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Abstract

We investigate symmetric equilibria of mutual reinforcement learning when both
players alternately learn the optimal memory-two strategies against the oppo-
nent in the repeated prisoners’ dilemma game. We provide a necessary condi-
tion for memory-two deterministic strategies to form symmetric equilibria. We
then provide three examples of memory-two deterministic strategies which form
symmetric mutual reinforcement learning equilibria. We also prove that mu-
tual reinforcement learning equilibria formed by memory-two strategies are also
mutual reinforcement learning equilibria when both players use reinforcement
learning of memory-n strategies with n > 2.
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1. Introduction

The prisoners’ dilemma is one of the simplest situations in which rational
actions of individuals do not maximize social welfare [1]. Although the best
action of each agent is defection, mutual cooperation improves the utility of
both agents. On the other hand, if the prisoners’ dilemma game is infinitely
repeated, the situation changes. In fact, mutual cooperation can be realized by
rational behavior of each agent, and this result is known as folk theorem [2].
The folk theorem was also extended to a stronger version that any individually
rational payoffs can be realized as subgame perfect equilibria [3].

At the same time, it has been pointed out by experiments that the realistic
agents like human beings are not necessarily rational, and theories of bounded
rationality have been needed [4]. One of the mainstream is modeling agents
by finite automata (agents with finite complexity) [5, 6, 7, 8, 9, 10, 11]. Es-
pecially, Abreu and Rubinstein found that the equilibrium payoffs realized by
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finite automaton selection games, where players choose finite automata as their
strategies in repeated games so as to maximize their payoffs and to minimize
the number of states of the finite automata lexicographically, are restricted to
some small region in individually rational payoffs [8]. Kalai and Stanford proved
that every subgame perfect equilibrium of repeated games can be approximated
by a subgame perfect e-equilibrium of finite complexity [7]. A slightly different
approach from finite automata is modeling agents by ones with finite memory,
which recall only a finite number past periods [12]. (Although there is distinc-
tion between memory and recall in computer science, we use these two words
interchangeably.) Deterministic finite-memory strategies are contained in a class
of finite automata. Sabourian and co-workers investigated how the folk theorem
can be extended to finite-memory strategies [13, 14, 15].

Another trend of studies of bounded rationality is modeling agents as adap-
tive ones which gradually acquire favorable strategies. One of the most suc-
cessful approach is evolutionary game theory, where a population of individuals
evolves by natural selection [16]. The concept of evolutionarily stable strategy,
which is interpreted as stability against mutation, succeeded in strengthening
the concept of Nash equilibrium. However, it was also shown that any strategy
in the infinitely repeated prisoners’ dilemma game is not an evolutionarily stable
strategy, and is not stable against neutral drift [17]. There are also studies of
evolutionarily stable strategies with finite complexity [18, 19, 20]. Particularly,
Binmore and Samuelson proposed a modified version of evolutionarily stable
strategy and showed that such strategies must maximize the sum of payoffs of
two players [19]. Furthermore, many evolutionary simulations on finite-memory
strategies have been done for various population sizes, mutation rates, and types
of interaction [21, 22, 23, 24, 25, 26]. Stewart and Plotkin proposed the concept
to evolutionary robust strategies, which is an extension of evolutionarily stable
strategies to systems of finite population size and cannot be selectively replaced
by any mutant strategies [27].

Learning is another way of adaptation of human beings, and has also at-
tracted much attention in theoretical economics [28, 29, 30], computer science
[31], and complex systems theory [32, 33, 34, 35, 36, 37]. Many methods of learn-
ing have been proposed in game theory [38], and compared with experimental
results [39, 40, 41]. One of the most popular learning methods is reinforcement
learning [42]. In reinforcement learning, an agent gradually learns the optimal
policy against a stationary environment. Mutual reinforcement learning in game
theory is a more difficult problem since the existence of multiple agents makes
an environment nonstationary [43, 44, 45, 46, 47]. Several methods have been
proposed for reinforcement learning with multiple agents [48].

Recently, memory-n strategies (n periods memory strategies) with n > 1 at-
tract much attention in computational evolutionary game theory, because longer
memory enables more complicated behavior [49, 50, 51, 52, 53, 54]. Especially,
longer memory enables us to design robust strategies against implementation
errors. Since agents in evolutionary biology are organisms, which are far from
rational, it has been traditionally assumed that the length of memory of such
agents is assumed to be short. This is in contrast to chronology of game theory



in economics, where behaviors of rational and forward-looking agents were first
studied and then memory length becomes shorter in order to describe agents
with bounded rationality. Because rationality of realistic agents is bounded,
shorter-memory strategies will be preferred if complexity is also considered.

Here, we investigate mutual reinforcement learning in the repeated prisoners’
dilemma game [1]. More explicitly, we investigate properties of equilibria formed
by learning agents when the two agents alternately learn their optimal strategies
against the opponent. In the previous study [55], it was found that, among all
deterministic memory-one strategies, only the Grim trigger strategy, the Win-
Stay Lose-Shift strategy, and the All-D strategy can form symmetric equilibrium
of mutual reinforcement learning. A natural question is “How does the set of
such equilibria grow as the length of memory increases?”. Such direction of
research can be useful when we construct strong strategies based on memory-
one strategies, as in computational evolutionary game theory. Furthermore,
we want to understand mutual reinforcement learning equilibria in terms of
strategies, not equilibrium payoffs. However, even whether the above equilibria
formed by memory-one strategies are still equilibria in memory-n settings or
not has not been known.

In this paper, we extend the analysis of Ref. [55] to memory-two strate-
gies. First, we provide a necessary condition for memory-two deterministic
strategies to form symmetric equilibria. Then we provide three non-trivial ex-
amples of memory-two deterministic strategies which form symmetric mutual
reinforcement learning equilibria. Furthermore, we also prove that mutual re-
inforcement learning equilibria formed by memory-n’ strategies are also mutual
reinforcement learning equilibria when both players use reinforcement learning
of memory-n strategies with n > n’.

This paper is organized as follows. In Section 2, we introduce the repeated
prisoners’ dilemma game with memory-n strategies, and players using reinforce-
ment learning. In Section 3, we show that the structure of the optimal strategies
is constrained by the Bellman optimality equation. In Section 4, we introduce
the concepts of mutual reinforcement learning equilibrium and symmetric equi-
librium. We then provide a necessary condition for memory-two deterministic
strategies to form symmetric equilibria. In Section 5, we provide three ex-
amples of memory-two deterministic strategies which form symmetric mutual
reinforcement learning equilibria. In Section 6, we show that mutual reinforce-
ment learning equilibria formed by memory-n’ strategies are also mutual rein-
forcement learning equilibria when both players use reinforcement learning of
memory-n strategies with n > n’. Section 7 is devoted to conclusion.

2. Model

We introduce the repeated prisoners’ dilemma game [43]. There are two
players (1 and 2) in the game. Each player chooses cooperation (C) or defection
(D) on every round. The action of player a is written as o, € {C,D}. We
collectively write o := (01,02), and call o an action profile. We also write
the space of all possible action profiles as 2 := {C, D}2. The payoff of player



a € {1,2} when the action profile is o is described as 7, (o). The payoffs in the
prisoners’ dilemma game are given by

(?"1(0,0),7'1(C,D),Tl(D,C),’r‘l(D,D)) = (R,S,T,P) (1)
(TQ(CvC)ar2(C7D)7r2(Dvc)aT2(D7D)) = (R,T,S,P) (2)

with T > R > P > S and 2R > T + S. The (time-independent) memory-
n strategy (n > 1) of player a is described as the conditional probability

T, (aa| [U(_m)} :1:1) of taking action o, when the action profiles in the previous

n rounds are [a(_m)] ;:1, together with an initial condition, where we have in-

troduced the notation [0'(_7”)]:121 = (0'(_1), ‘e ,0'(_")) from newest to oldest
[54]. (As a strategy of bounded rational players, we use finite-memory strate-
gies, not finite automata, because the former allows strategies to be stochastic.
Although stochastic strategies are allowed in our framework, we investigate only
deterministic strategies in this paper.) We write the length of memory of player
a as n, and define n := max {ny,na}. In this paper, we assume that n is finite.

Assumption 1. Both players use time-independent finite-memory strategies.

Below we introduce the notation —a := {1, 2}\a.

We consider the situation that both players learn their optimal strategies
against the strategy of the opponent by reinforcement learning [42]. In rein-
forcement learning, each player learns mapping (called policy) from the action
profiles [a(’m)]z;zl in the previous n rounds to his/her action o so as to max-
imize his/her expected future reward. We write the action of player a at round
t as 0,(t). In addition, we write r,(t) := r, (o(t)). We define the action-value

function of player a as

Qa(oa, [a(‘m)]n ) = E

m=1

Z Yora(t + k)
k=0

where 7y is a discounting factor satisfying 0 < v < 1. The action-value function
Qa (O’a, [a'(’m)] :Ln=1> represents the expected future payoffs Y22, v*rq(t+k) of
player a after round ¢ by taking action o, when action profiles in the previous n
rounds are [0(_m)]nm:1. Therefore, the action-value function suggests the best
action in each action profile. It should be noted that the right-hand side does
not depend on ¢. Due to the property of memory-n strategies, the action-value
function @), obeys the Bellman equation against a fixed strategy T_, of the

0a(t) = 00, [0 ()2, =[]



opponent:

@u (0 [U“W]"m:l)
= L)t (el [« )

m=1

HZZT@WVMKDM@MMMV>%@@

m=1
ol O0—a

See Appendix A for the derivation of Eq. (4). It has been known that the
optimal policy T and the optimal action-value function Q7 obeys the following
Bellman optimality equation:

Q; (a [0“"”}2,1)
- T T (ol [om]" )

m=1

N LT O

m=1
with the support

suppTy, <| {a(_m)}:l:l) = argmngZ (J, {a(_m)]zzl) . (6)

See Appendix B for the derivation of Egs. (5) and (6). In other words, in the
optimal policy against T_,, player a takes the action o, which maximizes the

value of Q% (~, [U(_m)];ﬂ) when the action profiles at the previous n rounds

are [a(’m)];:r In Q-learning, which is one of the simplest algorithms of
reinforcement learning, it is known that values of action-value functions converge
to the solutions of the Bellman optimality equation if all state-action pairs are
visited an infinite number of times [42].

We investigate the situation that players infinitely repeat the infinitely-
repeated games and players alternately learn their optimal strategies in each
game, as in Ref. [55]. We write the optimal strategy and the corresponding
optimal action-value function of player a at d-th game as Ty @ and Qz(d)7 re-
spectively. Given an initial strategy T*(O) of player 2, in the (21 — 1)-th game
(I € N), player 1 learns Tl*(zl_ ) against 7} +(21-2) by calculating Q*(zl D In the
2[-th game, player 2 learns 7, *(2D against T*( =1 by calculating Q*( D We are
interested in the fixed points of the dynamics, that is, T, () and Q*(OO)

In this paper, we mainly investigate situations that the support (6) contains
only one action, that is, strategies are deterministic. The number of determinis-
tic memory-n strategies in the repeated prisoners’ dilemma game is 222", which
increases rapidly as m increases.



3. Structure of optimal strategies

Below we consider only the case n = 2. The Bellman optimality equation
(5) forn =2is

QF <0a70<—1>7a<—2>>
= Zra (o)T_, (a,a| o=V, 0'(_2))

—|—fyZT,a (J,a| oV, 0'(_2)) mngZ (6,0’, a(_l)) (7)

with

suppT (\ 0'(71),0'(*2)) = argmaxQ@ (0',0'(71),0'(72)) . (8)

The number of memory-two deterministic strategies is 216, which is quite large,
and therefore we cannot investigate all memory-two deterministic strategies as in
the case of memory-one deterministic strategies [55]. Instead, we first investigate
general properties of optimal strategies.

We introduce the matrix representation of a strategy:

T, (o)

—~

T. (0](C,0),(C,C)) Ty (o] (C,C),(C, D)) Ty (a|(C,C),(D,C))
_ T. (o[ (C,D),(C,C)) Ta(o|(C,D),(C,D)) T,(co|(C,D),(D,C))
T, (o] (D,C),(C,C)) Ta(a|(D,C),(C,D)) Ta(o|(D,C),(D,C))
T. (0| (D, D), (C,C)) Ta(ol(D,D),(C,D)) T,(o|(D,D),(D,C))

For deterministic strategies, each component in the matrix is 0 or 1.
We now prove the following proposition:

Proposition 1. For two different action profiles =2 and o(=2), if
T . (a|a<—1>,a<—2>) - T, (o—| a<—1>,a<—2>’) (Vo) (10)
holds for some o=, then
T (0|0'(_1),U(_2)) = T (0| a'(_l)70'(_2)’) (Vo) (11)

also holds.
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Proof. For such a(~1), because of Eq. (7), we find
O* (Ua,(,(—l),a(—m)
= Zra (o) T—, (O'_a| 0'(71),0'(72)>
+VZT,Q (U,a| 0'(*1),0'(*2)> max Q) (6,0’,0'(*1))
= Zra ()T, (0,a| a'(_l),a'(_2)')
—l—va,a (U,a| a'(_l),a'(_Q)’) max Q; (&,0',0'(_1))

= Qi (000 0) (12)
for all o,. Since T, is determined by Eq. (8), we obtain Eq. (11). O

This proposition implies that the structure of the matrix 7. (o) is the same
as that of T_,(0). For deterministic strategies, in order to see this in more
detail, we introduce the following sets for a € {1,2} and o(-1) € Q:

N2 (0'(71)> = {0'(*2) € Q‘ T, (C’| 0'(*1),0'(*2)) = :c}, (13)

where z € {0,1}. That is, N{*) (6(-1)) describes the set of (=2 such that
player a using strategy 7, cooperates after the history [a(*m)]fnzl. Simi-
larly, Néa) (a'(_l)) describes the set of (=2 such that player a using strat-
egy T, defects after the history [a(_m)]fnzl. We remark that Néa) (0'(_1)) U
Nl(a) (=) = Q for all @ and o(~Y). Then, Proposition 1 leads the following
corollary:

Corollary 1. For a deterministic strateqy T, of player —a, if the optimal strat-
eqy T of player a against T_, is also deterministic, then one of the following
four relations holds for each o= € Q:

(a) NiY (V) = N (o (_1)) for all x

) (1)) = N( o) 2 (e=1) fm" allx

(c) Néa) (1) = N( ®) (e U ( D) =Q and Nl(a) (D) =10
) N (o) = N (50 UN( ? (o0-1) = Q and N (o) = 0.

4. Symmetric equilibrium

In this section, we investigate symmetric equilibrium of mutual reinforcement
learning.

First, we introduce the notation C := D, D := C, and 7 (01, 02) := (02, 071).
We define the word same strategy.



Definition 1. A strategy T, of player a is the same strategy as that of player
—a iff

T, (cr| 0'(71),0'(*2)) = T, (a| T (a(*l)) S (0(72)>) (14)

for all o, =Y and, o(=2).
Next, we introduce equilibria achieved by mutual reinforcement learning.

Definition 2. A pair of strategy T1 and Ty is a mutual reinforcement learning
equilibrium iff T, is the optimal strategy against T_, for a =1,2.

We emphasize that such equilibria are defined only for a time-independent
part of finite-memory strategies T,, although finite-memory strategies of play-
ers are generally defined as a pair of a time-independent part 7, and an initial
condition. This definition is in contrast to that of Nash equilibrium or sub-
game perfect equilibrium. When some appropriate initial condition is chosen, it
becomes a subgame perfect equilibrium of all time-independent finite-memory
strategies. In addition, because the optimal policy is determined by compar-
ing the action-value functions, which are functions of finite-length histories in-
cluding off-equilibrium path, mutual reinforcement learning equilibrium is quite
different from Nash equilibrium.

We also remark that a mutual reinforcement learning equilibrium can be
achieved by Q-learning if all state-action pairs are visited an infinite number
of times as mentioned above, and if an initial strategy of player 2 is appropri-
ate. Even if not all state-action pairs are visited an infinite number of times,
we can obtain the mutual reinforcement learning equilibrium by introducing
infinitesimal error probability to the opponent’s strategy as in Ref. [55].

For deterministic mutual reinforcement learning equilibria, the following
proposition is the direct consequence of Corollary 1.

Proposition 2. For mutual reinforcement learning equilibria formed by deter-
ministic strategies, one of the following two relations holds for each o=V € Q:

(a) Nél) (0'(_1)) = NQEQ) (a'(_l)) for all x
(b) N (e=D) = NI(Z) (oY) for all x.

—x

Proof. According to Corollary 1, one of the four situations (a)-(d) holds for the
optimal strategy 77 against T5. However, because T5 is also the optimal strategy
against 77, the cases (c) and (d) are excluded or integrated into the case (a) or
(b). O

Furthermore, we introduce symmetric equilibria of mutual reinforcement
learning.

Definition 3. A pair of strategy T and T is a symmetric mutual reinforcement
learning equilibrium iff T, is the optimal strategy against T_, and Ty is the same
strategy as T—_, for a =1,2.



It should be noted that the deterministic optimal strategies can be written
as

T;(a|a<*1),a<*2>) - H(Q; <G7U<71>7U<72>)>Q; (E,UH),U(*Q)))’
(15)

where I(---) is the indicator function that returns 1 when --- holds and 0
otherwise. We also introduce the following sets for a € {1,2} and (=1 € Q:

N (0(—1)) — {g<—2> c Q‘ T, (C\ oD r (a“”)) = x} (16)

where z € {0,1}. We now prove the first main result of this paper.

Theorem 1. For symmetric mutual reinforcement learning equilibria formed
by deterministic strategies, the following relations must hold:

(a) For o=V € {(C,C),(D, D)},

L. (Cle0.(C.0)) = T.(CletV.(D.C)) ()
for all a.
(b) For o=Y € {(C,D),(D,C)},
W) = () o
N (x(oV)) = N (o) () (19)
holds.

Proof. For o=V € {(C,C),(D,D)}, m (6=V) = o(=Y holds. Because T and
T5 are the same strategies as each other,

T1(0|a<*1>,a<*2>) - TQ(C|0<*1>,0<*2>) (A*”e{(C,C),(D,D)})
(20)

holds. This and Proposition 2 imply that N;gl) (a'(_l)) = NQEQ) (a'(_l)) (Vx €
{0,1}) must holds. On the other hand, due to Eq. (14),

T (C| oD, (C,D)) T (0| oD, (D,C)) (21)

T (C| oD, (D,C)) _— (C| oV (c, D)) (22)

also hold. This means that, if (C, D) € NV (0=Y), then (D, C) € N® (m (1)) =
NP (0D) = NV (1), leading to Eq. (17).



For o=V € {(C, D), (D, C)}, because T; and Ty are the same strategies as
each other,

T (C| i (a'(*l)) ,0'(72)) =T (C\ oV 1 (0'(72)>) (23)
holds for Yo (=2) € Q. This means that
N® (71' (aH))) - NO (a(*”) (Vz € {0,1}) (24)

holds. On the other hand, Proposition 2 implies that

N (7‘(‘ (0'(_1))) = N? (77 (0'(_1))) (Ve € {0,1}) (25)

N (7r (a'(_l))) = Nﬁ)l (77 (0'(_1))) (Vz € {0,1}) (26)

must hold. By combining Eq. (24) and Eq. (25) or (26), we obtain Eq. (18) or
(19). O

Theorem 1 provides a necessary condition for a deterministic strategy to
form a symmetric mutual reinforcement learning equilibrium. In particular,
Egs. (18) and (19) imply that the second row and the third row of T, cannot be
independent of each other. Explicitly, T, must be one of the following 8 forms:

ap b1 b1 ag a by b az

c6 ¢ €1 ¢ ci ¢4  1—c

di dy di dy |’ d dv dy 1—-dy |’

as bQ b2 a4 as b2 bg (o7}
a b by a a b by as
C1 C1 1— Cc1 C1 C1 C1 1— C1 1-— C1
di 1—d; dq di |’ di 1—d; dq 1—-dy |’
as b2 b2 a4 as bg b2 a4
a b b1 a2 ap b by as
C1 1-— C1 C1 C1 C1 1-— C1 C1 1-— C1
dy dy 1—dy dv |’ dq dy 1—-dy 1—-d; |’
as b2 b2 aq as bQ bg a4
ap b b1 a2 ap b b1 az
C1 1—61 1—61 C1 C1 1—81 1—61 1—61 (27)
d 1—dy 1—-dy dy |’ d 1—dy 1—dy 1—d; |’
as ba b2 2 as by ba aq

where a;,bj,¢1,d1 € {0,1} (i =1,2,3,4), (j = 1,2) independently. For example,
the Tit-for-Tat-anti-Tit-for-Tat (TFT-ATFT) strategy [50]

T (C) = (28)

_ o O
O = O =
—_ 0 O =
O R ==

10



does not satisfy the condition of Theorem 1, and therefore it cannot form a
symmetric mutual reinforcement learning equilibrium. However, there are still
many memory-two strategies which satisfy the necessary condition, and further
refinement will be needed.

5. Examples of deterministic strategies forming symmetric equilib-
rium

In this section, we provide three examples of memory-two deterministic
strategies forming symmetric mutual reinforcement learning equilibrium. For
convenience, we define the following sixteen quantities:

@ = R+7ymaxQj(0,(C,C),(C.0) (29)
g2 = T—i—’ymoaXQ’{ (0,(D,0C),(C,C)) (30)
¢ = S+ymaxQi(e,(C,D),(C,C)) (81)
Qg = P+ fym(f}XQT (0,(D,D),(C,0)) (32)
4 = R+ymaxQ;(0,(C,C),(C,D)) (33)
g = T+ymaxQj(o,(D,C),(C, D)) (34)
g = S+’ymaxQ1 (0,(C,D),(C,D)) (35)
gs = P+7maxQ1 (0,(D,D),(C,D)) (36)
@ = R+ymaxQ;(0,(C,C),(D,C)) (37)
qo = T+ymaxQ; (o, (D,C),(D,C)) (38)
g = S+ ymaxQy (0,(C, D), (D,0)) (39)
G2 = P+ymax@ (o,(D, D), (D,C)) (40)
qi3 = R+7m3xQ1 (0,(C,C), (D, D)) (41)

qua = T+ymaxQj (o, (D,0), (D, D)) (42)

G5 = S+ WmaXQ1 (0,(C, D), (D, D)) (43)

Q6 = P+’YH13XQ1 (0,(D, D), (D, D)) (44)

11



The Bellman optimality equation for symmetric equilibrium is

o (Ul,am),(,(ﬁ))

= Z {7"1 (o) + max Q3 (Er, o, 0'(1)>}

o2

(@ (o (o) () 01 () (o12).

(45)
We want to find solutions of this equation.
5.1. Delayed Grim trigger strategy
The first candidate of the solution of Eq. (45) is
1 0 00
1 0 00
T(O)=T(C) = | | 4 o o (46)
10 00

We can easily check that this strategy satisfies the necessary condition for sym-
metric equilibrium in Theorem 1. Because this strategy is a variant of the Grim
trigger strategy [56]

T (C) = (47)

SO o
o O o
SO O
SO O

but uses only information at the second last action profile, the strategy (46) can
be called as delayed Grim strategy.

Theorem 2. A pair of the strategy (46) forms a symmetric mutual reinforce-
ment learning equilibrium if v > %.

Proof. The Bellman optimality equation against the strategy (46) is

QT (Ca (Oa O>7 (07 C)) = ¢ (48)
QT (Da (C7 C), (C C)) = Q2 (49)
Qi (¢,(€,0),0 D) = g5 (a2 £(C.0)) (50)
Qi (D.(€,0),0) = 4 (2 £(C,0) (51)
Q1(C,(C,D),(C,C) = ¢ (52)
QT (Dv (Cv D)v (Cv C)) = (o (53)
Qi (C.(e.D)e™) = ar (o #(C,0) (54)
Qi (D.(C.D),o D) = g (o0 £(C.0) (55)



with the self-consistency condition

The solution is

q1

q2

q3

q4

45 = q9 = 413
46 = 410 = q14
q7 = q11 = q15
qs = q12 = 416

q1
q3
qs
g
q9
q11
q13
q15

= 410

= qu1

= (12

= 13
= qi4

= 415

q2
q4
de
qs
q10
q12

q14

ANV ANV ANV AV

q16-

(¢ #(c,0)
(cC2 #(c.0)

(¢C2 #(c,0))
a (o7 #(C,0))

13



For these solution, the inequalities (64) are satisfied if
T—-R
T 73
T > \Top (73)

We remark that the condition (73) is more strict than the condition that
Grim forms a symmetric equilibrium [55]: v > %.

5.2. Delayed Win-Stay Lose-Shift strategy
The second candidate of the solution of Eq.

T (C)=T3(C) = (74)

[
o O OO
— e

We can easily check that this strategy satisfies the necessary condition for sym-
metric equilibrium in Theorem 1. Because this strategy is a variant of the
Win-Stay Lose-Shift (WSLS) strategy [22]

T (C) = (75)

_— o o =
_ o O
—_o O =
— o O

but uses only information at the second last action profile, the strategy (74) can
be called as delayed WSLS strategy.

Theorem 3. When 2R > T + P holds, a pair of the strategy (74) forms a

symmetric mutual reinforcement learning equilibrium if ~v > %.

Proof. The Bellman optimality equation against the strategy (74) is

Qi (¢.(C,0),0 ) = q (s (.01 (D,D)})  (76)
Qi (D.(€,0), 0 ) = ¢ ("D e{.0LD.D}) ()
Qi (¢(C,0),0 ) = ¢ (o) (D.OY}) (1)
Qi (D.(C,0).0") = 4 (e e{(C.D)(D.O})  (19)
Qi (c.(C.D), e ) = g (sP {(C.0L(D,D)})  (30)
Qi (D.(C.D), D) = g5 (oD {(C.OLD,DY) (D)
Qi (¢,(€,D),0?) = ¢ (D e{(CDLD.C)})  (52)
Qi (D.(€,D),0"?) = g (D efC.D),(DC}) (33

14



= o (P e{(C0).(D.D)})

= quo 2)6{00)7( D)}

= qu o2 e {(C,D),(D,C)}

)
)
)
Qi (D.(0.0).0 ™) = a
)
)
)

o=? e {(C,D),(D,C)}

(«
(
(«
= @3 (U( ?ef(c.o),
(
(
(

Qi (C.(D, D), o (D, D)}
O (D, (D,D),d™?) = qu (o e{(C,C), (D, D)}
Qi (¢.(D,D), e ™) = g5 (o2 e{(C.D),(D,C)}
Qi (D.(D,D).0?) = g (o € ((€.D).(D,0)}
with the self-consistency condition
g > Q2
3 < qa
g5 > dge
g7 < g3
g9 > {qio
qi1 < qi2
q13 > Q14
Q15 < (qie-
The solution is
_ 1
a1 = q13 11—~ ~
~3
42 = q14 T+7R+72P+m3
3
43 = q15 S+7R+72P+ER
q4 = Q16 P+ T R
L=~
A2
q5s = qo R+~P + R
L=y
3
de = 410 T+7P+72P+mR
3
q7 = q11 S+’7P+’Y2P+ER
A2
48 = q12 P+vP+ R.
L=~
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For these solution, the inequalities (92) are satisfied if

T—-R
. 101
gl =P (101)
It should be noted that such v < 1 exists only if 2R > T + P. O

We remark that the condition (101) is more strict than the condition that
WSLS forms a symmetric equilibrium [55): v > £=£.

5.8. All-or-None strategy

The third example of the solution of Eq. (45) is the All-or-None strategy
AON2 [51]

1 0 0 1
0 0 0O

T (C) =15 (C) = 00 0 0 (102)
1 0 0 1

We can easily check that this strategy satisfies the necessary condition for sym-
metric equilibrium in Theorem 1. It has been known that AO N> forms subgame
perfect equilibrium [51]. A similar strategy as AON, was also observed in nu-
merical simulation of evolution of cooperation [57].

Theorem 4. When 3R —2P —T >0 and 2R — 3P + S > 0 hold, a pair of the
strategy (102) forms a symmetric mutual reinforcement learning equilibrium if

1 4T —3R— P 1 R+ 3P —4S
v o> max{2 (\/R—P_1> '3 (\/R—P_1>}'(103)

Proof. The Bellman optimality equation against the strategy (102) is

o (c (0,0),0“2)) — (a -2 ¢ {(C,C), (D, D)}
,(C,C), 0 =2 ¢ {(C,C),(D,D)}

(104)
= ¢ (105)

o2 e {(C,D),(D,C)}

)

i(o =) (o )
o (C,(C,C),a<*2>) = g (o’ 2)G{CD }) (106)
D ) ( ) (107)

(108)

Q;( ,(C’,D),o-(’Q)) = g (0'( 2 eQ (109)

)

)
= qu (a( 2 ¢ ) (110)
= m (oVe0)

(111)



Qi (¢.(0.D),0 ) =
Qi (D.(D.D).e ) =
Qi (C.(p,D),6?) =
Qi (D.(D.D).0 ) =
with the self-consistency condition
q1
q3
q7
q11
q13
q15
The solution is
a1 = 13
92 = q14

43 = q7 = qi11 = 415

qa = q16

48 = q12

q13

q14

q15

qi6

NNV NN ANV

(¢ e f(c.0), (D,
(¢ e f(c.0) (D,
@<®G{CD)(
(

=2 e {(C, D), (D,

q2
q4
qs
q12
q14

q16-

1

1=y
3

T R
-

3
T R
-y

T+~P+~*P + 1

S+~yP+~*P+

P+ R
1_
2

P+~P+ 11

R.
v

For these solution, the inequalities (116) are satisfied if

(R—P)y*+(R—P)y—

and

(R=P)*+ (R~

P)y -

(T-R) > 0

(P-S5) > 0,

\_/\_/V\./

— —— — —

D)}
D)}
C)}
)}

(112)
(113)
(114)

(115)

(116)

(117)
(118)

(119)

(120)

(121)

(122)

(123)

which are equivalent to Eq. (103) for v > 0. It should be noted that such v < 1
exists only if 3R —2P —T >0 and 2R—3P + S > 0.

6. Optimality in longer memory

O

In previous sections, we investigated symmetric equilibrium of mutual re-
inforcement learning when both players use memory-two strategies, and ob-
tained three examples of deterministic strategies forming symmetric equilib-
rium. A natural question is “Do these strategies forming symmetric equilibrium
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in memory-two reinforcement learning also form symmetric equilibrium of mu-
tual reinforcement learning of longer memory strategies?”. In this section, we
show that the answer to this question is “yes”.

We first prove the following theorem.

Theorem 5. Let T_, be a memory-n’ strategy of player —a. Let T)F be the op-
timal strateqy of player a against T_, when player a use reinforcement learning
of memory-n' strategies. When player a use reinforcement learning of memory-
n strategies with n > n' to obtain the optimal strategy T;‘ against T_,, then
T =1Tr.

Proof. When player —a use memory-n’ strategy and player a use memory-n re-
inforcement learning with n > n’, the Bellman optimality equation (5) becomes

sl
Zm (U—a||: m)HZJ

e (e b s (s 1)
(124)

Then, we find that the right-hand side does not depend on (=™, and therefore

Qo] ) = @l ) )
Then, the Bellman optimality equation becomes
@ (o [o)" )
m=1
- Zro ()

’

n n—2
—l—’yZT,a (Ua| [0'(_7”)}771_1) max Q: (6,0’, [a(_m)}mﬂ) .

(126)

By repeating the same argument until the length of memory decreases to n’, we
find that

@ (oo ]’ ) = o[ ) e

which implies that T = T O
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That is, when the opponent —a uses a memory-two strategy T_,, and player
a learns the optimal memory-n strategy with n > 2 against T, then, such op-
timal strategy is memory-two. Similarly, when the opponent —a uses a memory-
one strategy, and player a learns the optimal memory-n strategy with n > 1,
then, such optimal strategy is memory-one.

This theorem results in the following corollary.

Corollary 2. A mutual reinforcement learning equilibrium obtained by memory-
n' reinforcement learning is also a mutual reinforcement learning equilibrium
obtained by memory-n reinforcement learning with n > n’.

Therefore, the strategies (46) and (74) in the previous section also form mu-
tual reinforcement learning equilibria even if players use memory-n reinforce-
ment learning with n > 2. Similarly, the (memory-one) Grim strategy and the
(memory-one) WSLS strategy still form mutual reinforcement learning equilib-
ria even if players use memory-two reinforcement learning, since it has been
known that Grim and WSLS form memory-one mutual reinforcement learning
equilibria, respectively [55]. We remark that this property is similar to that
of Nash equilibrium in finite automaton selection game, which claims that two
automata must have an equal number of states in equilibria [8].

7. Conclusion

In this paper, we investigated symmetric equilibrium of mutual reinforce-
ment learning when both players use memory-two deterministic strategies in the
repeated prisoners’ dilemma game. First, we find that the structure of the op-
timal strategies is constrained by the Bellman optimality equation (Proposition
1). Then, we find a necessary condition for deterministic symmetric equilib-
rium of mutual reinforcement learning (Theorem 1). Furthermore, we provided
three examples of memory-two deterministic strategies which form symmetric
mutual reinforcement learning equilibrium, some of which can be regarded as
variants of the Grim strategy and the WSLS strategy (Theorem 2, Theorem 3
and Theorem 4). Finally, we proved that mutual reinforcement learning equilib-
ria achieved by memory-two strategies are also mutual reinforcement learning
equilibria when both players use reinforcement learning of memory-n strategies
with n > 2 (Theorem 5).

We want to investigate whether other symmetric mutual reinforcement learn-
ing equilibria of deterministic memory-two strategies exist or not in future. For
such purpose, novel methods are needed, because the number of strategies is
quite large. Furthermore, extension of our analysis to (i) asymmetric equilib-
rium and (ii) mixed strategies is also a subject of future work. Ultimately, if
we would develop some method to find all equilibria in all length of memory n,
analysis of mutual reinforcement learning equilibria is completed.
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Appendix A. Derivation of Eq. (4)

First we introduce the notation

oo ] ) = (e ] ) o

m=1

We remark that the joint probability distribution of the action profiles o),

o, o0 given [0'(_7”)]:121 is described as

oo o)) = (o] ) o
m= s=0

m=1
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The action-value function (3) is rewritten as

@ ([, )
- 5 S o) T (e )

[0(9]% o) k=0

Tea (o5 [ ])

- = (o) 3t (o)

(A.3)

which is Eq. (4).
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Appendix B. Derivation of Egs. (5) and (6)

We define @} as the optimal value of @,, which is obtained by choosing
optimal policy T7. Then, @} obeys

IN

The

@i (e [#] )

S (@) T (omal [om]" )

m=1
O_a

U;‘ 7 [U(_m)}:l—t) T-a (07a| {U(_m)}lzl) Qg (UQ,U» {a(—m)};—i)
s I ESY CR N Pty CRA T

—I-'yZT_a (U_a| [U(_m)}er:l) max Q: (6,0’, [U(_m)]nl) . (B.1)

m=1
equality in the third line holds when

suppTy, (| {U(*m)rmﬂ) = argm;me: (0, [U(*m)]n ) ,  (B.2)

m=1

which is Eq. (6).
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