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We show that a simple evolutionary scheme, when applied to the minority gd@g changes the phase
structure of the game. In this scheme each agent evolves individually whenever his wealth reaches the specified
bankruptcy level, in contrast to the evolutionary schemes used in the previous works. We show that evolution
greatly suppresses herding behavior, and it leads to better overall performance of the agents. Similar to the
standard nonevolutionary MG, the dependence of the standard dewatinrthe number of agent$ and the
memory lengthm can be characterized by a universal curve. We suggest a crowd-anticrowd theory for under-
standing the effect of evolution in the MG.
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[. INTRODUCTION structure, characterized by the so-called Savit cy8lere-

Complex adaptive systems consist of agents using adaﬂ)nains similar to that of the original nonevolutionary MG. A
tive strategies to compete for limited resources. As change/gter study[9] based on a variant of the evolutionary scheme
in the global environment are induced by the agents themused in Ref[7] led to a similar conclusion, but with better
selves, it is important to study dynamics of such systemsoverall performance of the agents.

The minority game(MG), proposed by Challet and Zhang  When dealing with models of heterogeneous agent popu-
[1], is a prototypical agent-based model that can be analyzddtion, it makes sense to use an evolutionary scheme in
using the tools of statistical mechanics. The game captureghich agents evolve individually, instead of synchronously
some essential features of complex adaptive systems iat specified times. In this paper we adopt the simple scheme
which agents with limited information and rationality com- used in the evolutionary minority gamg], in which an

pete for limited resources. A key question in the study ofagent becomes bankrupted and is replaced whenever its ac-
agent-based models is how evolution changes the behaviogsimulated wealth is below a given threshold. With this
of the agents. simple scheme we found that herding behavior has disap-

There have been a few studies on the effect of evolutioppeared when the memory lengtim) is small, and the Savit
in the minority game. In the context of a simple evolutionarycurve obtained is significantly different from that of the
minority game, Johnsoet al. found that the agents self- original MG.
segregate into two opposing extreme gro(ips when the
payoff structure is symmetri@.e., the penalty for losing is Il. NUMERICAL RESULTS
equal to the reward for winningHod and Nakar generalized ] ] . o
this to an asymmetric payoff structure, where the penalty for L€t us first briefly descrl_be the minority game model. The
losing is greater than the reward for winning, and found thed@me concerns a population bf (odd numbey heteroge-
emergence of clustering of cautious agei#fs Chenet al. ~ Neous agents with limited capabilities, who repeatedly com-
[5,6] derived a general formalism to understand the dynamiP€te to be in the minority group. After each round the win-
cal mechanism for the transition from segregation to cluster1€rs gain a point and the losers lose a point. Each agent holds
ing. They found that the effective rate of evolution plays anS Strategies. Each strategy is a look-up table listing the strat-
important role in determining the resulting steady-state popu€dY's prediction of the minority group given the record of the
lation distribution. These studies have focused mainly ormost recentm minority groups. There are totaf 2number of
population distribution. Let al.[7], on the other hand, stud- possible strategies, so the larger the valuenpthe greater
ied how evolution can help to improve the overall perfor-the processing power of the agents. Virtual points are accu-
mance of the agents in the original MG. Starting from themulated for each of the strategies the agent has, and he uses
adaptive MG proposed by Challet and Zhgg, Li et al.  the most successful strategy available to him. To include the
introduced an evolutionary scheme in which all poorly per-effect of evolution we assign wealth to each agenty will
forming agents evolve synchronously at every10000 increase or decrease by one when the agent wins or loses.
steps. Agents are ranked by their gains, and those ranked &he agent will be replaced if his wealth is below a threshold
the bottomp percent( p=10%, 20%, 30%, 40%, ejcare  —d (d>0); the new agent chooses I&sstrategies randomly
forced to change their strategies at these prespecified stesid his wealth is initialized to zero. The distribution of strat-
In order to make the evolution process smooth, not all theegies gradually evolves as the game goes on.
agents ranked at the bottom will change their strategies, but We have done extensive simulations  withN
only 50% of thosgchosen randomjyhave to do so. Those =51,101,201,401; m=1,2,...,10; S=1,2; and d
who are chosen to evolve replace the current strategies with4,16,64,2561024,4096. The number of time steps used
new randomly picked ones. They reported that with evoludis set to beT,=800 000x 2™?+10 00@; we have checked
tion the performance is significantly better; but the phasahat this choice of the time step is sufficient for obtaining
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FIG. 1. 0®/N vs 2"/N for the MG with and without evolution. FIG. 2. 0?/N vs 2"/N for the evolutionary MGd=64 is used.

d=256 is used for the evolutionary MG. The results are obtained byT'he results are obtained by averaging over eight independent runs.
averaging over eight independent runs.

sider S=1 and use a reduced strategy spadeSS.
steady-state properties of the model. In our simulations wé&umerically the differences between the cases Bt and
monitor o, which is the standard deviation of the number of S=2 are small. RSS is a subset of strategies, which span the
agents belonging to one of the groups. The smaller the valutill strategy spac€FSS. Consider, for example, an RSS for
of o, the larger a typical minority group and the better them=2, consisting of the following eight strategies:
overall performance of the agents will be. The smallest value
of o is 0=0.5, which means that the difference between the
numbers in the minority and majority groups is one. The U={-1-1-1-3{+1+1-1-1,
overall performance of the agents is at the optimal when (#1-1+1-3{-1+1+1-1, (1)
=0.5. At the other extreme, when the agents make their
choices randomly as in the random choice gaREG), we
have o?/N=0.25. In almost all our simulations, particularly —
for smallm, evolution reducesr significantly. This is illus- U=s{+1+1+1+3{-1-1+1+1,
trated in Fig. 1, which shows?/N vs 2"/N for the MG with (~1+1-1+3{+1-1-1+1. (2)
and without evolution. The results are based on averages
over eight independent runs, which are enough for obtaining
accurate averages for the evolutionary MG, as the differHere £1 indicate the prediction of a strategy given one of the

ences among different runs are qUite small. For smadlo- four possib|e histories. Any two Strategies{myu} are ei-
lution leads to a dramatic reduction énas herding behavior  ther uncorrelatedwith the Hamming distance™2) or anti-
of the agents is greatly suppressed. The results for differer{orejated(with the largest Hamming distance™2 For a
N fall to a universal curve. For largm the game still ap-  gjyenm there are a total of R(P=2") strategies witHP pairs
proaches the limit corresponding to the random choice gamgt anticorrelated strategig®ther pairs are uncorrelateih

and the effect of evolution is small. ~ RSS. For each strateg$ in RSS there is a corresponding
We have also studied the model with the aWard'to_ﬂneanticorrelated strateg®. It is believed that the essential fea-
ratio (as defined in Ref{4]) R# 1. In this case the winners %.

getR points while the losers lose a point. We found that, forgsress[z(;f the game are kept when RSS is used instead of the
eachN, there is an optimal value &=R.(N)>1 that gives '

rise to the smallest E)/alue af. For ch REC(?\I) the avgrage hLet us evgluatayzziﬁm(t)—Né2]2>t:f<[n+(t);n_(t) ];?/4' th
wealth is ever increasing and there is no steady state. Figu eren, andn. are the numbers ot agents making the
2 showsa?/N vs 2N for R>1 as compared to the case choices +1 and -1, respectively. The average is over time

R=1. Itis clear from the figure that can be further reduced stept. In RSS
whenR>1. We also found that, fom=1 or 2, the optimal
value of =0.5 can in fact be achieved. 2P
n,(®) -n_(t) = 2 atng,
I1l. A CROWD-ANTICROWD THEORY FOR THE G=1

EVOLUTIONARY MG

We now consider a crowd-anticrowd theda] to under- ~ where u(t) denotes the current historgs"=+1 is the re-
stand the effect of evolution in the minority game. Our dis-sponse of strateg to the history bit-stringu(t), andng is
cussion below follows Refl10]. For simplicity we only con- the number of agents using strate@yat timet. We have
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approximation; it is valid because the evolution rate is low
(as long adl is not too smal.

Let np be the number of pairs of agents holding anticor-
related strategies andg be the number of agents holding
unpaired strategies. Only the agents holding unpaired strate-
gies contribute ta@r; the game behaves essentially as an RCG
with ng number of agents. Thus we hawé=0.25, or

d?IN=0.25s, (7)

wheres=ng/N. Note that 2p+ns=N, np can be written as
np=N(1-s)/2. To determines we need to consider the evo-
lutionary dynamics of the game. At the steady state we have

0 . : : : - ; the following balance equation:
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History 2rpnp[1 = p(m,N)] =rgngp(m,N), (8)

FIG. 3. Histogram for the number of appearances of all possiblévhererp andrg are the bankruptcy rate for the paired agents
histories.N=101,S=2, m=6, andd=256. For comparison the cor- (pair breaking rateand the bankruptcy rate for the unpaired
responding histogram for the nonevolutionary MG is also plotted. agents, respectivelyp(m,N) is the probability that a new

pair is formed when a bankrupted agent is replaced. One can

1 2P estimatep(m,N) as
== (t) ®
o’ = 4G_1EG,_1 <aé nGag/ Ng)t- 3 p(MN)=1-(1-1/2P)"s~ 1 - ex— 0.5Ng2"). (9)

It is somewhat difficult to estimatg, andrg. It can be argued

In our simulation we found that the system visits all pOSSiblethatr /r does not sensitively depend omandN. The equa-
histories equally. This is illustrated in Fig. 3, which shows tion er ssis then '

histogram of the number of visits for each m-bit history. In

order to compare with the nonevolutionary MG, we &e e __plg2)

=2 in the figure; the result fog=1 is essentially the same. —(1-9)=s _ ' (10
; L s 1-p(s/2)

As we can see from the figure, the system does not visit all o _

possible histories equally in the nonevolutionary MG. wherez=2"/N. The solutions is a function ofz. Thus when

For the evolutionary MG we can thus replace an averag#e plot ?/N vs z=2"/N, the curves fall to a universal
over time by an average over all possible histories. Now thegurve. Sincep(x) is a monotonically decreasing function of
double sum can be broken down into three parts, based on the universal curve(z) obtained from the above equation
the correlation between the strategies. Givegag);=1,  will be a monotonically increasing function af In the limit
(agagh=-1, and (agag/);~(agas =0 (for G'#G and z—= we havep(s/z2)—0; this leads tos—1 or o?/N
=0.25. Thusz— is the RCG limit. ForR>1, rp/rg de-
creases; this leads to smaller valuesgand . All of these
are in agreement with the simulation results. Thus the crowd-
1| = 2p anticrowd picture provides a qualitative understanding of the
?==| 2 (nd) - >, (ngnak (4)  evolutionary MG.

4l 61 G=1 In conclusion, we have shown that, when a simple evolu-

tionary scheme is applied to a heterogeneous population of

1 5 agents, herding behavior in the MG is greatly suppressed.
:ZE [(n2); — 2(ngng); + (gl (5)  The dependence of the standard deviationn the number
G=1 of agentsN and the memory lengtim can be characterized

by a universal curve. In addition, we demonstrated that a

crowd-anticrowd theory can be used to understand qualita-

P
1
:ZE ((ng = ng)?). (6) tively the effect of evolution in the MG.
G=1

G+ E) where(: - -),, indicates average over all possible his-
tories, we can write the double sum as
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