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Error and Discounting in the Iterated Prisoner’s Dilemma
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Since 1981 a large body of research has focused on the Iterated Prisoner’s Dilemma as a ‘‘basic paradigm’’
for the study of non-kin cooperation. Current evidence, however, shows that animals consistently defect
in controlled Prisoner’s Dilemmas. In this paper, an attempt is made to understand this by studying the
effects of error and discounting (the tendency to devalue future rewards) on the stability of two strategies,
tit-for-tat and Pavlov, against the clear experimental winner, all-defection. When considering strategic
error, it is found that there are some payoff combinations in which the ‘‘cooperative strategy’’ (tit-for-tat
or Pavlov) can never be stable against all defection, and others where low levels of temporal discounting
and/or large levels of game repetition can stabilize the cooperative strategy, as the conventional view
suggests. These no-cooperation regions are characterized and compared for tit-for-tat and Pavlov. When
tit-for-tat is pitted against all defection, however, there is also a third set of payoff combinations in which
tit-for-tat is stable against all defection at intermediate levels, but unstable at both very low and very high
levels of temporal discounting. For both strategies, increasing error rates increase this no-cooperation
region. Similarly, as error increases weaker temporal discounting is required to stabilize a cooperative
strategy against all defection. The most modest requirements for stability occur when the ‘‘temptation
to defect’’ is negligible and the benefits of mutual cooperation greatly exceed the benefits of mutual
defection. Estimates of the relevant discounting parameters are presented and discounting rates that are
at least an order of magnitude smaller than values that seem plausible under the conventional ‘‘game
repetition’’ view of the Iterated Prisoner’s Dilemma are estimated. The prediction is that animal
cooperation in Prisoner’s Dilemmas will be restricted to a very small set of payoff combinations.
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difficult to find. There is currently no evidence of
non-human animals cooperating in an empirically
verifiable Prisoner’s Dilemma (PD). The results of
experiments conducted in controlled PDs paint an
especially bleak picture with animals including rats
(Flood et al., 1983; Gardner et al., 1984), humans
(Scodel et al., 1959; Rapoport & Chammah, 1965;
Rapoport, 1974; Colman, 1982), and passerine birds
(starlings, Reboreda & Kacelnik, personal comunication; blue jays, Clements & Stephens, 1995) all favoring
mutual defection.
We feel that animals fail to cooperate in IPDs
because of two well substantiated properties of animal
behavior: discounting and error. Animals have
extraordinarily strong preferences for immediate
reward (Kagel et al., 1986; Logue, 1988); in economic

Introduction
Since the publication of Axelrod and Hamilton’s
(1981) classic paper, empirical and theoretical studies
of cooperation among unrelated animals (Lombardo,
1985; Milinski, 1987; Dugatkin, 1988; Boyd &
Lorberbaum, 1987; Boyd, 1989; Nowak, 1990; Nowak
& Sigmund, 1992, 1993) have been dominated by the
Iterated Prisoner’s Dilemma (IPD) game and
variations of a strategy called tit-for-tat (Axelrod, 1984), in which an animal cooperates or ‘‘defects’’
(i.e. does not cooperate) if its opponent has done
likewise at a previous encounter. Rigorous empirical
justification for this preoccupation is, however,
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jargon, they discount the future heavily. Biological
models of cooperation have relied exclusively on
repetition to make cooperation ‘‘worthwhile’’ in IPD.
This emphasis on repetition is especially striking in
Nowak and Sigmund’s recent work using the
asymptotic stationary distribution of Markov chains
to calculate the benefits of given strategic interactions
(Nowak, 1990; Nowak & Sigmund, 1992, 1993).
Similarly, it is exceedingly unlikely that an animal
will follow a rigid behavioral rule like tit-for-tat or
all-defection without variation or error. One might
expect that error and discounting have similar effects
on the value of alternative strategies. For example, in
classical error-free tit-for-tat one supposes that
cooperating animals forego the temptation to defect,
(in part) because certain retaliation, costs more in the
long-run than a player can net by defecting now.
Discounting will tend to make defection now more
profitable because it devalues the player’s expectation
of ‘‘the long-run’’. Similarly, strategic error weakens
both the threat of retaliation and the reliability of
future cooperation.
In this paper we analyze the interactions of strategic
error and temporal discounting in the IPD. First, we
present preliminary results and formalisms, including
a straightforward generalization of the geometric
series to the case where elements of the series are
successive steps of a Markov chain. Second, we use the
resulting formalism to analyze the effects of error and
discounting on the venerable tit-for-tat strategy. Third,
we study error and discounting in the version of the
Pavlov strategy recently advocated by Nowak &
Sigmund (1993). Finally, we present experimentally
derived estimates of the relevant discounting parameters, and discuss their implications for cooperation
in IPDs. In the interest of clear exposition, we
comment on the implications of our results as they are
developed, rather than deferring all these points to the
discussion.
Preliminaries
  
The game
The Prisoner’s Dilemma is a symmetric two-player
game defined by the game matrix:
C

D

$ %

C R
D T

S
P

where C represents a strategy called ‘‘cooperate’’ and
D represents ‘‘defection’’ (don’t cooperate). A PD

exists when TqRqPqS, where these payoffs are
given the alluring names: the temptation to defect (T);
the reward for mutual cooperation (R); the punishment for mutual defection (P); and the sucker’s payoff
(S). The dilemma is that although D is a dominating
strategy for a single play of the game, both players
could do better if they cooperated by jointly choosing
C, simply because RqP. It is important to note that
the inequality RqP is the defining property of
cooperation in the simple dictionary definition sense of
‘‘joint action for mutual benefit’’. In addition, we
follow biological tradition (Mesterton-Gibbons &
Dugatkin, 1992; Mesterton-Gibbons, 1992) by requiring that Rq(T+S)/2 to ensure that mutual C is the
only cooperative choice; because otherwise an
alternating strategy might lead to higher mutual
benefit.
Scaling
In determining the relative merits of alternative
strategies in the Prisoner’s Dilemma, we will compare
expected payoffs of sequences of plays. These
comparisons, like the comparisons of expected utilities
in classical micro-economic theory (Raiffa, 1968), are
not affected by linear transformations of the payoffs.
We capitalize on this insensitivity by reducing any PD
to the standard form:
C

D

C r
D 1

0
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$

%

with the rectangular parameter space 1/2QrQ1
and 0QbQ1, where r=(R−S)/(T−S) and
b=(P−S)/(R−S). We call this parameter space
the PD rectangle. The parameter b measures how
cooperative the situation is (Fig. 1). If b is near one,
there is only a trivial difference in payoff between
mutual cooperation and mutual defection. Similarly, r
reflects the relative magnitude of the temptation to
defect. If r is small (near 1/2) the temptation is great;
although, if r is large (near 1), the temptation is weak.
In Fig. 1 we use this rectangular parameter space to
created a crude classification of Prisoner’s Dilemmas.
Discounting
We consider a geometric discounting process in
which the value of a reward obtained at the n-th step
of the process is proportion a n−1 (0QaQ1) of the value
of the same reward obtained at the first step of the
process. Hence, if we know the sequence of rewards,
{x1 , x2 , . . . }, then the total value of the process is
x1+ax2+a 2x3 · · ·

 ’ 
We refer to a as the discount factor. We find it
convenient in the calculations below to use the
substitutions
a=

z
z+1

z=

a
1−a

where z ranges from 0 to infinity, and may be thought
of as the ‘‘perceived’’ repetition of the process;
we call z the subjective repetition. We suppose that
a=vw, where w is the probability that the game while
continue from one play to the next, and v is the
proportion of value that is preserved from one play to
the next. As we noted above, much of the biological
literature of the IPD only considers repetition of the
process; in this symbolism, it supposes that v=1, so
a=w. Viewing a as the product of two processes—
value degradation and process termination—makes
little practical difference to the mechanics of our
calculations. The practical significance of this
formulation is that one expects a to be smaller in this
more realistic combined process than in either a pure
‘‘value degradation’’ or a pure ‘‘process termination’’
interpretation of a.

 
Following Nowak & Sigmund (1993) we consider
the class of strategies represented by a 4-tuple of
probabilities of cooperating after received each of the
four possible payoffs in the Prisoner’s Dilemma,
S =(t, r, p, s)=(Pr(C=T), Pr(C=R), Pr(C=P), Pr(C=S)).
In this notation, tit-for-tat corresponds to (1, 1, 0, 0),
Pavlov corresponds to (0, 1, 1, 0), generous tit-for-tat
corresponds to (1, 1, g, g), g $ (0, 1). Then the rewards
to S 1=(t1 , r1 , p1 , s1 ) against S 2=(t2 , r2 , p2 , s2 ) are
determined by the Markov transition matrix,

s2 (1−t1 )
F
G
s2 t1
MS , S =G
G (1−s2 )(1−t1 )
(1−s2 )t1
f
1

2
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way.
To completely specify a strategy one must specify
not only the vector S , but also initial behavior; e.g.
tit-for-tat is represented by S =(1, 1, 0, 0) and initial
cooperation. We represent the probability of initial
cooperation as c. So a strategy for player i is a
5-tuple Li={S i , ci }. Hence any two interacting
strategies specify a matrix MS 1 ,S 2 , and an initial
distribution of payoffs

F (1−c )c J
1
2
G
G
c1 c2
yS ,S =G
G.
G(1−c1 )(1−c2 )G
f (1−c2 )c1 j
1

2

If we let v be the vector of payoffs (T, R, P, S), then
the expected benefit from a sequence of n plays with
discount factor a is given by
En=v · y+av · M · y+a 2v · M2 · y
+· · ·+a n−1v · Mn−1 · y
(I+aM+a 2M2+· · ·+a n−1Mn−1 )
=v · zXXXXXXcXXXXXXvsn · y
where we interpret v to be row vector and y to be a
column vector. We recognize that as n increases to
infinity the term in parenthesis, sn , which is analogous
to a geometric series, may be written as
sa=(I−aM)−1
if aQ1 (see, for example, lemma 8.19 of Burden &
Faires, 1985). Applying this result, we see that the total
benefit that a player adopting the strategy Li={S i , ci }
obtains when playing against an opponent adopting
strategy Lj={S j , cj } from an indefinite sequence of
plays can be written as
Ei, j=v · (I−aMi, j )−1 · yi, j
(1)
This formalism allows us to calculate the total benefit
that derived by one arbitrary strategy playing another.

(1−r1 )r2

(1−p1 )p2

r1 r2

p1 p2

(1−r1 )(1−r2 )

(1−p1 )(1−p2 )

r1 (1−r2 )

p1 (1−p2 )

where the entries in the first column represent the
conditional probabilities receiving the payoffs T, R, P
and S respectively in the next round given that payoff
T was received in the current round. The second, third
and fourth columns similarly represent probabilities
conditioned on R, P and S probabilities in the obvious

J
G
s1 t2
G
(1−s1 )(1−t2 ) G
s1 (1−t2 )
j
(1−s1 )t2

We rely on this formalism in the remainder of the
paper. We note that in contrast to analyses using
stationary distributions, this result does not require
that M be an ergodic (or mixing) transition matrix
(Feller, 1950).

. .   .
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Error
Error can be added to any strategy {(t, r, p, s), c} in
a straightforward way. Suppose that the probability of
error is e, and that an error-free strategy specifies a
‘‘intended’’ probability of cooperation, j, in a given
circumstance, (j $ {t, r, p, s, c}) then the achieved
probability of cooperation je is
je=j(1−e)+(1−j)e
=j(1−2e)+e
The reader can confirm that choices of ‘‘intended’’
cooperation probabilities 0, 1 and 1/2, lead to realized
cooperation probabilities of e, 1−e and 1/2,
respectively, as one expects.

gains more playing against other tit-for-tat strategists
than AllD gains playing against tit-for-tat. In our
symbolism, this is
v · (I−aMTe ,Te )−1 · yTe ,Teqv · (I−aMDe ,Te )−1 · yDe ,Te
where our transition matrices and initial distributions
are readily calculated from the results in the previous
section. This is equivalent to studying the sign of the
difference

0

D=v · I−

1

z
M
z+1 Te ,Te

0

−1

−v · I−

Tit-for-tat vs. AllD
We consider the combined effects of error and
discounting on two well-known strategies, tit-for-tat
and Pavlov, in this section and the next. We consider
what seems to us to be the most basic question that one
can ask of a strategy in the IPD: under what conditions
is it stable against all defection (AllD). This puts us at
odds with the biological fashion of seeking a champion
to unseat tit-for-tat (Boyd & Lorberbaum, 1987;
Nowak & Sigmund, 1993). Again, our analytical
tactics stem from empiricism. AllD is the most widely
observed tactic in verifiable PDs.
Tit-for-tat is the strategy T0={(1, 1, 0, 0), 1}, and
AllD is the strategy D0={(0, 0, 0, 0), 0}. When error is
added to these strategies we have
Te={(1−e, 1−e, e, e), 1−e}
De={(e, e, e, e), e}
For a game with only these two strategies, tit-for-tat
(Te ) is stable against all-defection (De ) when tit-for-tat

Least
temptation

1

r

Most
temptation

· yTe ,Te

z
M
z+1 De ,Te

1

−1

· yDe ,Te

(2)

where we have used the substitution a=z/(z+1), and
v is defined to be (1, r, br, 0), following the re-scaling
introduced in the previous section. The Appendix
shows that this problem can, in turn, be reduced to the
well-understood problem of studying the roots of a
cubic polynomial in z. If there is a single positive simple
root then we have a result that agrees qualitatively with
Axelrod and Hamilton, i.e. there is a single level of
repetition above which tit-for-tat is stable against
AllD. However, two positive simple roots would mean
that tit-for-tat is stable against AllD at intermediate
levels of repetition, but unstable at very low and very
high levels of repetition. To investigate the possibility
that there may be more than one root, we used the
numerical root counting algorithm provided with
Wolfram’s Mathematica software (Wolfram, 1991)
(based on Sturm’s Theorem), to count the number of
simple roots in the interval [0, a]. Figure 2 shows the
results of counting roots at 10 000 equally spaced
points in the PD rectangle at two different values of
error (e=0.1, e=0.01).

R

Mixed case:
Strongly cooperative
but
weakly tempting

Weak dilemmas
Weakly tempting
and
Weakly cooperative

Strong dilemmas
Strongly tempting
and
Strongly cooperative

Mixed case:
Strongly tempting
but
Weaky cooperative

0.5

Y

0
Most cooperative

b

1
Least cooperative

F. 1. The rectangular parameter space we use to study Prisoner’s Dilemmas. A heuristic categorization of the parameter space is
superimposed.

 ’ 

F. 2. Effect of error on the stability on tit-for-tat vs. AllD. The
figures shows level curves for the critical amount of subjective
repetition z required for tit-for-tat to be stable against AllD. Level
curves for z values of {0.1, 0.5, 1, 2, 5} are show for three levels of
error. In addition, regions of the PD rectangle are shaded according
to the number of positive real roots of the polynomial n. There is one
root in the unshaded region. In this unshaded region the
conventional claim that tit-for-tat is stable against AllD given
sufficient repetition applies. However, this claim does not apply to
the other two regions. The light gray region shows parameter values
where tit-for-tat is never stable against AllD (zero positive real
roots). The black region shows parameter values where tit-for-tat is
stable against AllD at intermediate amounts of repetition but
unstable at both very high and very low amounts of repetition.

These calculations suggest (Fig. 2) that we can divide
the PD rectangle into three qualitatively distinct
regions. In most of the PD rectangle there is a single
root, and hence a single amount of subjective repetition

461

above which tit-for-tat is stable against AllD. Thus the
error-free result of Axelrod and Hamilton holds
qualitatively in leftmost two-thirds of the PD
rectangle. In contrast, when b is near 1, (the game is
only weakly cooperative) there exists a region where no
amount of subjective repetition is sufficient to make
tit-for-tat stable against AllD. Nowak (1990) derived
a similar result using stationary distributions. The
third region consists of parameters at which two
positive roots occur; at these parameter values
tit-for-tat is stable against AllD only at intermediate
levels of repetition and is unstable against AllD at both
the lowest and the highest levels of repetition. Notice
that this ‘‘two root’’ region is largest for e small.
Mathematically, this occurs because there is a
‘‘bifurcation’’ in the behavior of n at e=0. Intuitively,
the existence of this two root region reflects two
properties of tit-for-tat: (i) some repetition is required
for stability against AllD to possible, but (ii) in the
long-run tit-for-tat loses much of its intermediate-term
advantage by playing ‘‘randomly’’ (the stationary
distribution of Te vs. Te is {1/4, 1/4, 1/4, 1/4}, see
Molander 1985).
Both the zero and two root regions of the PD
rectangle represent conditions in which tit-for-tat is not
stable against AllD in the long run. Considering this
zero-root or two-root region as a whole, we note that
the long-run stability of tit-for-tat is more strongly
influenced by the ‘‘cooperativeness’’ of the game b than
by the ‘‘temptation’’ of the game r. Tit-for-tat tends
to be unstable against AllD in weakly cooperative
(b high) situations.
These root counting calculations reveal the
qualitative nature of the solution but say nothing
about the amount of repetition required to make
tit-for-tat stable against AllD when a single root exists.
The Appendix shows that one can readily calculate
level curves in the PD rectangle that represent
conditions where a given z value is critical. Figure 2
also shows these level curves. Each curve represents the
set of points in the PD rectangle at which a given
amount of repetition is critical. These level curves show
the following:
,

,

Regardless of the amount of error, games that are
strongly cooperative (b low) but only weakly
tempting (r high) require the least subjective
repetition to stabilize tit-for-tat against AllD.
This is the upper left hand corner of the PD
rectangle.
Although the degree of repetition required to
stabilize tit-for-tat against AllD, increases with
error, the effect is not striking.

. .   .
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The most widely studied payoff values (T=5,
R=3, P=1, S=0) are located at b=1/3, r=3/5
in the lower left corner of the PD rectangle. The
fact that both bluejays (Clements & Stephens,
1995) and humans (Scodel et al., 1959) defect at
these parameter values might be accounted for by
‘‘perceived’’ values of repetition ranging from 1
(with no error) to 1.4 (with 10% error).

Finally, an examination of Fig. 2 suggests that there
may be a critical value of b below which the ‘‘one root’’
result holds. The Appendix shows that for small error
rates the ‘‘one root’’ result can be expected to hold
when bQ2/3.
Pavlov vs. AllD
Recently Nowak & Sigmund (1993) have popularized a strategy called Pavlov. The advertised
advantages of Pavlov are (i) it replaced tit-for-tat in
Nowak and Sigmund’s population simulations (in
which fitness consequences of strategic interaction are
based on stationary distributions) and (ii) that it
superficially resembles Thorndike’s ‘‘law of effect’’ (see
Staddon, 1983, for an engaging historical review of the
law of effect and related issues). The significance of the
name Pavlov seems to be that both Thorndike and
Pavlov were animal psychologists.
   
To analyze the stability of Pavlov vs. AllD, we must
specify the initial behavior of a ‘‘Pavlov’’ strategist.
Nowak and Sigmund’s stationary distribution
approach does not depend on initial behavior, and they
do not appear to have specified any. We will suppose
that Pavlov cooperates initially, simply because Pavlov
has been advanced as a cooperative strategy. That is,
we take Pavlov to be P={(0, 1, 1, 0), 1}. We remark
that the amount of ‘‘repetition’’ required to stabilize
error-free Pavlov against AllD is the same regardless of
whether we take c=0 or c=1.
- 
Since the Pavlov strategy is not as well known as
tit-for-tat, we begin with an elementary game matrix
analysis without strategic error that is analogous to the
well-known tit-for-tat vs. AllD analysis.
Pavlov

AllD

K
r(1+z)
G (1+z)(1+z+brz)
AllD G
k
1+2z

PavlovG

L
G
G
br(1+z) G
l

brz(1+z)
1+2z

The matrix is similar to the tit-for-tat vs. AllD matrix:

the cells on the diagonal are the same, and AllD is
a strong Nash equilibrium (hence an ESS) for all
feasible parameter combinations. We find that Pavlov
can be stable against AllD when
zq

1−r
.
r(2−b)−1

(3)

There exist, however, degrees of ‘‘cooperativeness’’ (r)
and ‘‘temptation’’ (b) where no amount of repetition
can make error-free Pavlov stable against AllD. This
is clearly seen in expression (3), because when
rQ

1
2−b

(4)

the denominator on the r.h.s. of expression (3) is
negative, and the direction of the inequality is reversed.
Since z can never be less than a negative number,
expression (4) describes a region in which Pavlov can
never be stable against AllD. One can readily confirm
that expression (4) is equivalent to the condition
2RQT+P given by Nowak & Sigmund (1993: 58). Our
formulation, however, makes it clear that this
represents a rather large proportion of the Prisoner’s
Dilemma parameter space (Fig. 3).
 
Closely following our analysis of tit-for-tat, we study
the combined effects of ‘‘subjective repetition’’ and
error by studying the difference

0

D=v · I−

1

z
M
z+1 Pe ,Pe

−1

0

· yPe ,Pe

−v · I−

1

z
M
z+1 De ,Pe

−1

· yDe ,Pe

As in the case of tit-for-tat, we show in the Appendix
that one can study the sign of this difference by
studying the roots of a polynomial. The appendix
presents the calculations required to plot a figure like
Fig. 2 for Pavlov (Fig. 3). The most striking feature of
Fig. 3 is the large region in which Pavlov cannot be
stable against AllD. Calculations in the appendix show
that the ‘‘no Pavlov’’ region ranges from 39% of the
PD rectangle in the no error case, to 58% of the PD
rectangle in the 10% error case.
    ’

As mentioned above, Nowak & Sigmund (1993)
acknowledge that Pavlov cannot be stable against AllD
when condition (4) holds. They diminish this fact,

 ’ 
however, by claiming that when condition (4) is an
exact equality, then a Pavlov-like strategy can be stable
against AllD. Of course, this says nothing about the
remainder of the large ‘‘no Pavlov’’ region that is not
exactly on the boundary defined by condition (4).
Nowak and Sigmund studied R values ranging from
2.6 to 4.5, but held the other three values at T=5, P=1,
S=0. In the PD rectangle this implies the relationship
1
r= ,
5b

F. 3. Effect of error on the stability of Pavlov vs. AllD. This
figure shows information for Pavlov that is similar to Fig. 2. The gray
area shows regions of the PD rectangle where Pavlov cannot be
stable against AllD. Pavlov can be stable against AllD in the white
regions. We show level curves for the amount of subjective
repetition, z, required to stabilize Pavlov in the white region.
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where b $ [0.22, 0.38]. Figure 4 places Nowak and
Sigmund’s results in the PD rectangle. Two
noteworthy points emerge from Fig. 4. First, despite
very significant differences in analytical procedure and
assumptions (e.g. we consider only two strategies,
Pavlov and AllD, while Nowak and Sigmund
introduce random ‘‘mutants’’ at random times; we
consider only one ‘‘Pavlov’’, Nowak and Sigmund
consider two) there is a remarkable qualitative
agreement between our elementary boundary calculation and Nowak and Sigmund’s reported levels of
cooperation. Second, Nowak and Sigmund’s reported
results represent a very small part of the PD rectangle,
the narrow range of b considered seems especially
worrying. One wonders what picture would emerge at
high b values, where error weakens tit-for-tat based
strategies.
We remark that although the relationship r=1/5b
is an arbitrary one, there is one important
situation where an orderly relationship between r
and b arises from first principles. One appealing way
to construct a PD is to imagine that the action C
delivers kc units of benefit to the actor (the ‘‘keep’’
amount), and gc units of benefit to the opponent (the
‘‘give’’ amount); similarly the action D delivers
amounts kd and gd to the actor and opponent,
respectively. PDs constructed in this way are said to be
‘‘decomposable’’ (Mesterton-Gibbons, 1992; Mesterton-Gibbons & Dugatkin, 1992). Decomposable PDs
imply a hyperbolic relationship between r and b:
r=1/(1+b). This curves lies almost entirely within the
white region of Fig. 2; hence we conclude that Axelrod
and Hamilton’s single root result is more robust for
decomposable PDs than for PDs generally. The effect
of decomposable PDs on Pavlov is less striking.

 
The qualitative pattern that emerges from our
analysis of Pavlov is similar to our tit-for-tat analysis
in some ways, but quite different in others. For
example, the neighborhood of the upper left corner,
r=1 and b=0 is the region where ‘‘cooperative
behavior’’ can be maintained even in the face of
relatively strong discounting in both analyses. Putting
this another way, the isoclines of critical z values show
a qualitatively similar pattern in both analyses. The
regions of ‘‘no stability’’ are, however, quite different.
Although tit-for-tat is least likely to be stable at high
b values (weakly cooperative situations), Pavlov’s
stability is affected roughly equally by both b and r: the
stability of Pavlov requires a relatively ‘‘cooperative

. .   .
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F. 4. Nowak and Sigmund’s simulation results superimposed on the PD rectangle and the ‘‘no Pavlov’’ boundary provided by condition
(4). The solid curve is the ‘‘no Pavlov’’ boundary, below this we predict that Pavlov can never be stable against AllD. The ‘‘pies’’ connected
by a dashed line represent the ‘‘percent cooperation’’ (all black means 100%) in Nowak and Sigmund’s simulations each is placed at its
appropriate position in the PD rectangle.

situation’’ (b low), and a relatively weak temptation to
defect (r high).
Estimated Discounting Rates
In examining Figs 2 and 3, a single question comes
to the forefront: What is the plausible range for the
‘‘subjective repetition’’ parameter z? If we accept the
widely held view that z is determined solely by the real

repetition of the game, then a ‘‘handful’’ of repetitions
(0.1 to 5 as shown in Figs 2 and 3) seems like a modest
requirement.
It is much less clear, however, that the requirements
for cooperation are so modest if we adopt the value
degradation view of z. Consider the following simple
experiment conducted in our research group. We
presented feeding bluejays with the choice (Fig. 5) of
a large reward delayed for 20s, or a small reward

F. 5. Diagram of a single experimental trial. After a 40 s inter-trial interval, subject must choose between (a) a key color leading to a
75 mg food pellet after a 20 s delay, and (b) a distinct key color leading to a 20 mg pellet after an X s delay. We increased X by 0.25 s if the
bluejay chose the 20 mg pellet, and decreased X by 0.25 s if the bluejay chose the 75 mg pellet.

 ’ 
T 1
Estimated Indifference points and discounting parameters
Bird

T50295% CL

Estimated k

Estimated l

7
31

1.2820.17 s
5.1520.23 s

0.181/s
4.00/s

0.071/s
0.089/s

delayed for a Xs. If the subject chooses the small
reward on a given trial we increment X by 0.25 s, if the
subject chooses the large reward we decrement X by the
same amount. To ensure that subjects have information about both options, we randomly interspersed
‘‘forced choice’’ trials (in which only one option is
available, and no adjustments to X are made) with the
free choice trials. This procedure, following earlier
work by Mazur (1987), allows us to estimate an
indifference point, which we can use, in turn, to
estimate a discounting rate.
The two simplest models of value degradation that
students of animal discounting have advocated are:
V(t)=V(0)e−lt
V(t)=

(5)

V(0)
,
1+kt

(6)

where V(0) represents undelayed value and V(t)
represented the perceived value given a delay of t. The
first model, of course, corresponds to the simplest
continuous time degradation model:
dV
=−lV
dt
while the second, or hyperbolic, model is the simplest
model that admits a decreasing instantaneous rate of
degradation (see Kagel et al., 1986 for a discussion of
non-constant discounting rates). Table 1 shows
indifference point estimates for two of our bluejays,
together with corresponding estimates of the k and l
parameters. For comparison, estimates for Mazur’s
(1987) four pigeons, yield k values ranging from 0.17/s
to 5.6/s, and l estimates ranging from 0.05/s to 0.2/s.
In Clements & Stephens’s (1995) experimental games,
the inter-play interval varied from 200 to 400 s, and it
seems reasonable to suppose that these are rather short
intervals compared with natural games played by
T 2
Estimates of a
Hyperbolic model
k=0.15/s
k=6/s
t=200s
t=400s

0.032
0.016

8.33×10−4
4.16×10−4

Exponential model
l=0.05/s
l=0.2/s
4.54×10−5
2.06×10−9

4.25×10−17
1.80×10−35
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long-lived vertebrates. Table 2 presents estimates of
the a parameters based on these estimates; note that for
these magnitudes z=a/(1−a)1a.
Several cautionary notes are in order here. First,
these estimates are derived from what an operant
psychologist would call ‘‘within trial’’ behavior, rather
than the ‘‘between trial,’’ play-to-play discounting that
is important in repeated games. Second, the fact that
discounting rates are probably not constant (Kagel
et al., 1986) suggests that the values in Table 2 may
only be valid estimates of the degradation from the first
to the second play. Third, it is possible that animals
‘‘discount’’ differently in social and non-social
contexts, so that an a measured in a non-social context
is irrelevant to a ‘‘cooperative’’ game. Many students
of animal discounting, however, have argued that
animals will discount more heavily in social contexts
(Kagel et al., 1986; Barkan & Withiam, 1989). Fourth,
operant psychologists have studied a limited range of
species in limited circumstances; for example, no one
has measured the discounting behavior of fish, and it
is at least possible that they discount differently.
Finally, all the extant non-human discounting data are
based on delayed food reward, and animals may
discount differently when offered different types of
rewards, e.g. for mates or predator avoidance. Despite
these difficulties, these data, and related data from the
so-called ‘‘self-control’’ literature (Logue, 1988),
represent the only estimates of animal discounting
behavior of which we are aware. They are certainly
better than guessing.
Estimated a values derived from the value-degradation interpretation (roughly 10−30 to 0.03, Table 2)
are much smaller than the values that seem plausible
under the game repetition view (roughly 0.1 to 0.9).
Under the value-degradation view, we would expect
cooperation in PDs to be restricted to a small region
of the PD rectangle near the upper left corner (b=0,
r=1). That is, we would expect to find animals
cooperating only in situations where there is a
relatively small temptation to defect (R1T), and
relatively large difference between the benefits of
mutual cooperation and mutual defection (RwP).
Clearly, this interpretation is consistent with the extant
evidence derived from controlled PDs which have
focused on the lower left corner of the PD rectangle
and especially the values r=3/5 and b=1/3 that
characterize Axelrod’s payoffs.
We take strong preferences for immediacy as a
demonstrable fact of life, without commenting on the
underlying cause of these strong preferences. There are
two possibilities. First, these preferences for immediacy may confer some evolutionary advantage that, as
yet, we do not fully understand. Behavioral ecologists

. .   .
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(Kagel et al., 1986; Stephens & Krebs, 1986) have
focused on the view that preference for immediacy
represents an adaptation to stochastically determined
‘‘interruptions’’, but there are other possibilities (e.g.
rapid population growth can produce a situation
analogous to monetary inflation). A diametrically
opposed view is that these preferences reflect some
‘‘psychological mechanism’’, that has evolved in some
other context and has no particular evolutionary
significance. The question that arises here is whether
the tendency for animals to defect in PDs is adaptive
(i.e. part of larger adaptive syndrome favoring
immediate reward) or maladaptive (preferences for
immediacy can’t be ‘‘turned off’’ in experimental
contexts).

Discussion

Our models incorporate several assumptions that
may limit their generality. We suppose, for example,
that error affects both players in a repeated game
equally, and that error affects each component of a
given strategy (i.e. the probabilities t, r, p, s and c) in
the same way. We know of no empirical justification
for asymmetric error rates, but if they exist, they might
change the quantitative details of our results. For
example, Nowak and Sigmund’s ‘‘second’’ Pavlov
might be interpreted as a Pavlov strategist in which
error effects the p component of the strategy differently
than the other components. Although we have only
considered a simple model of error, work by Kreps
et al. (1982) suggests that erroneous implementations
of whole strategies (e.g. an AllD strategist mistakenly
playing tit-for-tat) can stabilize cooperative strategies.
A second limitation is our assumption of constant
discounting rates. Although this assumption follows
game theoretical convention, there is compelling
experimental evidence of decreasing discounting rates,
and a study of the effects of this phenomenon may
prove interesting. We believe, however, that this
phenomenon is unlikely to change our results
qualitatively, given that rewards lose so much of their
value between the first and the second play. Finally, we
have restricted our attention to the class of strategies
that can be described by first-order Markov processes,
and this may limit the generality of our approach.
 
The value of our approach hinges upon the validity
of our basic premise which is that animals typically
defect in IPDs. For example, this justifies our analyses
of limited two strategy games in which a hypothetical

cooperative strategy is pitted against all-defection. The
difficulty is that controlling payoffs (and even precisely
measuring payoffs) requires experimental ‘‘artificialities,’’ and these artificialities may create a situation that
animals simply do not recognize as ‘‘cooperative.’’
This problem is not unique to the Prisoner’s Dilemma
or even to biology. Kamil (1988) points out, for
example, that almost anything an experimenter does to
increase the internal validity of a test situation (e.g.
controls for experience, order, appropriateness of
model, etc.) compromises the external validity of the
test (e.g. the extent to which the results can be
generalized to other situations).
However, for non-human animals similar results
from more naturalistic systems reduce the severity of
this problem. For example, Packer & Rutan (1988)
analyzed existing data for 26 species that hunt
cooperatively, and concluded that cooperative hunters
defect when there is a temptation to do so. Similarly,
bowerbirds appear to defect in a naturally occurring
PD (Pruett-Jones & Pruett-Jones, 1994), and ravens
(Heinrich, 1988) recruit others to carrion only
when recruits are needed to overcome the defenses
of territory owners. Recent experimental evidence
(Godin & Davis, 1995) suggests that predator
approach behavior in shoaling fishes—a widely studied
behavior that was previously thought to be a PD
(Milinski, 1987; Dugatkin, 1988)—may not be a PD.
In parallel with this, Grinnell et al. (1995) recently
concluded that the superficially PD-like situation of
group territory defense by African lions is not a PD.
In light of this evidence, the most parsimonious view
is that most non-kin cooperation is simple mutual
selfishness (sometimes called mutualistic cooperation,
or by-product mutualism: see Mesterton-Gibbons &
Dugatkin, 1992). This does not mean that altruistic
cooperation never occurs, only that it is rare, and when
it does occur (Wilkinson, 1984) the relevance of the
IPD is unclear.
Evidence for humans is less clear-cut. Colman (1982)
reviewed the human experimental literature, and
reports that for experimental IPDs ‘‘ . . . the most
striking general finding is undoubtedly the DD lock-in
effect,’’ (emphasis Colman’s). This suggests, in
agreement with the non-human experiments that long
strings of mutual defection dominate the human
literature. However, Colman also reports an apparently contradictory trend in a body of experimental
work that follows techniques pioneered by Rapoport
& Chammah (1965) in which the relative frequency of
the C choice is about 0.5 at the beginning of sequence
of plays, drops for a 20–50 plays and then rebounds to
asymptote near 0.6. There are several procedural
details that differ between the Rapoport and

 ’ 
Chammah style of experiment, and experimental
studies of non-human animals. First, the S and P
values in these studies are negative (losses rather gains).
Hence there must be some cooperation if the subjects
are to gain anything; moreover, psychophysical
evidence suggests that humans treat losses and gains
differently; for example, they are willing to sacrifice
more to avoid a loss, than to achieve an equivalent gain
(Tversky & Kahneman, 1991). Second, the number of
trials, although large by standards of human
experimentation is small by non-human standards.
Rapoport and Chammah’s undergraduates played 300
times in about an hour; while Clements & Stephens’s
(1995) bluejays played 200 times per day for many
weeks. Finally, Rapoport and Chammah’s subjects
were not rewarded for each play of the game. Instead,
points where added or deducted from a running tally,
and the subjects were paid ($0.001 per point!) at the end
of the sequence of 300 plays. This procedure
encourages a relatively weak discounting of ‘‘points’’.
Our results suggest further empirical exploration of
the PD rectangle, and especially the neighborhood of
weak temptation (r11) and high cooperativeness
(b10). We are currently conducting explorations of
this type. However, we feel that the most compelling
conceptual problem in the study of non-kin
cooperation is the development of alternative models
of altruistic cooperation. Advocates of the Prisoner’s
Dilemma urgently need to articulate the empirical
basis for continued interest in this research program.
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APPENDIX
A.1. Tit-for-tat vs. AllD
  
We are interested in the roots of

0

D=v · I−

1

z
M
z+1 Te ,Te

−1

0

· yTe ,Te

−v · I−

1

z
M
z+1 De ,Te

−1

· yDe ,Te

which is eqn (2) of the main text, where v=(1, r, br, 0).
Performing the indicated matrix operations, we find
that D can be expressed as the rational function:
D=

A+Bz+Cz 2+Dz 3
(1+2ez)(−1−4ez+4e 2z)

A=1−3e+2e 2−r+3er
+ber−2e 2r−2be 2r
B=(−1+2e)(−6e+8e 2−2e 3+r−br+4er
+ber−8e 2r−4be 2r+2e 3r+2be 3r)

Further, when there is no error, n is simply linear in z
and there is a single unique amount of subjective
repetition
z=

1−r
r(1−b)

above which tit-for-tat is stable against AllD. (The
reader can confirm that this is equivalent to Axelrod
and Hamilton’s condition wq(T−R/T−P).) However, when there is error e$0, n is a cubic polynomial
and the positive roots of this polynomial represent
changes of sign of the difference D, which in turn
represent changes in the stability of tit-for-tat against
AllD. We used the numerical root counting algorithm
provided with Wolfram’s Mathematica software
(Wolfram, 1991) (based on Strum’s Theorem), to
count the number of simple roots in the interval [0, a]
(Fig. 2).
An asymptotic argument confirms our numerical
results. Recalling that n can be written in the form
n=a+bz+cz 2+dz 3
where a, b, c and d are the negatives of the A, B,
C and D terms defined in eqn A.1. We note that
for e small, the signs of a, b, c and c are the signs
of r−1, r(1−b), 1+(1−3b)r+3(1−b)r, and
1+(1−3b)r. So a0, b0 and if dq0 then cq0.
Therefore, if dq0 then 1n/1zq0 for all zq0, and there
can be only one positive root. This argument suggests
that a single root is expected for (b, r) such that
bE1/3, or bq1/3 and rQ1/(3b−1) in close agreement
with the middle panel of Fig. 2.
A.2. Isoclines of Subjective Repetition

C=e(−1+2e)(1−15e+22e 2−8e 3+4r

We can readily calculate level curves in the PD
rectangle that represent conditions where a given z
value is critical. This is straightforward, because
despite its complexity n is a linear function of r and b,
so we can readily solve for r as a function of b, e, and
z. We find:

−6br+er+15ber−14e 2r
−18be 2r+8e 3r+8be 3r)
D=2e 2(1−3e+2e 2 )(−1+6e−4e 2
−r+3br−2er−6ber+4e 2r+4be 2r)
(A.1)
First, considering the denominator of D, note that it
has two negative real roots, and so we know that it will
remain negative for all nonnegative values z. We lose
nothing, qualitatively, by considering only the negative
of the numerator, say n. We note that when there is no
subjective repetition (z=0), n equals
−(1−2e)((1−e)(1−r)+bre)
which is negative for all biologically plausible
parameter values. As expected then, AllD can always
invade tit-for-tat when there is no subjective repetition.

rz=

N
D

N=(1−e)(1+(6e−2e 2 )z
+(−e+14e 2−8e 3 )z 2
+(−2e 2+12e 3−8e 4 )z 3 )
D=1−e−be+(1−b+4e+be
−8e 2−4be 2+2e 3+2be 3 )z
+(4e−6be+e 2+15be 2−14e 3
−18be 3+8e 4+8be 4 )z 2

 ’ 
+(2e 2−6be 2+2e 3+18be 3−12e 4
4

5

5

−20be +8e +8be )z

3

B=1−r−e(1−r−br)+(1−2r+br
(A.2)

We use this expression to plot level curves representing
points in the PD rectangle at which a given amount of
repetition is critical.
   ‘‘ ’’ 
We remark that the right-most boundary of the ‘‘one
root’’ region can be found by taking the limit of
eqn (A.2) as z approaches infinity yielding:
ra=
(−1+e)(2e 2−12e 3+8e 4 )
2e −6be +2e 3+18be 3−12e 4−20be 4+8e 5+8be 5
2

2

From Fig. 2 we note that there is a critical value b
below which the ‘‘one root-sufficient repetition’’ result
always applies, and the figure suggests that this critical
b value occurs at ra=1. Solving for the b value that
satisfies ra=1 yields
2(1−2e)
2
1
3−6e+4e 2 3
rẑ=
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+e(−1+5r−3br)+e 2(−4r+4br))z
Considering first the denominator of D, we observe
that it has a single negative root, and hence that its sign
does not change in the feasible range of z $ [0, a]. We
can, therefore, focus our attention on the numerator.
The situation is much simpler than in tit-for-tat,
because the numerator can be factored into two linear
functions of z, represented as A and B in the expression
above. Solving A=0 leads to a negative z value, so this
solution is not biologically feasible. We find the only
biologically feasible solution by solving B=0 for z,
yielding,
ẑ=

(1−r)(1−e)+erb
4re 2(1−b)−e(5r−3br−1)+2r−br−1

the ‘‘critical’’ z value. Using this result it is
straightforward to find level curves for ẑ in the PD
rectangle:

(ẑ+1)(1−e)
(ẑ+1)((4−4b)e 2+(3b−5)e−b+2)−e(4b−4)(1−e)−(1−b)

which is very close to 2/3 for small error rates. As a
crude generalization, we conclude that the sufficient
repetition result of Axelrod and Hamilton holds for
bQ2/3.

We find the boundary of the region where Pavlov can
be stable against AllD by taking the limit as z
approaches infinity.
ra=lim rz=
z:a

A.3. Pavlov vs. AllD
We are interested in the roots of
D=v · (I−aMPe ,Pe )−1 · yPe ,Pe
−v · (I−aMDe ,Pe )−1 · yDe ,Pe
Performing the indicated matrix operations, we find
that this can written as
−(1−2e)AB
1+2((1−2e)(1−e)+e)z

A=1+((1−2e)(1−e)+e)z

1−e
(1−b)4e 2+(3b−5)e−b+2

(A.4)

This expression simplifies to expression (4) in the main
text when e=0 as required. The last two expressions
(A.3) and (A.4) are the tools we need to plot a
figure like Fig. 2 for Pavlov (Fig. 3).
We calculate the relative size of the region in which
AllD always invades Pavlov by letting b0 be the point
where ra [defined by eqn (A.4)] equals 1. Then the
proportion of the PD rectangle in which Pavlov cannot
be stable against AllD is given by

0g

2
D=

(A.3)

0

b

ra (b, e)db−b0+

1
2

1

over the biologically feasible range of error rates
0QeQ0.1, this expression is well approximated by
0.386+1.77e.

