241

GAME THEQORY AND EVOLUTIOWN
AN OVERVIEW

Roger I. C. Hansell
Department of Zooloqy
University of Toronto

Toronto, Ontario
Canada

Received September 7, 1979

ARSTRACT: The history of application of game theory in evolution
is briefly reviewed. The concepts of equilibrium voint, evolu-~
tionary stable strategies and stable points are compared. The
meaning of utility theory in evolutionary mmodels is examined andg

compared to classical game models.
* * *

This conference examines two agreat metaphors. The first,
Darwin's nineteenth century concent that species originate and
change due to a process of differential survival analogous to the
artificial selection used to hreed domestic animals. This selec-
tive process is due to nature, that is to the effects of the
inoraanic and organic environment and it may operate either on
the individual or upon the qroup, family qrouping, genetic popu-
lation or on a larger taxonomic aroupinng. This metaphor of the
process of change in living things, is also examined, in terms of
its wvalidity 1in social change, and finally, of course, in the
ways in which man's artifacts, have chanaed under a social and a
.physical environment.

The other grand metaphor that we will be examining 1is the
theory of games. A game consists of two or more players who may
make a series of moves by chance or rule. A strategqy 1is the
complete set of moves made by a player or the rule for choosing
these moves. An information set qgoverns the availahle moves at
any stage of the gqame. The possible outcomes of the agame have
associated payoffs to each plaver. A solution to the game for
each player 1is to decide on the best strateay, given the set of
pavoffs, and some assumptions about how the other players will
hehave. GCame theorv was introduced by Borel in 1921 (Frechet and
Von Neumann 1953) and generalized by Von Neumann (1928, 1937).
In these early papers the concept of A solution to a parlour qgame
played by rational players, involved the idea that the best stra-
teov to follow is found by looking at the lowest pay-offs to he
gained from each strategy and choosing the 1largest of these
lowest pay-offs. This minimax, or maximin, strateqy was proven
to be optimal in certain cases, but is not so in general. Borel
made a few special cases and Von Neumann extended this for the
two-verson game in which winnings egual losses, that 1is the
zero-sum qame. The work of Borel and Von Neumann led on to a
vast activity in this century. The metaphor was extended in two
Aifferent directions. 1In one direction it became statistical de-
cision theory from WwWald (1939), and in the other direction, it
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culminated just at the end of the second world war, in the work
of Von Neumann and Morganstern (1944, 1947) on the theory of
games.

The philosophy underlying the relationship of these two
great metaphors is as follows: At the level of the individual and
of the population the dominant influences on genotype and pheno-
type are stochastic variables, that is random sequences of mat-
ing, searegation, crossing over, and gene fixation under the 1in-
fluences of the environment. When this entire system includes
selection it hecomes a learning process in the broad sense. The
successful phenotypes are easily classified into "evolutionary
strategies”., Wwhen enough aqenerations are considered, these sto-
chastic processes lead to results which converge towards ‘'optimal
strateqies”. The methods of cgame theory give a short hand form
of arriving at these eauilibria.

In the 1950s, qgame theorists were searching for ways of
finding the equilibrium points (Rrown and Van Neumann 1950, Brown
1951, Rohinson 1951, Bellman 1953). They discovered that if for
instance & computer program reinvested its winnings in those
strateqgies with which it had won, in proportion to the amount of
their winnings, then the proaram would iterate towards the
eauilibrium point over many successive aqames., This is a direct
analony of the iterative learning process of evolution, particu-
larly under X selection conditions. A formal proof of this is
qgiven in Hansell and Marchi (1975).

Conceptually each individual in a biological population
will produce offspringa 1in accordance with the availability of
food, its efficiency in utilizing the food and its natural fecun-
dity. If competition is free - with no spoilage of food or other
neaative interactions, the amount of food gained hy each indivi-
dual will be in proportion to the effort it exerts in obtaininqg
it. This effort will in general be proportional to the amount of
food it could utilize under unlimited supply conditions. So the
number in one generation for individuals with a particular pheno-
type will depend upon their previous number and their fecundity
as modified by food available. From any given startina density
the individuals with phenotypes superior under competition condi-
tions will qrow in proportion. Thus in the case of competition
hetween species each species will experience a gradual selection
of its membhers towards a strateqy which maximizes the number of
individuals bearinag superior phenotypes. This occurs in the face
of the competition from other species expressing a gradual selec-
tion for those phenotypes which effectively wminimize the avail-
ahle resource to the former species. It has bheen demonstrated
(Ransell and Marchi 1974) that the outcome of this selection is
effectively predicted by taking the maximin solution of a payoff
matrix which incorporates the concept of relative value of the
various hiological parameters of the phenotype of each species
compared to all other competitive combinations.



A new and creative concept of the solution of an evolu-
tionary game played within a biological population was developed
by John Maynard Smith (1972) and by Smith and Price (1973).
Solutions based on Minimax strateaies in evolutionary games are
dependent upon the 'constant sum' assumption that what one player
loses another wins, and indeed this may be the case at the level
of entire ecosystems (Van Valen 1973) and of 1local K selective
competition, it 1is patently not the case for interference com-
petition and in many conflict situations 1in animal behaviour.
Mmaynard Smith pointed out that in evolutionary terms, stability
of a strateqy has to do with its stability under introgression hy

mutant strateqgies. The evolutionary stabhle strateay (F.S.S.)
does at least as well as an invading strateay in terms of com-
petitive outcome, and when it in turn is the invader, it nust

out-nerformn the numerically dominant strateqies. Specifically an
oraanism using the strateay must do as well or better acainst it-
self than the invading strateav does against it and it must do
better aaainst the invading strateqgy than that strateqy does
against itself.

The evolutionary stable strateqy has heen compared to the
Fguilibrium point for n-person games. Nash (1951la) generalized
the concept of the maximin or saddle point equilibrium of 2 per-
son aqames to an n-tuple of strateagies by which one player cannot
increase his payoff by chanaing his strateqy <choice 1if other
players do not change theirs. If the players are restricted to
pure strateqgies, then such an ecuilibrium point need not exist,
however, it was shown by Nash that if mixed strategies (that is
randomizing the freaquency with which different strateaies are
played) are permitted, then every finite qgame has at least one
equilibrium point (Luce and Raiffa 1957). This concept has heen
used (Lewontin 1951) and extended in hiological games (Marchi and
Hansell 1973a, 1973b, 1975), but it is clearly not the same as
the FE.S5.8. Maynard Smith (1976) points out that his definition
applies only to two person encounters but the payoff to the indi-
vidual depends upon the freguency with which the strateay is
played in the entire population. Two points are of interest
here, first, the F.S.S. conditions can certainly be reformulated
to apply to an n-person nonh constant sum game which is equivalent
to the Maynard Smith game, and secondly, if the individual can
play a mixed strateqy, then a Nash equilibrium point exists. If
the individuals are restricted genetically to playing only a pure
strateqy, then the Nash equilibrium may not exist, and a direct
equivalence with the F.S.S. is not possible.

An extension of the concept of the ecuilibrium point is
found in Marchi and Hansell 1973a. Considering the evolutionary
qame in which speciation occurs, each new species is under com-
petition from the original species in the community, other popu-
lations speceatina from the same parental species, and other new
species. It is clear that the phenotype similarities between the
sister populations havina the same parental population are con-
strained by gene flow but subject to the 'law' of limiting simi-
Jarity. In other words there is a permissibhle subrange of stra-

243



244

tegies open to each population which is determined by the con-
posed actions of the other players. In the case of unrelated po-
pulations, the information transferred between populations is
throuah the environment (e.qg. by food shortage etc.), rather than
by direct gene flow, and the action of any one population is not
directly determined by the others, but is limited, so that aqain
there is a permissihle subset of strateaies availahble to each po-
pulation. This qives rise to a ndeneralized game which has a pi-
equilibrium point.

In considering the 'parsimony’ models of evolution another
concept of solution to a aqaame is applied (Marchi and Hansell
1973h). If the competition is between populations in a communi-
ty, then some species will be indifferent to the outcome of local
competition hetween others. These neutral species can be viewed
as an "indifference coalition"” of players, and the resulting agame
model can be solved for 'stable points' of undominated strateay
sets (see Luce and Raiffa 1957) and for '"quasi static simnle"
stable points (Marchi and Hansell 1973b). The idea of a <coali-
tion of species is also central to Van Valens (1973) concept of
the special two person constant sum game. In the Red Queens hy-
pothesis, Van Valen postulates that each species must evolve ra-
pidly to maintain its relative competitive advantane. Competi-
tion 1is for resources which are in short supply and between each
species and what may be called its 'antagonist coalition'. This
qame may also possess 'stable point' solutions.

RBargainina games have not been applied in biology, however
in commensalism Aand other mutualistic evolutionary situations,
they may be appropriate. It is worthv»ile to examine Nash's
(1951bh) assumntions for his solution to the bargaining problem in
order to point out the differences in the evolutionary situation.
The NMash axioms are (Owen 194£):

1. Individual rationality: each player tries
to maximize its utility subject to the
actions of the other players.

2. Feasibhility: the optimal payoffs with their associated
strategies must be in the set of available payoffs and
strateqgies,

3. Pareto optimality: all players cannot do
jointly hetter by using other strategies.

4, Independence of irrelevant alternatives:
if the feasible set of payoffs is enlarqed
the solution will be either the same as the
old solution or else one of the new payoffs.

5. Independence of linear transformation of the
utilities: essentially any measure of the
pavoff is as good as any other.



6. Symmetry of payoffs: if the players reverse
strateaies they will qet the opposite payoffs,

At least three of these assumptions are seriously modified
in the evolutionary case: Individual Rationality becomes
equivalent to the reguirement that the strateaqy "chosen" for play
will be either a previously successful strateay or a standard
agenetic modification of such strateqies (such as a heterozyqote)
or rarely a mutant strateqy. When the player is a bioloqgical po-
pulation 'rationality' bhecomes the somewhat stronger condition
that strategies will be played in pronortion to their previous
successes.

Pareto optimality is limited in a local sense to a zone of
perturbation of moves. The players cannot jointly do better
within the limits of escape from local maxima. These limits will
he determined hy chance variations in environment or by mutation
of strategy. This phenomenon is typical of many hill «climbinqg
optinmization problems in which there may be many local 'hills' or
'adaptive peaks' which prevent a move to a 'alobal optimum'.

Symmetry of payoff is not aenerally applicable to games in
which the individual plays adainst the remainder of the popula-
tion (Owen 1958), indeed many games in bioloay are asymmetric in
strateqy sets, and hence the axiom does not apply (see for exam-
ple, Mavnard Smith and G. A. Parker 1974).

Slohodkin (1954, 1968), has pointed out that games are al-
ways played on boards or the equivalent space, while the payoffs
represent winnings in an external value system. He points out
that there is no such external value in biological systems, other
than the ability to continue the game. However, games such as
poker in which the chips have a value within the game give a qood
approximation to biological games. Technically the theory needs
an objectively described measure of the current condition of the
game in order to decide on the optimal strateay of play. This
remains a prime requirement of any particular biological model:
the development of a sound theory of the utility or value of the
outcomes at any stage of the game. Takina an analogy from chess
which is a finite two person zero sum game: aside from the ex-
pensive task of working out every possible combination of moves
throuqhout every game, there is no aeneral theory of how to play
the next few moves. Clearly the need for a measure of value of
the position to each player at any moment in the game represents
a close analony to the hinloaical game.

The problem of assianing value to outcomes is a major proh-
lem in economics and psycholoqy, and in this sense the evolution-
ist has an advantaage: the problems of bioloqgy are relatively oh-
jective, survival and probability of survival are relatively tan-
nible conditions. It is only in behavioural games, and particu-
larly in human socio-political behaviour, that utility theory is
in real Aifficulty due to an innate instability. The problem has
been well expressed In Peter McMaughton-Smith's unpublished ob-
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servation that hehavioural qames resemhle theatrical performances
more than parlour ganes. There 1is a dichotomy between the
players as peformers and the players as audience. The audience
enters with a set of values for measuring the performance, but
the actor is at liberty to induce the audience to chanae its
values, to appreciate a new style, to set new standards. This
instability of utility theory 1is missing from evolutionary
models, in which the economics of survival set the ultimate
values. Biological utilities involve individual genetic fitness,
in the Maynard Smith qames (1972, 1976), and the sex ratio games
of Tisher (1¢30), Hamilton (1967, 1971) and resource allocation
names Oster (197 ). In the Slobodkin-Rapoport qgames (1974), the
payoff consists in survival itself. 1In other nodels (Rapoport
195A~, Van Valen 1973, Marchi and Hansell 1973a, b, 1975) the
payoff is in terms of the more difficult concept of population
fitness.

As hehavioural aames are more difficult than genetic games,
so evolutionary models of human cultural development are more
difficult than »ioloaical evolutionary models. Indeed even the
unit of information transferal in cultural development is in
doubt. A first approach to this problem 1is given 1in Dawkins
(197A) with the concept of the "meme”. Actual game models of
this process of cultural evolution remain to be developed.
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