How to get what you want in the Iterated Prisoner’s Dilemma

Maud Nabben
5483875

A thesis presented for the degree of
Bachelor of Mathematics

Written under supervision of Dr. M. Ruijgrok

Version 15-06-2018
Department of Mathematics

N
§ v % Utrecht University

KN



Contents

(=]

g5 O aQ W »

Introduction . . . . . . . .. 2
Memory-one strategy . . . . . . . . .. 2
Nice and cautious strategies . . . . . .. .. ... .. .. ... . L. 5
Space of strategies . . . . . . . . . ... 6
ZD strategies . . . . . .. 7
Conclusion . . . . . . . . e 9
Proof of Lemmma 1 . . . . . . . . .. . 10
Proof of Proposition 1 . . . . . . . . ... ... ... 11
Proof of Proposition 2 . . . . . . ... ... 13
Proof of Proposition 3 . . . . . . . .. ... 14
Proof of Proposition 4 . . . . . .. . ... 14



1 Introduction

Normally in game theory we assume that a player wants to maximize its own payoff. In 2012,
Dyson and Press wrote an article [2] about the prisoner’s dilemma, where they didn’t look at
the maximum payoff of the player, but at the payoff of the co-player. The article looks at the
iterated prisoner’s dilemma with memory-one strategies, and shows that there are strategies
such that you can enforce a constraint for the payoff of the co-player, regardless of which strat-
egy the co-player is using.

In a one-shot prisoner’s dilemma there is a dominant strategy, but that strategy is not Pareto
optimal. If we look at the iterated prisoner’s dilemma, it is possible to get a Nash equilibrium.
Assume that both players start with cooperating. If one of them will defect, then the other
will also defect, to get a higher payoff. But mutual defection gives a smaller payoff for both
players than mutual cooperation. In this game, it’s quite remarkable that one player can enforce
something.

We will first give some basic notations. After that we get a Lemma that is the foundation
for this article. Then we differentiate between people who are nice to each other and people
who are cautious, where we get a space of strategies. With those strategies we can enforce a
certain payoff or a constraint for the payoff of the co-player. With zero-determinant strategies
we can even be more specific; we can enforce a linear relationship between the two payoffs. This
thesis is based on an article from Hilbe, Traulsen and Sigmund [1].

2 Memory-one strategy

We first have to introduce some notations and definitions, beginning with just looking at the
one-shot prisoner’s dilemma. When we look at the payoff matrix we see that the two players
can choose between cooperation and defection. If they both choose

to cooperate, they’ll both get a payoff of R. If they both choose to C D
defect, they’ll both get a payoff of P. If the first player chooses to c RR ST
cooperate and the second player chooses to defect, then the first ! !
player will receive a payoff of S and the second player a payoff of DTS | PP
T. Here we assume that T'> R > P > S, such that defection is

the dominant strategy.

If the prisoner’s dilemma is played more than once, and the players remember previous
outcomes and change their strategy based on that, the game is called an iterated prisoner’s
dilemma. If 2R < T + 5, then it’s best for the players to alternate between cooperation and
defection in order to get the highest payoff (CD,DC,CD,DC,...). We're just looking at a
memory-one strategy, which means that the players will just remember the previous outcome
of the game. If the previous outcome is DD, then both players won’t know who didn’t play C,
since they only remember DD. In this article, we will therefore assume that 2R > T + S, such
that we won’t have this issue.

We want to define the players’ expected payoffs in round ¢, with the help of some vectors.
First we say that v,(t) is the probability that a € {CC,CD, DC, DD} is the outcome in round
t, and we use the vector notation v(t) = (voc(t),vep(t),vpe(t),vpp(t)). We also define the
vectors g and g7 as the possible payoffs for player I and player II, so

gr=(R,S,T,P)
gi1 = (R7 T, S, P) (1)



With these notations we can now define the players’ expected payoffs in round ¢, since
that is equal to the probability on a certain outcome times the payoff for that outcome, so
mi(t) = g1 - v(t) and mi(t) = g - v(t). We use a discount factor d, which is the probability
that the game will continue. We differentiate between § < 1 and é = 1, since you might play a
different strategy if you're sure that the game will continue, than when you’re not sure that it
will continue.

With this factor, the (normalized) expected payoffs can be defined as
o
m=(1-6)> &mt) =g v, (2)
t=0
and similarly 71 = gr1 - v, where v = (voc, vep, vpe, vpp) refers to the mean distribution

v=(1-6)) dv(t). (3)
t=0

In the case when § = 1, the payoff is given by

T—oo T 4 1 &

= lim ! Zm(t) (4)
t=0

(if this limit exists), and a similarly for 7.

We want to define a vector equal to the probability that the player will play C' or D in the
next round. Since we look at memory-one strategies, we only need to consider the outcome of
the previous round in this probability vector. For example, we assume that player I applies a
Tit-For-Tat strategy. Due to the definition of the TFT strategy, we know that player I will
cooperate in the first round. After that, he will play what the co-player did in the previous
round. So if the co-player played C' in the previous round, the player will play C in this round,
and vice versa. Now let py be the probability that player I cooperates in the first round, which
for TFT is equal to pg being 1. For the other rounds, we define p, as the probability that
player I will cooperate in the next round, where a € {CC,CD, DC, DD} is the outcome of the
previous round. Here the first letter in the subscript refers to the player’s own action in the
previous round, and the second letter to the co-player’s action in the previous round.

e [f the outcome of the previous round is C'C, then both players cooperated. Since player
I plays what player II did in the previous round, player I will play C in the next round.
So the probability that player I will cooperate in the next round is 1.

e [f the outcome of the previous round is C'D, then player I cooperated, but player II didn’t.
Since player I plays what player II did in the previous round, player I will play D in the
next round. So the probability that player I will cooperate in the next round is 0.

e [f the outcome of the previous round is DC, then player I didn’t cooperate, but player 11
did. Since player I plays what player II did in the previous round, player I will play C in
the next round. So the probability that player I will cooperate in the next round is 1.

e If the outcome of the previous round is DD, then both players defected. Since player I
plays what player II did in the previous round, player I will play D in the next round. So
the probability that player I will cooperate in the next round is 0.

We see that we can write the TFT strategy as a vector p = (pcc,PeD,PDC, PDD;P0) =
(1,0,1,0;1). In general we let p,, with a € {CC,CD,DC, DD}, be the probability that the



player will cooperate in the next round, when a was the outcome of the previous round. Since
at t = 0 we don’t have a previous round, we define py as the probability to cooperate in the first
round. We can write this as p = (pcc, pep, Ppc, PpD; Po). Again the first letter in the subscript
refers to the player’s own action in the previous round, and the second letter to the co-player’s
action in the previous round. We define this vector without the py as p := (pcc, pop, PpC, PDD)-

Using the previous definitions, we can find a formula to determine the resulting mean distri-
bution v, which we will use later on. Assume that player I uses the memory-one strategy p =

(pccspep,Ppc, PpD; Po) and player IT uses the memory-one strategy q = (¢cc, 4cp, 4pc, 4D G0)-
We get

v=(1-06)v(0)-(Iy—oM) . (5)

Here is v(0) the probability that player I and player II will play C' or D in the first round,
which is equal to v(0) = (pogo, po(1 —qo), (1 —po)qo, (1 —po)(1 —qo)). 14 is, as normal, the 4 x 4
identity matrix, and M is the transition matrix of the Markov chain given by

pccqce  pecc(l—qee) (1 —pec)ace (1 —pec)(l —qcc)

_ | pecpapc pecp(1 —qpc) (1 —pep)ape (1 —pep)(1l —qpc)
M= (6)

ppcgcp ppc(l—qep) (1 —ppc)eep (1 —ppe)(l—qep)

pppgpp ppp(l—gpp) (1 —ppp)epp (1 —ppp)(1 —qpD)

Until now we’ve only introduced a few notations. We defined (5) such that it only yields
when both players apply a memory-one strategy. In the next Lemma, we will show that there
is still a strong connection between p and v when just one of the players applies a memory-one
strategy. This Lemma is the foundation for this article.

Lemma 1 ([I], Lemma 1). Suppose player 1 applies a memory-one strategy p, and let the
strateqy of player 11 be arbitrary, but fized.

(i) In the case with discounting (§ < 1), let v denote the mean distribution of the repeated
game. Then

(6pcc — vee + (dpep — 1)vep + dppcvpe + dpppvpp = —(1 — )po, (7)
or in vector notation, (6p — go) - v = —(1 — 0)po, where go = (1,1,0,0).

(ii) In the case without discounting, we have

T

> (P —go)-v(t) =0. (8)

t=0

lim
T=oo T+ 1

The proof of this Lemma is shown in Appendix A. We’ve introduced a vector go = (1,1,0,0),
which we use for the proof. It is important to notice that this Lemma is really general. It doesn’t
matter what the strategy of player Il is, and it doesn’t depend on the constraints of the prisoner’s
dilemma.

In (5) we saw that v depends on p and q, but Lemma 1 only depends on p. It’s quite
exceptional that it doesn’t matter what the strategy of player II is. It doesn’t even have to be
a memory-one strategy. Because of this, there are some consequences, which will be shown in
Section 4.
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Fig. 1. Here we see a schematic representation of partner strategies and competitive strategies. The grey area
are the potential payoffs for player I and player II, where player I plays the strategy that is mentioned. The
white dot is the payoff that the players will get when they use the same strategy.

3 Nice and cautious strategies

As said in the introduction, we will differentiate between people who are nice and people who
are cautious. First we define a partner strategy and a competitive strategy, which we’ll use to
get a space of strategies with certain constraints for the payoff of the co-player.

Definition 1 ([1], Def. 2). A player’s strategy is nice, if the player is never the first to defect,
so for a memory-one strategy po = poc = 1. A player’s strategy is cautious if the player is
never the first to cooperate, so for a memory-one strategy pg = ppp = 0.

In Section 2 we have shown that vector notation for the strategy TFT is (1,0, 1,0; 1), which
is nice, according to the above definition. Another example is the strategy AllD, which means
that the player will always play D, so the vector notation is (0,0,0,0;0). This is a cautious
strategy, according to the definition. We’ll now introduce a Lemma which will help us to give
some constraints for the payoff of the co-player.

Lemma 2 ([1], Lemma 2). If 2R > T + S, then the payoffs satisfy w1 + w1 > 2R if and only if
71 = 711 = R (which for § < 1 is equivalent to both players being nice). Similarly, if 2P < T+S,
then w1 + w1 < 2P if and only if mp = mip = P (which for 6 < 1 is equivalent to both players
being cautious).

Proof. From (2) we see that 7 + 71 = (gr+8n) - v = 2R, T+ S, T + S,2P) - v. Now
m+7 > 2R > T+ S implies that 71 and 7p must both be R, so vgc = 1. For § < 1, this means
that both players should cooperate in every round. For § = 1, it only requires the players to
cooperate in almost every round. Similarly, for a prisoner’s dilemma with 7+ < 2P < T+,
it implies that 71 and 71 must both be P, so vpp = 1. ]

Definition 2 ([1], Def. 3).

(i) A partner strategy for player I is a nice strategy such that, irrespective of the co-player’s
strategy,

7T1<R=>7TH<R. (9)

(ii) A competitive strategy for player I is a strategy such that, irrespective of the co-player’s
strategy,

i Z TII- (10)

If the two strategy classes exist, then we see a schematic representation of the potential
payoffs for player I and player II in Fig. 1. We’re not sure that every outcome is reached, if a
partner strategy or competitive strategy is played.



For the partner strategy we see that when the payoff of player I is smaller than R, the payoff
of player II also has to be smaller than R. The grey area is therefore bounded by R as the payoff
of player II. When both players apply a partner strategy, they will both never be the first to
defect, since a partner strategy is a nice strategy. Therefore the payoff of both players will in
that case be R, which is shown by the white dot. For player II the best response to player I,
who applies a partner strategy, is to also cooperate to get the highest payoff.

For the competitive strategy we see that the payoff of player I will always be greater or
equal to the payoff of player II. We can see that player I has to play a cautious strategy,
otherwise, if player II plays D, it’s possible that player I receives a payoff S and player II re-
ceives T', which means that the payoff of player I is not greater or equal to the payoff of player II.

By the definition of a partner strategy, the best reply to a player applying a partner strategy
is to also apply a partner strategy. We see that condition (9) is equivalent to (71 > R) = (71 >
R), and due to Lemma 2 we get 71 > R implies 71 = 7y = R. This means that a player with
a partner strategy will always get the payoff R, if the co-player applies a strategy that results
in the best outcome for the co-player.

4 Space of strategies

We have defined a partner and a competitive strategy, but only in the general case. If the
strategy classes exist, we want to find the strategies p for which the constraints from Def. 2
yield. Therefore we will derive two propositions, with the help of Lemma 1.

Proposition 1 ([1], Prop. 1). For a player 1 with a nice memory-one strategy p, the following
are equivalent:

(i) p is a partner strategy;
(ii) If the co-player uses either AllD or the strategy (0,1,1,1;0), then w1 < R;

(iii) The two inequalities By < 0 and By < 0 hold, with

B1=46(T - R)ppp — (R — P)(1 —pcp) + (1 =0)(T — R)
By =6(T — R)ppc — (R —S)(1 —pcp) + (1 = 6)(T — R). (11)

For example, we can compute the constraints of § to let TFT (1,0,1,0;1) and WSLS
(1,0,0,1;1) be partner strategies. We begin with B; < 0 for a player with a TF'T strategy.

B1 <0
5(T ~ R)ppp — (R — P)(1 — pep) + (1 — 6)(T — R) <0
0(T—R)-0—0(R—P)1—-0)+(1=6)(T—-R) <O
OP—0R+T—-R—-06T+dR <0

(T-P)>T—-R

T—-R

5 -
“T_p

We compute the other constraints in a similar way. This implies that TFT is a partner strategy
if and only if § > %%g and 6 > %, whereas WSLS is a partner strategy if and only if § > %

T—-R
and § > T—5 "
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Fig. 2. Here we see the space of partner strategies and competitive strategies. The grey block is the set of
strategies such that you are playing the strategy that is mentioned. We set § = %, andT =5 R=3,P=1,5=0.

Proposition 2 ([1], Prop. 2). Suppose player 1 applies the memory-one strategy p. Then the
following are equivalent:

(i) p is a competitive strategy;
(ii) If the co-player uses either AllD or the strategy (0,0,0,1;0), then mp > my;

(iii) The entries of p satisfy po = ppp = 0 and §(pcp + ppc) < 1.

The proof of Proposition 1 is shown in Appendix B, and the proof of Proposition 2 is shown
in Appendix C.

With the help of these propositions, we see that the strategy classes exist. The space of
partner strategies and competitive strategies is shown in Fig. 2. We see that the grey block is
bounded by the constraints given in Proposition 1 for partner strategies and the constraints given
in Proposition 2 for competitive strategies. So this figure shows the strategies you can apply
such that (9) yields for the partner strategies, and (10) yields for the competitive strategies.
With these strategies you can enforce the payoff of your co-player.

5 ZD strategies

We have now found some strategies for which you can enforce the payoff of your co-player. In
this paragraph we will be even more specific; we can enforce a linear relationship between the
payoffs from player I and player II. First we define what a zero-determinant strategy is.

Definition 3 ([!], Def. 4). A memory-one strategy p is said to be a ZD strategy if there exist
constants a, 3,7 such that

6p = agi + Bgun+ (v — (1 = d)po) 1 + go- (12)
With this definition we can get a linear relationship between the payoffs of both players.

Proposition 3 ([!], Prop. 5). Let § < 1, and suppose player 1 applies a memory-one strategy
p satisfying Eq. (12). Then, irrespective of the strategy of the co-player,

amr + Brin +v = 0. (13)
The same relation holds for 6 = 1, provided that the payoffs 71 and myp exist.

The proof of Proposition 3 is shown in Appendix D. It’s not really clear yet that there
is a linear relationship between both payoffs. That’s why we will introduce new parameters:
a= ¢y, B =—¢, and v = ¢r(1 — x). This can be put in (12), and we get

6p = ¢xg1 — ¢gu + (¢x(1 — x) — (1 = d)po) 1 + go
6p = ¢[(1 —x)(k1 —g1) + (g1 — gu)] — (1 — I)pol + go (14)
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Fig. 3. Schematic payoffs according to (15), where the grey area is the set of possible payoffs. Here the strategy
of player I is fixed, and the strategy of player II is the mean of 1000 random memory-one strategies. The white
dots are the expected payoffs for player I and player 11, if player I plays the strategy that is mentioned.

From (15) we see that the payoffs when a ZD-strategy is played, lie on a line where the slope is equal to x and
where they intersect at k. For equalizer strategies we assume that x = 0, which means that the payoff of player
II is equal to k, independent of his strategy. For extortion strategies we assume that k = P and 0 < xy < 1, and
for generous strategies we assume that k = R and 0 < x < 1. We set § = %7 and T=5R=3,P=1,5=0.

We can now rewrite (13) as

pxm — ¢+ ¢r(1 —x) =0
X(mr—k) —mn+K=0
WII_K:X(TI'I—I{,) (15)

The schematic representation of (15) is shown in Fig. 3. We also define a few other strategies
beside a ZD-strategy, where we have restrictions for x and Y.

Players cannot always enforce the co-players payoff with (15). The equation depends on p,
S0 Kk, x and ¢ need to have some restrictions. Therefore we have the following definition.

Definition 4 ([1], Def. 5). For a given §, we call a payoff relationship (k,x) € R? enforceable
if there are y € R and pg € [0, 1] such that each entry of the continuation vector p according to
(14) is in [0, 1]. We refer to the set of all enforceable payoff relationships as &s.

With this definition we get the following proposition.

Proposition 4 ([1], Prop. 6).

(i) The set of enforceable payoff relationships is monotonically increasing in the discount
factor: if &' < 6", then Es C Egn.

(ii) There is a § < 1 such that (k,x) € & if and only if —1 < x < 1 and

maX{P,S_TX} S/ﬁgmin{R,T_SX}, (16)
1—x 1—x

with at least one inequality (16) in being strict.

The proof of Proposition 4 is shown in Appendix E. Due to Definition 4 and the first part
of Proposition 4 we see that (15) is easier to enforce when ¢ is small, so when the players are
patient. In the second part of Proposition 4, we found restrictions for k. With those restrictions
we can make a graph with all enforceable pairs (k, x). This is shown in Fig 4. We can also see
for which restrictions for x and x the strategies from Fig. 3 yield.
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Fig. 4. Here the grey area represents all pairs (k, x) that are enforceable according to Proposition 4, when § is
close enough to one. In this figure we see the strategies introduced in Fig. 3, with the restrictions for x and .
A new strategy here is the fair strategy, where xy = 1, such that i1 — x = 71 — k. This strategy only exist when
0=1. Againweset T=5,R=3,P=1,5=0.

6 Conclusion

In Section 2 we began with some basic notations, working from the one-shot prisoner’s dilemma
to the iterated prisoner’s dilemma. We derived a few vector notations, and with those we got
to Lemma 1.

In Section 3 we differentiated between nice and cautious people, and defined a partner and a
competitive strategy. A schematic representation of the potential payoffs for player I and player
II was shown in Fig. 1. We used two propositions in Section 4 to prove that those strategy
classes exist. With the propositions we’ve shown the space of partner strategies and competitive
strategies. From Fig. 2 we see that, for a certain space of strategies, we can enforce that either
m < R = m1 < R or wp > 7y yields.

In Section 5 we first defined zero-determinant strategies. After that, we introduced a few
parameters, in order to get to (15). From that equation we see that there is a linear relationship
between 71 and mq1, shown in Fig. 3. With the restrictions in Proposition 4, we made a graph
with all enforceable pairs (k, x), shown in Fig. 4. It is important to note that we didn’t make
any assumptions on the payoff values, so these results can also be used for other strategic games.

In conclusion we discovered how much control player I has over the outcome of the game
and thus the payoffs of player I and player II, regardless of the strategy of player II.



A  Proof of Lemma 1

Proof. We begin with the first part of the Lemma. Suppose 6 < 1, and let gi(¢) be the
probability that player I cooperates in round ¢. Then ¢i(t) = (voc(t),vep(t),0,0) = go - v(t)
and qi(t + 1) = (pccvee(t), pepvep(t), ppcvpe(t),popvpp(t)) = P - v(t). It follows that
w(t) := 0qr(t + 1) — qi(t) is given by

w(t) = dqi(t +1) — qi(t)
=56(D-v(t) —go-v(t)
= (6P — go) - v(1). o

Multiplying each w(t) by (1 — §)6* and summing up over t = 0, ..., 7 yields
(1-6)>_ 8'w(t) = (1 —0) (5q1(1) — qu(0) + 6%q1(2) — Sqr(1) - + 6™ qu(r + 1) — 5" qu(7))
t=0
=(1=0)0" qi(r +1) — (1 = 6)a(0). (18)
When 7 — 0o, we see that the first part of the equation goes to 0, since 677! — 0. The second

part of the equation goes to pg, since ¢r(0) is the probability that player I cooperates in round
0, which is pg. So

(1-06)) d"w(t) — —(1 = d)po. (19)
t=0
On the other hand, due to equation (3) and (9),
(1-6)> sw(t)=(1—-0)_6"(6p —go) - v(t) = (5P — 8o) - v (20)
t=0 t=0

As both limits need to coincide, we have confirmed equation (7).

For the case without discounting, we have an analogous calculation as in equation (10).

T T

) = g (a1~ () 0. o)
t=0 t=0

This holds since % — 0 when 7 — oo. Equation (12) becomes

T T

1 1
t) = —— p— -v(t). 22
Y el = 1 Y B g0) (D) (22)
t=0 t=0
It follows that the limit of T%rl Y oi—o(P —80) - v(t) for 7 — oo exists and equals zero. O

10



B Proof of Proposition 1

Proof.
(i) = (i)

(i) = (iii)

Assume to the contrary that 7;; > R. Then the definition of partner strategies
implies that 71 = w;p = R. Since all players use memory-one strategies, this would
require that everyone cooperates after mutual cooperation, which is neither true for
AllD = (0,0,0,0;0) nor for the strategy (0,1, 1,1;0).

Against a player using a nice memory-one strategy p (with pg = pcc = 1), the
payoff of an AllD co-player is given by

I = 8- v
= Rvcc + Tvep + Svpe + Pupp (23)
We know that the co-player is playing an AllD-strategy (0,0,0,0;0), so the co-

player will never cooperate, thus voc = vpo = 0. In order to establish the payoff
of the co-player, we have to determine vop and vpp. We will do this by using (5).

v=(1-0)v(0) (Is— 6M)~!

1 dpcc 0 5(1 _pCC)
0 1—dpcp 0 (1 —pep)
=(0,1-14,0,0) -
( ) 0 dppc 1 6(1—ppc)
0 6pDD 0 1—5(1—pDD)

If we calculate the inverse-matrix, we get
—6(=ppp +1) +1
(1 =9)(0pcp — éppp — 1)
6(=pcp +1)
(1-190)(épcp — dppp — 1)

We put this in (23) and we get

UC’D:(l_é)'_

'UDD:(l_é)'

mn = Tvep + Pvpp
(1-0)(=6(—ppp +1)+1) L p. (1=6)(6(=pcp +1))
(1 —-9)(dpcp — oppp — 1) (1—-9)(6pcp — éppp — 1)
T+ 6T — (STpDD + 0P — 5PPCD

dpcp — oppp — 1
—(1—8)T — §Tppp + 5P — §Ppcp

dpcp — 6ppp — 1
(18T +6Tppp + 6P — 6Ppcp

- 1+ 4d(ppp — pcp) (24)

=7T.—

Now pop < 1, otherwise player I would always cooperate. In that case, the co-
player would get payoff T'> R, which is not possible by (ii). This means that 7y is
also defined when 6 = 1.

We see that

—0)T + 6Tppp + 6P —6Ppcp — R(1+ 6(ppp — pcp))

By =6(T — R)ppp — (R — P)(1 —pcp) + (1 —=0)(T — R)
= (1
= (1+6(ppp — pep)) (7 — R) (25)

11



In particular, B; has the same sign as 7y — R. Due to (ii), both will be smaller
than zero.

On the other hand, if the co-player uses the strategy (0,1, 1,1;0), we can determine
the payoff in the same way as above. We get

(1—8)T 465 +6((1—6)R—S)pep +6(T + SR)ppe
1+ 0%(ppc — pcp) + dppc

(26)

T =

and

By = (14 8*(ppc — pep) + dppe) (mn — R). (27)
Here By has also the same sign as mp — R.

(iii) = (i) Assume that B; < 0 and By < 0, and that 71 > R. In order to proof that p is a
partner strategy, we need to show that 71 = w1 = R. Due to (23), we note that
1 > R is equivalent to

(T — R)vep — (R — S)vpc — (R— P)vpp > 0. (28)

Using the linear equation 1-v = voe + vep + vpe +vpp = 1 and (i) of Lemma 1
with pg = pcc = 1, we get

(60 = Dvee + (dpep — 1)vep + éppcvpe + 6pppvpp = —(1 —6)

(6 = Dvee + (dpep — 1)vep + dppcvpe + dpppvpp = (6 — 1) - 1

(6 = Dvee + (dpep — 1)vep + dppcvpe + 6pppvpp

= (6 — 1)(vec +vep +vpe + vpp)

(0 = vep — (1 = dpep)vep = dppevpe + dpppvpp — (6 — 1)(vpe + vpp)

(1 =pcp)dvep = (1 = (1 =ppc)d) vpe + (1 — (1 —ppp)d) vpp
(1 -1 —ppc)d)vpe+ (1= (1 —ppp)d)vpD

(1 —pcp)d

We know that By < 0, so pop < 1 which implies that the denominator of vop is
positive. Plugging (29) into (28) gives us

(1-(1—ppc)d)vpc + (1 — (1 —ppp)d)vpp

vep = (29)

O<(T~F). (1 —pcp)d
— (R - S)vpec — (R— P)upp
<(T'-R)((1-(1-ppc)d)vpc+ (1= (1 —ppp)d)vpp)

1

— (R - 8)(1 = pcp)dvpc — (R~ P)(1 — pcp)dvpp
<((T-R)1—-(1-ppc)d) — (R—S)(1—pcp)d) vpe

+((T'= R)(1 = (1 = ppp)d) — (R— P)(1 — pcp)d) vpp
< (T —R—-90T+0R+ 6Tppc —dRppc — R+ 0SS + dRpcp — 5SpCD) VpC

+(T—-—R—-6T+6R+0T'ppp —0Rppp — IR+ 0P + dRpcp — IPpep) vpp
< (0(T = R)ppc — (R = S)(1 —pcp) + (1 = 6)(T — R)) vpc

+ (0(T — R)ppp — 0(R— P)(1 —pcp) + (1 = 6)(T = R)) vpp

This shows, due to (11) that 71y > R if and only if
Byvpe + Bivpp > 0 (30)

Thus the assumptions B; < 0 and Bs < 0 show that vpo = vpp = 0, and by that
vep = 0. We can conclude that voo = 1, so n1 = m; = R and p is a partner
strategy. O
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C Proof of Proposition 2

Proof.

(i) = (ii) Since p is competitive, we know that 7y > 7y against any co-player.

(ii) = (iii) If player 71 applies AllD, then the payoffs are given by

w1 — 7 = (81— 811) - vV
=(S—=T)vep + (T — S)vpc (31)

We know that the co-player is playing an AllD-strategy (0,0,0,0;0), so the co-
player will never cooperate, thus voc = vpo = 0. In order to determine m — 7y,
we have to calculate vop. We will do this by using (5).

v=(1-0)v(0) (Is — 6M)~!

1 dpcc 0 6(1—pco)
0 1—dpcp 0  &6(1—pep)
— (0, (1= 8)po, 0, (1 — 6)(1 — po)) -
( ( )pO ( )( pO)) 0 Sppe 1 5(1—pDC)
0 5pDD 0 1—(5(1—]?[)[))

If we calculate the inverse-matrix, we get

—0(—ppp+1)+1
1—-6)(d0pcp — dppp — 1)

UCD=(1—5)p0'—(

d0ppD
4 (1—8)(1 = po) -
A== =55 Gpen — dppp — 1)
po(dppp — 0 + 1) dppp (1 —po)

1+d(ppp —pcp)  1+8(wop —pep)
—6po + 0ppp + Po
1+ 6(ppp — pcp)

We put this in (31) and get

m1— 7 = (T — S)vep

—0po + dppp + po
1+ 6(ppp — Pep)
(T'—S) (1 = 6)po + dppp)

- 1+ d(ppp — Pcp) (32

=(5-1)-

We see that 7 > 7y implies pg = ppp = 0.

On the other hand, if the co-player uses the strategy (0,0,0,1;0), we can determine
the payoff in the same way as above. We get

6(T'=S)(A —=d(pcp +ppe))
1+6(1—(1+d)pcp + dppe)

(33)

T — TII =

From this we see that w1 — y; > 0 if and only if 6 (T'— S) (1 — d(pcp + ppc)) > 0,
which is equivalent to é(pcp + ppc) < 1.

13



(iii) = (i) Assume that ppp = po = 0 and 6(pcp + ppc) < 1. Using (i) of Lemma 1, we get

(dpcc — Nvee + (0pep — 1)vep + dppcvpe = 0
dppcvpc = (1 — dpcc)vee + (1 — dpep)vep
(1=épcp)vpe = (1 - épcc)vee + (1 — dpep)vep
(1 —dpcp)(vpe —vep) > (1 —dpec)vee

1 —épcc)vec
vpe - vop > L= dpcelvee

1 —dpcp
1—6 )

vpc > vep + { = dpce)veo > vep (34)
1 —dpcp

Since vpo > vep, 711 — 1 = (T — S)(vpc — vep) > 0. So p is a competitive
strategy. O

D Proof of Proposition 3

Proof. Using Def. 3 and Lemma 1, with the identities m =gr-v, npr=gn-v,and 1 =1-v,
we get,

6p = agr + Bgn + (v — (1 = 0)po) 1 + go
6p — go = agr + Agn + (v — (1 — d)po) 1
(6P —8o) v=a(gr-v)+B(gu-v)+(y—(1—-38po)1-v
—(1 = 9)po = am + B+~ — (1 —d)po
amr + B +v = 0.

E Proof of Proposition 4

Proof.

(i) According to Def. 4, (k,x) € & if and only if there are x € R and py € [0, 1] such that
0 < 6p <41, whichisequal to 0 < ¢[(1 — x)(k1 —gr) + (81 — gm1)] — (1—95)pol+go < 1.
We will differentiate between the possible outcomes of the game.

0<o[(1=x)(k=R)+0]—(1—=0)po+1<6
—(1=(1=9)po) <o(1 = x)(k = R) < =((1 = 5)(1 —po))

(1=0)(L=po) <Pl =x)(R—k) <1—(1=d)po (35a)
0<o[1=x)(r=5)+S5-T]-(1-0)po+1<0
—(1=(1=0)po) <1 —x)(r=8)+5=T] < —((1=0)(1 - po))

(1=8)1=po) <[1=x)(S—rK)+T -5 <1-(1-0)po (35Db)

0<¢[1=x)(k=T)+T—=5]—(1—0)po <6
(1=0)po <o[(1=x)(k=T)+T =S| <0+ (1-6)po (35¢)

0<o[(1—=x)(k—P)+0] = (1—0)po <6
(1 =0)po < p(1 —x)(k — P) <6+ (1 —6)po (35d)
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From these equations we see that the left hand side is monotonically decreasing in 9,
whereas the right hand side is monotonically increasing in §. This means that if the
conditions (35a) — (35d) are satisfied for some ¢’ < 1, then they are also satisfied for any

§" >4
(ii) (=) Suppose (k, x) € &, then the conditions (35a) — (35d) hold for ¢ € R and poy € [0, 1].
We sum up the first inequality of (35a) with the first inequality of (35d), which gives

(1 =06)(1—po) + (1 —=d)po < P(1 = x)(R— k) + (1 —x)(k — P)
1-0<é(1—-x)(R—-P) (36)

If we do the same for the first inequality of (35b) with the first inequality of (35c),
we get

(1=0)(1=po) + (1 =0)po < ¢[(1=x)(S = k) + T =S|+ o[(1 =x)(k =T) + T = 5]
(1-0)<@[S—xS+xXxT —-T+2T —25]
(1-0) < @[T =S5+ XxT — x5
(1-0) <op(1+x)(T - 9) (37)

In particular, 0 < ¢(1 + x) and 0 < ¢(1 — x), and therefore ¢ > 0 and —1 < x < 1.
Applying this to the conditions (35a) — (35d), we get

0<¢(l=x)(k=P) (38)
with ¢ > 0 and x < 1. This gives us respectively k < R, k < Tliix, K > Sfjcx
and x > P, which are exactly the restrictions in (16). If none of the restrictions was
strict, then (35a) and (35b) would require pg = 1, whereas (35c) and (35d) would
require pg = 0.

(<) Assume that —1 < x < 1 and max{P S— TXX} < Kk < min {R, Tf_ix}. Then we

know that the inequalities in (38) hold for ¢ > 0, with the first two inequalities being
strict. We need to show that the inequalities in (35a) — (35d) are satisfied. Therefore
we choose ¢ sufficiently small such that each term on the right hand side of (38) is
bounded by % If we then set pg = 0 and choose § close to one, we see that the
inequalities in (35a) — (35d) are satisfied. Similarly, if we set pg = 1, we get the same

T=5x L, O
-X

for kK = min | R,
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