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Abstract

In many real-world situations, “cooperation” in the simple sense of theers Dilemma is not sufficient for
success: instead, cooperators must precisely coordinate moréexdmeaviors in a noisy environment. We inves-
tigate one such model, tfieirn-Taking Dilemma, a variant of the repeated Prisoner’s Dilemma in which the highest
total payoff is achieved not by simultaneous mutual cooperation, btakigg turns defecting (alternating tempta-
tion and sucker payoffs). The Turn-Taking Dilemma more accuratelgleis interactions where players must take
short-term losses for long-term gains: situations marked by the intricadeagid-take of bargaining and compro-
mise. Using “evolutionary dominance” as a general measure of peaftice, we investigated which strategies are
most successful in Turn-Taking Dilemma interactions. Our experintErtonstrate that turn-taking can be achieved
in a noisy environment, even when agents have strict resource dotss{tianited memory strategies). Top strategies
such asEXALT, can effectively coordinate turn-taking under noise, while exploiting ecators and resisting ex-
ploitation by defectors; these strategies are likely to achieve success iartby of real-world interactions modeled
by the Turn-Taking Dilemma.

1 Two models of cooperation

The Prisoner’s Dilemma, in its various forms, is widely usednodel the evolution of cooperation in interactions
between individuals with partially conflicting goals. Inrpeular, two variants of the problem have captured the at-
tention of the research community. In therated Prisoner’s Dilemma (IPD), players simultaneously choose between
cooperation for mutual benefit andefection for individual benefit, and this decision situation is refeelover a num-
ber of rounds (Axelrod and Hamilton, 1981). In tAkernating Prisoner’s Dilemma (APD), players alternate turns,
and on each player’s turn he must choose whether to coopmrdefect (Nowak and Sigmund, 1994; Frean, 1994).
For both of these models, the potential outcomes are givéreifollowing payoff table:
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Table 1: Prisoner’s Dilemma Payoffs to P1 /P2

If both players cooperate, each receives a high padyeff areward for mutual cooperation. If both defect, each
receives a low payofP as apunishment for mutual defection. If one player defects while the otheomerates, the
defector receives a very high paydffas atemptation to defect, and the cooperator receives a verysogker payoff
S Despite the fact that mutual cooperation is preferred ttuadwefection, each player scores higher if he defects



regardless of the opponent’s choice, and hence mutualtdefes the only “rational” outcome of the single-shot
Prisoner’s Dilemma game.

In both repeated Prisoner’s Dilemma models, however, recg altruism can develop between two self-interested
players, enabling the establishment of mutual cooperatiaghe benefit of both. These models have been applied to
fields as diverse as biology, economics, and politics, and sparked theories of the evolution of cooperation based on
reciprocity (Maynard Smith, 1982; Axelrod, 1984; Nowak a&Bigmund, 1994). However, it has been shown that the
IPD and APD are distinct problems, and decision-makingegias which are successful in one variant may perform
poorly in the other (Frean, 1994). This creates a signifiddatmma for the researcher: which model should be used
to describe a given real-world situation?

The clearest example of an Iterated Prisoner’s Dilemmaadsptiedator inspection behavior of the stickleback
fish (Milinski, 1987; Nowak and Sigmund, 1994). Both fish sitaneously swim up to the predator in a series of
short, halting moves; in this example, cooperation traaslto swimming forward, and defection translates to laggin
behind. The optimal result is that of continued mutual ceatien: both fish swim as close as possible to the predator
while equally sharing the potential risk.

The clearest example of an Alternating Prisoner’s Dilemsithé feeding behavior of the South American vampire
bat (Wilkinson, 1984). Bats who have found a good meal wilphreingry bats by donating some of their extra food.
Only bats who have a surplus of food can make a decision whetlmoperate or defect on any given night; in this
case, cooperation translates to donating to a hungry béglefection translates to hoarding the surplus. The optimal
result is that of alternating reciprocal altruism: the dabat donates to its hungry companions, and the other bats
reciprocate during future feedings.

Other real-world situations seem to have elements of bdihdi®d APD, leading to debates over which model is
more appropriate. The guarding behavior of the dwarf moegd®asa, 1989) is one such situation. The subadult
males of the group take turns watching for predators, irsingatheir own risk in order to protect the group. As
discussed in Neill (2001), the guarding mongoose must ahbasween vigilant guard behavior (cooperation) or
focusing on its own safety (defection), and thus the degisin be modeled as an Alternating Prisoner’s Dilemma.
But this example leads to some interesting questions: haee doe group decide which mongoose takes a given
watch? Do all the mongooses share the job equally, or do sakeemore watches than others? It is reasonable to
model the mongooses’ choices whether or not to guard astsinadus choices between cooperation and defection,
which suggests the Iterated Prisoner’s Dilemma as a betidemHowever, the group does not need multiple males
to take the same guard position simultaneously, so simedtas mutual cooperation is not the optimal outcome. A
better outcome would be one in which the subadult medksturns on guard duty; while one male is guarding the
others are safe within the group. And this is exactly how thelyave. (In actuality, this is dd-person Turn-Taking
Dilemma: as is common in the Prisoner’s Dilemma literature focus on the simplest casé—= 2.)

A careful examination of these three examples reveals tiegtdiffer in two main criteria: the simultaneity of the
players’ moves, and the desired form of cooperation. In tR®Aonly one player is making a choice at a given time,
while in the IPD players must choose their actions simulbaisgy. Similarly, simultaneous mutual cooperation is the
goal in the IPD, while in the APD “it makes no sense to coomestnultaneously; the partners have to take turns”
(Nowak and Sigmund, 1994). The stickleback demonstratdsdimultaneous choices and the goal of simultaneous
cooperation, and thus is a clear example of the IPD. The vabpt demonstrates both alternating choices and the goal
of alternating reciprocal altruism (turn-taking), anddhs a clear example of the APD. The mongoose demonstrates
the combination of simultaneous choices and turn-taking,thus seems to fit both IPD and APD models. We shall
show, however, that it is substantially different from eitimodel. To do so, we propose a third model which more
accurately represents this decision situation.

2 The Turn-Taking Dilemma

An Iterated Prisoner’s Dilemma game is mathematically @efiny two relationships between its temptation, reward,
punishment, and sucker payoffs. First is the obvious ondeof payoffs:T > R> P > S Additionally, we require
2R > T + S so cooperation achieves more points than alterndtingdS payoffs.

If the second inequality is reversed, we have a substantiiffierent situation: mutual cooperation is no longer
the Pareto optimal result in the repeated game. Both plaleletter if they take turns; in this interaction one player



defects and the other cooperates, then they switch roleseomext round. We defineurn-Taking Dilemma (TTD)
as one in which these two conditions hold> R> P > S, andT + S> 2R

The Turn-Taking Dilemma can be thought of as representirgtiwes of situations. In the first type, there is
a benefit available, but at most one of the two players can haveefection corresponds to “taking a turn,” and
cooperation corresponds to “not taking a turn,” if the resfitaking the turn is a benefit. In this case, both players
do better if they resist the benefit than if they give in to @mptation, but the optimal solution is for one to collect
the benefit and one to wait his turn. One example of this is dauneconomics, when two competing companies
must decide when to release a “new and improved” productreicge During each time period, each company may
choose to release a new version (defection) or wait (cotipaja\We assume that there is some césissociated with
releasing and marketing the new version. If one companysekea new version and the other does not, we assume
that the new product captures the entire market: the relgasimpany makes a huge prafitvhile the other company
makes no profit. If neither company’s product is “new,” or dfth companies’ products are “new,” they each obtain a
partial market share with a much smaller associated [Zofithus the payoff table is the following:
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Table 2: Profits for companies P1 /P2 in TTD situation

Assuming that the release cost= 2, the profit for total market sharé = 9, and the profit for partial market
shareZ = 3, we obtain a payoff table witlh =7, R= 3, P=1, andS= 0. These are the payoffs we consider to
be standard for the TTD problem, and we use this payoff tdibfeughout our experiments. Note th&® 2 6 and
T+ S=7, so alternating product releases (alternating defegfisrmore advantageous to both companies than either
never releasing products (mutual cooperation) or alwalgmasing products (mutual defection). Like the Prisoner’s
Dilemma, though, there is the opportunity for exploitatiéina company is too nice, its competitor will usurp all of
the “turns” (continually dominating the market) rathernhaaiting for its turn to release a product.

In the second type of Turn-Taking Dilemma, there is an impaptdarm, and at least one of the two players must
face it. Cooperation corresponds to “taking a turn,” ancedébn corresponds to “not taking a turn,” if the result of
taking the turn is a harm. If both players refuse to face thegdg both will be harmed,; if both face the danger they
will suffer less, but the optimal solution is for one to fabe harm and one to remain safe. The guarding behavior of
the dwarf mongoose is described well by this model: takinga tarries a significant risk of being eaten by predators
(S payoff), though this risk is reduced somewhat if both standrd R payoff). If the other mongoose stands guard,
the mongoose in the tribe is very saflegayoff), but if both shirk their duty the entire tribe is atgt risk P payoff).

An interesting combination of these two types can occur énghenomenon of “gift-giving.” In this interaction,
each player has two choices: to give a gift (cooperation)adrta give a gift (defection), and we assume that gifts
are more valuable to the recipient than their cost to the doRor example, if the gift costs the donor 4 points and
gains the recipient 8 points, we have the payoff table=(8, R=4,P =0,S= —4). Since R> T + § this is clearly
a Prisoner’s Dilemma; repeated gift-giving may be modekeeither an IPD (if the gift-giving is simultaneous, ex.
Christmas), or an APD (if the gift-giving alternates, exrtlulays). But what if the simultaneous giving of gifts by
the two players diminishes the value of both gifts? A stigkéxample of this is found in O. Henry’s short story, “The
Gift of the Magi.” This is a fable of “two foolish children in #iat who most unwisely sacrificed for each other the
greatest treasures of their house” (Henry, 1905): Della belr hair to buy a fob for Jim’s watch, while Jim sells his
watch to buy combs for Della’s hair. While in this case the ead the gifts is hugely reduced, even less dramatic
examples will transform gift-giving from a Prisoner’s Ditena to a Turn-Taking Dilemma: duplicate gifts that must
be returned, or incompatible gifts (such as tickets to twenéy occurring at the same time). Assuming in the above
example that duplicate gifts cause a 3 point hassle, we lhevpayoff table T =8, R=1,P =0, S= —4). Since
T +S> 2R, this is a Turn-Taking Dilemma.

The Turn-Taking Dilemma requires us to redefine our intaitiotions of reciprocal altruism and exploitation
formed from study of the Prisoner’s Dilemma. In the IPD andDAReciprocal altruism is continued cooperation
(whether simultaneous or alternating), and any defectimmesents exploitation of the other player for one’s own



benefit. In the TTD, each player defects half the time in apm@cal relationship; exploitation occurs when a player
attempts to take more than his fair share of turns (if the tsifpeneficial) or less than his fair share (if the turn is
harmful).

Thus the TTD differs from the IPD and APD in two important rests. First, while in the Prisoner’s Dilemma
two cooperating players receive high payoffs every turtheTurn-Taking Dilemma the achievement of mutual help
requires each player to frequently take very low payoffsné¢ethe Turn-Taking Dilemma more accurately models
the variety of situations in which one must take short terssés in order to maximize their long term gain. This game
of give and take, the willingness to receive suboptimal [ffayin exchange for future reciprocation, is the basis for al
compromise.

Second, since moves are made simultaneously, coordinatibmns becomes an important issue. Even if two
players strongly desire to take turns, they must still coaid their turn-taking in order to avoid situations where
both, or neither, take the turn. In the presence of noise Ifazeoo probability that a player will defect when he meant
to cooperate or vice versa), this coordination may be exahemiifficult to achieve. In some real-world situations,
coordination can be achieved by communication betweenl#yers: they may decide in advance who is responsible
for which turns, or change their minds about their action mvtieey discover that both, or neither, are taking a turn.
Communication may destroy the simultaneous nature of theegan these cases the situation is better modeled by
an Alternating Prisoner’s Dilemma. In other cases, chomast be made too quickly for a joint decision to be made.
This may be true in the mongoose guarding example, and igielyrtrue in related situations: for example, if the
tribe is ambushed by a predator too large to fight, and one oesggmust distract it while the tribe flees to safety.
Alternatively, aspects of the environment may prevent camication: in the example of the product releases by
competing companies, sharing information may be protdiiteantitrust laws. The Turn-Taking Dilemma considers
issues of both cooperation and coordination, so it is a bettelel of these decision situations.

3 Optimality criteria for the Turn-Taking Dilemma

A strategy for the Turn-Taking Dilemma is a method of dedidivhether to cooperate or defect on any given round.
As in the Prisoner’s Dilemma, the two simplest strategieg\at C (the strategy which always cooperates), ahd D
(the strategy which always defects), but an infinite varigftyther strategies are possible. The remainder of this
paper attempts to answer the question of what strategiem@se successful in Turn-Taking Dilemma interactions.
We first discuss several techniques for evaluating the peefnce of strategies, and then use these techniques to
explore the space of “memory one” and “memory two” strategia doing so, we hope to find what properties make
a strategy successful. The question of strategy for the-Taking Dilemma requires us to consider questions of both
cooperation and coordination: what proportion of the tutosve take, and how do we coordinate this turn-taking in
the presence of noise? To be successful in a Turn-Takingribike, a strategy should be able to coordinate turn-taking
with a wide variety of strategies. Additionally, it shoulekist exploitation, preventing other strategies from ikécg
more than their fair share of turns, as well as taking adpntd strategies who are exploitable in this way. Following
Neill (2001), we define three optimality criteria for the MdFaking Dilemma, lettingv(X|Y) represent the expected
value of the average payoff to strateyagainst strategy in an infinitely long game. We make the assumption of
“infinitesimal noise”: mistakes can occur, but the prohigpdf error is close to zero.

We first define a “self-alternating” strategy in terms of idf payoff w(X|X). To be self-alternating in the TTD,
a strategy should receive the temptation payoff half the tiamd the sucker payoff half the time, in an infinitely long
game against its clone:

Definition 1 A strategy X is self-alternatingf w(X|X) = 1.

More generally, we define a strategy’s “self-performanacg= %X;P. Thusos = 1 for strategies which achieve

IS
self-alternationgs = O for strategies which defect continually against theineloand 0< s < 1 otherwise.

Next we define a “C-exploiting” strategy in terms of its pafyef{ X|ALLC). To be C-exploiting in the TTD, a
strategy should defect continually agaiféi C:

Definition 2 A strategy X is C-exploitingif w(X|ALLC) =T.



More generally, we define a strategy’s “C-performange™ %LRC)’R. Thusaoc = 1 for strategies which defect

continually againsALLC, oc = O for strategies which cooperate cE)ntinuaIIy agaiidiC, and O< oc < 1 otherwise.
Next we define a “D-unexploitable” strategy in terms of ity w(X|ALLD). To be D-unexploitable in the TTD,
a strategy should defect continually agaiAkt D:

Definition 3 A strategy X is D-unexploitablaf w(X|ALLD) = P.
More generally, we define a strategy’s “D-performanocg’= %"SD)_S. Thusop = 1 for strategies which defect
continually againsfLLD, op = O for strategies which cooperate continually aga#idtD, and 0< op < 1 otherwise.
Strategies may be said to “totally” or “partially” meet easftthese three criteria. For example, consider a strategy
with w(X|X) = 3.5, w(X|ALLC) = 5, andw(X|ALLD) = 0.75, assuming the standard (7,3,1,0) payoff table. We
calculateags = 1, oc = .5, andop = .75. This strategy is said to be totally self-alternating¥®6G-exploiting, and
75% D-unexploitable.
It is very likely that strategies with high values o§, oc, andop are able to coordinate turn-taking with a large
number of other strategies, while exploiting overly coeiee strategies and resisting exploitation by others.sThu
these strategies are likely to be extremely successful iida variety of Turn-Taking Dilemma interactions.

4 Performance measures for the Turn-Taking Dilemma

We will use the criteria of “self-alternation,” “D-unexptability,” and “C-exploitation” as guides and illustratis

in our exploration of the most successful TTD strategiest lBw do we determine which strategies are the “most
successful”? To do so, we require a general measure of tiierpance of a strategy. Following Neill (2001), and
Kraines and Kraines (2001), we focus on two such measuresotind-robin tournament and the dominance score. In
a round-robin tournament, the performance of a stra¥egymeasured by its average scergX|Y) against all strate-
giesY in the tournament. This method has been used commonly as sureeaf Prisoner’s Dilemma performance
since the computerized tournament conducted by RobertréckéAxelrod and Hamilton, 1981). Newer measures
have focused on the “evolutionary” performance of a stratbgw does the strategy perform in a changing environ-
ment where high-performing strategies survive and repegdwhile low-performing strategies die off? Neill (2001)
provides an overview of various evolutionary Prisoner'eBima models, and argues that three properties are e$sentia
for an evolutionary model. First, the model must consideramy a strategy’s resistance to invasion (“evolutionary
stability”) but also its ability to invade other strategigsvolutionary potency”). Second, it must be able to evidua

a strategy’s performance against a large space of stratayi¢ only its evolutionary kin. Third, it must define a
time-invariant measure of performance, depending onhherset of strategies being considered.

Neill (2001) discusses the various evolutionary modelsditaifl and concludes that “none of the commonly used
models of the evolutionary APD lend themselves easily toreeg measure of evolutionary performance.” However,
he proposes a new measure, the “dominance criterion,” lsdtk invasion criteria of Maynard Smith (1982). From
Maynard Smith, strateg) invades strategy if w(X|Y) > w(Y[Y), orw(X]Y) = w(Y|Y) andw(X|X) > w(Y|X). If
strategyX invades strategy, we write X > Y. Otherwise, we writeX ¥ Y. The independence & > Y andY > X
leads to four possibilities:

[. X >Y andY ¥ X. In this case, any initial proportion of strateifycan take over, and completely wipe out, strategy
Y. We say thaX dominatesY, and writeX > Y.

II. X #Y andY > X. In this case, any initial proportion of stratefyycan take over, and completely wipe out,
strategyX. We say tha¥ dominates X, and writeY > X.

lll. X >Y andY > X. In this case, no matter what the initial proportions ofteiméesX andY, the two strategies reach
a stable equilibrium where the proportion of stratégis given by:
_ W(X[Y) —w(Y[Y)
P= WXIY) —WYIY) + WY [X) —w(X|X)




In this case, we writ&X & Y.
IV. X #Y andY # X. This is a bistable equilibrium, in which either strateyor strategyY will take over the
population depending on initial proportion$.will take over if its initial proportion is higher than:

_ w(Y]Y) —w(X]Y)
— WXIX) = w(Y[X) +w(Y]Y) —w(X]Y)

m

In this case, we writX &Y.

These definitions allow the definition of the dominance sawe(X|Y), which is a measure of the relative evolu-
tionary performance of strategi®sandY (Neill, 2001).

1 if X >>Y
0 ifY > X
domX[Y)=9 5 xPly
1-m ifX&y

Thus the dominance scoreXfagainsty is 1 if X dominate&’, 0 if Y dominates, and between 0 and 1 otherwise. To
use the dominance score, we can conduct a round-robin toemtan a format similar to Axelrod’s (1984), but using
dominance scores ddi¥|Y) rather than payoffsv(X|Y) for each pair of strategies. Alternatively, we can compute
each strategy’s dominance score against all strategiegginea space. Successful strategies will have very high
dominance scores against most other strategies, and theenese a strategy’s average dominance score as a general
measure of its evolutionary performance. Our main focusim paper will be to discover strategies that are optimal
with respect to the dominance measure, and to explain whaacteristics make these strategies highly successful in
Turn-Taking Dilemma interactions.

5 Memory one strategies

We begin our search by examining the space of “memory onategfies. A memory one strategy makes its decision
whether to cooperate or defect based on its payoff in thequewvound. The strategy is defined by a 4-tugdg ps

pr pp) representing its probabilities of cooperation after&, T, andP payoffs respectively. Most of the strategies
commonly discussed in the Prisoner’'s Dilemma literatueeraemory one strategies (in the Alternating Prisoner’s
Dilemma, these translate to “two ply” strategies, where ‘tph' is a single player’s move).

These strategies includdLLD (0 0 0 0), the strategy which always defec;L.C (1 1 1 1), the strategy which
always cooperate®AND (.5 .5 .5 .5), which moves randomly; aAdl T (0 0 1 1), which alternates between coopera-
tion and defection. The Tit for Tal(T) strategy, which echoes its opponent’s last move (1 0 1 @)abhieved great
success in many variants of the Prisoner’s Dilemma gamel(@cel984); we consider both this strategy and the gen-
erous Tit for Tat GTFT) strategy (1g 1 g). The Pavlov PAY) strategy (1 0 0 1) is able to achieve self-cooperation in
the Iterated Prisoner’s Dilemma with noise (Kraines andi@a 1989, 1993), while the Firm But FakBF) strategy
(1 0 19) is able to achieve self-cooperation in the Alternating®mner’'s Dilemma with noise (Frean, 1994).

We first conducted a round-robin TTD tournament betweentetghtegies:ALLD, ALLC, RAND, ALT, TFT,
GTFT(.5), PAV, andFBF(.5). The standard payoff tabld (= 7, R= 3, P =1, S= 0) was used, and a noise level
€ = .01 was assumed. The top strategy in this tournamentalvbB, with an average score of 3.44L. T was second
with 3.15, andTFT was third with 2.92. These results suggest that none of tee kiown Prisoner’s Dilemma
strategies are also successful in the Turn-Taking Dilemma.

To confirm this result, we computed the average dominancee safoeach of the eight strategies against 10000
randomly selected “memory two edge strategies.” A memorygtrategy is defined by a 16-tupler& Prs PrT PrP;

Psr Pss Pst Pse; PTR Prs PTT PTP; PPR Pps PpT Prp). Each of these values is a probability of cooperation based
on the past two rounds: for examplexs is the probability of cooperating if a sucker payoff was reed last round,
and a reward payoff was received the previous round. An edlgiegy is one for which each value is either 0 (always
defect), .5 (cooperate half the time), or 1 (always cooggra&imilarly, a corner strategy is one for which each value



is either 0 or 1. There aré8= 43046721 memory two edge strategies, of whith=265536 are memory two corner
strategies.

Strategy pr ps ptr pp) | Dominance score

ALLD (0000) .8687
FBF (101.5) .6929
PAV (100 1) 6577
RAND (.5.5.5.5) .6133
ALT (0011) 5751
TFT(1010) 5740
GTFT (1.51.5) .1535
ALLC(1111) .0570

Table 3: Dominance scores of some memory one strategies

When the average dominance score of each strategy was camputéd outperformed the other strategies by a
substantial margin, with a dominance score of .8687, andtimer strategy had a dominance score above .70. This
confirms that none of the high-performing Prisoner’s Dilemstrategies are also successful in the TTD. To find a
cooperative strategy which outperforms the unconditidiectorALLD, we consider the three optimality criteria for
the Turn-Taking Dilemma. In particular, a successful sggtmust be able to achieve turn-taking in games against
its clone. For memory one strategigi(ps pr pp), a turn-taking strategy should cooperate after receiaingmp-
tation payoff, and defect after receiving a sucker paydiffiydng the turn-taking to continue after it has been acbev

D C D C
C b C D

This impliesps = 0 andpr = 1. What shouldor and pp be? Assuming the (7,3,1,0) payoff table, a strategy re-

ceives an average of 3.5 points per rouﬁg—s() when turn-taking, 3 points per round when mutually coopiegaand
1 point per round when mutually defecting. We assume thagtia is to achieve alternation as quickly as possible
after an error: each round of mutual cooperation costs tlagegty 0.5 points, and each round of mutual defection
costs the strategy 2.5 points, in a game against its clone e@ibiest way to resume alternation afteRaor P payoff
is for both players to move randomlyir = pp = .5. This means that each turn there is a 50% chance of resuming
alternation, and alternation will be resumed in an averdge@turns. Alternatively, we can compute the number of
points lost from a CC or DD error. A CC error is when the playéoveooperated last turn accidentally cooperates
again (a lower case letter is used to represent an error):

D C D C c

c b C D C

A DD error is when the player who defected last turn accidgntiefects again:

We can use Markov chains to compute the cost of CC or DD erfersm the CC or DD state there is a 50%
chance of resuming alternation (0 points lost), a 25% chahoeutual cooperation (.5 points lost, return to CC/DD
state), and a 25% chance of mutual defection (2.5 points lesirn to CC/DD state). This gives us the equation:
A= 25(A+.5)+.25A+25) — A= 1.5. This implies a CC error loses+ .5 = 2 points, and a DD error loses
A+ 2.5 =4 points.

Thus we have found a strategy that achieves self-altemédi9= 1), and takes only a short time to recover from
CC or DD errors. We call this (.5 0 1 .5) strateBALT;: it is a “memory one random alternator” that alternates if
possible and moves randomly otherwise. We compute the @goroenscore oRALT; against the memory two edge
strategies, and discover tHRALT; has a dominance score of .8917, higher tAahD. Can we do better? To answer



this question, we consider the second and third optimatitgria: to be successful in the TTD, a strategy should be
able to exploitALLC and resist exploitation bALLD. RALT; can exploitALLC only a third of the time ¢c = %),

and is exploited byALLD a third of the time ¢p = %). A self-alternating strategy with higher andop is likely to
outperformRALT;.

To find a better strategy, we calculate the dominance scoeadf of the 3= 81 memory one edge strategies. Of
these strategies, the top performer is (0 0 1 .5), with a danta score of .9203. This strategy is similaiR&LT;,
but always defects after CC. Thus the strategy can stilimesalternation after an error, but must reach the DD state
before alternation, even after a CC error. It is still séiémnating os = 1), but takes slightly longer to recover from
an error. From the DD state there is a 50% chance of resumiaegation (0 points lost), a 25% chance of mutual
defection (2.5 points lost, return to DD state), and a 25% chaf mutual cooperation followed by mutual defection
(3 points lost, return to DD state). This gives the equatir: .25(A+ 3) + .25(A+2.5) — A= 2.75. This implies
that a CC error lose&+ 3 = 5.75 points, and a DD error losés+ 2.5 = 5.25 points.

Thus the strategy loses 5.5 points per error, as opposed ¢ per error foRALT; (an average of one extra
round of mutual defection after an error). This disadva@iagninor compared to the resulting increase in exploitatio
of unconditional cooperatorsic = % as opposed toc = 2 for RALT;. Thus the optimum memory one edge strategy
is not the best coordinator of turn-taking, but a slightlyrmm@xploiting variant that is also able to achieve self-
alternation.

6 Memory two strategies

To improve on this result, we can consider the space of mermarstrategies. As discussed above, a memory two
strategy chooses whether to cooperate based on its palps T, or P) in the last two rounds, and thus a memory
two strategy is defined by a 16-tuple representing prolissilof cooperation after each combination of payoffsir(

Prs PRT PrP; PR Pss Pst Pse; PTR PTs PTT PTP; PPR PPs PPT PrP)-

We now consider what combinations of values will result iruacessful TTD strategy. In order to achieve self-
alternation, a strategy should cooperate after a temptatigoff, but only in the case of turn-taking; if it can exploi
the opponent, the strategy may be better off defecting aftemptation payoff. If the strategy received a temptation
payoff last round, and the opponent received a temptatigofpthe previous round, turn-taking is going as planned,
and it is the strategy’s turn to cooperate. This implies fhgt= 1. In any case, the strategy should defect if the
opponent received a temptation payoff last turn: it doegmaiter whether it is simply “taking its turn” or responding
to its opponent’s attempt at exploitation. This impligs = pss = prs = pps = 0. Similarly, the strategy must defect
after SP: otherwise an opponent can defect continually against tfa¢egy, exploiting it every other round. This
implies that the top strategy should be of the fomrgO prr Pre; Pk 0 1 0; prr O prT PrP; PPR O PPT PPP).

To attain values for the other ten parameters, we considetddeal with DD and CC errors: when, in the course
of alternation, either the last defector or the last codpeccidentally repeats his move. When a DD error occurs, the
last defector has accidentally defected a second timeivitegpthe other player of his “turn” to receive the temptatio
payoff. It makes sense for the accidental defector to catpemd allow the other player his turn:

D C D d C D
CcC b C D D C

This implies that a strategy should cooperate after a puresth payoff if the previous payoff was temptation
(resuming the turn-taking after a DD error), and should evafe after a temptation payoff if the previous payoff was
punishment (continuing the turn-taking after a DD errorgnide we seprp = ppt = 1.

Now we must deal with a CC error. In this case, the last coapehas accidentally cooperated a second time, not
taking the temptation payoff to which he is entitled. Who dtidake the next turn? This suggests three options. In
the first option, the other player waits for him to take hisitur

D C ¢ D C
C D C C D



For this to occur, the strategy must cooperate afferdefect afteiSR, and cooperate aft&T. This is a “patient”
memory two alternator strategy, which we denotePy. T,: (prr 0 1 pre; 001 0; 1 Oprt 1; prr O 1 ppp).

In the second option, the accidental cooperator is assunreale forfeited his turn: he cooperates, and allows the
other player to receive the temptation payoff:

D C ¢
C D C D C

For this to occur, the strategy must defect afit€, cooperate afteBR, and cooperate afté®T. This is an “im-
patient” memory two alternator strategy, which we denoté M¥PALT,: (prr O 1 pre; 101 0; 0 Oprr 1; pprO 1
PPP).

In the third option, both players move randomly after a C@mesimilar to theRALT; strategy. For this to occur,
we assum@tr = psk = .5, andprr = 1 (to continue alternation once it is resumed). This is adman” memory two
alternator strategy, which we denote R4LT,: (prr 0 1 pre; -50 1 0; .5 0prT 1; prr 0 1 ppp).

To examine these three types of “alternator” strategiesfimeethe most successful example of each among the
3% = 243 edge strategies fitting that pattern. For each, theegyawith the highest dominance score against the
memory two edge strategies was selected. For all threegyralasses, the most successful strategyad= 0,
allowing it to continually exploit an unconditional coopéur if this state was reached. The most successful strategy
each class also hgmkr = ppr = .5: if it is not known which strategy took the last turn, botrastgies move randomly
after mutual cooperation in order to achieve the higher fiafaurn-taking.

The topPALT, strategy was (501 0;0010;1001;.5010), with a dominanceesaf .9386. The topMPALT,
strategywas (5010;1010;0001;.501.5), with a dominanoeesof .9605. The toRALT, strategy was (.5 0
10;.5010;.5001;.501.5), with a dominance score of .9511.

Comparing these results to the top memory one edge stradd@y (5) with dominance .9203, we note two main
facts. First, as in the Prisoner’s Dilemma (Neill, 2001yHér memory strategies perform substantially better than t
low-memory strategies commonly studied in the context eséhproblems. Second, it appears that the “impatient”
method of responding to a CC error is most successful.

To understand why these strategies perform better than (05), ive analyze them in light of our optimality
criteria. All three are self-alternatingg§¢ = 1), and respond well to CC or DD errors. FeALT, and IMPALT,,
alternation is restored immediately after either kind abera CC error loses only .5 points, and a DD error loses
only 2.5 points. FORALT,, a DD error loses 2.5 points. To compute the number of podsisfor a CC error, we let
A represent the number of points lost in tRestate andB represent the number of points lost in tAe state. This
gives us:A = .25(A+ .5) +.25(B+5) andB = .25(A+ .5) +.25(B + 2.5). Solving these equations, we get= 32;
the number of points lost for@C error isA+ .5 = 2.9375.

All three types of strategies have similar values @@. op = 1 if ppp = 0, andop = % if ppp = .5. There
is an interesting tradeoff here: a strategy wigpe = O is totally D-unexploitable, but a strategy witpp = .5 has
slightly higher self-payoff (since it cannot fall into a rat continued defection with its clone). F®ALT,, the D-
unexploitability is of greater benefit, while f&RALT, andI MPALT,, the higher self-payoff is more significant.

When we examin@c, however, we notice substantial differences between treettypes of strategy. While
PALT, “patiently” waits for ALLC to take its turn|MPALT, (and sometime&ALT,) will take advantage oALLC
immediately. HencéMPALT; is the most C-exploitingdc = %), PALT; is the least C-exploitingac = %), andRALT,
is moderately C-exploitingac = %). ThusIMPALTS; is most successful because it is able to best exploit untiondl
cooperators while still maintaining high self-cooperatand D-unexploitability.

7 Dominance of memory two corner strategies

In order to achieve a more comprehensive examination offheesof memory two strategies, we conducted a round-
robin dominance tournament for th&2= 65536 memory two corner strategies. As discussed abovenardtrategy

is a strategy for which each probability of cooperation thei O or 1; the average dominance score of each strategy
against all 2 strategies was computed, and the ten strategies with thegtigominance scores were recorded.



Strategy dom vs. mem 2 cornef dom vs. mem 2 edge
(0000;1010;0001;0010 .9463 .9612
(1000;1010;0001;0010 .9463 .9610
(0001;1010;0001;0010 .9406 .9593
(1001;1010;0001;0010 .9403 .9589
(0000;1010;0001;1010 .9403 .9570
(0010;1010;0001;0010 .9402 .9533
(1010;1010;0001;0010 .9400 .9536
(1010;1010;0001;1010 .9396 .9532
(0010;1010;0001;1010 .9393 .9528
(0000;0010;1001;0010 .9391 .9519

Table 4: Dominance scores of top memory two corner stragegie

All of these ten strategies are variants of the top stratég® 00; 101 0; 000 1; 0 0 1 0). This strategy has
os=1, oc =1, andop = 1, and thus fulfills all of the optimality criteria. How dodsig strategy work? Since it
hasprs= 0 andpsr = 1, it can take turns with its clone. It handles DD errors indhgious manner: the accidental
defector cooperates, allowing the other player to takeunis t

Thus it loses only 2.5 points for a DD error; this is the bestgildle handling of the error. Its response to a CC error
is quite interesting; it is “impatient,” but also reachesragke round of mutual defection before it resumes alteomati

D C ¢ D D C D
c b c C bD D C

Thus it loses 3 points for a CC error. Though its defectioardl prevents it from immediately restoring alterna-
tion after a CC error, this also allows it to expléiLLC continually, giving itoc = 1. This strategy is a memory two
C-exploiting alternator, which we denote ®ALT,. We note that it is possible f@&@ALT, to fall into a rut of mutual
defection with its clone, since it hggp = O:

D ¢ D d d D D D D ¢ D C
C b C D D D D D D D C D

However, we note that it takes two errors to fall into the DD(probability O(¢?)), and only one error to escape
from the DD rut (probabilityO(¢)). Hence it is in the DD rut with probability on the ordergfand thus it is totally
self-cooperatingds = 1) for infinitesimal noise. Its self-payoff is8— 13¢: it loses 25¢ for its handling of CC errors,
3e for its handling of DD errors, and.Z for falling into DD ruts.

Thus theCALT, strategy not only meets our three optimality criteria, bas the highest dominance score of all
memory two corner strategies. Against the memory two edgéesjies, it also performs very well, with a dominance
score of .9612. This is better than the &AL T,, IMPALT,, andRALT,; strategies. While no memory two corner
strategy does better, if we extend our search to the memargdge strategies some simple improvements can improve
this strategy’s dominance score.

First, increasinggrp to .5 improves the dominance score. The resulting straf@dgy,0.5;1010;0001;001
0), has a dominance score of .9647. If we redpggto .5, this further increases the dominance score. Thetiegul
strategy, (000.5;1010;0001;00.50), has a dominance 8608&54. LikeCALT,, it hasos= op = oc = 1,
but its chance of defection aftel results in an average of one extra round of punishment agtsrdone:

D C d b b C D D C
C bbDCDDDCD



Thus it loses 5 points for a DD error, and 5.5 points for a C@reresulting in a self-payoff of. 3— 18¢. However,
its chance of defection aft&T also improves its performance against strategies which@¥e D-exploitable, such
as Pavlov. These strategies will cooperate half the timdlvenehey are given their turn or not: thus the best strategy
is continual defection, which will result in payofs®, rather than alternation, with payof>. This strategy does
not defect continually against 50% D-exploitable stragegbut exploits them more often th@ALT,. Thus, as in the
case of memory one strategies, we find that performancerisaeed by a strategy which is a slightly worse turn-taker,
but compensates for this by improved exploitation of (untbonal and 50%) cooperators.

8 Dominance of memory two edge strategies

In our exploration so far, we have found strategies with d@nce scores up to .9754 against the space of memory two
edge strategies. Can we do better? To find out, we conduciamiaance tournament for thé%= 43046721 memory

two edge strategies. The average dominance score of eatbgstiagainst 100000 randomly selected memory two
edge strategies was computed, and the ten strategies withighest dominance scores were recorded. Multiple tests
were run in order to insure a large enough sample size: théscaafirmed by identical results for each of the tests.

Strategy Dominance
(5010;1010;0000;.500.5 .9863
(6010;1.510;0000;.500.5 .9862
(501.5;1010;0000;.500.5 .9854
(501.5;1.510;0000;.500.5 .9853
(1010;1010;0000;.500.5 .9853
(1010;1.510;0000;.500.5 .9853
(0010;1010;0000;.500.5 .9845
(0010;1.510;0000;.500.5 .9844
(101.5;1010;0000;.500.5 .9842
(101.5;1.510;0000;.500.5) .9842

Table 5: Dominance scores of top memory two edge strategies

All of the top ten strategies are variants of the top straté§y0 1 0; 101 0; 000 0; .5 0 0 .5). This remarkable
strategy has a dominance score of .9863, more than .02 HiggweCALT,. How does it work? It hagprs= 0 and
psr = 1, so it can take turns with its clone. It resolves a CC errdhiey'impatient” method; the accidental cooperator
loses his turn, and alternation continues:

D C ¢ C D
C b C D C

Thus a CC error results in a loss of only 0.5 points; this isttbgt possible handling of a CC error. On the other
hand, a DD error results in a long string of defections. Stheestrategy defects afté&P andSP, the DD error drives
it first into thePP state. From th®P state, both players move randomly, but they cannot resuraeation since the
strategy defects after boBSandPT. Instead, it has a 25% chance of moving into Bfiestate from thé°P state, and
a 50% chance of resuming alternation from Biestate. To compute the humber of points lost from as CC eebr, |
A be the number of points lost in tHR/RR state and be the number of points lost in tHeP state. This gives us
the equationsA = .25(.5+ A) +.25(5+ B) andB = .25(.5+ A) +.25(2.5+ B) + .5(5+ B). Solving these equations,
we get A=9.25, B=22.25, and B+5=27.25 points lost for a Dderthis is approximately 11 punishments per error.
Hence the strategy takes a long time to restore cooperdti@naaDD error. It has a self-payoff of 3— 27.75¢, and
thus it may perform poorly for large amounts of noise. Ndveldss, the strategy is self-cooperating under infinitakim
noise: it hasss = 1. Since it cooperates half the time aff#®, it can be exploited bALLD an average of once every
four turns, and hagp = .75. It also exploitALLC three-fourths of the time, giving dc = .75.

The strategy has lowerp andoc thanCALT,, and though both haves = 1, it takes much longer to recover from
an error. Why, then, does it perform so much better? The ansegein its ability to exploit 50% cooperators such



as Pavlov: since it defects after bd and TP, it will defect continually if its opponent alternates cawation and
defection:

D D D D D D

D C D C D C

Against these strategies, it achieves a payofl@?. This is significantly higher than the highest “cooperative
payoff against these strategié%s. With the standard (7,3,1,0) payoff table, the strategyayes 4 points per round
against 50% cooperators, while turn-takers can only sc&@d@nts per round. Also, since the highest possible self-
payoff for a strategy is 3.5 points per round, this stratedyimvade all 50% cooperators that it can exploit in this
manner, resulting in high dominance scores. Thus we namsttaegyEXALT,: not only for its “exalted” place
among the memory two edge strategies, but because it is a 6nyemio exploiting alternator,” capable of exploiting
unconditional and 50% cooperators.

The success dEXALT, demonstrates that the three optimality criteria as proppésethe Turn-Taking Dilemma
are insufficient: in addition to achieving turn-taking with clone under noise, resisting exploitation AlyLD, and
exploiting ALLC, a successful strategy should also be able to exploit thénrauger class of 50% cooperators. Any
strategy which meets the three optimality criteria, as aglhchieving high payoffs against 50% cooperators, isflikel
to achieve great success in the Turn-Taking Dilemma witkenoi

How important are these four criteria relative to each &h&fe prioritize the optimality criteria by examining the
characteristics of all top strategies. We suggest theviitig list of rules, arranged in descending order of impaz&an

1. A successful strategy must hawe= 1 to achieve turn-taking with its clone; a strategy whichetakurns with
its clone is also likely to achieve turn-taking against aewdriety of other strategies.

2. A successful strategy must hav@ALLD|X) < %5 to prevent invasion by defectors. With the (7,3,1,0) payoff
table, this impliesip > 5.

3. A successful strategy must hawe > 0 to exploit unconditional cooperators.

4. A successful strategy should be able to exploit both uditiomal and 50% cooperators a significant fraction of
the time: higher values afc, and higher scores against 50% cooperators, are better.

5. A successful strategy should resist exploitation by ad@@mnal defectors a significant fraction of the time:
higher values obp are better.

6. A successful strategy should have a self-payoff thattisathiced too sharply as a functionff the self-payoff
can be expressed in terms of the noise levekzs— ag, lower values of are better.

9 Conclusions

The Turn-Taking Dilemma is a variant of the repeated Prissrizilemma in which the optimal payoff is achieved
not by simultaneous mutual cooperation, but by taking turflsough it shares some characteristics with both the
Iterated Prisoner’s Dilemma and the Alternating PrisanBilemma, all three models are distinct, and model differen
sets of real-world situations. In particular, the Turn-ifakDilemma is a better model of “compromise” situations, in
which one must take short-term losses to achieve a high gegrayoff in the long run. Also, it describes interactions
which require not only a willingness to cooperate, but alsar@ful coordination of decisions. Examples of the Turn-
Taking Dilemma can be found in fields ranging from economidsiblogy: it occurs frequently in everyday business
decisions, in animal behavior, and even in literature.

The Turn-Taking Dilemma violates one of the two Prisonerile@ma inequalities, resulting in a situation in
which alternating temptation and sucker payoffs achievigladn score than continued reward payoffs. As a result of
this, turn-taking “cooperation” occurs when each playeeiees half of the defecting (high-payoff) turns, and hélf o
the cooperating (low-payoff) turns. Since each player eked to defect half the time, exploitation occurs when one
player takes more than his fair share of turns, harming thergtlayer. Also, since mutual cooperation and mutual



Strategy | Dominance| os | self-payoff (CC, DD, rut)| oc | op | W(X|PAV)
EXALT, 9863 1| 35-27.75%(527.250)| 3 | 3 4.00
CALT, 9754 1 35-18 (5.557.5) 1|1 3.67
CALT, 9612 1 35-13%(32.57.5) 1|1 3.10
IMPALT, .9605 1 35-3¢(5250) § % 2.67
RALT, 9511 1 | 35-544(2.942.50) 113 2.67
PALT, .9386 1 | 35-6.33(.52.53.33) 3 1 2.67
RALT, .9203 1 | 35-11£(5.755.250) : § 2.71
RALT; .8917 1 35-6¢(240) | 3 2.75
ALLD .8687 0 1+5¢ (X X X) 1)1 4.00

Table 6: Table of top strategies

defection result in suboptimal payoffs, a failure to conedée one player’s cooperation with the other player’s dafac
results in harm to both players.

Our aim in this paper was twofold: not only to present the Taking Dilemma as a new model of cooperative
behavior, but also to explore the problem using the tectasgliscussed in Neill (2001), in order to find which strate-
gies are most successful in Turn-Taking Dilemma interastidJsing the three “optimality criteria” (self-alterragi
D-unexploitable, C-exploiting) as a guide, and “evoluiondominance” as a general measure of evolutionary perfor-
mance (combining evolutionary stability and the abilityineade other strategies), we explored the space of memory
two edge strategies, discovering and examining a numbeigbfyhsuccessful strategies. Table 6 summarizes these
results, while Table 7 gives a description of each top satéVe demonstrated that the top Prisoner’s Dilemma
strategies do not perform well in the Turn-Taking Dilemntds tis not surprising since they are only able to achieve
continuous mutual cooperation rather than turn-takingreMmportantly, we were able to show that turn-taking can
be achieved even by strategies with very limited memory.oAthe most successful Turn-Taking Dilemma strategies
were able to achieve (and sustain) turn-taking with a wideetsaof other strategies, while exploiting unconditional
cooperators and resisting exploitation by defectors. &sgfal strategies differed in their methods of recoveriogf
errors, and in their trade-offs between exploitation offErators and resistance to defectors; we examined thelee tra
offs in detail. In general, we found that the most succesSETl) strategies are not necessarily the best coordinators of
turn-taking, but slightly more exploiting variants thaeaalso able to achieve turn-taking with their clones. Thetmos
successful memory two edge stratelg)XALT,, was able to exploit not only unconditional cooperatorsdisib “50%
cooperators” (strategies which cooperate half the timénaganconditional defectors), while maintaining highdes/
of self-alternation and D-unexploitability.

As in the Alternating Prisoner’s Dilemma, a successful Ttaking Dilemma strategy must be “friendly” enough
to cooperate with its clone, “pragmatic” enough to explaidperators, and “wary” enough to resist exploitation by
defectors. Even within this simple framework, howeverre¢hare substantial differences. Since the strategy must
achieve turn-taking with its clone (a more complex inteatthan simple continued cooperation) it must be not only
“friendly” but also “precise” in its ability to coordinaténis alternation under noise. A “pragmatic” strategy in the
Turn-Taking Dilemma will exploit not only unconditional aperators, but also 50% cooperators, and hence a strategy
must be “wary” of being exploited in this fashion as well. &égies which can effectively coordinate turn-taking
under noise, while exploiting cooperators and resistingatation by defectors, are likely to achieve great susées
the variety of real-world interactions modeled by the T@iaking Dilemma.

The Turn-Taking Dilemma is one example of an interaction hicl “cooperation” in the simple sense of the
Prisoner’s Dilemma is not sufficient for success. For thésmtions, we need a model of cooperation in complex
behaviors, in which the cooperating players must precisebrdinate their actions in a changing and unpredictable
environment. These include a variety of interactions wineagimizing a player’s long term payoff does not necessar-
ily result from maximizing his payoff every turn: situat®marked by the intricate give and take of bargaining and
compromise. Thus our exploration of the Turn-Taking Dileaisithe first step toward a general model of cooperative
behavior: a step toward understanding the more complexsfofraooperation which shape the behavior of individuals
and societies.



Name Strategy

EXALT, (5010;1010;0000;.500.5
CALT2, (000.5;1010;0001;00.50)
CALT, (0000;1010;0001;0010)
IMPALT, | (5010;1010;0001;.501.5
RALT, (5010;.5010;.5001;.501.5)
PALT, (5010;0010;1001;.5010)

RALTia (001.5)
RALT; (501 .5)
ALLD (0000)

Table 7: Descriptions of top strategies
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