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ABSTRACT Imitation is simple behavior which uses successful actions of others in order to deal with
one’s own problems. Because success of imitation generally depends on whether profit of an imitating agent
coincides with those of other agents or not, game theory is suitable for specifying situations where imitation
can be successful. One of the concepts describing successfulness of imitation in repeated two-player sym-
metric games is unbeatability. For infinitely repeated two-player symmetric games, a necessary and sufficient
condition for some imitation strategy to be unbeatable was specified. However, situations where imitation
can be unbeatable in multi-player games are still not clear. In order to analyze successfulness of imitation
in multi-player situations, here we introduce a class of totally symmetric games called unexploitable games,
which is a natural extension of two-player symmetric games without exploitation cycles. We then prove
that, for infinitely repeated unexploitable games, there exist unbeatable imitation strategies. Furthermore,
we also prove that, for infinitely repeated non-trivial unexploitable games, there exist unbeatable zero-
determinant strategies, which unilaterally enforce some relationships on payoffs of players. These claims
are demonstrated in the public goods game, which is the simplest unexploitable game. These results show

that there are situations where imitation is unbeatable even in multi-player games.

INDEX TERMS Imitation strategies, repeated games, unbeatable strategies, zero-determinant strategies.

I. INTRODUCTION

Imitation is simple behavior which uses successful actions of
others in order to deal with one’s own problems. Copying the
behavior of others is sometimes successful in human soci-
ety [1]. In biological systems, a mechanism such that genes
are passed from parents to offspring is naturally adopted [2].
In economics, it has been discussed that equilibria are realized
not due to rational thinking but due to imitation [3], [4].
On the other hand, piracy is generally prohibited in creative
activities [5]. When there are multiple agents who imitate oth-
ers, complicated dynamics can occur [6]. In general, success
of imitation depends on whether profit of a copying agent
coincides with those of other agents or not, which is a subject
of game theory [7].

When we restrict our attention to repeated two-player
symmetric games, one of the candidates which characterize
successfulness of imitation is unbeatability [8], [9]. Unbeat-
ability literally means that the imitating agent cannot be
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beaten, or, cannot be exploited. For infinitely repeated two-
player symmetric games, it has been known that there exists
an unbeatable imitation strategy, called the Imitate-If-Better
(IIB) strategy, if and only if the game does not contain any
cycles similar to the rock-paper-scissors cycle [8]. Further-
more, it has also been proved that the Tif-for-Tat (TFT)
strategy [10], [11], which imitates the opponent’s previous
action, is unbeatable if and only if the game is a potential
game [9].

Recently, it has been pointed out that the existence of
unbeatable imitation strategies may be related to the exis-
tence of unbeatable zero-determinant (ZD) strategies [12].
ZD strategies are a class of memory-one strategies in
infinitely repeated games, which unilaterally enforce lin-
ear relationships between payoffs of players [13]. Although
ZD strategies were originally introduced in the prisoner’s
dilemma game, they have been extended to broader situ-
ations [14], [15], [16], [17], [18]. Furthermore, the con-
trol ability of ZD strategies has also been extended
[19], [20], [21]. As application studies, ZD strategies have
been applied to several problems in the field of information
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and communications technology, such as resource sharing
in wireless networks [22], [23], mining in blockchain [24],
crowdsourcing [25], the Internet of Things [26], cloud com-
puting [27], and data trading [28]. In terms of unbeatable
strategies, the author proved that the unbeatable TFT is a
ZD strategy in two-player symmetric games [29]. In addition,
for two-player symmetric games where the unbeatable imita-
tion strategy exists, unbeatable ZD strategies also exist [12].
These results suggest that there may be some relation between
the existence of unbeatable imitation strategies and the exis-
tence of unbeatable ZD strategies, even in multi-player sym-
metric games.

The purpose of this paper is investigating the existence of
unbeatable imitation strategies and unbeatable ZD strategies
in multi-player totally symmetric games [30]. Concretely,
we introduce a class of multi-player totally symmetric
games called unexploitable games. Unexploitable games
are an extension of two-player symmetric games without
generalized-rock-paper-scissors cycles to multi-player case.
We show that the unexploitable property of the stage game
is a sufficient condition for the existence of unbeatable ZD
strategies and the unbeatable IIB strategy. We also explain
these results in the public goods game [31], which is the
simplest example of unexploitable games.

This paper is organized as follows. In Section II, we define
a model of infinitely repeated multi-player totally sym-
metric games. In Section III, we introduce basic concepts
used in the later sections, such as ZD strategies, unbeatable
strategies, and imitation strategies. In Section IV, we intro-
duce the concept of unexploitable games, and provide our
main results on the existence of unbeatable ZD strategies
and unbeatable imitation strategies in unexploitable games.
In Section V, we demonstrate our results in the public goods
game. Section VI is devoted to concluding remarks.

Il. SETUP
We consider an infinitely repeated game with N players [32].

The stage game is G = (J\/, {Af}jej\/’ {sj}jeN)’ where
N :={1,---, N} is the set of players, A; is the set of actions
of player j € N, and s; : HQI:l Ar — R is the payoff of
player j € N. We collectively write A := ]_[JN: 14jand a =

(ar, -+ ,an) € A, and call a an action profile. We write a
probability L-simplex by Az. We also introduce the notations
a_j = (al, S, a1, iy, ,aN) c Hk#Ak and —j :=

M\ {j}. (Below, when we want to emphasize the action of
player j in a, we write @ = (aj, a_j).) We assume that the
stage game is totally symmetric [30], thatis, A; = A (Vj € N)
and for every permutation 7 on A\,

sz() (@) = sj (ar) (D

for any j € AN and for any @ € A, where a; =
(ax1y, -+, azv)) and A is some set. We also assume that
A is finite, and write A = {1,--- , L}, where L € N is the
number of actions.
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We repeat the stage game G infinitely. We write an action of
playerjatround s > 1 as a/(.t) . The behavior strategy of player

X oo
j € N is described as 7; := {Ti(t)} , where Tl.(t) CAT

Ay is the conditional probability at 7-th round. We write the
expectation of the quantity B with respect to strategies of all
players by E[B]. We consider the case that the payoff of player
j € N in the infinitely repeated game is given by

Sj = limro oo = X E s (@®)], (2

that is, we consider a repeated game with no discounting.

We remark that we frequently use the prime symbol to
generate more variables whose types are the same as ones
without the prime symbol.

lll. PRELIMINARIES

In this section, we introduce several concepts used in later
sections. We define the marginal distribution at z-th round
obtained from the joint distribution of action profiles

P, (a(’)> =3 g Dam P(@®, -
for all a®” € A, and the limit distribution

P*(a) i=limro 0o = 31 P (@) (Va). 4)

a), (3)

We also write the expectation with respect to the limit dis-
tribution P* by (---)*. It should be noted that S = (sg)*
(Vk € N).

A. ZERO-DETERMINANT STRATEGIES
A time-independent memory-one strategy of player j € N is
defined as a strategy such that

O (O -1 D\ _ O, 0—1)
) (aj D, ... a )_Tj(aj la ) (5)

for V¢ > 2 and for all a;’), a" D ... a® where Ti: A—
A . For time-independent memory-one strategies 7; of player
J, we introduce

T; (ajld’) := T; (ajla’) — Sy, (Yaj €A ¥a € A). (6)

where 4, is the Kronecker delta. These quantities describe
the difference between the strategy 7; and the Repeat strategy
3aj’a]<, and called as the Press-Dyson vectors [33], [34], [35].
It should be noted that, due to the properties of the condi-
tional probability 7}, the Press-Dyson vectors satisfy several
relations. First, they satisfy

Z T; (ajla’) =0 (va) @)

due to the normalization condition of 7. Second, they satisfy

~1 = (i) =0(q=a)

7 / / (8)
0=T(wla) =1(q#q)
for all a; and all a’, because T; takes values in [0, 1].
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It has been known that the Press-Dyson vectors satisfy the
relation called Akin’s lemma.

Lemma 1 ([29], [33]): The Press-Dyson vectors of player
J using a time-independent memory-one strategy satisfy

ZP* (@) T (ajla’) =0 9)

for all a;.

Now we introduce an extended version [19], [21] of zero-
determinant strategies [13].

Definition 1: A time-independent memory-one strategy of
player j is an (extended) zero-determinant (ZD) strategy con-
trolling the quantity B : A — R when its Press-Dyson
vectors can be written in the form

> e (ajld) =B (@) (va) (10)

with some nontrivial coefficients {caj} (thatis,notcy = -+ =
cp, = const.) and B is not identically zero.

In other words, in ZD strategies controlling B, B is
described by a linear combination of the Press-Dyson vectors.
Because of Lemma 1, ZD strategies unilaterally enforce

(B)* = 0. an

A necessary and sufficient condition for the existence of ZD
strategies is given by the following proposition.

Proposition 1 ([12]): A ZD strategy of player j controlling
B exists if and only if there exist two different actionsa,a € A
of player j such that

B(a,a;) =0
B (Q’ a—./) <0

(Va))
(Va_j). (12)

and B is not identically zero.

B. UNBEATABLE STRATEGIES
Unbeatable strategies are literally those which cannot be
beaten by other players in repeated games. Unbeatable
strategies were originally introduced in two-player symmet-
ric games [8], [9]. (They are also called as rival strate-
gies [15].) A multi-player version of unbeatable strategies
has also been investigated in the repeated public goods game,
which also achieves mutual cooperation [36], [37]. Here we
define unbeatable strategies in multi-player totally symmetric
games, following the previous studies.

Definition 2: A strategy T; of player j € N in repeated
totally symmetric games is unbeatable if

S =Sk (Yk#)) 13)

for all strategies T, (Vk # ).

Several examples of unbeatable strategies have been found
in the prisoner’s dilemma game [13], [38], [39], in two-player
symmetric potential games [9], [29], in two-player symmetric
games with no generalized rock-paper-scissors cycles [8],
[12], and in the public goods game [36], [37]. In addition,
a uniform strategy in the repeated rock-paper-scissors game
is also an unbeatable strategy.
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C. IMITATION STRATEGIES
Imitation strategies are a class of strategies in repeated games
where an action is chosen from the set of actions used in the
previous round. A typical example is the Tit-for-Tat (TFT)
strategy [9], [10], [11] in two-player symmetric games, which
returns the previous action of the opponent. Another exam-
ple is the Imitate-If-Better (IIB) strategy, which imitates the
opponent’s previous action if the player was beaten in the
previous round [8]. Extension of IIB to multi-player totally-
symmetric games is straightforward.

Definition 3: The Imitate-If-Better (IIB) strategy of player
j € N is a time-independent memory-one strategy such that

Tj (ajla’) =&

L I({sia) < maxsi(a)
aj’aargmaxk#jxk(a/) (] k#j

+384,.41 (Sj(a/) > max Sk(a’))
(Yaj, Vd') , (14)

where (- - -) is an indicator function which returns 1 if - - -
holds and 0 otherwise. It should be noted that, if several
players are contained in arg maxy; sy (a’), each player in the
set is chosen with equal probability.

For N = 2, it has been known that IIB is unbeatable if
and only if the state game does not contain any generalized
rock-paper-scissors cycles [8].

IV. RESULTS

The purpose of this paper is to find situations where unbeat-
able ZD strategies or unbeatable imitation strategies exist for
the case N > 2. For this purpose, as an extension of games
without generalized rock-paper-scissors cycles in the case
N = 2 [8], [40], we introduce the concept of unexploitable
games. First, we define

Gj(a) := max;si (@) (Va) (15)

forallj € NV.

Definition 4: A stage game is an unexploitable game if, for
all subset of the action space VA" C A, there exists at least an
action a* (A’) € A’ of player j such that

sj(a* (A') ,a—j) = Gj(a* (A") ,a—;) = 0
(Va_j eA’N*‘). (16)

It should be noted that the definition does not depend
on j because the stage game is totally symmetric. We also
call an unexploitable game trivial if sy = s (Vk € N)
with a function s. For trivial unexploitable games, since the
payoffs of all players are always the same, all strategies are
trivially unbeatable. Below we mainly focus on non-trivial
unexploitable games.

A. UNBEATABLE ZD STRATEGIES IN UNEXPLOITABLE
GAMES

We first prove that unbeatable ZD strategies exist in non-
trivial unexploitable games.
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Theorem 1: If the stage game is a non-trivial unex-
ploitable game, then an unbeatable ZD strategy exists.
Proof: Because the game is unexploitable, we can recur-
sively define

AD = A\ {a* (AD), .- a* (AD)}) a=i<D).

(17)
(When there are several candidates for each a* (A(l)),

we choose one of them.) Particularly, a* (A(l)) = a*(A) is
the strongest action

5j (a* (A(l)) ,a_j) -G (a* (A(l)) ,a_j) >0
(Va_y e a¥"). (18)
By the definition, {a* (AP))} = AD c AL-D c ... C

AD =4,
We now prove that a* (A(L)) is the weakest action:

s (a* (A<L>) ,a_j) ~G (a* (A(L)) ,a_j) <0
(Va_j eAN—l). (19)
Assume to the contrary that
s (a* (A(L)) ,a_j) — G (a* (A(L)) ,a_j) >0
(30 ea¥). (20)

We write this a_; as @_; and define @ := (a* (AD),a_;).
If all players use a* (A)), we obtain

e ) o)
—G; (a* (A(L)) e at (A(L))) —0 Q@D

because the game is totally symmetric. Therefore, at least one
player uses the action which is not equal to a* (A") in a.
We consider the minimal A®) such that @ € AON . (It should
be noted that 1 <[ < L — 1.) Then, there exists at least one
player j/ # j such that @y = a* (A")). Due to the symmetry
of the game and the definition of a* (A"),

sy (@) — Gy (@) = 0. (22)
Then, we obtain

si@ > Gj(a) = rl?ijx sk (@)

> sy (@)
> Gy (@) = max sy (@)
kA
> sj(a), (23)

leading to contradiction. Therefore, we obtain Eq. (19).

Now, we define
B(a) :=sj(@) — Gj(@) (VaecA). (24)

Because we consider a non-trivial unexploitable game, B is
not identically zero. Then, by writing a = a* (A(l)) and
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a = a* (AY), we can apply Proposition 1, and find the
existence of a ZD strategy of player j controlling B. Such ZD
. * k
strategy unilaterally enforces (sj) = <Gj) .
Finally, since

max Sy = max (sg)*
k£ K

= max » P*(a)s; (a)
2
= ZP* (@) Sarg maxy.z; > o P*(@)si (@) (@)
a
< P* (@) max s (@)
Srio

= (G, 25)

we conclude that this ZD strategy unilaterally enforces S; >
maxg; Sk, that is, it is unbeatable. O

We remark that the converse of Theorem 1 does not hold,
even in the case of N = 2 [12].

B. UNBEATABLE IMITATION IN UNEXPLOITABLE GAMES
Next, we prove that IIB (Definition 3) is unbeatable in unex-
ploitable games.

Theorem 2: If the stage game is an unexploitable game,
then IIB is unbeatable.

Proof: We define A® (1 < [ < L) as in Eq. (17),
and call a* (A(l)) with smaller [ “stronger’’. We consider the
situation that player j uses IIB (14). Let A°° C A be a set of
actions which are played by players —;j an infinite number of
times. We now show that the action of player j must converge
to an action which is equivalent to or stronger than a* (A*°).
We consider the minimal A®) such that A% < A®, Trivially,
a* (A%) = a* (A"). We consider the situation that a* (A>)

is taken by player j/ # j, the action of player j is a* (A(I/)),
and actions of other players are all contained in A%, (We

remark that such situation exists because of the definition of
A®)) Then, there are following three cases.

D !U<l
For this case, player j continues to play a* (A(l,)) in
the next round, because a* (A(l/)) is stronger than all
actions in A% c A,

2) I'=1
For this case, player j continues to play a* (A)) in the
next round, because a* (A(l)) is the strongest action in
A%,

3 I'>1
We define the notation —{j, j'} := N\ {j./'}. We write
an action profile in the round as

i = (aj =a* (A(l’)) ,ap = a* (A%), Zl_{j,j/})
(26)

with @_y; s; € A°°N =2, For this case, the following two
situations can be considered.
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First, if s; (@) < sy (a), player j switches to a* (A®)
with a finite probability in the next round, since a €
ADN and

Sy (a) > maxy..j Sk (@). 27

(It should be noted that player j may switch to a;
such that s; (@) < sy (@) = s (a).) However, since
a* (A%) is observed as an action of players —j an
infinite number of times, the action of player j is finally
absorbed to a* (A%°).

Second, if s; (@) = sy (a), player j continues to play
a* (A(l/)) in the next round due to Eq. (27). It should

be noted that player j is not beaten for the action profile
a. If such equality holds every time player j takes

a* (A(Z/)) and a player in —j takes a* (A*), a* (A(”)

is actually equivalent to a* (A°°). Otherwise, this situ-
ation is reduced to the first situation.

Therefore, we conclude that the action of player j con-
verges to an action which is equivalent to or stronger than
a* (A®°). Since the payoffs in infinitely repeated games are
defined by the time average of payoffs in each round (2), this
fact implies that IIB is unbeatable. U

One may be interested in whether the converse of
Theorem 2 holds or not. For N = 2, it has been known
that the converse is true [8]. However, for N > 2, only the
following theorem is obtained at this stage. Here, we call
the complement of unexploitable games in all multi-player
totally symmetric games as exploitable games. In addition,
we introduce the following concept.

Definition 5: In a multi-player totally symmetric game,
if aj # aj means si(a) # sj(a) for all pairs of players
(i,)) € N? and for all a € A, such game is called a game
with no degeneracy.

Theorem 3: If the stage game is an exploitable game with
no degeneracy, then IIB can be beaten.

Proof: 'We consider the case that player j € A uses IIB.
If the stage game is an exploitable game, there exists at least
one subset of the action space A’ C A such that, for all aj € A’
there exists at least one a_; € A'N=1'such that

Sj (aj, a_j) - Gj (aj, a_j) < 0. (28)
For each a; € A’, we write such a_; as a_;j (aj). We define
k' (aj) = argmaxy; sk (aj, a—;j (a;)). (When there are sev-
eral candidates, we choose one of them.) Because the stage

game is totally symmetric, another action profile @’ (aj) €

—j
A'N=1 of players —j in which the action of player k” # j is

exchanged for that of player k’ (aj) ina_; (aj) also satisfies
Sj (aj, ZILJ (aj)) — Gj (aj, (~1L] (Clj)) < 0 (29)
It should be noted that, for this action profile, k" =
arg maxg £ Sk (aj, . (aj)) holds. Then, for games with no
degeneracy, when a first action of player j is contained in

such A’, and players —j always take a’_ ; (aj) for each aj, the
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next action of player j is always a;» € A’. That is, player j
always imitates the previous action of player k”. Therefore,
the inequality

*

()" < (@) = (s} (30)
holds for such situation. |

Because we assumed no degeneracy, Theorem 3 does
not imply the inverse of Theorem 2. Further investigation
is needed in order to clarify whether we can remove this

assumption or not.

V. EXAMPLE

In this section, we investigate the public goods game as an
example of unexploitable games. The public goods game
is one of the simplest N-player totally symmetric games
[31], [41], [42]. The set of actions A is usually described as
A = {C, D}, where C and D means cooperation and defec-
tion, respectively. The payoff of player j € A is given by

5@ =% ibac el —1)dgc a), (D)
where ¢ > 0O represents the unit of contribution and
1 < r < N. It should be noted that

5 (C, a_j) -5 (D, a_j) =c (ILV — 1) <0 (Ya—j), ((32)

that is, D dominates C.

Next, for the public goods game, we calculate G; in
Eq. (15).If D is contained in a_, Gj is the payoff of the player
taking D. If D is not contained in a_j, a_; = (C,---,C)
and the payoffs of all players in —j are equal to each other.
Therefore, we obtain

Gi@=1T(aj#(C,-,0)) %Z%c
+1(a—j=(C,---,0)) k
x [ OV =D+ T80
- %;aak,c —cl(aj=(C.--.C)). (33)

Then we find that
sj (@) — Gj(a) = _CSaj,C + cl (a_j =(,---, C)) .
(34
Particularly,
5j (D, a—j) = G; (D, a-)
=cl(a_j=(C,---,C)) = 0(Va_). (35)
Because possible subsets of A are {C}, {D}, and {C, D}, and
Eq. (16) trivially holds for A’ = {C}, {D}, this inequality
means that the public goods game is an unexploitable game.
Therefore, Theorems 1 and 2 guarantee the existence of
an unbeatable ZD strategy and an unbeatable IIB strategy,
respectively.

According to [12], such unbeatable ZD strategy is con-
structed as

7 (Cla) = =8y c +1(a;=(C.-.C).  (36)
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or
7 (Cla) =1(a; = (C.-- . 0). (37)

This strategy can be regarded as a variant of TFT, which
returns cooperation if and only if all other players took coop-
eration in the previous round. In fact, it is reduced to TFT for
the case N = 2.
Furthermore, for the public goods game, IIB is rewritten as
T; (ajla’) = 8, »
J (aj|a ) a]’aargmaxk#i sp(a)
xﬂ(—aa]/_,CJr]I(a/_j:(c,--- ,C)) <o)
+ 8aj,aj{

<1 (=8 c+1(a;=(C. . 0) 20)
= 8401 (1(a; = (C. -+, ©)) =0)

X1 (8.0 =1)
+34’.’aj{ [1 —1I (]I (a/_j =(C,---

x1 (%»C = 1)]

= 8.0l (4 # (C.o . O) by ¢ + 8441
—8yl(a £ (€ O) e (38

Particularly,

T (Cla) = 8¢y —dcgl(a ) #(C.ov O)

=scq1(d;=(C.-.0). (39)

This is nothing but the Trigger strategy [43], which returns C
as long as all players take C in the previous round and forms
a cooperative Nash equilibrium.

VI. CONCLUDING REMARKS

In this paper, we introduced the concept of unexploitable
games as a class of N-player totally symmetric games with
N > 2, which is an extension of non-generalized-rock-paper-
scissors games for N = 2. We then proved that, for infinitely
repeated non-trivial unexploitable games, there exist unbeat-
able ZD strategies. In addition, we also proved that, for
infinitely repeated unexploitable games, the IIB strategy is
unbeatable. These results are a natural extension of ones for
N = 2. We also showed that the public goods game is
an unexploitable game, and constructed an unbeatable ZD
strategy. For the public goods game, unbeatable IIB is also
equivalent to the Trigger strategy.

Although we investigated only repeated games in which
the same stage game is infinitely repeated, there are many
situations where the stage game changes over time or the
stage game depends on past plays, such as board games.
Investigating successfulness of imitation in these dynamic
games is a challenging future problem.
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Before ending this paper, we make three remarks. The first
remark is related to necessary conditions for IIB to be unbeat-
able. Although unexploitable property of the stage game is
a sufficient condition for IIB to be unbeatable, we could
not prove that it is also a necessary condition at this stage.
However, for the case N = 2, it is a necessary and sufficient
condition [8]. Further investigation is needed to specify a
necessary and sufficient condition for IIB to be unbeatable.
In addition, one may expect that the existence of unbeatable
ZD strategies and that of unbeatable imitation strategies are
related to each other. Techniques used for the proofs of the
existence in this paper seem to be similar but different, as we
used the existence of the strongest action and the weakest
action for the proof of the former, and the order of strength
of actions for the proof of the latter. Clarifying the relation
between these two strategy classes is the subject of future
work.

The second remark is one about finiteness of the action
space. In this paper, we assumed that the set of actions A is
finite. However, there are many situations that A is infinite,
such as the Cournot oligopoly game [7]. Since we have used
that A is finite in the proofs of Theorems 1 and 2, we do not
know these theorems can be straightforwardly extended to the
case that A is infinite. We would like to investigate whether
these results can be extended to the case that A is infinite or
not, in future.

The third remark is the relation between unexploitable
games and potential games [44]. For the case N = 2, potential
games are a special case of unexploitable games [8]. How-
ever, for its proof, a special property of N = 2 was used.
For N > 2, the relation between unexploitable games and
potential games is not clear. In fact, it has been known that, for
the Cournot oligopoly game, which is an example of totally
symmetric potential games with infinite action space, I[IB can
be beaten [8]. We are interested in clarifying the relation
between unexploitable games and potential games for general
N > 2.

REFERENCES

[1] L. Rendell, R. Boyd, D. Cownden, M. Enquist, K. Eriksson,
M. W. Feldman, L. Fogarty, S. Ghirlanda, T. Lillicrap, and K. N. Laland,
“Why copy others? Insights from the social learning strategies
tournament,” Science, vol. 328, no. 5975, pp. 208-213, Apr. 2010.

[2] D. L. Hartl and A. G. Clark, Principles of Population Genetics, vol. 116.

Sunderland, MA, USA: Sinauer Associates, 1997.

F. Vega-Redondo, “The evolution of Walrasian behavior,” Econometrica,

J. Econ. Soc., vol. 65, no. 2, pp. 375-384, 1997.

[4] K. H. Schlag, “Why imitate, and if so, how?: A boundedly rational

approach to multi-armed bandits,” J. Econ. Theory, vol. 78, no. 1,

pp. 130-156, 1998.

P. Belleflamme and M. Peitz, “Digital piracy: Theory,” Center Econ.

Stud. Ifo Inst. (CESifo), Munich, Germany, CESifo Working Paper Series

no. 3222, 2010.

J. Suzuki and K. Kaneko, “‘Imitation games,” Phys. D, Nonlinear Phenom-

ena, vol. 75, nos. 1-3, pp. 328-342, 1994.

D. Fudenberg and J. Tirole, Game Theory. Cambridge, MA, USA: MIT

Press, 1991.

[8] P. Duersch, J. Oechssler, and B. C. Schipper, ‘“Unbeatable imitation,”

Games Econ. Behav., vol. 76, no. 1, pp. 88-96, Sep. 2012.

P. Duersch, J. Oechssler, and B. C. Schipper, “When is tit-for-tat unbeat-

able?” Int. J. Game Theory, vol. 43, no. 1, pp. 25-36, Feb. 2014.

3

—

[5

—

[6

—

[7

—

[9

—

5067



IEEE Access

M. Ueda: Unexploitable Games and Unbeatable Strategies

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

5068

A. Rapoport, A. M. Chammah, and C. J. Orwant, Prisoner’s Dilemma:
A Study Conflict Cooperation, vol. 165. Ann Arbor, MI, USA: Univ.
Michigan Press, 1965.

R. Axelrod and W. D. Hamilton, “The evolution of cooperation,” Science,
vol. 211, no. 4489, pp. 1390-1396, 1981.

M. Ueda, “Necessary and sufficient condition for the existence of zero-
determinant strategies in repeated games,” J. Phys. Soc. Jpn., vol. 91, no. 8,
Aug. 2022.

W. H. Press and F. J. Dyson, “Iterated prisoners dilemma contains strate-
gies that dominate any evolutionary opponent,” Proc. Nat. Acad. Sci. USA,
vol. 109, no. 26, pp. 10409-10413, 2012.

D. Hao, Z. Rong, and T. Zhou, “Extortion under uncertainty: Zero-
determinant strategies in noisy games,” Phys. Rev. E, Stat. Phys. Plasmas
Fluids Relat. Interdiscip. Top., vol. 91, no. 5, May 2015, Art. no. 052803.
C. Hilbe, A. Traulsen, and K. Sigmund, “‘Partners or rivals? Strategies for
the iterated Prisoner’s dilemma,” Games Econ. Behav., vol. 92, pp. 41-52,
Jul. 2015.

X. He, H. Dai, P. Ning, and R. Dutta, “Zero-determinant strategies for
multi-player multi-action iterated games,” IEEE Signal Process. Lett.,
vol. 23, no. 3, pp. 311-315, Mar. 2016.

A. McAvoy and C. Hauert, “Autocratic strategies for alternating games,”
Theor. Population Biol., vol. 113, pp. 13-22, Feb. 2017.

A. Mamiya and G. Ichinose, ‘“Zero-determinant strategies under observa-
tion errors in repeated games,” Phys. Rev. E, Stat. Phys. Plasmas Fluids
Relat. Interdiscip. Top., vol. 102, no. 3, Sep. 2020, Art. no. 032115.

M. Ueda, “Tit-for-tat strategy as a deformed zero-determinant strat-
egy in repeated games,” J. Phys. Soc. Jpn., vol. 90, no. 2, Feb. 2021,
Art. no. 025002.

M. Ueda, “Memory-two zero-determinant strategies in repeated games,”
Roy. Soc. Open Sci., vol. 8, no. 5, May 2021, Art. no. 202186.

M. Ueda, “Controlling conditional expectations by zero-determinant
strategies,” Oper. Res. Forum, vol. 3, no. 3, p. 48, Sep. 2022.

A. A. Daoud, G. Kesidis, and J. Liebeherr, “Zero-determinant strategies:
A game-theoretic approach for sharing licensed spectrum bands,” /EEE J.
Sel. Areas Commun., vol. 32, no. 11, pp. 2297-2308, Nov. 2014.

H. Zhang, D. Niyato, L. Song, T. Jiang, and Z. Han, ““Zero-determinant
strategy for resource sharing in wireless cooperations,” IEEE Trans. Wire-
less Commun., vol. 15, no. 3, pp. 2179-2192, Mar. 2016.

C. Tang, C. Li, X. Yu, Z. Zheng, and Z. Chen, “Cooperative mining
in blockchain networks with zero-determinant strategies,” IEEE Trans.
Cybern., vol. 50, no. 10, pp. 4544-4549, Oct. 2020.

C. Tang, X. Li, M. Cao, Z. Zhang, and X. Yu, “Incentive mechanism
for macrotasking crowdsourcing: A zero-determinant strategy approach,”
IEEE Internet Things J., vol. 6, no. 5, pp. 8589-8601, Oct. 2019.

S. Wang, H. Shi, Q. Hu, B. Lin, and X. Cheng, “Moving target defense for
Internet of Things based on the zero-determinant theory,” IEEE Internet
Things J., vol. 7, no. 1, pp. 661-668, Jan. 2020.

D. Zhang, Y. Tian, C. Yue, and M. Fan, “Cooperate delegation of compu-
tation for rational party using zero-determinant strategy approach,” IEEE
Access, vol. 8, pp. 27734-27743, 2020.

S. Wang, L. Shi, Q. Hu, J. Zhang, X. Cheng, and J. Yu, “Privacy-aware
data trading,” IEEE Trans. Inf. Forensics Security, vol. 16, pp. 3916-3927,
2021.

M. Ueda, “Unbeatable tit-for-tat as a zero-determinant strategy,” J. Phys.
Soc. Jpn., vol. 91, no. 5, May 2022, Art. no. 054804.

(30]
(31]
(32]

(33]

(34]

(35]

(36]

(37]

(38]

(391

(40]

[41]

[42]

[43]

[44]

A. Plan, “Symmetric n-player games,” J. Econ. Theory, vol. 207,
Jan. 2023, Art. no. 105549.

A. E. Roth and J. H. Kagel, The Handbook of Experimental Economics.
Princeton, NJ, USA: Princeton Univ. Press, 1995.

G. J. Mailath and L. Samuelson, Repeated Games and Reputations: Lon-
grun Relationships. New York, NY, USA: Oxford Univ. Press, 2006.

E. Akin, “The iterated Prisoner’s Dilemma: Good strategies and their
dynamics,” in Ergodic Theory Advances in Dynamical Systems. Berlin,
Germany: Walter de Gruyter, Jun. 2016, pp. 77-107.

A. McAvoy and C. Hauert, ‘“‘Autocratic strategies for iterated games with
arbitrary action spaces,” Proc. Nat. Acad. Sci. USA, vol. 113, no. 13,
pp. 3573-3578, Mar. 2016.

M. Ueda and T. Tanaka, “Linear algebraic structure of zero-determinant
strategies in repeated games,” PLoS ONE, vol. 15, no. 4, Apr. 2020,
Art. no. e0230973.

Y. Murase and S. K. Baek, “Seven rules to avoid the tragedy of the
commons,” J. Theor. Biol., vol. 449, pp. 94-102, Jul. 2018.

Y. Murase and S. K. Baek, “Friendly-rivalry solution to the iterated
n-person public-goods game,” PLOS Comput. Biol., vol. 17, no. 1,
Jan. 2021, Art. no. e1008217.

S. D. Yi, S. K. Baek, and J.-K. Choi, “Combination with anti-tit-for-
tat remedies problems of tit-for-tat,” J. Theor. Biol., vol. 412, pp. 1-7,
Jan. 2017.

Y. Murase and S. K. Baek, “Five rules for friendly rivalry in direct
reciprocity,” Sci. Rep., vol. 10, no. 1, p. 16904, Oct. 2020.

P. Duersch, J. Oechssler, and B. C. Schipper, “Pure strategy equilibria
in symmetric two-player zero-sum games,” Int. J. Game Theory, vol. 41,
no. 3, pp. 553-564, Aug. 2012.

C. Hilbe, B. Wu, A. Traulsen, and M. A. Nowak, “Cooperation and control
in multiplayer social dilemmas,” Proc. Nat. Acad. Sci. USA, vol. 111,
no. 46, pp. 16425-16430, Nov. 2014.

L. Pan, D. Hao, Z. H. Rong, and T. Zhou, “Zero-determinant strategies in
iterated public goods game,” Sci. Rep., vol. 5, p. 13096, Aug. 2015.

J. W. Friedman, “A non-cooperative equilibrium for supergames,” Rev.
Econ. Stud., vol. 38, no. 1, pp. 1-12, 1971.

D. Monderer and L. S. Shapley, ‘“Potential games,” Games Econ. Behav-
ior, vol. 14, no. 1, pp. 124-143, 1996.

MASAHIKO UEDA received the B.S., M.S.,
and Ph.D. degrees in physics from Kyoto Uni-
versity, in 2010, 2012, and 2015, respectively.
From 2018 to 2020, he was an Assistant Pro-
fessor with the Graduate School of Informatics,
Kyoto University. Since 2020, he has been a Lec-
turer with the Graduate School of Sciences and
Technology for Innovation, Yamaguchi University.
His research interests include multi-agent systems,
game theory, and complex systems science.

VOLUME 11, 2023



