

Lo 1
vy - Z {s’;:C}’
and

tD
ut = b2 Myeepta ) 1eny

VBRI Juirg

where the notation i <+ j indicates that there is an edge between 7 and
j. Clearly, IE(’UZ-I’C) = (n—1)pr and E(Uil’D) = (bp+aq)(n—1)r.

Here, the rules of the game are as described in Chapter 3, with the only
difference that the players compare their average score. More formally,
fort=1,2,...,

t v

. i v

" C ifY'>0,PkeN;: V& = maxjen, Y—g,s';g =D
_ o ¢ .

S =\ D 1fYZ>0,$9k:€Ni:%:maxjem%,s}ézc

s§ otherwise,

where NV; is the neighborhood of player ¢ (including i itself).

In this chapter, we study the asymptotic distribution of cooperation as
n — oo and show some rigorous results concerning the survival of coop-
eration with » = r(n) as a function of n. These results are independent
of a and b.

Firstly, we note that since b > 1, then m,(C) = p" — 0 as n — oo if
r = 1. This may suggest that too much interaction rules out coopera-
tion. Indeed, this turns out to be (at least partially) true, as we see in
the following theorem.

Theorem 4.1.1. Ifr > #, 0<c<1, then fort=2,3,...,

7}1_{201[’( i1 {335:0}) = 0.
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Proof. It is clear that for ¢t = 2,3, ...,
P(ULy {s; = C}) <o(1)

o1C o3P
+nP (Yé>O,Y5>O,{3j:1Hj, 11/1 > ;/j }>

o(1)

IN

+n?P (0rCY? > 0Py Y2 > 02 (n— 1)r, Y < ——(n

+n?P (v 9Y? > 0Py Y2 > 0 2 (n— 1) Y >

= m(n

> oYLy <2 - 1), Yt >

=z 1)17(”

1
+n?P (07CY? > 0Py v2 < 20— 1)r, Y < —(n— 1)r)
+n?P >

G
[
[
(v
<
(
wer
[

< o(1) +2n2P (Y2 > 52 (n 1)r>
1
2 1,0,1/2 < , 1D
n?pP §b1/2n—1)>+nP<vl b2 > v, 1)1/2)
— o(1) +202P <Y2 >E(V2) + (b2 = 1)(n — l)r)
1
pl
n?pP ’U’C E 1D<b(n—1)pr—|—2(n—1)qr>
+n?P (v > pl v%’D > b(n — 1)pr + g(n - 1)qr>

< o) +202P (Y2 2 E(v?) + (02— 1)(n — 1)r)
+n°P <Y1§E(Y) < b1/2>( —1)r>
+n2P(1D<E( )—fn—l)qr)
+02P (o€ 2 E () + 20— D)ar)

The proof is now completed by the following Chernoff bounds [7]:
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Theorem 4.1.2. Let X1, Xo,..., X,, be independent random variables
with P(X; = 1) = p;, P(X; = 0) = 1 — p;. We consider the sum
X =501 Xi, with expectation E(X) =" | pi. Then we have

2

P(X >E(X)+u) < e MEOFP

Theorem 4.1.3. If X1, Xo, ..., X;, are non-negative independent random
variables, we have the following bounds for the sum X =31 | X;:

w2

P(X <E(X)—u) < e 2=,

Thus,
((bl/Q—l)(n—l)r)2
) B L bl/21 ‘
P(ULsi = ) = o(1) + 2ne (5= 0m)
1 Vo)’ o 2
(=) mr)  (nan)
+n2€_ 2((n—1)r) +n2e 2(b2(n—1)pr+aZ(n—1)qr)
(Qib("*l)qv"f
+n2€ 2((n—1)pr+&(n—1)qr>
— 0,
as n — 00.

O

As we see in the previous result, too much interaction kills cooperation.
But is it possible at all for cooperation to survive when r > 07 An
immediate answer comes by noting that lim, . (1 — T)nfl =1if0 <
r < #, ¢ > 1, so limy, o mp(C) = p. So, yes a given player can be an
isolated cooperator when r is small enough. Indeed, it is easily seen that
if r=c/n,c>0, then for t =1,2, ...,

lim P(si =C,Y'=0)=pe °.

n—o0

Moreover, it is well known that there are asymptotically almost surely
(a.a.s.) isolated players when r = kzi”, ¢ > 1, a special case of the

following theorem (Erd6s and Rényi [6]):
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Theorem 4.1.4. Let T, be the number of v—wvertex isolated trees in
G(n,r), v=1,2,..., and ¢, = vnr — logn — (v — 1) loglogn. Then,

0 if n’r*=t =0 or ¢, — o0,

P(T, > 0) = { 1 ifn¥r*~1 = oo and ¢, = —o0.

Moreover, if nvr*=t — ¢ € (0,00) or ¢, — ¢ > 0, then T, L\ Po()\),
where A = lim,,_,o, E(T},) € (0, 00).

According to Theorem there is positive probability that, as n
tends to infinity, there are isolated cooperators if r = k’cgn”, c>1. 0Of
course, this is not of so much interest since we are mainly interested
in the probability that cooperation survives as a result of interaction
between the players. But it may still suggest that limited interaction
leaves room for cooperation to survive. In order to ensure interaction,
we investigate this further by studying the game played on the largest
component with 7 big enough so that this component is a.a.s. unique.
Such a component may be regarded as the biggest community of players.
Firstly, we study the case when r = =, ¢ > 1, as we see in the theorem
bellow. Note that in this case the limit is the Poisson distribution. Let
B; be the event that player i survives as C, as t — o0, in a component

which has at least one more player than any other component.

Theorem 4.1.5. Ifr = = and c > 1, then
lim P(B;) > 0.

n—oo

Proof. Firstly, we recall that when the game is played on the one dimen-
sional lattice there are some local configurations which protect cooper-
ation as t tends to infinity. Consider now player i € V, and suppose
that this player plays only against one player, say 71. Let player i1 play
only against one more player, 5. Let also player i2 play only against one
more player, i3, and so on until we reach a connected component of seven
players. Let now the seventh player, which we call g, be connected to
the largest component through other players. Then, the interaction for
these players is only described by 7 <> i1,¢1 <> 12,12 <> 13,13 <> 14,14 <
15,15 <> 16,16 <> -, where i6 <> - denotes that player i6 is connected to
the largest component. We find such a structure in Figure
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—
—
=

iy iy Qg s ig

Figure 4.1: A subgraph of the largest component which can ensure co-
operation for player i as t — oo.

If player ¢, ¢1 and 2 choose at time 0 strategy C, then they survive as C’s
if and only if at time 0: i) player 3 and 4 choose strategy D; ii) player
i3 and i4 choose strategy C; or iii) player ¢3 and i4 choose strategy C
and D respectively. Given one of these configurations, players 4, i1 and
i9 survive as C’s independently of what happens to the other players.

Consequently, we only need to show that such a local tree of seven play-
ers, connected to the largest component, occurs with positive probability.
The following theorem gives the size of the largest component [6]:

Theorem 4.1.6. If r = = and ¢ > 1, then G(n,r) contains a giant
component of (1 + o,(1))Bn, where 3 is the unique solution of

B+ePe=1.

Furthermore, asymptotically almost surely (a.a.s.) the size of the second

largest component of G(n,r) is at most (C£6f)2 log n.

Now let L; be the event that player j € V' belongs to a component which
has at least one more player than any other component. It is then clear
that given the local tree of seven players shown in Figure [£.1]

nh_{glo P(L;,) = p.
Since for any k < oo, Bin(n — k,£) — Poi(c) as n — oo, then the
probability that a given player belongs to such a structure as player 7 in
Figure (for any i1, ...,ig € V), tends to %53 as n — oco. In the
same way, the probability that a given player belongs to such a subgraph

as player i; , j = 1,2, tends to w as n — oo. By independence in
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the initial configuration, it is then clear that
lim P(B;) > 82p*(1 — pg)cSe 0.
n—oo

O

As described above, when the limit is the Poisson distribution a given
vertex has positive probability to belong to such a subgraph as the lo-
cal tree shown in Figure If we have instead r = 7(n) such that
limy, 00 % = 0, then that probability tends to zero as n tends to infin-
ity. With this in mind, it is now of interest to know if cooperation can
still survive in the largest component when r is of bigger order than . As
we saw in Theorem cooperation dies out a.a.s. if r = #, c<1.

Now we study the intermediate case when r = )\loin, with A = A(n) as
a function of n. The theorem below, weaker than Theorem [4.1.5] says
that cooperation survives a.a.s. in some part of the biggest community

of players if we choose A = A(n) in a proper way. More precisely,

Theorem 4.1.7. Ifr = )\% and A < % such that Alogn — oo as
n — oo, then

n
$$P<QBJ = 1.
1=

Proof. In this case, the probability that a given player j € V is connected
to a component which has at least one more player than any other com-
ponent tends to one as n tends to infinity. So if we consider again the
subgraph shown in Figure then P(L;;) =1 — o(1). Consider again
the local tree described in the proof of Theorem and let R; be
the event that player 5 € V belongs to such a structure as player ¢ in
Figure (for any i1, ...,i¢ € V). Then, we have that

6
P(R;) = (Hm - k)) PS(1 = p)Ziea =P (1 o(1))
k=1
NG (1og6n)6 (1— T)Gn

n
~ )\G(IOg n)Ge—GAlogn
= A(logn)Sn=,
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where a,, ~ b, denotes 0 < liminf Z—: < limsup‘;—: < oo. Let now
X = Z?:l 1g,. AL % such that AMogn — oo as n — oo, then

E(X) = TLP(Rl)
— 00

as n — 0o. We also have that

Var(X) = ZVar(lRi) + Z Z Cov(1g;,1R,)
i=1 = i)
— nP(R)(1- P(Ry))

+n(n - 1)(E(1R10R2) - E(1R1)2)'

Now, for large enough n

E(lRlﬂRg) S

IN
~~ N -/~
—
—
3
|
ol
S~—
Do
~
—
[\
—
|
=
[\
™
Bl
l\\\)
3
=

Pt (1—7")48
B E(1g,)?
(-0’1 -n)®
= E(1g,)*(1+o0(1))

Consequently,

Var(X) < E(X)((1 - P(R1))+E(X)o(1)).

Before we complete the proof, we present the second moment method
which says that for every random variable Y with E(Y’) > 0, then




Therefore, if A < % such that AMogn — oo as n — oo, then

as n — 00. O

Remark. The ideas in the proof of Theorem were taken from the
proof of the well known connectivity theorem of Erdos and Rényi [11].
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Appendix

Proof of Proposition (3.5.2

Proof. In order to complete the proof of Theorem we need to
calculate P(A;). Consider firstly the eight nearest neighbors of a cluster
of five C’s where one C plays against the other four C’s. Call these
players 1,2,...,8, as shown in figure Note the difference between
players 1,3,5,7 and 2,4, 6, 8. Here, a player denoted by an even number
plays against two C’s of this cluster, while a player given an odd number
plays only against one C' of the cluster. Since defection of such a cluster

Figure 4.2: The eight neighbors of a group of 5 C’s.

can only happen at time one, then P(A;) is the probability that, at time
zero, player ¢ and its four neighbors are C’s and no one of these eight
neighbors is a D surrounded by four C’s. Let now S = (s}, s2, ..., s§) be

the initial configuration of the neighbors of that cluster. Therefore, we
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have that
P(4;) = P(A4in{S=(C,..,C)})

4
P
)

(
(1)

|
i

+4P(Az Nn{s =
+16P(A; N{S =
+4P(A; N{S =
+4P(A; N {S =
+16P(A; N{S =
+4P(A; N {S =
+8P(A; N{S =
+8P(A;N{S =
+4P(A; N{S =
+4P(A; N{S =
8P(A;N{S =
8P(A;N{S =
8P(A;N{S =
4P(A;n{S =
8P(A;N{S =

(

(

(

(

(

(

(

(

+ ++ +++ + + + +

4P(A;N{S =
8P(A;N{S =
4P(A;N{S =
4P(A;N{S =
8P(A;N{S =
+4P(A;N{S =
+8P(A; N {S =
+4P(A; N{S =

k

A, n{SQz 1 D} ﬂ {821 1
=1 i=k+1

A ﬂ{s =D} ﬂ {sZ
i=1 i=k+1

=(D,D,C,C,C,C,C,C)}

)
=(D,C,C,D,C,C,C,C"})
(D,D,C,C,C,C,C,D)})
(D,D,C,D,C,C,C,C)})
(D,C,C,D,C,D,C,C)})
(D,D,D,C,C,C,C,C)})

(D,D,C,C,C,C,D,C)})
(D,C,D,C,C,D,C,C)})
(D,D,C,C,C,C,D,D)})
(D,D,C,C,C,D,D,C)})
(D,D,C,C,D,C,C,D)})
(D,D,D,C,C,D,C,C)})
(D,C,D,D,C,D,C,C)})
(D,D,C,D,C,C,C,D)})
(D,C,D,D,C,C,D,C)})
(D,D,C,D,C,D,C,D)})
(D,D,D,C,C,D,C,D)})
(D,D,D,D,C,C,C,D)})
(D,D,C,D,D,C,C,D)})
(D,C,D,D,C,D,C,D)})
(D,D,D,C,C,C,D,D)})
(D,C,D,C,C,D,D,D)})
(D,C,D,D,C,D,D,C)})
(D,D,D,C,C,D,D,C)})
(D,D,D,C,D,C,D,C)})

=C} ﬂ{s )
=C} ﬂ{s” b= )
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+4P(A;n{S = (D,D,D,D,C,D,C,D)})
+2P(A;n{S = (D,D,C,D,D,D,C,D)})
+8P(A;n{S=(C,D,D,D,D,D,D,C)})
+8P(A;n{S=(D,D,D,D,C,D,D,C)})
+4P(4;n{S = (D,D,D,D,D,C,D,C)})
+2P(4;n{S = (D,D,D,C,D,D,D,C)})
+4P(A4;n{S = (D,D,D,D,D,D,C,D)})
+4P(A;n{S = (D,D,D,D,D,D,D,C)})
+P(A;n{S=(D,D,D,D,D,D,D,D)})

Independence in the initial configuration gives:

” (p+z()8“ )

+p5z< ) Skgh (1 —p?)" 4 8pMe? (g + pa(l — p?)

+8pM ¢ (1 —p*)(1 = p?)) +4p°¢® (¢ + 2p¢* + P*®)

+16p'°" (g4 pa(1 —p*)) (1 = p*) + 4p"°* (1 = p*)(1 = p?)°
+4p'0q3 (q2 + 2pq(1 — 2)) + 161010 3 (q +pq(1 — pz)) (1 _pg)
FAp' O3 (1 — p?) (1 — 3)2 +8p% ( +2pg*(1 — p®) + p*¢*(1 — PQ))
+89°q" (¢ + pa(1 = p)” +4p°¢* (¢* + 2p4” + ") (1 - p")
+4p°¢* (¢ + 2pa(1 - p?)) (1 - p)

+8p%4 (1 — p?) (q+pq(1 —-p?)) (1—p?

+8p%¢* (% + 2p6% + 1°4°) (1 — p?) + 80°¢* (¢ + pa(1 — p?)) (1 = p°)°

2
+4p%q 5( ) (q2+2pq +p%q*)
+8p°¢° (¢° +2pq p*) +p°*(1—p?)) (1 —p?)
+4pPg° ( * +2pq(1 - pP)(g +pq2)) (1-p?)
+8pq° (q+pq p*)) (¢ + 2p¢* + p*¢*)

+4p%q (q+pq1— 2)%(1 - p?)
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+

+ 4+ + + + o+ o+ o+

4p® (q2(1 — %)’ + 2p?(1 - p?) +p2q3)
8p°¢°(1 —p%) ((1 — p*) + 2p¢*(1 — p°) + p*¢°)
455 (1 - p*) (q + pa(1 — )

8p°¢° (¢ + pa(1 —p?)) (¢ + 2pq(1 — p?))

19%¢° (¢% + 2pa(1 — p*)) (1 — p*)’

4p™q® (q2(1 — %)’ +2pa(1 — pP)*(a + pq2)>

6(q2+2pq2+p2 3)2

876 (21— p) (g + (2 - p> - p2) +pe’ + ()’ (1= p) (1 + 0))
8p’q° (q+pq p?)) (*(1 = p*) + 2pg* + p*q°)
4p"q® (¢ + pa(1 —p?)) ( ? ?) +pg(1 - p?) +pq(q+pq2)>
2p qﬁ(q +2pg(1 - p%)”
5" (¢*(q + pa(1 — p*))° + 2pg®(q + pa(1 — p*))(1 — p?)

21— p?)°)

4p°q" (¢*(q + pa(1 — p?))°

+2pq°(q + pa(1 — p*))(¢* + pq® + pa(1 — p*)))

PP (a*(1 = p*)” + dpg'(1 - p°)

+4p*q* +2p%¢* (1 — p°) + 4p°¢* + p'q?)

p(2+p(—4 4+ p(—4 4+ p(10 4+ p(7 4+ p(—14 + p x

X (=10 + p(20 + p(—46 + p(172 4+ p(—203 + p(—154 + p X

X (617 + p(—T746 + p(T77 + p(—926 + p(863 + p(—506 + p x

x (147 4 p(70 4 p(—135 + p(86 — 23p +%))))))))))))))))))))))-

O

Remark. To deduce the last equality, we used Wolfram Mathematica 7.
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