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Preface

Systemic risk has long been identified as a potential for financial institutions to
trigger a dangerous contagion mechanism from the financial economy to the real
economy itself. One of the commonly adopted definitions of systemic risk is: “risk
of disruption to the flow of financial services that is

(i) caused by an impairment of all or parts of the financial system; and
(i) has the potential to have serious negative consequences for the real economy”.

Evident from this definition, or from any of its variants that one can find in the grow-
ing literature on the subject, are two characteristic aspects. The first one being that
such a risk takes place at a much larger scale than that of an individual institution.
The second one being that it eventually spreads to the real economy outside the fi-
nancial system through various “leakage” mechanisms, of which the last crisis has
given some examples: liquidity shrinkage, fire sale of assets, drop in market value
of derivatives. ..

This type of risk, long confined to the monetary market, has spread widely in the
recent past, culminating in the subprime crisis of 2008. The understanding and con-
trol of systemic risk has therefore become an extremely important societal and eco-
nomic question. Such problems are now extensively being studied by people from
disciplines like economics, finance and physics. The contributions by physicists are
relatively new.

The Econophys-Kolkata VI conference, the 6th event in this series of interna-
tional conferences, held during October 21-25 last year, was dedicated to address
and discuss extensively these issues and the recent developments. Like the last event
in the series, this one was also organized jointly by the Ecole Centrale Paris and the
Saha Institute of Nuclear Physics, and was held at the Saha Institute of Nuclear
Physics, Kolkata.

This proceedings volume contains the written versions of most of the talks and
seminars delivered by distinguished experts from all over the world, participating in
the meeting, and accepted after refereeing. For some completeness in the cases of
one or two important topics (like in the case Many-agent Games), some reviews, by
experts who could not attend, were invited and incorporated in this volume.
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These Proceedings volume is organized as follows: Part I dedicated to the study
of systemic risk, network dynamics and other empirical studies. Part II devoted to
model-based studies. We have also included Part III for “miscellaneous reports”,
to present some on-going or preliminary studies. Finally, we have summarized in
a brief “discussion and comments” Appendix, some of the remarks made by the
participants during the various interesting and animated exchanges that took place
during the panel discussion in the conference.

We are grateful to all the participants of the conference for their participation and
contributions. We are also grateful to Mauro Gallegati and the Editorial Board of the
New Economic Windows series of the Springer-Verlag (Italia) for their support in
getting this Proceedings volume published as well, in their esteemed series.'

The editors also address their thanks to the Centre for Applied Mathematics and
Computational Science at Saha Institute, and Ecole Centrale Paris for their support
in organizing this conference. They would also like to thank Gayatri Tilak for pro-
viding invaluable help during the preparation of the manuscript.

Chatenay-Malabry, France Frédéric Abergel
Kolkata, India Bikas K. Chakrabarti
Chatenay-Malabry, France Anirban Chakraborti
Kolkata, India Asim Ghosh
April, 2012
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Chapter 12
Kolkata Paise Restaurant Problem:
An Introduction

Asim Ghosh, Soumyajyoti Biswas, Arnab Chatterjee,
Anindya Sundar Chakrabarti, Tapan Naskar, Manipushpak Mitra,
and Bikas K. Chakrabarti

Abstract We discuss several stochastic optimization strategies in games with many
players having large number of choices (Kolkata Paise Restaurant Problem) and
two choices (minority game problem). It is seen that a stochastic crowd avoiding
strategy gives very efficient utilization in KPR problem. A slightly modified strategy
in the minority game problem gives full utilization but the dynamics stops after
reaching full efficiency, thereby making the utilization helpful for only about half
of the population (those in minority). We further discuss the ways in which the
dynamics may be continued and the utilization becomes effective for all the agents
keeping fluctuation arbitrarily small.
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12.1 Introduction

The Kolkata Paise Restaurant (KPR) problem [1-5] is a repeated game, played be-
tween a large number (N) of agents having no interaction amongst themselves.
In KPR problem, prospective customers (agents) choose from n restaurants each
evening simultaneously (in parallel); N and n are both large and fixed (typically
n = N). Each restaurant has the same price for a meal (hence no budget constraint
for the agents). It is assumed that each can serve only one customer any evening
(generalization to a larger value is trivial). The information regarding the customer
distributions for earlier evenings is available to everyone. If more than one customer
arrives at any restaurant on any evening, one of them is randomly chosen (each of
them are anonymously treated) and is served, while the rest do not get dinner that
evening. An alternative visualization can be one in which multiple customers arriv-
ing in a single restaurant have to share the food meant for one customer, keeping all
of them unhappy. The utilization fraction f in the problem is defined as the aver-
age fraction of restaurants which were visited by people any evening in the steady
state. Each agent develops its own (parallel) algorithm to choose the restaurant every
evening such that he/she is alone there. Also, the times required to converge/settle to
such a solution (if exists), should be low (faster than, say, log N). If the restaurants
have different ranks which are agreed upon by all the agents, additional complica-
tions may arise.

Faisa is the smallest monetary unit in Indian currency, and the use of the word
would essentially be synonymous with anything that is very cheap. In Kolkata, there
used to be very cheap and fixed rate “Paise Restaurant” which were popular among
the daily labourers. During lunch hours, the labourers used to walk (to save the
transport costs) to one of these restaurants and would miss lunch if they got to a
restaurant where there were too many customers. Walking down to the next restau-
rant would mean failing to report back to work on time! There were indeed some
well-known rankings of these restaurants, as some of them would offer tastier items
compared to the others. A more general example of such a problem would be when
the society provides hospitals (and beds) in every locality but the local patients go to
hospitals of better rank (commonly perceived) elsewhere, thereby competing with
the local patients of those hospitals. Unavailability of treatment in time may be con-
sidered as a lack of service for those people and consequently as (social) wastage of
service by those unvisited hospitals.

A dictator’s solution to the KPR problem is the following: everyone is asked
to form a queue and is assigned a restaurant with rank matching the sequence of
the person in the queue on the first evening. Then each person is asked to go to
the next ranked restaurant in the following evening, thus for the person in the last
ranked restaurant this means going to the first ranked restaurant. This shift process
continues for successive evenings, thus providing clearly the most efficient solution
(with utilization fraction f of the services by the restaurants equal to unity) and
the system arriving at this solution trivially and immediately (from the first evening
itself). However, in reality this cannot be the true solution of the KPR problem,
where each agent decides on his own (in parallel and democratically) every evening,
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based on complete information about past events. In this game, the customers try
to evolve a learning strategy to eventually get dinners at the best possible ranked
restaurant, avoiding the crowd. It is seen that these strategies take considerable time
to converge and even after that the eventual utilization fraction f is far below unity.

12.2 Kolkata Paise Restaurant Problem

In this review, we will talk about the KPR problem where N agents are parallelly
visiting n restaurants on every day [n, N — oo; keeping n/N finite]. Each agent
has been trying to get food from the best rank restaurants every day. But, each day,
one agent can visit one restaurant and every restaurant has the capacity to serve food
for one customer per evening. Therefore, as mentioned before, many agents go to
a particular restaurant then one of the agents will be randomly chosen and will be
served and the rest of the agents will not get dinner for that day, thus satisfying one
of them. An alternative picture is one in which many customers have to share the
food served for one customer, leaving all of them unsatisfied. Generally one can
see that a few of the restaurants are not visited by any of the agents on a particular
evening and that many agents crowd in other restaurants and do not get dinner for the
evening. The utilization fraction f in the problem is therefore given by the average
fraction of restaurants which were visited by customers on any evening in the steady
state.

We discuss the case where instead of deterministic strategies, if everyone follows
stochastic strategies, then one gets not only to higher values of the utilization frac-
tion, but also attains it in very small convergence time (usually of order log N or
smaller).

In general in the KPR problem n = gN and N — oo and in its primitive ver-
sion, g = 1 (n = N), while for general phase transition studies (see Sect. 12.3) one
considers g < 1. For the Minority Game (see Sect. 12.4) n = 2 (with N — oo as
usual).

12.2.1 Random-Choice Case (Stochastic)

Suppose there are N agents and n restaurants. Any agent can select any restaurant
with equal probability. Therefore, the probability that a single restaurant is chosen
by m agents is a Poisson distribution in the limit N — oo, n — 00:

1
A(m) = (Z) pra—ph T p= -

=(N’/ni’?)mexp(—N/n) as N — 0o, n — 00. (12.1)
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Therefore the fraction of restaurants not chosen by any agent is given by A(m =0) =
exp(—(N/n)) and that implies that average fraction of restaurants occupied on any
evening is given by [2]

f=1—exp(=N/n) ~0.63 (12.2)

for n = N in the KPR problem.

12.2.2 Rank Dependent Strategies (Stochastic)

Let us now consider that all restaurants have a well defined rank (agreed by every
agent) depending upon quality of food, services, etc. although price of a meal is
same for all restaurants. Thus, all agents will try to get food from best rank restau-
rants. But since a restaurant can serve only one customer, it means that many of
the agents in crowded restaurants will remain unsatisfied. Now, assume that any
kth restaurant have rank k and any agent choses that restaurant with probability
pr(t) =K%/ ch (here ¢ is any natural number). Here we discuss the results for
such kind of strategy.

If an agent selects any restaurant with uniform probability p then the probability
that a single restaurant is chosen by m agents is given by

A(m) = (Z)p’"(l —pNm, (12.3)

Therefore, the probability that a restaurant with rank & is not chosen by any of the
agents will be given by

Am =0) = (’g) (=po"; pe= Z"—;
:exp<_];N> as N — o0, (12.4)
where N = S | k¢ ~ fON k® dk = (1\{/5;11)_ Hence
Ax(m=0) =exp(—%>. (12.5)

Therefore the average fraction of agents getting dinner in the kth ranked restaurant
is given by

fi=1— A(m=0) (12.6)

and the numerical estimates of f; is shown in Fig. 12.1. Naturally for ¢ = 0, the
problem corresponding to random choice fy =1— e~ !, giving f =Y fi/N ~0.63
andfor ¢ =1, fiy =1 —e /N giving f =3 fi/N ~0.57.
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12.2.3 Strict Crowd-Avoiding Case (Mixed)

We consider the case (see [4, 5]) where each agent chooses on any evening (¢) ran-
domly among the restaurants in which nobody had gone in the last evening (r — 1). It
was observed [5] that the distribution D(f) of the fraction f of utilized restaurants
is again Gaussian with a most probable value at f ~ 0.46. The explanation was
given in the following way: As the fraction f of restaurants visited by the agents
in the last evening is avoided by the agents this evening, the number of available
restaurants is N (1 — f) for this evening and is chosen randomly by all the N agents.
Hence, it fits with (12.1) by considering (N/n) = 1/(1 — f). Therefore, following
(12.1),

(1- f)[l —exp<—1%f>] =f. (12.7)

The solution of this equation gives f =~ 0.46.

12.2.4 Stochastic Crowd Avoiding Case

Up to this point it is seen that indeed the random choice gives best utilization. Fol-
lowing a rank or strictly avoiding the crowd do not improve this fraction. While fol-
lowing a rank inherently prefers some restaurants and thereby making those crowed,
the strict crowd avoidance on the other hand eliminates the possibility of a high uti-
lization by not allowing repeated (successful) visits to a given restaurant.

However, in this section, we describe the following stochastic strategy: [5] If
an agent goes to restaurant k on an evening (¢t — 1) then the agent goes to the same
restaurant next evening with probability pi(¢) = m where ny (¢t — 1) is the num-
ber of customers in kth restaurant on # — 1 day’s evening or otherwise choose any
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Fig. 12.2 The figure shows 0.05 ‘ ‘ —
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0.01F ]
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other restaurant k' (s k) with uniform probability. In this process, the average uti-
lization fraction is f ~ 0.8 in the steady state and the distribution D(f) is a Gaus-
sian with peak at f ~ 0.8 (see Fig. 12.2).

An approximate estimate of f can be made using the following argument: Let
a; denote the fraction of restaurants where exactly i agents (i =0, ..., N) appeared
on any evening and assume that a; = 0 for i > 3. Therefore, agp +a; +ax =1, a; +
2a; = 1 and hence ap = a>. Given this strategy, ap fraction of agents will attempt
to leave their respective restaurants in the next evening (¢ + 1), while no intrinsic
activity will occur at the restaurants where, nobody came (agp) or only one came
(ap) in the previous evening (¢). These a, fraction of agents will now get equally
divided (each in the remaining N — 1 restaurants). Of these a, the fraction going
to the vacant restaurants (ag in the earlier evening) is apa,. Hence the new fraction
of vacant restaurants is now ag — aoay. In restaurants having exactly two agents (a;
fraction in the last evening), some vacancy will be created due to this process, and
this is equal to % — ap . Steady state implies that ag — apaz + F — a2 3 = ap and
hence using ag = a» we get ap = ar = 0.2, giving a; =0.6 and f =a; +a> =0.8.
Of course, the above calculation is approximate as none of the restaurant is assumed
to get more than two customers on any evening (a; = 0 for i > 3). The advantage in
assuming only ag, a; and a to be non vanishing on any evening is that the activity of
redistribution on the next evening starts from this a; fraction of the restaurants. This
of course affects ap and a; for the next evening and for steady state these changes
must balance. The computer simulation results also conform that a; < 0.03 fori > 3
and hence the above approximation does not lead to a serious error.

12.2.5 A General Study for Crowd Avoiding Case

The stochastic crowd avoiding case can be generalized by modifying the probabil-
ity of an agent to choose the same restaurant as the previous evening as p;(f) =
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Fig. 12.3 The figure shows 1 T T T T
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1/ n?(t — 1) where £ is positive real number. Of course £ =1 is the case discussed
in the previous section. It is observed (numerically) that the utilization fraction
increases with decreasing £. However, the time to reach steady state value also
increases. So, in this method we can reach a better utilization fraction as & — 0
(Fig. 12.3). We observe, trivially, that the £ = 0 case does not have any dynamics.
On the other hand, the utilization fraction decreases to a limiting value ( f ~0.676)
for £ — oo. The details of the critical behavior of this model will be reported else-
where [6].

12.3 KPR and Phase Transition

Recently Ghosh et al. applied a stochastic crowd avoiding strategy in the KPR prob-
lem with considering g /N agents and N number of restaurants [7]. It was observed
that if the stochastic crowd avoiding strategy is applied to the problem then one can
find out a particular value of g = g. below which all the agents are satisfied (and the
state is called an absorbing or frozen state) and above the value of g., some of the
agents will not be satisfied (and the state is called an active state). Therefore there is
a phase transition between the an absorbing state and an active state with variation
of g. The exponents of the transition in this process is well fitted with stochastic
sandpile model.

12.3.1 The Models

Consider gN (g < 1) agents and the N restaurants. It is reminded that a restaurant
can serve only one agent in an evening. Suppose in any evening a particular restau-
rant (ith restaurant) is visited by n; agents and then one of the agents is chosen



180 A. Ghosh et al.

randomly and is served and rest (n; — 1) agents do not get any dinner for that day.
Suppose all the agents are following the stochastic crowd avoiding dynamics men-
tioned before. Here two cases of the model are discussed (Model A & Model B). In
model A, if any (ith) restaurant is visited by n; agents in any evening then in the
next evening each of the n; agents will independently choose the same restaurant
with probability p = 1/n; or a different restaurant otherwise with uniform prob-
ability. But in model B, if any (ith) restaurant is visited by n; (n; > 1) agents in
any evening then in the next evening all agents will independently choose any of
the restaurants with uniformly probability (p = 1/N). If, however, n; = 1 then the
agent will stick to his/her choice in the next evening. In both the models, one can
find a value of g = g, below which all the agents will be getting food and when
g > g, some of agents will not be satisfied. The order parameter is given by the
steady state density of active sites p, (density of sites having n > 1). So the absorb-
ing phase corresponds to p, = 0 (g < g.) whereas, for g > g. the steady state gives
a non-zero value of the order parameter (p, > 0). Here the lattice versions (1D &
2D) models are also discussed.

12.3.2 Numerical Results

In this model one can see that below g, the order parameter p, goes to zero with
time and above g., p, goes to a stationary non zero value with time. Now, it is known
that the evolution of order parameter is an exponential form and can be expressed as

pa(t) = pg[1—e"/7] (12.8)
for g > g., and
pa(t) = pJe/" (12.9)

for g < g., where t in the above expressions represents the relaxation time in the
system. Therefore, the order parameter asymptotically goes to steady state value
with time. Now, near critical point the order parameter can be scaled as p, ~ (g —
gc)? where B is the order parameter exponent, similarly 7 also scales as T ~ (g —
g¢)”V. A scaling form for p, can be written as

t

,oa~t_°‘F<T>; T~ (g —8) "~ LY, (12.10)

where L denotes size of the system and «, z are dynamic exponents near critical
point. For time  — 00, and using (12.8), (12.9) and (12.10) we get a scaling relation
B = va. The exponents have been obtained by numerical simulations and the scaling
relations are also discussed.
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12.3.3 Model A

12.3.3.1 Mean Field Case

The model in its original form (as discussed so far) is mean-field (i.e. infinite range)
type, in the sense that the excess agents from a restaurant can choose from all the
remaining restaurant in the next evening and the geometrical distance was not an
issue. In the mean filed case, the simulations are done by taking system size L = 10°
and different scaling exponents are estimated (see Fig. 12.4). The simulation results
suggest that g, = 0.7502 £ 0.002 and 8 = 0.98 = 0.02. Also doing the data collapse
it has been shown z =0.504+0.01, v =1.00£0.01 and @« = 1.00 £0.01. Therefore,
the scaling relation 8 = v is satisfied by the estimated exponents for this case.

12.3.3.2 Lattice Cases

This model was also studied for 1-d and 2-d lattices. In 1-d, by studying the dy-
namics in the lattice it is meant that the excess agents can only go to the nearest
neighbor sites in the next step. For 1-d, lattice size N = L = 10* have been taken
and averaging over 103 initial conditions were permormed. For 2-d, a square lattice
(N = L?) with L = 1000 and averaging over 10° initial conditions were considered.
Periodic boundary condition have been employed in both cases.

1. The model is defined for 1-d as follows: The agents are allowed to hop only to
their nearest neighbor restaurants, and each agent can choose either left or right
neighbor randomly. It is found that g. = 1 and hence the phase transition is not
very interesting.

2. In the 2-d version of the model, a square lattice is considered and the agents
are to choose one of the 4 nearest neighbors randomly in next evening. For
N = 1000 x 1000, g, = 0.88 £ 0.01, 8 = 0.68 £+ 0.01, z = 1.65 % 0.02,
v=12440.01 and o = 0.42 £ 0.01. It was observed that these indepen-
dently estimated exponent values do not fit with the scaling relation 8 = vea.
However, this type of scaling violation was also observed previously in many
active-absorbing transition cases [8].

12.3.4 Model B

12.3.4.1 Mean Field Case

For the mean field case, N = 10°, averaging over 103 initial condition were taken.
The phase diagram and the universality classes of the transition has been numer-
ically investigated. In the mean field case, the phase boundary seems to be linear
starting g. = 1/2 for p = 0 and ending at g. = 1 for p =1 (Fig. 12.5), obeying
8 = %(1 + p). In this case, for p =0, g = 1/2, and this is similar to the fixed
energy sandpiles [9-11]. Again the critical exponents are the same along the phase
boundary and they match with those of model A.
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Fig. 12.4 Simulation results
for mean field case,

g =0.7502 £ 0.0002.

(a) Variation of steady state
density p, of active sites
versus g — g, fitting to

B =0.98 £0.02. The inset
shows the variation of p,
with density g. (b) Relaxation
to absorbing state near critical
point for different system
sizes, the inset showing the
scaling collapse giving
estimates of critical
exponents o = 1.00 £ 0.01
and z =0.50 £ 0.01. (¢)
Scaling collapse of p,(#). The
inset shows the variation of
pq(t) versus time ¢ for
different densities g. The
estimated critical exponent is
v =1.00 £ 0.01. The system
sizes N are mentioned.

From [7]
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This model was also studied for 1-d and 2-d lattices. For a linear chain in 1-d, N =
L = 10* and average over 10° initial condition were considered. For 2-d, square
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Fig. 12.5 Phase diagram for 1 \ \
the generalized model in the 1d-case o

8 A 2d-case &
(g, p) plane, showing the mf-case =~

. . 0.8 r
phase boundaries separating
the active and absorbing
phases in 1-d, 2-d and mean 06}
field cases. The active phases
are on the right of the phase
boundaries while the 0.4
absorbing phases are on the
left in the respective cases. 02k
The system sizes are N = 10°
for mean field, 1000 x 1000
- 4 - 0 =

for 2-d, and 10° for 1-d. 04 05 06 07 08 09 1
From [7] q

restaurants (lattice) with L = 1000 and averaging over 103 initial conditions were
considered.

1. For 1-d, for the case p =0, g, = 0.89 £ 0.01, with 8 =0.42 £ 0.01, z =
1.55 +0.02, v =190 £ 0.02 and @ = 0.16 £ 0.01. The phase boundary in
(g, p) is nonlinear: it starts from g, =0.89 +0.01 at p =0 to p =0.43 £ 0.03
at g = 1 (Fig. 12.5). Thus, one can independently define a model at unit density
(g = 1) and calculate the critical probability p. for which the system goes from
an active to an absorbing phase.

2. For 2-d, for the case p =0, g = 0.683 £ 0.002, with 8 = 0.67 & 0.02, z =
1.55+0.02, v =1.20 £ 0.03 and o = 0.42 £ 0.01. The phase boundary seems
nonlinear, from g, = 0.683 &= 0.002 for p = 0 (Fig. 12.5) extending to g. =1 at

p=1.

In summary, it is shown how a crowd dynamics in a resources allocation game
gives rise to a phase transition between an active and a frozen phase, as the den-
sity varies. In this respect, a class of models has been defined and studied, where
gN agents compete among themselves to get the best service from N restaurants
of same rank, generalizing the ‘Kolkata Paise Restaurant’ problem. In the original
problem, where density g = 1, the model was far from its critical value g., the relax-
ation time t, given by (12.10) never showed any L = N'/¢ dependence. As long as
g < g., absorbing frozen configurations are present, and whether that can be reach-
able or not, depends on the underlying dynamics. The existence of a critical point
gc above which the agents are unable to find frozen configurations was found. In the
case in which the agents are moving if and only if they are unsatisfied (model B) with
p =0, they fail to reach satisfactory configurations if the density is above g, = 1/2.
Strategies where agents wait longer (higher p) speed up the convergence, increas-
ing g, and decreasing the time to reach saturation configurations (faster-is-slower
effect). The exponent values of the phase transitions in finite dimensions are in good
agreement with the exponents of stochastic fixed-energy sandpile (Table. 12.1) [9—
13]. Thus, it is a simple model for resource allocation, which is solvable (the MF
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Table 12.1 The table shows

that comparison of the critical Model A Model B Manna
exponents of this model with

those of the conserved Manna 8 1D 0.42 +0.01 0.382 +£0.019
model [13] 2D 0.68 £ 0.01 0.67 £ 0.02 0.639 £ 0.009

MF 0.98 £ 0.02 0.99 £ 0.01 1

Z 1D 1.55 £0.02 1.393 4 0.037
2D 1.65 £ 0.02 1.55 £0.02 1.533 £0.024
MF 0.50 £ 0.01 0.50 £ 0.01 2

o 1D 0.16 £ 0.01 0.141 £ 0.024
2D 0.42 £ 0.01 0.42 £0.01 0.419+£ 0.015
MF 1.00 £ 0.01 1.00 £ 0.01 1

v 1D 1.90 £ 0.02 1.876 & 0.135
2D 1.24 £ 0.01 1.20 £ 0.03 1.225 4+ 0.029
MF 1.00 £ 0.01 1.00 £ 0.01 1

limit), and shows a variety of interesting features including phase transitions as in
well known models.

12.4 KPR and Its Application on MG

So far we have dealt with the cases where the number of choices and the num-
ber of agents making those choices are of comparable magnitudes (KPR problem).
However, there is another very well studied limit where the number of agents re-
main large but the number of choices is only two. A pay-off is given to the agents
belonging to the minority group. Given there is no dictator and the agents do not
communicate among themselves, how to device a strategy to extract maximum gain
for maximum number of people, has been a long standing question. This problem
goes by the name Minority Game (MG). This is, in fact, a particular version of the
El Farol bar problem introduced by Brian Arthur [14].

In MG, the total number of agents (N) being odd, the maximum possible utiliza-
tion can come when (N — 1)/2 agents are in the minority. However, if the agents
choose randomly, the utilization is far from the maximum value, in fact the devia-
tion is of the order of ~/N. However, there can be deterministic strategies, where
agents learn from their past experiences and in those cases this fluctuation can be
considerably reduced, giving a self-organized, efficient market [15-20]. But in all
those cases, the fluctuations (deviation from maximum utilization) scales with sys-
tem size as +/N. Only the pre-factor, depending upon the particulars of the strategy,
can be reduced.

Recently, Dhar et al. [21] applied a stochastic strategy, inspired by the stochastic
strategy used in KPR [2, 4, 5], to show that the fluctuations, or deviation from max-
imum utilization, can be reduced to be of the order of N€ for any € > 0 in loglog N
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time. Stochastic strategy was used in MG before [22], where the fluctuation could
be made of the order 1, but the time to reach that state scaled with v/N. The strategy
taken by Dhar et al., is the first of its kind that gives smallest fluctuation in very
short time. In the following sections we discuss the main results of this strategy and
its subsequent modifications.

12.5 KPR Strategy in MG: Results

As mentioned before, Minority Game deals with N (odd) agents selecting between
two choices, when an incentive is associated with people belonging to minority. For
example, consider the situation where there are only two restaurants in a locality
and N =2M + 1 agents select between these two restaurants for dinner. An agent
is happy if he or she goes to the less crowded restaurant. But they cannot communi-
cate among themselves and cannot change their choices once they fix it for a given
evening. The agents, however, have in their possession the entire history of which
restaurant was more crowded. This is a classic example to the MG problem. Other
examples can be buying or selling of stocks and so on.

For any configuration at time (day) ¢, one can write the populations in the two
restaurants as, M — A(t) and M + A(¢t) + 1. In the this strategy, a deviation from
the classic MG problem was made that the knowledge of A(¢) was also available to
the agents, while originally only its sign was known. In that sense, agents have more
information than usual.

The strategy of the agents is as follows: At ¢+ = 0 the agents select randomly.
Then the agents belonging to the minority stick to their choice in the next day. But
the agents in the majority change their choice with a probability

At)

- 12.11
P= T2+ (121D

for A(t) > 0 and stick to their choice with probability 1 — p. As it is a probabilis-
tic strategy, the number of people shifting will also have a fluctuation of the order
+/ A(t), which is the new difference between the two populations; which leads us
to the recurrence relation A(t 4+ 1) = «/A(¢). This shows that after loglog N time
A(t) becomes of the order 1 and remains there.

Therefore, by following the same stochastic strategy, the difference between the
populations in the two restaurants can be minimized in a very short time. This is in
contrast with standard MG strategies, where the agents indeed try to differ in their
strategies to maximize individual gain. However, the difference being in general the
strategies were deterministic, i.e. given a history, all the subsequent steps are known.
The stochasticity itself makes the agents differ. Furthermore, that the agents follow
the same stochastic strategy and do not deviate from it, can be justified if it can be
shown that a single individual does not gain by deviating from this strategy. Indeed
it was shown that for this strategy, an individual will not gain by deviating from this
strategy.
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12.5.1 Stability Against Individual Deviator

In the above discussions it is discussed that if the agents in the MG problem follow
a simple stochastic strategy, the difference between the two choices can be made of
the order 1 in loglog N time. However, it is not always expected that all the agents
will follow the same strategy, until it is shown that no one will gain by deviating
from the strategy.

12.5.1.1 Game with One Cheater

Defining cheater as one who will not follow the strategy followed by rest present in
the majority. Now suppose there is a cheater, say X in the majority, say in restau-
rant A. If he want to stay, then the number of agents in the restaurant A, who will
follow the conventional strategy is M + A(t). The probability that 7 agents from
M + A(t) agents in A will shift from A to minority, say restaurant B is

P(F)= <M J;A(t)) (1 — pyM+an-T, (12.12)

For M — oo the probability distribution will become Poisson with A = p(M + 1).
So this distribution will be

)\‘r
P(r) = — exp(=A)(1 + Br), (12.13)
r:
where
B=" a +2%4 ) ! (12.14)
M 2 2 ) M? '

Using the above probability distribution, it can be shown that [21] there exist a value
of X for a given A(¢) such that existence of cheater does not effect the dynamics of
the game. This A is given by

A A—1+k2 - 1+A (12.15)
6 2MV A r) ’

Or restoring the inequality given that X; will gain switching as he is in majority
then we get

A A+1+Az 144 (12.16)
< -+ —. = — ). .
6 2MV A A

As A o A, this means for a large difference A we can increase the noise safely up
to %~|— without letting the cheater to win. We have seen in Fig. 12.6 that (12.15)

match the simulation result. In the simulation we took p = #ZC-H’ with vary-
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Fig. 12.6 The data points are 3
the simulation data and the
line is (12.15). The total 25

number of player is 2001

A-A
&

ing the noise parameter c. Below this optimal value of A, cheater will gain if
he shift from majority to minority, above this optimal value a cheater will gain if he
shift from minority to majority.

12.5.1.2 Majority Stay or Minority Flip

For a situation when one agent will stay if he finds himself in majority (in A) and
will shift if he finds himself in minority (in B). Then he will win by staying in
majority if » number of agent shift from majority A to minority B, given r > A + 1.
The total probability P (win|stay in majority) that he will win, which is same as
expected payoff is
o
EP(majority | stay) = Y P(r). (12.17)
r=A+1

Now, if he is in B having total number of agent M — A and shift to A having total
number of agent M + A+ 1, he will win if » number of agent come from A to B, with
r > A + 2. The total probability of his win if he flip is P (win | flip from minority),
which is same as his payoff given by

e¢]

EP(minority |flip)=»_ P(r) (12.18)
r=A+2

where P (r) is given by (12.13). Total probability of win or expected payoff, if he
stay at majority and flip if he is in minority is sum of (12.18) and (12.17), which
after little algebra is given by

(12.19)

TA+1,x AAtL
EP,=2<1— 4+ ))

Al T A+
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Fig. 12.7 The simulation
data is compared with the
solid line which is (12.19)
with given in (12.21)
neglecting the small
correction term in the bracket,
thus A = 2c. The total number
of player is 2001

Expected payoff

10 12 14 16

where I"(s, x) is a incomplete gamma function. To get more accurate result we need
to average the expected payoff (EPj). From numerical experiment we know that
fluctuation in A is very small. So this gives very little error when fitted with the
simulated result. This error can be minimized by little adjustment of the constant
terms. The best fit will come for the first argument A +a where a # 1, buta = 0.65.
and the second argument A = 2A in the I'(s, x). From Fig. 12.7 we find that the
noise ¢ can not be increased to very large value else a cheater will always gain the
game.

We have seen that if we take A = 0 so that A = ¢, the noise parameter, then the
curve have same features as the simulated curve, this is due to the fact that A does
not become zero in the presence of non zero noise. So we need to know the average
A in this case, which is given by

Ay = L1 FAoh) 12.20
@=34{1- Gy ) R

This is the average difference if A become minority after a shift of agents. So we
get

F(AM))1 (12.21)

“MO‘M

12.5.1.3 Minority Stay or Majority Flip

Let the cheater is in A having M 4+ A + 1 agents who will shift to B there are M — A
agents. He will shift to B makingny =M + Aandng = M — A + 1. Now he will
win if  number of people from A shift to B with r < A — 1. Then the probability
that he will win is given by P (win |flip from majority). Now if he is in B, then he
will stay. If r < A number of people shift from A to B he will win. The probability
that he will win staying in B is P (win|stay in minority). The total probability of
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Fig. 12.8 The symbols 0.35
represent the simulation data !
and the line is (12.22) with A 0.3 1

given in (12.23). In the plot
average A is not the noise
parameter c but a little less,
so instead of A =2(c + 1),

A =2c¢+ 1.85 is plotted in the
theoretical curve. The total
number of player is 2001

0.25

0.2

0.15

Expected Payoff

0.1
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winning if he always stays in minority, which is same as expected payoff Ej; in the
same case

r,n A4

A—1 A
EPp=Y"P(r)+ Y P(r)~2——""+ “—exp(—A). (12.22)
r=0 r=0

A-1D! " Al

We have seen that if we take A = 0 so that A = ¢, the noise parameter, then the
curve have same features as the simulated curve (see Fig. 12.8), this is because A
does not become zero in the presence of non zero noise. So we need to know the
average A in this case which is

A=2((A) +1). (12.23)

12.5.2 Freezing of Dynamics and Escape Routes from It

It is clear from the strategy discussed above, that once A(¢) =0 i.e., the difference
of population in the two restaurants is 1 (which is the minimum possible value as the
total number is odd), the dynamics stops. This leaves the system highly asymmetric
in the sense that the people in the majority (minority) will remain in the majority
(minority) forever. This situation is of course socially unacceptable, although this is
the most efficient division.

12.5.2.1 Resetting After a Given Time

To resolve this status quo, Dhar et al. [21] suggested that once A(t) = 0 a major
reshuffle can take place if all the agents (whether in majority or in minority) shift
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after waiting T time steps. This time period needs to be much smaller than the life-
time of the agents. If an inefficiency parameter is defined as follows

.4 2
n= lim (0~ N/2)%) (12.24)

then for this case this would be

KlNe—l

~—_ (12.25)
T + K>loglog N

n

where K1, K7 and € are constant. This means that efficiency increases with 7. How-
ever, large T would mean longer wait in the majority. Clearly, other parameters like
overall social welfare and equality needs to be considered here. Also, as indicated in
the Dhar et al. paper, it will be interesting to see what if the agents try to maximize
their pay-offs for next n > 1 days.

12.5.2.2 Continuous Transition of Social Efficiency

In the above method, the system becomes efficient only when the agents act for
overall social welfare or have a long-term gain strategy. Even then, efficiency de-
pends upon time waiting time 7', which gives rise to a competition regarding its
magnitude.

Biswas et al. [23] suggested a subsequent modification in the strategy such that
the fluctuation could be reduced to any arbitrarily small value by tuning a parameter.
This, therefore, gives a continuous phase transition and as long as a finite fluctuation
is kept in the system, the frozen condition can be avoided.

The modified strategy is the following: The agents in the majority in a given day
shifts to the other choice with a probability

A1)

S (12.26)
M+ A1)+ 1

p+(t) =

(where A’(t) = g A(¢) and g is a constant) and people in the minority stick to their
choices (p— =0).

Regarding the steady-state behavior, consider the following: Suppose the popu-
lations in the majority and minority are M + A(t) and M — A(¢t) respectively, at
time 7. Now, if 2A(#) number of people can be shifted from majority to minor-
ity, then the population difference will remain same and the same process can be
repeated, sustaining a steady state. Of course, this possibility can only arise when
q > 1. If Ay is the steady state value for fluctuation, then

qAs

M+ A H— =
M+ 4+ Dy oy

2A;. (12.27)
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Fig. 12.9 Steady state values 0.5 w
of the order parameter Oy for
different values of ¢ and x.

The solid lines show the

analytical results for the pure

and annealed disordered

cases. Both match very well @
with the simulation points.
Inset shows the log—log plot
near the critical point for the

disordered case, confirming 01 | pure case © -
A =1.00£0.01. All & (Q'd2)/q 5
simulation data are shown for analytical randoﬁnc:sne]
_ 5 O L L L i L L
M =10". From [23] 05 1 15 2 25 3 35 4
q, (1+x)

The two solutions of this quadratic equation are

q—2
Ag=0 or ——(M+1). (12.28)
q

This means that for g < g, = 2, the system will reach the zero fluctuation state
(although the dynamics of the system will be very much different for ¢ < 1 and
q > 1), and for g > 2 there will remain a residual fluctuation in the system signifying
an active-absorbing type phase transition around ¢ = g, = 2.

Formally, one can define an order parameter like O(fr) = A(¢t)/M and in the
steady state the saturation value is Oy =0 when ¢ <2 and Os; = (¢ — gq.)/q for
q > 2 both for M > 1, giving the order parameter exponent 8 = 1. Figure 12.9
shows the numerical results and its comparison with the above calculations.

Regarding the dynamics of the system in approaching this steady state, assume
that at time ¢ the populations at the two restaurants are N (f) and Np(f) and
N4(t) > Np(t). Therefore,

Na() — Np() -1

Alt) = >

(12.29)

Now, according to the strategy in (12.26), the number of people shifted from choice
A to choice B will be
qA@)

S(r) = W(M + A1) +1)

~ q A1) (12.30)

up to leading order term, when A(f) << M, i.e., when q is close to g, or in the long
time limit if ¢ < g, and not too close to it. With this transfer amount, in the next
step Na(t+1) =Na(t) — S(t) and Np(t + 1) = Np(t) + S(¢). For g > 1, majority
will become minority, so
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Np({t+1)—Na(t+1)—1
2
~qA(t) — A) — 1. (12.31)

At +1) =

Subtracting A(t) from both sides and dividing by M, one arrives at

do@) 1
7 __(Z_Q)O(t)_ﬁ (12.32)

The last term can be neglected for large M. The it follows
O(t) = 0(0)exp[— (2 — q)t]. (12.33)
So this exponential decay in the region 1 < ¢ < 2 gives a time scale T ~ (gc —¢q) ",

diverging at the critical point with exponent 1.
In (12.30), if one keeps the second order term, one gets

1
St~ qA(t) — M(quz(t) —qA* (). (12.34)

The time evolution equation becomes

do(t)
7 =—Q2-9)0(0) —q(qg —1)O*®). (12.35)
Now, exactly at the critical point ¢ = 2, the solution is
0
owy=—20 (12.36)
2000t +1

which, in the long time limit gives O(r) ~ t~!, giving the critical exponent value
a=1.

A more general solution of (12.35) can be obtained (for any ¢) as follow: Con-
sider the auxiliary variable u(¢) = |¢g — 1|/ O(¢) and substitute it in (12.35). This
gives after simplifications

u(t + 1) =u(t)+qlg —1|". (12.37)

Using this recursion relation, one can write u(¢) in a GP series and can perform the
sum to get the following:

1—|g—1] 1
(Gw + Dlg =117 —1

o(t) = (12.38)

Putting ¢ = 2 in the above equation, one gets back (12.36). Also, a time scale is
obtained from the above equation in the form

1
T~y .
|In(lg — 1]

As g — q., the power law divergence (g. — q) ™" is recovered.

(12.39)
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Furthermore, for ¢ < 1 the dynamical equation (12.38) will reduce to

L 00 .
o) 0(0)—1—1(1 q) . (12.40)

12.5.3 Reducing Fluctuation with Less Informed Agents

As is clear from the strategies discussed above, the agents in those versions of the
game, posses more information than the usual minority game problem. Particularly,
the agents are aware of the amount of excess population in the majority, while in the
usual case then only know whether they were in the majority or minority. This extra
information is important. Although it is logical that the would agents eventually
come to know about this excess population, there have been studies to confirm if this
extra information is essential in obtaining the maximum efficient state. It is found
that this information is not essential. The system can indeed reach the maximum
efficient state even when this knowledge is partially or even fully absent.

12.5.3.1 Non-uniform Guessing of the Excess Crowd: Phase Transition

It has been argued in Ref. [23] that in considering less informed agent a natural step
would be the agents with different guessing abilities. This means that although the
agents do not know the exact value of the excess population, they can make a guess
about the value. This acts as an annealed disorder. Formally, the ith agent at time ¢
makes a guess about A(¢) which is

Ai(t)y=A1) +¢), (12.41)

where ¢; is an annealed random variable taken from a uniform distribution in the
range [0 : 2x]. This means,

(Ai()) =AW (1+ (&) = A1 +x), (12.42)

where the angular brackets denote average over disorder. One can generally write

A(t+1):|A(t)—S(t) , (12.43)
where
S() = KMH (12.44)
M+ A@)(1+e)
This leads to
€
ot+1)=0(@) <m>’ (12.45)
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Fig. 12.10 Data collapse for 10!
finding v in the disordered
case for different x values.
The estimate is

v =1.00 £ 0.01. Inset shows
the uncollapsed data. The 101}

straight line at the critical g
point gives & = 1.00 = 0.01. = 2
Simulation data is shown for 10
M =10°. From [23]
1073
-4 ) , |
19402 107 10° 10 10?
t(a-ao)”
In the steady state O(t + 1) = O(¢r) = O*, leading to
1—0%)2x0* 2xO0*
% =In|1+ . (12.46)
(14+ 0% 14 O*

A numerical solution of this self-consistent equation was found to agree with the
simulation results (see Fig. 12.9). For small O*, O* ~ (x — 1) giving 8 = 1. Also,
for small O(z), the dynamical equation can be written as

dZ[(t) — (x— 1)O(1) — x0%(0). (12.47)

The critical point is at x. = 1. So at the critical point, O(¢) ~¢~!, giving & = 1 and
above the critical point the exponential decay would give a time scale, diverging at
X = x. with an exponent v = 1.

The above results were also verified using numerical simulations. A finite size
scaling form was considered

o) ~t™*F(t'"(q — q0). 1777 /N), (12.48)

where d is the spatial dimension, which was taken as 4 in this mean-field scenario.
This form suggests that at the critical point the order parameter decays in a power-
law, with exponent o, which was numerically found to be 1.00 £ 0.01 (see inset of
Fig. 12.10). One can also plot (see Fig. 12.10) O(¢)t* against t(q — q.)*, where
by knowing «, v can be tuned to get best data collapse, giving v = 1.00 £ 0.01.
Also, O(t)t* can be plotted against t/N 2/d | \where 7 /d can be obtained from the
data collapse (Fig. 12.11) to be 0.50 & 0.01. Therefore, it was concluded that the
analytical estimates were verified and the scaling relation o« = /v was satisfied.

In the above mentioned case, the non-uniform guessing power acts as an annealed
disorder. When this disorder is quenched, the case slightly complicated. It is no
longer possible to tackle analytically as done above. It was seen that the agents with
higher € are more likely to change side and be in the majority. So, if the average
pay-offs are plotted against €, a monotonic decay is observed (Fig. 12.12).
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Fig. 12.11 Data collapse for
finding z in the disordered 100
case for different system sizes

(M =10%,10%, 10, 10%) at

x = 1.0. The estimate is

z/d =0.50 £ 0.01. Inset =
shows the uncollapsed data. §

-1
The linear part in the inset 10
confirms o = 1.00 = 0.01.
From [23]
102
10
Fig. 12.12 For quenched ¢; 0.5
the average pay-offs of the
agents are plotted for -
different € values having £ 045
different ranges as indicated. S
The monotonic decay with @
increasing € clearly indicates g 0.4
that agents with higher € are £
more likely to be in the g
majority. From [23] o 035
o)
o
o
>
©
0.3

12.5.3.2 Following an Annealing Schedule

Usually in minority game, agents do not have any information about the amount
of excess population in the majority. They are only aware whether they are in the
minority or majority. All the strategies mentioned above require this information in
some form (fully or partially). However, it was studied in Ref. [23] that even without
this information, the system can reach the fully efficient state in In N time.

In this case of least informed agents, the agents assume a simple time evolution
for the excess population. An example can be

AT (1) = AT (0) exp(—1/7), (12.49)

where AT (0) is close to ~/M, corresponding to the initial random choice. Assuming
this form, one can plot the actual A(¢) along with this trial function with time. They
have a simple relation as follows:

2A(1) = AT (0). (12.50)
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Fig. 12.13 Time variation of the excess population A(t) are plotted for different functional forms
of AT (7). Left: In log-linear scale the excess population are plotted for exponential decay. Right:
For power law ) /(1+1)* decay, with different values of k). M =5 x 103 for the simulations.
From [23]

This implies that even when the agents are completely unaware of the excess popu-
lation, they can reach an efficient state (A(¢) ~ 1) in In N time.

It was also checked in Ref. [23] if this process is specific to the functional form
considered for the trial function. For this purpose a power-law decay was also con-
sidered

AT(0)
(1 410)<
Again it was found that for different « values, the relation in (12.50) is satisfied. It
was therefore concluded that this relation is true for a wide range of the functional
form (the restrictions in the functional form is discussed later).

The behavior of the order parameter when a trial function is considered, can be
verified as follows: The dynamical evolution of O(¢) would be

In() — 0@)|

AT (1) = (12.51)

where () = AT (t)/M. When 1n(t) > O(t), one can obtain (by Taylor series ex-
pansion)
do(t)
dt
A general solution of the above equation will be of the form

— [t =2]o®) =n®[1 - (). (12.53)

t
Judty n(e)(1 = n(ey))els’ G-nende
eJo@=n())dn

o) =

n Cleff(i(zfn(n))dn, (12.54)
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where C is a constant. This is valid only when 7(¢) is not a fast decaying function.
When 7(f) < 2, the dominant terms in the above equation is
(1 —n(t t
0@~ 1A =n@) 1@ (12.55)
2 —n(t) 2
which was the numerical observation (see Fig. 12.13). If one evaluates (12.54) using
n(t) =noexp(—t/t) for T > 1/2, one gets

T
2t —1

o(t) ~ n(t). (12.56)
Therefore, O (t) ~ n(t)/2 is only valid when t >> 1/2, which limits the fastness in
the trial function.

When one considers a fast decaying trail function, one would simply have

t—1

0N~ 0@ —1)—n(t—1)~0©) > nk). (12.57)
k=0

So, O(¢) will saturate to a finite value in this case.

12.5.4 Effect of Random Traders

The above mentioned strategies concern with agents following a given strategy (this
does not remove their heterogeneity, since these are stochastic strategies that involve
uncorrelated random numbers). However, it is often the case in real markets that
there exist agents who do not follow the market signals (fluctuations) in deciding
their trade strategies. Whatever might be their logic, it terms of market signals, they
can be treated as random traders who decide completely randomly as opposed to
the chartists who follow given strategies (deterministic or stochastic). Following
discussions deal with effect of such random traders in minority games.

12.5.4.1 Single Random Trader

Consider the scenario when there is only one random trader in the system. The other
agents follow some strategy mentioned before, and reach the minimum fluctuation
state. After that A(z) = 0, so no chartist will shift from his or her choice. How-
ever, the single random trader will continue to shift on average in a 2 days time
period. The majority will be determined by this random trader. Therefore, that ran-
dom trader will always be the loser. Although the resource utilization will be perfect
in this case, it will be at the cost of one player being in the majority for ever.
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Fig. 12.14 The saturation 1 : :
values of Oj are plotted —= p=0 pure case
against ¢ for different ~ p=0.01
fractions p of the random 101 = p=0.02
traders. M = 10 for the p=0.04
simulations. From [23] | ™ p=0.08
10 f = p=0.16 i

~ p=1.00

12.5.4.2 More than One Random Trader

The case of the single random trader has the problem that the random trader is
always a loser. This makes the system unstable in the sense that resource allocation
is unfair for that agent as long as he or she follows that strategy (random in this
case). However, this problem can be avoided by considering more than one random
player. In this case it is not always possible to keep all the random players in the
majority, since the majority is no longer determined by a single random player. Also,
as the average time period is 2 days for the random players, both the choices will
become majority and minority in this time period (due to symmetry of the choices).
It is true that random players would make the fluctuations to grow. If the number
of random player is pN, then the fluctuation would scale as +/N (see Fig. 12.14).
However, one can always keep the number of random players at a minimum value.
If this number is 2, then the fluctuation would be minimum and uniform resource
allocation is guaranteed.

12.6 Summary

We consider a repetitive game performed by N agents choosing every time (paral-
lelly) one among the n(< N) choices, such that each agent can be in minority: no
one else made the same choice in the KPR case (typically n = N) and Ny < N/2
for the Minority Game (n = 2; k = 1, 2). The strategies to achieve this objective
evolve with time bounded by N. Acceptable strategies are which evolve quickly
(say within log N time). Also the effectiveness of a strategy is measured by the re-
sulting utilization factor f giving the (steady state) number of occupied restaurants
in any evening for the KPR, by the value of fluctuation A in the minority game case
(A = 0 corresponds to maximum efficiency).

The study of the KPR problem shows that a dictated solution leads to one of
the best possible solution to the problem, with each agent getting his dinner at the
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best ranked restaurant with a period of N evenings, and with best possible value
of f (=1) starting from the first evening on itself. For a democratic situation (for
parallel decision strategies), the agents employ stochastic algorithms based on past
occupation informations (e.g., of Ni(¢))). These strategies are of course less efficient
(f <« 1; the best one discussed in [5], giving f =~ 0.8 only). Here the time required
is very weakly dependent on N, if any. We also note that most of the “smarter”
strategies lead to much lower efficiency.

Finally we note that the stochastic strategy Minority Game [21], a very effi-
cient one: The strategy is described by (12.11), where the agents very quickly (in
loglog N time; N =2M + 1) get divided almost equally (M and M + 1) between
the two choices. This strategy guarantees that a single cheater, who does not fol-
low this strategy, will always be a loser. However, the dynamics in the system stops
very quickly (leading to the absorbing state), making the resource distribution highly
asymmetric (people in the majority stays there for ever) thereby making this strategy
socially unacceptable. To rectify this, we noted that the presence of a single random
trader (who picks between the two choices completely randomly) will avoid this ab-
sorbing state and the asymmetric distribution. However, this will always make that
random trader a loser. But the presence of more than one random trader will avoid
that situation too, making the average time period of switching between majority
and minority for all the traders (irrespective of whether they are chartists or random
traders) to be 2. Hence, the system will always evolve collectively such that only
two agents will make random choices between the binary choices, while the rest
N — 2 will follow the probabilities given by (12.11).
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Chapter 13
Kolkata Paise Restaurant Problem
and the Cyclically Fair Norm

Priyodorshi Banerjee, Manipushpak Mitra, and Conan Mukherjee

Abstract In this paper we revisit the Kolkata Paise Restaurant problem by allowing
for a more general (but common) preference of the n customers defined over the
set of n restaurants. This generalization allows for the possibility that each pure
strategy Nash equilibrium differs from the Pareto efficient allocation. By assuming
that n is small and by allowing for mutual interaction across all customers we design
strategies to sustain cyclically fair norm as a sub-game perfect equilibrium of the
Kolkata Paise Restaurant problem. We have a cyclically fair norm if n strategically
different Pareto efficient strategies are sequentially sustained in a way such that each
customer gets serviced in all the n restaurants exactly once between periods 1 and n
and then again the same process is repeated between periods (n + 1) and 2n and so
on.

13.1 Introduction

The Kolkata Paise Restaurant problem [2, 3, 5-7] is a repeated game with identi-
cal stage (or one-shot) games and with the same set of n customers (or agents or
players). In each stage these n customers have to simultaneously choose between n
restaurants to get served. All the customers have a common and rational preference
ordering over the service of these n restaurants and, to each customer, the least pre-
ferred outcome is not getting the service. Without loss of generality, we assume that
the first restaurant is the most preferred followed by the second restaurant and so on
and that getting served in the last restaurant is preferred to not getting the service.
The price of getting the service from each restaurant is identical. Each restaurant
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can serve only one customer so that if more than one customer arrives at the same
restaurant, the restaurant randomly chooses one customer to serve and the others do
not get the service in that stage. Thus, given the common preferences of the cus-
tomers over the set of restaurants, the stage game of the Kolkata Paise Restaurant
problem is a symmetric one. Moreover, as long as the first restaurant is strictly pre-
ferred to the last restaurant, the stage game of the Kolkata Paise Restaurant problem
is non-trivial. Given the restrictions on the preferences, Pareto efficiency means that
each customer goes to a different restaurant and each restaurant gets exactly one
customer to serve.

In the very first work on the Kolkata Paise Restaurant problem [2], it was as-
sumed that the common preferences of the customers is such that going to any
unoccupied restaurant is strictly preferred to going to any other restaurant where
at least another customer is present. This restriction implied that the set of pure
strategy Nash equilibria of the stage game were all Pareto efficient. Hence there
are exactly n!(=n(n — 1)...2.1) pure strategy Nash equilibria of this version of
the stage game of the Kolkata Paise Restaurant problem. If customers are ratio-
nal, n is small and if customers can mutually interact, then, given the fact that the
set of pure strategy Nash equilibrium are also Pareto efficient, one can show that
it is easy to sustain any pure strategy Nash equilibrium of the stage game of the
Kolkata Paise Restaurant problem as a sub-game perfect equilibrium outcome of
the Kolkata Paise Restaurant problem without designing any punishment strategy.
This is because, in this context, unilateral deviation means going to a restaurant
where there is already another customer which is payoff reducing. In this context
it seems quite unfair to sustain exactly one pure strategy Nash equilibrium of the
stage game repeatedly as a sub-game perfect Nash equilibrium of the Kolkata Paise
Restaurant problem. This is because in any pure strategy Nash equilibrium of the
stage game, the customer going to the first restaurant derives a strictly higher pay-
off than the customer going to the last restaurant. Instead it seems more natural to
sustain the cyclically fair norm where n strategically different Pareto efficient allo-
cations are sequentially sustained in a way such that each customer gets serviced
in all the n restaurants exactly once between periods 1 and n and then again the
same process is repeated from the (n + 1)th period to period 2n and so on. A variant
of the cyclically fair norm was proposed in [7] under the large player assumption.
However, this type of cyclically fair norm can also be sustained as a sub-game per-
fect Nash equilibrium because unilateral deviation at any stage means going to a
restaurant already occupied by another customer which is always payoff reducing.
Therefore, the existing structure of the Kolkata Paise Restaurant problem is such
that if the number of customers 7 is small and if the customers can coordinate their
action then the problem becomes uninteresting as there is no need to design pun-
ishment strategies to induce customers to remain in the equilibrium path. Thus it
is natural that the existing literature on Kolkata Paise Restaurant problem [2, 5-7]
deals with situations where n is macroscopically large so that the agents cannot
rely on the other agents’ actions and therefore what matters to each agent is the
past collective configuration of actions and the resulting average utilization of the
restaurants.
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In this paper we revisit the Kolkata Paise Restaurant problem by relaxing the
assumption on preferences that ensures the Pareto efficiency of all the pure strat-
egy Nash equilibria of the stage game. Therefore, we analyze the Kolkata Paise
Restaurant problem by looking at a more general (but common across agents) ratio-
nal preference structure over the restaurants such that the stage game allows for the
possibility of inefficient pure strategy Nash equilibria. In this scenario we assume
that n is small and that customers can take coordinated actions and then analyze the
possibility of sustaining the cyclically fair norm as a sub-game perfect equilibrium
of the Kolkata Paise Restaurant problem. Clearly, in this context, there is a need for
designing punishment schemes in order to sustain the cyclically fair norm as a sub-
game perfect equilibrium since unilateral deviation from the proposed norm can be
payoff enhancing as the configurations under the cyclically fair norm may not be
pure strategy Nash equilibria of the stage game.

13.2 The Stage Game

We start by formally defining and analyzing the stage game associated with the
Kolkata Paise Restaurant (or KPR) problem. Let N = {1, ..., n} be the finite set of
agents, S = {R1, ..., Rn} be the set of restaurants and vector u = (uy, ..., u,) € X"
represent the utility (in terms of money) associated with each restaurant which is
common to all customers or agents. Assume w.l.o.g. that 0 < u, <--- <wupy <u;
with u1 # u,. Formally, the one shot KPR game is G(u) = (N, S, ), where S =
{R1, ..., Rn} is the common action space and 7; : S" — 9 is the payoff function
of agent i. For any agent i, s; = k € S implies that agent i chooses the strategy of
going to restaurant k. It may so happen that more than one agents goes to the same
restaurant. In that case, service is provided to only one of them and this selection is
completely random. Therefore, for any strategy profile s € S”, the expected payoff
toagent i, 7r; (s) = nL;E;) where n;(s) =1+|{j € N : j #i,s; =s;}| is the number of
agents that have selected the same restaurant as agent i. We call a strategy profile s =
(s1,...,8,) € S" Pareto efficient, if the sum of payoffs of the agents is maximized,
that is,

/
s €argmax Y m;(s’').
5 s'eSn Z ' ( )
ieN
Given the current setting, a strategy combination leads to Pareto efficiency if and
only if the strategies of the agents are such that they end up in different restaurants,

that is, Vi, j € N, s; # 5;. A strategy combination s* = (s}, ..., s,;) is a pure strat-
egy Nash equilibrium (NE) if no agent i has incentive to deviate from the existing
strategy s;° given the strategies s*; = (s7,...,s;_ |, 5/ |, ..., s,) of the other play-

ers, that is, for each agenti € N,

JTi(S*) > ﬂi(Si,S* ) Vs; € 8S.

—l
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Remark 13.1 Tt was proved in [2] that if u| < 2u, then the set of all pure strategy
Nash equilibria of the one-shot KPR problem coincides with the set of all Pareto
efficient strategies. This result is quite intuitive since the restriction | < 2u, means
that going to any unoccupied restaurant is strictly preferred to going to any other
restaurant where at least another agent is present. Hence for any agent i € N, given
the strategy of all other agents, it is always optimum for agent i to select the most
preferred unoccupied restaurant. Since the number of restaurant is the same as the
number of agents, it is always possible for agent i to find an unoccupied restaurant.
Hence in any pure strategy Nash equilibrium all agents end up in different restau-
rants which is also a Pareto optimal strategy combination.

Before concluding this section we provide a discussion on symmetric mixed
strategy equilibria in the following remark.

Remark 13.2 (Symmetric mixed strategy equilibria) Let u; < 2u, and let A(S) de-

note the set of all mixed strategies defined over S.! A symmetric mixed strategy

Nash equilibrium p* = (p*,..., p*) € A(S)" where p* = (py,....pp) €0, 11"
— | —

n
with Y7, p} = 1is asolution to the following sets of equation:
Foreachi € N, Z}Z;(l)(l —pHk = % for some constant ¢(n) which is positive
real.”

*

(1) For N = {1,2}, the symmetric mixed strategy Nash equilibrium is p* =

(p*, p*) where p* = (pj = 214”1';;‘22 Py = ZMMIZJ:M";) and c(2) = 42(3;?;”;2).
1 or = {1, 2, 3}, there are two symmetric mixed strate, ash equilibria.
(ii) For N = {1, 2, 3}, th y ic mixed gy Nash equilibri

These equilibria are characterized by p* = (p7, p3, p3) and ¢(3) where p =
% — %1 / %{G) —3foralli €{1,2,3}, the constant ¢(3) takes two values given

3(E|+Ey+E3)+,/9(E|+Ey+E3)2—20(E?>+E2+E2)
by ¢(3) = VEIE2E3( \/(E%+E§+E§) ——2 ) and E; =

ujuy forall i # j #1 #i. It can be verified that given u3 < 2u1, 9(E1 + E2 +
E3)? — 20(E% + E% + E%) > 0 and hence ¢(3) is always positive real.

(iii) In general, for n > 3 such symmetric mixed strategy equilibria always exists
[1]. A general feature of the symmetric mixed strategy equilibria is that 0 <

pp <---<pf<land p}# p;.

It is quite clear from Remark 13.2 that working out the mixed strategy equilibria,
in general, is difficult. Therefore, in this paper, we concentrate only on pure strategy
equilibria of the stage game.

! A mixed strategy is a probability distribution defined on the strategy set. Therefore, in the present
context, A(S) is the set of all probability distributions on the set of restaurants S.

2For mixed strategy equilibria the required condition is "~ { (":l)( pH" (L — pHyr—rl o) =
c(n) for all i € N and after simplification we get ZZ;(I)(I - p;‘)k = %(I”) foralli e N.
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13.3 The KPR Problem

The KPR problem is an infinitely repeated game where in each stage the same set
of N={1,...,n} agents play the one shot KPR game G (1) defined in the previous
section.’ We represent the KPR problem as G*° (1) = (N, (X})ien, (IT;)ien) Where
N is the set of agents and for any agent i, X; is the set of strategies available to i,
while [7; is the payoff function of i. However, the concepts of strategy and payoff,
have now become more complex, due to this repeated interaction setting.*

Let us start with the concept of strategy in G*°(u). In each period ¢, the play of
the one-shot KPR game would result in some action profile s* = (s{, ..., s}) € §".
Given any period 7, define history &; = (s',s%,..., ') as the description of past
play. That is, h; is a sequence of action profiles realized through times 1 to t — 1.
For any ¢, h; is assumed to be common knowledge. Let H' denote the set of all
possible histories at time ¢. Strategy of i in G*°(u), specifies an action, that is, the
restaurant that i goes to, in each period #, for each possible history h’. Therefore,
VieN,Vo,€X;,0; : H + S.

For each possible sequence of action profiles over time, we get a sequence of
payoffs, for each agent. To calculate the payoff of an agent we define the concept
of the discount factor § € (0, 1). It is presumed that agents are impatient, and hence,
discount future payoffs, so that present discounted value of a dollar to be received
one period later is 8, two periods later is 82, and so on. In general, any payoff x
to be received t periods later, is valued at the present period as §*x. Therefore,
present discounted value of the infinite sequence of payoffs corresponding to any
infinite sequence of action profiles {sl, s2.s3, .. .}, for agent 7, is Z;’il 8’_1755 (s").
We assume that each agent discounts the future payoffs at same rate.

Remark 13.3 1In this remark we provide two interpretations of the discount factor.

(i) The popular interpretation of discount factor § is that it is the time-value of
money. Suppose a person puts an amount of money x in a bank at the beginning
of present period. If the bank pays interest r per period, upon withdrawal the
person gets x (1 + r) money at the beginning of the next period. Therefore, we
can say that amount x to be received in the beginning of the next period is
worth only %x money in the present period. Setting § = ﬁ we get that; at
present, the next period payoff x is worth 6x and the next to next period payoff
x is worth 82x. Therefore, a sequence of future payoffs {xl, xZ 33, .} is worth
32, 8= 1x" at present.

(i) The concept of §, can also be used to view the infinitely repeated game as a finite
period repeated game that ends after a random number of periods. Suppose that

3 An infinitely repeated game like the KPR problem, where the same stage game is played repeat-
edly, is also referred to as a supergame [4].

4The analysis of the concepts of repeated game theory is taken from [8] and [9].

31t can be easily verified that the conclusions of this paper remain qualitatively same if we allow
for unequal discount factors across agents.
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after each period is played, a (possible weighted) coin is flipped to determine
whether the game will end. If the probability that the game ends immediately
is p and then, with probability 1 — p, the game continues for a least one more
period and then the payoff x, to be obtained in the next stage (if it occurs), is

worth only ((1]_ Jfr);c Similarly, a payoff x to be received two periods from now

(if both periods are played) is worth only

p)x

before thlS stage’s coin flip

occurs. Therefore, the sum x + 8x + 82x + . W1th S= p reflects both the
time value of money and the possibility that the game may end

For different values of &, we get different KPR problems Ggo (u). Therefore, for
any agent i, payoff function I7; in G§°(u) is a mapping IT; : Xy x ... X, > % such
that for any strategy profile 0 = (o1, ..., 0,), I[T;(0) = 2218”175 (of,0%,....0)).
A strategy profile 0* = (o', ..., 0,) is a Nash equilibrium (NE) of G§°(u), if no
agent i finds it profitable to deviate unilaterally from o*, that is for eachi € N,

i (c*) = (07, 0%;) Voi € X;.

We focus on a particular strategy profile ¢ satisfying the following conditions.

(1) Without loss of generality, in period ¢ = 1 each agent i(€ N) goes to restau-
rant i.
(ii) For any period ¢ > 1, if agent i went to restaurant 1 in the last period r — 1,
then i goes to restaurant n at period .
(iii) For any period ¢t > 1, if agent i went to restaurant k > 1 in the last period # — 1,
then i goes to restaurant k — 1 at period ¢.

Note that strategy o requires that action of any agent i at any period ¢ depend only
on i’s action at period ¢ — 1 and not on other agents’ actions in the past. If all agents
play & at G3°(u), we get the cyclically fair norm.

Proposition 13.1 If uy < 2u,, then for all § € (0, 1), ¢ is a Nash equilibrium of
G3°(u).

Proof 1f u; < 2u, then we know that in any period ¢, going to any unoccupied
restaurant is strictly preferred to going to any other restaurant where at least another
agent is present. Hence it is always optimum for any agent i € N, in any period ¢,
to select the most preferred unoccupied restaurant. Since the number of restaurant
is the same as the number of agents, it is always possible for agent i in any period ¢
to find an unoccupied restaurant.

Given ¢ it is clear that any unilateral deviation from ¢ by any agent i, at any
time ¢, would lead to i being tied with another agent at some restaurant thereby
ensuring a strict reduction in payoff in that period.

Depending on the deviation strategy o;, in all periods after 7, agent i can face a
tie or he may not face a tie. If agent i faces a tie then he is strictly worse off in that
period in comparison to o; and if he does not face a tie then he gets the same payoff
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in that period in comparison to o;. The reason is that given that all other agents
J € N\ {i} are continuing with the strategy o7, in each period after ¢, for agent i,
there is exactly one restaurant which is not occupied and hence, given the preference
of agent i we get the result. Thus, in either case I1;(o;, 6—;) < I1;(0) implying that
o is a Nash equilibrium of G§°(u). O

Our objective is to sustain o as a sub-game perfect equilibrium in order to imple-
ment the cyclically fair norm. That is, we need to show that ¢ constitutes a sub-game
perfect equilibrium of G§°(u). Before defining the sub-game perfect equilibrium we
need to define a sub-game. We call any ‘piece’ of game G§°(u) following any his-
tory h’, at any period ¢, a subgame of G§°(u). Therefore, a sub-game is that piece
of the game that remains to be played beginning at any point at which the complete
history of the game thus far is common knowledge. The definition of a strategy in
any infinitely repeated game is closely related to the definition of a sub-game. In
particular, an agent’s strategy specifies the actions the agent will take in the first
period of the repeated game and the first stage of each of its sub-game. There are in-
finite number of sub-games of G§°(u). Since G§°(u) is an infinitely repeated game,
each of its sub-games, beginning at period 7 4 1 of G§°(u) is identical to G§°(u).
Note that the ¢th period of a repeated game taken in isolation is not a sub-game
of the repeated game. Therefore, a sub-game is a piece of the original game that
not only starts at a point where the history of the game thus far is common knowl-
edge among the agents, but also includes all the moves that follow this point in the
original game. A Nash equilibrium strategy profile o** = (o™, ..., 0,%) is a sub-
game perfect equilibrium if these strategies constitute a Nash equilibrium in every
sub-game.

Corollary 13.1 If u1 < 2uy, then for any é € (0, 1), ¢ is a sub-game perfect equi-
librium of G3°(u).

Proof Given particular property of 6 where i’s behavior depends only on his own
past behavior, no deviation by i in any period 7 (and hence in the sub-game starting
from period #) can induce a change in future actions of other agents in N \ {i}.
Thus, using the arguments from the last paragraph of the proof of Proposition 13.1,
it follows that & continues to be a Nash equilibrium in every sub-game of G§°(u). [J

Remark 13.4 If u; = 2u,, then, by making minor alterations in the arguments in
the proofs of Proposition 13.1 and Corollary 13.1, one can implement the cyclically
fair norm as a sub-game perfect equilibrium with the same strategy o and for any
6 € (0, 1). The proof is left to the reader.

Observe that the strategy profile o, that implements the cyclically fair norm as a
sub-game perfect equilibrium when u < 2u,, is such that there is no specification
of punishment in the sense that it is silent about what happens if one agent devi-
ates from the existing strategy. However, if 1 > 2u, then implementing the cycli-
cally fair norm becomes non-trivial and one has to design appropriate punishment
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Table 13.1 The two-agent

payoff matrix G(uy,uz) R1 R2
Rl (%.9) (uy,u2)
R2 (uz,uy) (1472’%2)

schemes. To see this, consider the simple stage game with n = 2. The two-agent
payoff matrix with 1 as the row player and 2 as the column player is presented in
Table 13.1.

If u1 < 2u; then there are only two pure strategy Nash equilibria (R1, R2) and
(R2, R1) of the stage game. Even when u; = 2u», (R1, R2) and (R2, R1) continue
to be pure strategy Nash equilibria of the stage game. Therefore, the Pareto efficient
strategies where both agents go to different restaurants are pure strategy Nash equi-
libria for uy > ”7‘ It is this strong result that drives Proposition 13.1 and we can
easily implement the cyclically fair norm. Note that if uy = “71, then there are three
pure strategy Nash equilibria (R1, R2), (R2, R1) and (R1, R1) of the stage game.
Therefore, for u; = 2u», there exists a sub-game prefect equilibrium that leads to
inefficiency in every period. Specifically, the strategy that specifies that each agent
should go to the first restaurant in all periods is a sub-game perfect equilibrium,
where sum of the stage game payoffs of the two agents is u1 which is strictly less
that sum u; + uy that results under any Pareto optimal strategy. The problem gets
only worse if 2uy < uj, because now there is only one pure strategy Nash equi-
librium (R1, R1) of the stage game which is not Pareto efficient. How to design
strategies to implement the cyclically fair norm as a sub-game perfect equilibrium
when n =2 and 2uy < u is discussed in the next section.

13.4 The Two Agent Problem

In this section we show that for N = {1, 2} and for u, < ”71 , if agents are sufficiently
patient (that is, if § is sufficiently high), then, by designing an appropriate strategy
one can implement the cyclically fair norm as a sub-game perfect equilibrium of
G§°(u1, uz). The strategy profile we propose, to implement the cyclically fair norm,
is 0¢ = (0{, 05), that specifies the following.

(i) Without loss of generality, if 7 is odd, then agent 1 plays R1 and agent 2 plays
R2.
(ii) If z is even, then agent 2 plays R1 and agent 1 plays R2.
(iii) If in any period ¢ both agents end up in the same restaurant, then from ¢ + 1
onwards both agents play R1.

Strategy profiles of the type ¢ above, are called trigger strategies because
agents cooperate until someone fails to cooperate, which triggers a switch to non-
cooperation forever. In other words, each agent is willing to settle for lower payoffs
under the expectation that the other agent would do the same. If some agent breaks
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this cooperative arrangement, the other agent punishes the deal-breaker by playing
certain actions (for all periods in future) that ensure lower present discounted pay-
offs. Thus, a deviation triggers a punishment play by the non-deviating agents. Such
trigger strategies are sub-game perfect only if the punishment play for all future pe-
riods, induced by these strategies, are credible. This credibility, in turn, requires that
the punishment play be the Nash equilibrium of G§°(u1, u2) as a whole.

Proposition 13.2 For all § € (%, 1), the strategy profile 6¢ = (0f,05) is a
Nash equilibrium of G3°(uy, us).

Proof We first assume that agent 1 plays strategy o} . Given |, we show that if

XS (%, 1) then &5 is the best response of agent 2.

It is clear that at any history, if agent 1 decides to play R1 in all future periods,
then, given 2uy < u1, the best response of agent 2 is to play R1 in all future periods.

Consider the other possibility, that is, agent 1 decides to alternate between restau-
rants 1 and 2 at each odd and even period, respectively. Then it is obvious that the
best response of agent 2 at any even period is to play R1 (since agent 1 is playing
R2 and u; > u;). However, finding the best response of agent 2, at odd periods
(when agent 1 plays R1), is a little more complicated. If agent 2 chooses R1, then
as per 6¢, agent 1 plays R1 at all future periods, giving 2 a present discounted
payoff 4L + 84 + 824 + ... = 2(1 157 Define P to be the present discounted pay-
off that agent 2 gets by makmg the optzmal action choice at any such odd period.
Therefore, if the optimal choice of agent 2 is R1, then P = ﬁ. If the optimal
choice of agent 2 is R2, then in the next period, that is in period ¢ 4+ 1 which is even,
agent 1 plays R2. As mentioned before, the best response of 2 at # + 1 is R1, and
so we have the following: (i) agent 2 gets payoff u| at r + 1 and (ii) agent 2 faces
the same choice problem in period 7 4 2 as in period ¢ and, since all sub-games of
G (uy, uz) is G§°(uy, up) itself, agent 2 selects P. Therefore, if R2 has to be the
optimal choice of agent 2 at all odd periods  then agent 2 gets uy + du; + 8> P and
hence, by definition of P and using observations (i) and (ii), it follows that P has
to satisfy the condition that P = max{ 2(1“ 5y U2 + Suy + 82P} =uy + Suj + 82P

If P =uy+ 8uy + 8% P then we get P = ”“H”Z . Finally, for &5 to be the best re-

sponse it is both necessary and sufficient that ”;‘SEZZ =) - 157 which holds for all

XS (%, 1). Therefore, at any odd period the best response of agent 2 is R2
implying that for all § € (%, 1), the strategy o, is the best response of agent 2
when agent 1 plays o7. Using very similar arguments it is now quite easy to show
that for all § € (%, 1), the strategy oy is the best response of agent 1 when
agent 2 plays 5. Hence, 6¢ = (o7, 05) is a Nash equilibrium of G§°(u1, u) for all
Se (%, 1. O

Corollary 13.2 Forall § € (%, 1), the strategy profile 6¢ = (of, 05) is a sub-
game perfect equilibrium of G3°(uy, uz).
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Proof The set of sub-games of G3°(u1, us) can be partitioned into two classes. One
class following those histories where each agent followed the cyclically fair norm
and alternated between restaurants 1 and 2 in a way such that Pareto efficiency is
achieved in every period. The other class following those histories where there has
been a tie at some restaurant and agents have shifted to (R1, R1) from the next
period onwards. Recall that every sub-game of G§°(u1, u2) is G§°(uy, up) itself. If
agents adopt strategy ¢ for the game as a whole, then they end up playing strategy
o ¢ in sub-games of the first class and (ii) the punishment play (R1, R1) in each
period of sub-games of the second class. By Proposition 13.2, for sub-games of
the first type, strategies o constitute a Nash equilibrium. For sub-games of the
second type, the punishment play of R1 by both agents at all periods constitutes a
Nash equilibrium of G§°(u1, u) since (R1, R1) is the unique Nash equilibrium of
G(u1,uz) when 2us < up. Hence, the punishment play is always credible and the
result follows. U

From Corollary 13.2 it follows that as long as agents are sufficiently patient, the
strategy profile 6 implements the cyclically fair norm. Therefore, the bound on §,
obtained in Proposition 13.2 above, signifies the need for sufficiently patient agents
to implement cyclically fair norm that calls for cooperative behavior. If agents feel
the need to obtain high payoffs in the future (or equivalently if 6 is high enough) then
they are willing to make a sacrifice by going to the inferior restaurant in alternate
periods in order to maximize long term individual payoff. In the next section we
analyze the KPR problem with three agents. We show how using different strategy
profiles one can implement the cyclically fair norm.

13.5 The Three Agent Problem

We depict the payoff matrices of G(u1, u», u3) in Tables 13.2, 13.3 and 13.4.

Recall that if the one shot game G (11, u2, u3) represents the one shot game of the
KPR problem then u1 > up > u3 > 0 and u; # u3. With different types of additional
conditions on u1, ur and u3, we identify and discuss the associated set of pure
strategy Nash equilibria in the following cases.

(N1) Ifup < '%‘ then there is a unique pure strategy Nash equilibrium (R1, R1, R1)
of G(u1,us,us). This equilibrium is inefficient.

(N2) If uzg <up = %‘ then the four pure strategy Nash equilibria of G (u1, uz, u3)
are (R1, R1, R1), (R1, R1, R2), (R1, R2, R1) and (R2, R1, R1). All these
equilibria are inefficient. The equilibrium (R1, R1, R1) is Pareto dominated
by all the remaining equilibria since the aggregate payoff under (R1, R1, R1)
is u1 which is strictly less than the aggregate payoff (11 + u2) that results
from each of the remaining equilibria.

(N3) If we have u3 =up = %', then (R1, R1, R3), (R1, R3, R1) and (R3, R1, R1)
are also pure strategy Nash equilibria along with the other equilibria speci-
fied in (N2) and hence we have seven pure strategy Nash equilibria. Again,
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Table 13.2 The payoff

matrix when agent 3 plays R1 Guy, uz, u3) R1 R2 R3
R1 488 (%) (%un )
R2 (u2, 5, 5) (%, % u1)  (uz,u3,u1)
R3 w3, 3. %)  (ws,uz,u1) (5, %, u1)
Table 13.3 The payoff
matrix when agent 3 plays R2 G (U1, 42, u3) R1 R2 R3
R1 (5, 5, u2) (w1, %, % (uy,u3, uz)
R2 B %) (2% (B )
R3 (u3, 11, u2) s, 3. %) (3, 5,u)
Table 13.4 The payoff
matrix when agent 3 plays R3 Guy, uz, u3) Rl R2 R3
R1 (5, 5 u3) (w1, uz,u3) (1, 5, %)
R2 (uz, ur,u3) (%, %.u3)  (u2,%,5)
R3 (F,u1, 5 (Bu, %) (B.%.3)

(N4)

(N5)

(N6)

(N7)

the equilibrium (R1, R1, R1) is Pareto dominated by the other six non-
comparable equilibria. The equilibria are inefficient.

If max{us, “Tl} <up < ”7‘ then the three pure Nash strategy equilibria of the
game G(up, uz,u3) are (R1, R1, R2), (R1, R2, R1) and (R2, R1, R1). All
these equilibria lead to the same aggregate payoff and hence, are Pareto non-
comparable. The equilibria are inefficient.

Ifus=up < "7' then (R1, R1, R3), (R1, R3, R1) and (R3, R1, R1) are also
pure strategy Nash equilibria along with the other equilibria specified in (N4)
and hence we have six pure strategy Nash equilibria of G (u1, u2, u3). The
equilibria are Pareto non-comparable and inefficient.

If us < “7' < uy < uj then the three pure strategy equilibria of G (u1, uz, u3)
are (R1, R1, R2), (R1, R2, R1) and (R2, R1, R1). All these equilibria are
inefficient and Pareto non-comparable.

If ”71 < u3 then we do not identify all possible pure strategy Nash equilibria.
However, what is important is that the Pareto efficient strategies, characterized
by all agents going to different restaurants, are all included in the set of all pure
strategy Nash equilibria.

The equilibria in case (N7) above are uninteresting as implementation of the
cyclically fair norm as a sub-game perfect equilibrium of G*°(u1, uy, u3) is quite
easy (see Corollary 13.1 and Remark 13.4). For cases (N1)—(N3), all agents going to
the best restaurant, that is, the strategy profile (R1, R1, R1) constitutes a pure strat-
egy Nash equilibrium and is Pareto inefficient. Therefore, as in Proposition 13.2 and
Corollary 13.2, for cases (N1)—(N3), we can implement the cyclically fair norm as
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a sub-game perfect equilibrium of G§°(u1, uy, u3) for § sufficiently close to one. It
can be easily shown that, by designing a strategy profile which is a natural exten-
sionof 0 = (0f, 05) to the three agent case and that specifies that the non-deviating
agents punish the deviating agent by going to the best restaurant for all future pe-
riods, one can implement the cyclically fair norm. For the rest of the cases, that
is, (N4)—(N6), strategy profile (R1, R1, R1) fails to be a pure strategy Nash equi-
librium of the stage game, and so, implementing the cyclically fair norm becomes
more subtle. This is because the threat of punishment embodied in strategy of type
o ¢, that is, going to the best restaurant for all future periods, is no longer a credible
one as it is not a Nash equilibrium of the stage game.

In the rest of this section, we focus on the interesting cases (N4), (N5) and
(N6). Since there is no qualitative difference between (N4) and (N5), we analyze
only cases (N4) and (N6) in detail. As long as agents are sufficiently patient, we
can show that for both cases we can implement the cyclically fair norm as a sub-
game perfect equilibrium of the KPR problem Ggo (u1, uz, u3). Interesting to note
here is that, for cases (N4) and (N6), the set of pure strategy Nash equilibria is
{(R1, R1, R2), (R1, R2, R1), (R2, R1, R1)}. However, while for (N4), each agent
playing R1 gets more expected payoff than the agent playing R2, for (N6), each
agent playing R1 gets an expected payoff which is no more than the payoff of the
agent playing R2. It is precisely for this difference in payoffs for the same given pure
strategy Nash equilibrium for cases (N4) and (N6) that calls for designing different
punishment strategies to implement the cyclically fair path.

Consider first (N4), that is max{us, %1} <uy < ”71 Consider the strategy profile
0% = (of, 04, 0%) that specifies the following.

(i) Without loss of generality at t = 1, each agent i € {1, 2, 3} plays Ri.
(ii) If agent i plays R1 in period ¢ — 1, then i plays R3 in period .
(iii) If agenti plays Rk # R1 in period ¢ — 1, then i plays R(k — 1) in period ¢.
(iv) If any agent i violates either of 1, 2 or 3 in some period ¢ then in all future
periods r + 1,7 4 2, ..., all the non-deviating agents (N \ {i}) plays R1.

Conditions (i)—(iii) in the strategy profile o ensures that agents follow the cycli-
cally fair norm. Condition (iv) is the punishment requirement that specifies that,
if an agent deviates, then the non-deviating agents punish the deviating agent by
playing R1, for all future periods.

Proposition 13.3 If max{u3, 5} < uy < 45, then there exists § € (0,1) such
that for all § € (8,1), 0% = (of',05,0%) is a sub-game perfect equilibrium of

G3°(uy, uz, u3).

Proof Fix agent 2’s strategy at o5 and agent 3’s strategy at follows o5'. We first show
that, given this specification, o{ is the best response for agent 1 provided agent 1
is sufficiently patient. Consider agent 1 at any history and at any time ¢. Given the
utility restriction max{us, ”Tl} <up < ”—2‘, agent 1 has an incentive to deviate only
if at time ¢, agent 1 is supposed to play either R3 or R2 (otherwise agent 1 has no
profitable deviation in the stage game at ¢+ when the strategy prescribes R1). Also,
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the best deviation for agent 1 is to play R1 and get a payoff of ”71 If agent 1 deviates,
then, following the strategy profile o, agents 2 and 3 play R1 for all future periods.
At each of such future periods, the best response of agent 1 is to play R2. Therefore,
the present discounted payoff of agent 1 from deviation is

u1(1 —68) +28us

2

By not deviating in a period ¢ where agent 1 had to play R2 (under conditions (i)—
(iii)), agent 1’s present discounted value of payoff from period # onwards is

upy +up + 521,{3

Ey(8) = (u + Suy + 8%u3) + (8 uz + 8%uy + 8uz) + - = =5

(13.2)

Similarly, by not deviating in a period ¢’ where agent 1 had to play R3, agent 1’s
present discounted value of payoff from period ¢ onwards is

u3 + 8us + 8%u
E3(5) = (u3 + Sup + 52141) + (53143 +54u2 + 85141) +---= %
(13.3)
A sufficient condition for o}’ to be a best response for agent 1 (given the strategies

o4 and o of agents 2 and 3 respectively) is that min{E£2(8), E3(8)} > D1(8). Note

that min{ E2(8), E3(8)} = E3(8) since Ea(8) — E3(8) = W=t 5(1”;”)1 u)81=9)

0. Therefore, for any & € (0, 1) such that E3(8) — D1(8) > 0, o{ is the best response
for agent 1. Observe that E3(8) — D1(8) = 29— where F(8) = 2(u3 + Sus +

2(1—-683)
82u1) — (ui (1 — &) + 28u2)(1 + 8 + 82). Note that F(cS) is continuous in § and,
given (N4), F(0) =2u3 —u; <0 and F(1) =4(5 + 3 — uz) > 0. Hence, there

exists a § € (0, 1) such that for all § € (8, 1), F(8) >0 and oy is the best response
for agent 1. Using similar arguments it is easy to show that o5 is the best response
for agent 2 against o{' and o' and o7 is the best response for agent 3 against o} and
o5. Hence o is a Nash equilibrium of G§°(uy, u2, u3) for all § € ¢, 1). Finally,
since the punishment play induced by o¢ is either of the three pure strategy Nash
equilibria (R1, R2, R1), (R2, R1, R1) and (R1, R1, R2); it is credible. Hence, for
all § € (3, 1), the strategy profile 0% = (o}, 05, 03) is also a sub-game perfect equi-
librium. g

To implement the cyclically fair norm for the KPR problem for the case (N6),
that is for the stage game G(uy, uz, u3) satisfying uz < ”— <uy <ujp, we consider
the strategy profile o® (a1 , 02 , ) that specifies the followmg conditions.

(i) Without loss of generality at # = 1, each agent i € {1, 2, 3} plays Ri.
(ii) If agent i plays R1 in period ¢t — 1, then i plays R3 in period 7.
(iii) If agent i plays Rk # R1 in period r — 1, then i plays R(k — 1) in period ¢.
(iv) If any agent i violates either of 1, 2 or 3 in some period ¢, then we have the
following:
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a. If the deviation is initiated by agent 1, then, for all future periods, agent 2
plays R2 and agent 3 plays R1.

b. If the deviation is initiated by agent 2, then, for all future periods, agent 1
plays R1 and agent 3 plays R2.

c. If the deviation is initiated by agent 3, then, for all future periods, agent 1
plays R2 and agent 2 plays R1.

The first three conditions of strategy profile o” are identical to that of the strategy
profile o since these three conditions are meant to induce cooperative behavior
across agents in order to implement the cyclically fair norm. However, the punish-
ment scheme (that is, condition (iv)) under the strategy profile ol is different and
more subtle compared the punishment scheme under 0. Under o, the two non-
deviating agents punish the deviating agent by going to two different restaurant by
playing R1 and R2. The best response to this behavior, at any stage game (irre-
spective of the identity of the deviating agent) is to go to R1. Thus, the punishment
scheme generates any one of the three pure strategy Nash equilibria—(R1, R2, R1),
(R2, R1, R1) and (R1, R1, R2); where the deviating agent gets stage game payoff
of ”71 for all future periods after the deviation period.

Proposition 13.4 [fuz < 4 < u2 <uip, then there exists 8* € (0, 1) such that for all

8 € (8%, 1), the strategy proﬁle ob (a] , 02 , ) is a sub-game perfect equilibrium
of G (uy, uz, uz).

Proof We first show that if agent 2 plays 021; and agent 3 plays 03” then playing olb is
the best response for agent 1. Observe that the most profitable deviation at any time
t available to 1 is to play R1 in that period ¢ where the prescribed strategy under
ob for agent 1 is R3. If agent 1 decides to deviate then, as per o, for all future
periods, agent 2 plays R2 and agent 3 plays R1. Given this punishment strategy
followed by agents 2 and 3, the best response of agent 1, in all future periods, is
to play R1. Therefore, the resultant punishment play at each period in future is
(R1, R2, R1) with each stage payoff of % to 1. So, the present discounted value of
the payoff sequence that results after deviation for agent 1 is D2(8) = 5 + 849 +
62”71 +.--= ﬁ By not deviating in a period ¢ (where agent 1 had to play R3)
and following alb ,agent 1 gets a present discounted value payoff that equals E3(5) =
(3 +8uz +8%u) +- - = U i forany § € (0, 1), E3(8) — Da(8) > 0, then

Ulh is the best response for agent 1. Observe that E3(5) — D»(8) = 3 (? 58)3 where

G(8) =2(uz+8uz+8%u1) —uy (1 +8+8%). Note that G (8) is continuous in § and,
given (N6), G(0) =2u3 —u; <0and G(1) =2(up + u3z — ”—21) > (. Hence, there
exists a §* € (0, 1) such that for all § € (6*, 1), G(8) > 0 and olb is the best response
for agent 1. Using similar arguments it is easy to show that azb is the best response
for agent 2 and 031’ is the best response for agent 3. Hence o’ is a Nash equilibrium
of G§°(u1, uz, u3) for all § € (6%, 1). Finally, since the punishment play induced by

ob is a pure strategy Nash equilibrium it is credible. Hence, for all § € (§*, 1), the
strategy profile o” = (o1 , 02 , ) is also a sub-game perfect equilibrium. U
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13.6 Summary

Using simple and basic techniques from infinitely repeated games with discounting
we have established how with small number of players one can sustain the cyclically
fair norm as an equilibrium in a KPR problem with general preference structures. In
particular, we have highlighted how to design pure strategies, that at times requires
careful designing of the punishment scheme for perpetrators, to sustain the cycli-
cally fair norm that requires cyclical stage game sacrifices on part of the agents. We
have established the following results.

®

(i)

(iii)

(iv)

If for the KPR problem the set of pure strategy Nash equilibria of the stage
game includes the set of all Pareto efficient strategies then there is no need to
design punishment schemes to implement the cyclically fair norm as a sub-
game perfect equilibrium of the KPR problem.

Sufficiently high patience level of the agents and the design of appropriate pun-
ishment strategies become mandatory when, for the KPR problem with either
two agents or three agents, the set of pure strategy Nash equilibria of the stage
game does not include the set of all Pareto efficient strategies.

The punishment scheme that works for the two agent case is one where the
deviating agent is punished by shifting to the inefficient Nash equilibrium of the
stage game for all future periods after the deviation. This kind of punishment
is enough to deter a rational agent with sufficiently high patience level from
unilateral deviation.

For the three agent KPR problem one needs to design different types of pun-
ishment schemes as, depending on the restrictions on the (common) prefer-
ences, we have different sets of pure strategy Nash equilibria of the stage
game. The restrictions on preferences that are of interest are the following—
(a) 5 > uz > u3 and (b) up > 5 > u3. For both these cases the set of pure
strategy Nash equilibria of the stage game are identical and yet one needs to
design different pure strategies to implement the cyclically fair norm. For both
(a) and (b), the pure strategy Nash equilibrium of the stage game requires two
agents going to the first restaurant and one agent going to the second restaurant.
However, for case (a), the expected payoff associated with going to the first
restaurant is more than the payoff obtained from going to the second restau-
rant, but, for case (b), the expected payoff associated with going to the first
restaurant is weakly less than the payoff obtained from going to the second
restaurant. Therefore, while designing the punishment scheme for the perpe-
trators one needs to incorporate this payoff difference across (a) and (b) and
hence we require two different strategies to implement the same cyclically fair
norm.

We believe that for the KPR problems with more than three agents and general pref-
erence structure, the designing of punishment schemes to implement the cyclically
fair norm is an important issue that needs to be addressed in greater detail.
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Chapter 14

An Introduction to Multi-player, Multi-choice
Quantum Games: Quantum Minority Games
& Kolkata Restaurant Problems

Puya Sharif and Hoshang Heydari

Abstract We give a self contained introduction to a few quantum game protocols,
starting with the quantum version of the two-player two-choice game of Prison-
ers dilemma, followed by an n-player generalization trough the quantum minority
games, and finishing with a contribution towards an n-player m-choice generaliza-
tion with a quantum version of a three-player Kolkata restaurant problem. We have
omitted some technical details accompanying these protocols, and instead laid the
focus on presenting some general aspects of the field as a whole. This review con-
tains an introduction to the formalism of quantum information theory, as well as
to important game theoretical concepts, and is aimed to work as a review suiting
economists and game theorists with limited knowledge of quantum physics as well
as to physicists with limited knowledge of game theory.

14.1 Introduction

Quantum game theory is the natural intersection between three fields. Quantum me-
chanics, information theory and game theory. At the center of this intersection stands
one of the most brilliant minds of the 20th century, John von Neumann. As one of
the early pioneers of quantum theory, he made major contributions to the mathe-
matical foundation of the field, many of them later becoming core concepts in the
merger between quantum theory and information theory, giving birth to quantum
computing and quantum information theory [1], today being two of the most active
fields of research in both theoretic and experimental physics. Among economists
may he be mostly known as the father of modern game theory [2—4], the study
of rational interactions in strategic situations. A field well rooted in the influential
book Theory of Games and Economic Behavior (1944), by Von Neumann and Os-
car Morgenstern. The book offered great advances in the analysis of strategic games
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and in the axiomatization of measurable utility theory, and drew the attention of
economists and other social scientists to these subjects. For the last decade or so
there has been an active interdisciplinary approach aiming to extend game theoret-
ical analysis into the framework of quantum information theory, through the study
of quantum games [5-10]; offering a variety of protocols where use of quantum
peculiarities like entanglement in quantum superpositions, and interference effects
due to quantum operations has shown to lead to advantages compared to strategies
in a classical framework. The first papers appeared in 1999. Meyer showed with a
model of a penny-flip game that a player making a quantum move always comes
out as a winner against a player making a classical move regardless of the classi-
cal players choice [11]. The same year Eisert et al. published a quantum protocol in
which they overcame the dilemma in Prisoners dilemma [12]. In 2003 Benjamin and
Hayden generalized Eisert’s protocol to handle multi-player quantum games and in-
troduced the quantum minority game together with a solution for the four player
case which outperformed the classical randomization strategy [13]. These results
were later generalized to the n-players by Chen et al. in 2004 [14]. Multi-player mi-
nority games has since then been extensively investigated by Flitney et al. [15-17].
An extension to multi-choice games, as the Kolkata restaurant problem was offered
by the authors of this review, in 2011 [18].

14.1.1 Games as Information Processing

Information theory is largely formulated independent of the physical systems that
contains and processes the information. We say that the theory is substrate inde-
pendent. If you read this text on a computer screen, those bits of information now
represented by pixels on your screen has traveled through the web encoded in elec-
tronic pulses through copper wires, as burst of photons trough fiber-optic cables and
for all its worth maybe on a piece of paper attached to the leg of a highly motivated
raven. What matters from an information theoretical perspective is the existence of
a differentiation between some states of affairs. The general convention has been
to keep things simple and the smallest piece of information is as we all know a
bit b € {0, 1}, corresponding to a binary choice: true or false, on or off, or sim-
ply zero or one. Any chunk of information can then be encoded in strings of bits:
b =b,_1b,—2---bg € {0, 1}*. We can further define functions on strings of bits,
£ :{0,1}" — {0, 1}¥ and call these functions computations or actions of informa-
tion processing.

In a similar sense games are in their most general form independent of a physi-
cal realization. We can build up a formal structure for some strategic situation and
model cooperative and competitive behavior within some constrained domain with-
out regards to who or what these game playing agents are or what their actions actu-
ally is. No matter if we consider people, animals, cells, multinational companies or
nations, simplified models of their interactions and the accompanied consequences
can be formulated in a general form, within the framework of game theory.
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Lets connect these two concepts with an example. We can create a one to one
correspondence with between the conceptual framework of game theory and the
formal structure of information processing. Let there be n agents faced with a binary
choice of joining one of two teams. Each choice is represented by a binary bit b; €
{0, 1}. The final outcome of these individual choices is then given by an n-bit output
string b € {0, 1}"". We have 2" possible outcomes, and for each agent we have some
preference relation over these outcomes b ;. For instance, agent 1 may prefer to have
agent 3 in her team over agent 4, and may prefer any configuration where agent 5
is on the other team over any where they are on the same and so on. For each
agent i, we’ll have a preference relation of the following form, fully determining
their objectives in the given situation:

by, =by, =--->=by,, m=2", (14.1)

where by, > bxj means that the agent in question prefers by, to bxj, or is at least
indifferent between the choices. To formalize things further we assign a numerical
value to each outcome by, for each agent, calling it the payoff $;(by;) to agent i
due to outcome by, . This allows us to move from the preference relations in (14.1)
to a sequence of inequalities. by, > by ;= $(by,) > $(b, j). The aforementioned
binary choice situation can now be formulated in terms of functions $; (by;) of the
output strings by;, where each entry b; in the strings corresponds to the choice of
an agent i.

So far has the discussion only regarded the output string without mentioning any
input. We could without loss of generality define an input as string where all the
entries are initialized as 0’s, and the individual choices being encoded by letting
each participant either leave their bit unchanged or performing a NOT-operation,
where NOT(0) = 1.

More complicated situations with multiple choices could be modeled by letting
each player control more than one bit or letting them manipulate strings of informa-
tion bearing units with more states than two; of which we will see an example of
later.

14.1.2 Quantization of Information

Before moving on to the quantum formalism of operators and quantum states, there
is one intermediate step worth mentioning, the probabilistic bit, which has a certain
probability p of being in one state and a probability of 1 — p of being in the other.
If we represent the two states ‘0’ and ‘1’ of the ordinary bit by the two-dimensional
vectors (1,0)7 and (0, 1)7, then a probabilistic bit is given by a linear combination
of those basis vectors, with real positive coefficients po and p1, where po + p1 = 1.
In this formulation, randomization between two different choices in a strategic situ-
ation would translate to manipulating an appropriate probabilistic bit.
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Fig. 14.1 The Bloch sphere.
A geometric representation of
the state space of a single
qubit

The Quantum Bit Taking things a step further, we introduce the quantum bit or
the qubit, which is a representation of a two level quantum state, such as the spin
state of an electron or the polarization of a photon. A qubit lives in a two dimensional
complex space spanned by two basis states denoted |0) and |1), corresponding to the
two states of the classical bit.

|0):<(1)>, 1) = ((1)) (14.2)

Unlike the classical bit, the qubit can be in any superposition of |0) and |1):
[¥) =aol0) +ai1), (14.3)

where ag and a; are complex numbers obeying laol? + |a1]? = 1. |al.2| is simply
the probability to find the system in the state |i),i € {0, 1}. Note the difference
between this and the case of the probabilistic bit! We are now dealing with complex
coefficients, which means that if we superpose two qubits, then some coefficients
might be eliminated. This interference is one of many effects without counterpart in
the classical case. The state of an arbitrary qubit can be written in the computational
basis as:

) = <“°>. (14.4)

The state of a general qubit can be parameterized as:

lvr) :cos<g)|0) + e sin@)u), (14.5)

where we have factored out and omitted a global phase due to the physical equiv-
alence between the states ¢/?|y/) and |v). This so called state vector describes a
point on a spherical surface with |0) and |1) at its poles, called the Bloch-sphere,
parameterized by two real numbers 6 and ¢, depicted in Fig. 14.1. A simple com-
parison between the state space of the classical, probabilistic and quantum bit is
shown in Fig. 14.2.
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Fig. 14.2 The classical bit 0 0 0

L P =
has only two distinct states, i t‘\\
the probabilistic bit can be in / /R RN
any normalized convex @ i
combination of those states, \ i
whereas the quantum bit has a \ N 4
much richer state space . NS

1 1 1

Regular bit Probabilistic bit Quantum bit

14.1.2.1 Hilbert Spaces and Composite Systems

The state vector of a quantum system is defined in a complex vector space called
Hilbert space 5¢. Quantum states are represented in common Dirac notation as
“ket’s”, written as the right part |¢) of a bracket (“bra-ket”). Algebraically a “ket”
is column vector in our state space. This leaves us to define the set of “bra’s” (¢| on
the dual space of .77, 7¢*. The dual Hilbert space .7* is defined as the set of linear
maps 7 — C, given by

(@1:1v) > (oly) € C, (14.6)

where (¢|¥) is the inner product of the vectors |¢), |¢) € 5. We can now write
down a more formal definition of a Hilbert space: It is a complex inner product
space with the following properties:

() (oY) = (Y|¢)", where (]¢)T is the complex conjugate of (1/|¢).
(i) The inner product(¢|iyr) is linear in the first argument: (a¢; + boa|y) =

at(gily) + b (galy).
(i) (¥|¥) >0.

The space of an n-qubit system is spanned by a basis of 2" orthogonal vectors
le;); one for each possible combination of the basis-states of the individual qubits,
obeying the orthogonality condition:

(eilej) = dij, (14.7)

where §;; =1 for i = j and §;; =0 for i # j. We say that the Hilbert space of
a composite system is the tensor products of the Hilbert spaces of its parts. So the
space of an n-qubit system is simply the tensor product of the spaces of the n qubits.

Hog=Hog, @ Ho, 1QHy, ,® @Koy, (14.8)

where 2; the quantum system i is a vector in C>. A general n-qubit system can
therefore be written

1

|w> — Z Ay, .x, Xn"‘xl>, (149)

Xnyeeryx1=0
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where
[Xp - x1) = |x0) ® |[xp—1) ® -+ ® |x1) € Hg (14.10)

with x; € {0, 1} and complex coefficients a,,. For a two qubit system, |x2) ® |x1) =
|x2)|x1) = |x2x1), we have

1
W)= > e lv2x1) = aol00) +aot|01) + aiol10) +an[11).  (14.11)

x2,x1=0
This state space is therefore spanned by four basis vectors:
[00), |01), |10}, [11), (14.12)

which are represented by the following 4-dimensional column vectors respectively:

(14.13)

S = O O
- o O O

0
1

9 O 9
0

S o o=

14.1.2.2 Operators

A linear operator on a vector space S is a linear transformation T : 7 — 7, that
maps vectors in ¢ to vectors in the same space 7. Quantum states are normalized,
and we wish to keep the normalization; we are therefore interested in transforma-
tions that can be regarded as rotations in 7. Such transformations are given by
unitary operators U. An operator U is called unitary if U~! = UT. They preserve
inner products between vectors, and thereby their norm. A projection operator P is
Hermitiani.e. P = P' and satisfies P> = P. We can create a projector P, by taking
the outer product of a vector with itself:

P =¢)(ol. (14.14)

P is a matrix with every element P;; being the product of the elements i, j of
the vectors in the outer product. This operator projects any vector |y) onto the 1-
dimensional subspace of .77, spanned by |¢):

Ply) =1¢){@lly) = (#ly)I). (14.15)

It simply gives the portion of |y) along |¢).

We will often deal with unitary operators U € SU(2), i.e operators from the spe-
cial unitary group of dimension 2. The group consists of 2 x 2 unitary matrices with
determinant 1. These matrices will be operating on single qubits (often in systems
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of 2 or more qubits). The generators of the group are the Pauli spin matrices oy, oy,
o, shown together with the identity matrix /:

(10 (01 (0 —i (1 0
“\o 1) T\t o) T\ o) =T\ \o -1)
(14.16)

Note that o, is identical to a classical (bit-flip) ‘NOT’-operation. General 2 x 2
unitary operators can be parameterized with three parameters 6, «, 8, as follows:

(14.17)

U(@,a,ﬁ):( e'*cos(0/2)  iePsin(0/2) )

ie”Psin@/2) e %cos(0/2)

An operation is said to be local if it only affects a part of a composite (multi-
qubit) system. Connecting this to the concept of the bit-strings in the previous sec-
tion; a local operation translates to just controlling one such bit. This is a crucial
point in the case of modeling the effect of individual actions, since each agent in a
strategic situation is naturally constrained to decisions regarding their own choices.
The action of a set of local operations on a composite system is given by the ten-
sor product of the local operators. For a general n-qubit |y) as given in (14.9) and
(14.10) we get:

1
Up@Up-1®-- QUIIYY = Yy, g Unl¥n) ® Un—1X0-1) ® -+ @ Ui |x1).

(14.18)

14.1.2.3 Mixed States and the Density Operator

We have so far only discussed pure states, but sometimes we encounter quantum
states without a definite state vector |y), these are called mixed states and consists
of a states that has certain probabilities of being in some number of different pure
states. So for example a state thatis in |{) = aé |0) +a 11 |1) with probability p; and
in |Yn) = a§|0) + a%|1) with probability p> is mixed. We handle mixed states by
defining a density operator p, which is a hermitian matrix with unit trace:

p=Y_ pilyi)(¥il, (14.19)

where ), p; = 1. A pure state in this representation is simply a state for which all
probabilities, except one is zero. If we apply a unitary operator U on a pure state, we
end up with U|¢) which has the density operator UpU f=U [ ) (WU T, Regardless
if we are dealing with pure or mixed states, we take the expectation value of upon
measurement ending up in a |¢) by calculating Tr(|¢)(¢p|p), where |@) (] is a so
called projector. For calculating the expectation values of a state to be in any of a
number of states |¢;), we construct a projection operator P =) _; |¢;)(¢;| and take
the trace over P multiplied by p.
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14.1.2.4 Entanglement

Entanglement is the resource our game-playing agents will make use of in the quan-
tum game protocols to achieve better than classical performance. Non-classical cor-
relations are thus introduced, by which the players can synchronize their behavior
without any additional communication. An entangled state is basically a quantum
system that cannot be written as a tensor product of its subsystems, we’ll thus define
two classes of quantum states. Examples below refers to two-qubit states.

Product states:

W) =Wy, ®|¥sy,), orusing density matrix po=pg, ® pg,, (14.20)
and entangled states

Yg)#|¥ag,) ®|Wg,), orusingdensity matrix pg9 # p9, ® pg,. (14.21)

For a mixed state, the density matrix is defined as mentioned by pg =

S pil¥i) (Y] and it is said to be separable, which we will denote by p’’, if
it can be written as

Py =Y pi(py, ®p), Y pi=1l (14.22)
i i
A set of very important two-qubit entangled states are the Bell states

1 +
—(]00) £ |11)), vZ)=—(|01) & |10 14.23
ﬁ(| ) £[11)) v3) f(| 110)). ( )
The GHZ-type-states

|@5)=

%(|00---0)+e"¢|11-.-1>) (14.24)

could be seen as an n-qubit generalization of |¢§)—States.

|GHZ,,) =

14.1.3 Classical Games

It is instructive to review the theory of classical games and some major solution
concepts before moving on to examples of quantum games. We’ll start by defining
classical pure and mixed strategy games, and then move on to introducing some
relevant solution concepts and finish off with a definition of quantum games.

A game is a formal model over the interactions between a number of agents
(agents, players, participants, and decision makers may be used interchangeably)
under some specified sets of choices (choices, strategies, actions and moves, may
be used interchangeably). Each combination of choices made, or strategies chosen
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by the different players leads to an outcome with some certain level of desirability
for each of them. The level of desirability is measured by assigning a real number,
a so called payoff $ for each game outcome for each player. Assuming rational
players, each will choose actions that maximizes their expected payoff E($), i.e.
in an deterministic as well as in an probabilistic setting acting in a way that, based
on the known information about the situation, maximizes the expectation value of
their payoff. The structure of the game is fully specified by the relations between the
different combinations of strategies and the payoffs received by the players. A key
point is the interdependence of the payoffs with the strategies chosen by the other
players. A situation where the payoff of one player is independent of the strategies
of the others would be of little interest from a game theoretical point of view. It is
natural to extend the notion of payoffs to payoff functions whose arguments are the
chosen strategies of all players and ranges are the real valued outputs that assigns a
level of desirability for each player to each outcome.

Pure Strategy Classical Game We have‘a set of n players {1,2,...,n}, n strat-
egy sets S;, one for each player i, with sl.j € Si, where sl.j is the jth strategy of
player i. The strategy space S = S1 x $2 X - -- X S, contains all n-tuples pure strate-
gies, one from each set. The elements o € S are called strategy profiles, some of
which will earn them the status of being a solution with regards to some solution
concept.

We define a game by its payoff-functions $;, where each is a mapping from the
strategy space S to a real number, the payoff or utility of player i. We have:

$;:S1 xS x--- xS, > R. (14.25)

Mixed Strategy Classical Game Let A(S;) be the set of convex linear combina-

tions of the elements Si/ € S;. A mixed strategy s{””‘ € A(S;) is then given by:

3 pls] with Y pl =1, (14.26)
S-jGSl' '/

where p;/ is the probability player i assigns to the choice sl.j . The space of mixed
strategies A(S) = A(S1) X A(S2) X - -+ x A(S,) contains all possible mixed strategy
profiles o,;,. We now have:

$i : A(S)) X A(Sy) x --- x A(S,) — R. (14.27)

Note that the pure strategy games are fully confined within the definition of
mixed strategy games and can be accessed by assigning all strategies except one,
the probability p/ = 0. This class of games could be formalized in a framework
using probabilistic information units, such as the probabilistic bit.
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14.1.4 Solution Concepts

We will introduce two of many game theoretical solution concepts. A solution con-
cept is a strategy profile o* € S, that has some particular properties of strategic
interest. It could be a strategy profile that one would expect a group of rational self-
maximizing agents to arrive at in their attempt to maximize their minimum expected
payoff. Strategy profiles of this form i.e. those that leads to a combination of choices
where each choice is the best possible response to any possible choice made by other
players tend to lead to an equilibrium, and are good predictors of game outcomes in
strategic situations. To see how such equilibria can occur we’ll need to develop the
concept of dominant strategies.

Definition 14.1 (Strategic dominance) A strategy s%" € ; is said to be dominant

for player i, if for any strategy profile o_; € §/S;, and any other strategy s/ #
dom .

N € S,' :

$i(s?m, 0_;) > $i(s/,0_;) foralli=1,2,...,n. (14.28)

Lets look at a simple example. Say that we have two players, Alice with legal
strategies s)”l.ce, Sizl‘ce € Salice and Bob with slliob’ séob € Spop. Now, if the payoff
Alice receives when playing s}mw against any of Bob’s two strategies is higher
than (or at least as high as) what she receives by playing sﬁlice, then s Alice is her
dominant strategy. Her payoff can of course vary depending on Bob’s move but
regardless what Bob does, her dominant strategy is the best response. Now there is
no guarantee that such dominant strategy exists in a pure strategy game, and often
must the strategy space be expanded to accommodate for mixed strategies for them
to exist.

If both Alice and Bob has a dominant strategy, then this strategy profile becomes
a Nash Equilibrium, i.e. a combination of strategies for which none of them can gain
by unilaterally deviating from. The Nash equilibrium profile acts as an attractor in
the strategy space and forces the players into it, even though it is not always an
optimal solution. Combinations can exist that can lead to better outcomes for both
(all) players.

Definition 14.2 (Nash equilibrium) Let oI_VlE € S/S; be a strategy profile containing
the dominant strategies of every player except player i, and let slNE € S; be the
dominant strategy of player i. Then for all si/ # slN Ees;:

$i(sVE, oNE) = $i(s], o) foralli=1,2,...,n. (14.29)

T V=i ) = i =i
If we have a situation where an agent can increase its payoff without decreasing
any others, then this would per definition mean that nobody would mind if that agent

would do so. Each such increase in payoff is called a Pareto improvement. When no
such improvement can be done, then the strategy profile is said to be Pareto optimal.
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Definition 14.3 (Pareto efficiency) A Pareto efficient or Pareto optimal strategy pro-
file is one where none of the participating agents can increase their payoff without
decreasing the payoff of someone else.

14.2 Quantum Games

In the quantum game protocols (protocol and scheme may be used interchange-
ably) presented in this paper, the m; different choices available to a player i will
be encoded in the basis states of an m;-level quantum system, where the m; de-
notes the dimensionality of the Hilbert space .7, associated with that subsystem.
Each of the n player holds one subsystem leading to a total system with a state
vector a in an [[;_, dim(7¢5,)—dimensional space. The definition of a quantum
game must therefore include a Hilbert space of a multipartite multilevel system
Hg=Hg, @ Hg, & - QHy,.

The different subsystems must in general be allowed to have a have a common
origin to accommodate entanglement in the shared initial state p;, € ¢g. This is
often modeled by including a referee that prepares an initial state and distributes
the subsystems among the players. Whether or not this step invokes on the non-
communication criteria certain games have, is under debate. We justify it by the fact
that no communication is done under the crucial step of choosing a strategy. The
strategies are applied by local quantum operations on the quantum state held by each
player. No player has any access to any part of the system except its own subsystem,
and no information can be sent between the players with aid of the shared quantum
resource. Classical strategies becomes quantum strategies by expanding the strategy
sets:

s;i € S; = U; € S(m;), (14.30)

where the set of allowed quantum operations S(m;) is some subset of the special
unitary group SU(m;). We will later see that the nature of the game can be deter-
mined by restrictions on S(m;). It is an important point to be able to show that the
classical version of a game is recoverable just by restricting the set of allowed op-
erators. At least if we want it to be a proper quantization [9], i.e. an extension of
the classical game into the quantum realm, and not a whole new game without a
classical counterpart.
We define a quantum game in two steps:

Un®Un71®"'®U1 :%Q"(g%grz—l@"‘@%gl
— Ko, @ Ha, | ®: @ Hoy,, (14.31)
$i: Mg, ® Hy, | ®-- @ Ho — R, (14.32)

where the first step is a transformation of the state of the complete system by local
operations, and the second is a mapping from the Hilbert space of the quantum state
to a real number, the expected payoff of player i.



228 P. Sharif and H. Heydari

14.2.1 The Quantum Game Protocol

e The game begins with an entangled initial state |y;,). Each subsystem has a di-
mensionality m that equal to the number of pure strategies in each players strategy
set. In the protocols covered in this paper, all players will face the same number
of choices. The number of subsystems equals the number of players. One can
assume that [v;,) has been prepared at some location by a referee that then has
distributed the subsystems among the players [12, 13].

e The players then chooses an unitary operator U from a subset of SU(m), and
applies it to their subsystem. The initial state p;; transforms to a final state o,
given by:

Pin=UQU® - ®UppU U '®---®U". (14.33)

In the absence of communication, and due to the symmetry of these games, all
players are expected to do the same operation.

e The players then measures their own subsystem, collapsing their quantum states
to units of classical information. For the case of a two-choice protocol, each
player ends up with a classical bit b;, and the complete system has thus col-
lapsed into a classical string b, corresponding to a pure strategy profile o € S.
For the quantum game to have an advantage over a classical game, the collective
action of the players must have decreased the probability of the final state pg, to
collapse into such basis states (classical information strings/strategy profiles) that
are undesired, i.e. leading to lower or zero payoff $.

e To calculate the expected payoffs E($), we define for each player i a payoff-
operator P;, which contains the sum of orthogonal projectors associated with the
states for which player i receives a payoff $. We have:

Pi =287 %/
J

, (14.34)

where the states | x,.j ) are those sates that leads to a payoft for player i, and $l.j the
associated payoffs. The expected payoff E($;) of player i is calculated by taking
the trace of the product of the final state pg, and the payoff-operator P;:

Ei($) = Tr(P; pfin).- (14.35)

14.2.2 Prisoners Dilemma

The prisoners dilemma is one of the most studied game theoretical problems. It
was introduced in 1950 by Merrill Flood and Melvin Dresher, and has been widely
used ever since to model a variety of situations, including oligopoly pricing, auction
bidding, salesman effort, political bargaining and arms races. In is in its standard
form, a symmetric simultaneous game of complete information. Two players, Alice
and Bob (A and B) are faced with a choice to cooperate or to defect, without any
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Table 14.1 The normal-form Bob
representation of prisoners
dilemma Cooperate | Defect

Cooperate (3,3) ., 5)
Defect (5,0) (1,1

Alice

information about the action taken by the other. The payoffs they receive due to
any combination of choices is shown in Table 14.1, where the first entry in each
parenthesis shows the payoff $4 of Alice and the second entry the payoff $5 of Bob.
Given that Bob chooses to cooperate, Alice receives $4 = 3 if she chooses to do the
same, and she receives $4 = 5 if she chooses to defect. If Bob instead defects, then
Alice receives $4 = 0 by cooperating and $4 = 1 by choosing to defect. No matter
what Bob does, Alice will always gain by choosing to defect, equipping her with a
strictly dominant strategy! Due to the symmetry of the game, the same is true for
Bob, forcing them into a Nash equilibrium strategy profile of (defect, defect), which
pays out $4 = 1 to each. This outcome is clearly far from efficient, since there is
a Pareto optimal strategy profile (cooperate, cooperate) that would have given them
$48 = 3, and hence the dilemma.

Quantum prisoners dilemma was introduced by J. Eisert, M. Wilkens, and
M. Lewenstein in 1999 [11]. Here Alice and Bob are equipped with a quantum
resource, a maximally entangled Bell-type-state, and each of them are in posses-
sion of a subsystem. The Hilbert space of the game is given by: ¢ = 73 ® ¢4,
with ¢ = 3 = C>. We'll identify the following relations, mapping classical
outcomes with basis states of the Hilbert space: (cooperate, cooperate) — |00),
(cooperate, defect) — |01), (defect, cooperate) — |10) and (defect, cooperate) —
|11). The entangled initial state is created by acting with an entangling operator
J = %I ®2 4 ia);®2 on a product state initialized as (cooperate, cooperate):

1
J|00) ﬁ(|00>+z|11>). (14.36)
Note that the entangling operator performs a global operation, i.e. an operation per-
formed on both subsystems simultaneously. One can consider it to be performed by
a referee, loyal to both parties. The game proceeds by Alice and Bob performing
their local strategies U4 and Up, and the state is turned into its final form: [v/4,) =
(Up ®Uy4)J|00). Before measurement is performed, an disentangling operator J is
applied. The inclusion of J and J into the protocol assures that the classical game
is embedded into the quantum version, whereby the classical prisoners dilemma can
be accessed by restricting the set of allowed operators to Ug, Up € {I,0,}. Itis a
simple task to show that any combination of the identity operator / and the bit-flip
operator o, commutes with J, and together with the fact that JJ¥ = I, one con-
cludes that this restriction turns the protocol into classical (one-bit) operations on a
bit string ‘00’. The complete protocol is shown as a circuit diagram in Fig. 14.3.
It is now left to define a set of operators U, representing allowed quantum strate-
gies, and the payoff operators P4 and Pp. Eisert et al. considered a two parameter
subset of SU(2) as the strategy space:
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Fig. 14.3 Circuit diagram of 0)
the quantum prisoners Ua Q
dilemma protocol

Ji JT| MEASURMENT

[0) Up q

U@, a)= (eia cos(0/2) sin(0/2) ) .

—sin(0/2) e “cos(6/2) (14.37)

The classical strategies are represented by U(0,0) = I and U(0, 7) = o,. We
construct Alice’s payoff operator P4 as defined in (14.34) with values from the
payoff matrix:

P4 = 3|00)(00] + 5]01)(01] + 1]11)(11]. (14.38)

Her expected payoff is calculated by taking the trace of the final state and the
payoft operator: E($4) = Tr(Papfin), Where pfn = [¥fin) (¥finl. It can be shown that
when the set of strategies are expanded to allow any U (0, «), the old Nash equi-
librium (defect, defect) — U (0, 7) ® U (0, ) ceases to exist! Instead a new Nash
equilibrium emerges at

Us=Up=U(0,7/2) = (6 _Ol.>. (14.39)

This strategy leads to an expected payoff E($4) = E($4) = 3. Thereby they both
receive an expected payoff that equals the Pareto optimal solution in the classical
pure strategy version, with the addition that this solution is also a Nash equilibrium.
Dilemma resolved. It should be added that if the strategy sets are further expanded
to include all SU(2) operations, this solution vanishes, and there is no Nash equilib-
rium strategy profile in pure quantum strategies, whereby one has to include mixed
quantum operations to find an equilibrium [19].

14.2.3 Minority Games

We extend the previous protocol to ones with multiple agents, by introducing the
minority game. The game consists of n of non-communicating players that must
independently make up their mind between two choices. We could regard these
players as investors on a market deciding between two equally attractive securities,
as commuters choosing between two equally fast routes to a suburb, or any col-
lection of agents facing situations where they wish to make the minority choice.
The core objective of the players are thus to avoid the crowd. We encode the two
choices as |0) and |1) in the computational basis like before. The players receive
payoff a $ = 1 if they happen to be in the smaller group. So if the number of players
choosing |0) is less than the number of players choosing 1), the first group receives
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payoff whereas the second group is left with nothing. Would the players happen to
be evenly distributed between the two choices, then they’ll all go empty handed.

The Nash equilibrium solution is to randomize between |0) and |1) using a fair
coin. The one shoot version we are considering will necessarily have a mixed strat-
egy solution, since any deterministic strategy would lead all players to the same
choice and thus a maximally undesired outcome. The expected payoff E($) for a
player is simply the number outcomes with that player in the minority group di-
vided by the number of different possible outcomes. For a four player game, there
are two minority outcomes for each player, out of sixteen possible. This gives a
expected payoff of 1/8.

A quantum version of a four player minority game was presented by Benjamin
and Hayden in 2000 [13], offering a solution that significantly outperformed the
classical version of the game. The advantage comes from the possibility of elim-
inating (or reducing the probability of) such final outcomes where the players are
evenly distributed among the two choices. The collective application of local uni-
tary operators on the subsystems of an entangled state can thus transform this initial
state in such a way that a better-than-classical result is achieved. This transforma-
tion does not have a classical analogue, and the performance is due to interference
effects from the local phases added to the qubits by the players local operations. We
are not including the action of an entangling operator J in this section, we simply
assume the initial state to be entangled at the start of the protocol, and it can again
be assumed that the state has been prepared by an unbiased referee and distributed
among the players. Considering the four-player case, we begin the protocol with an
GHZ-type state similar to the one used in the previous two-player game, but now
consisting of four entangled qubits.

1
in) = —=(/0000 1111)). 14.40
[Win) ﬁ(l )+ ) ( )

The Hilbert space of the game is sixteen dimensional, accounting for all possible
game outcomes. g = Hg, ® H g, ® o9, ® Hg,, with Hy = C?. Each player
i =1,2,3,4 is permitted to manipulate its subsystem with the full machinery of

local quantum operations: U; € SU(2) given in (14.17). The payoff operator P;
projects the final state onto the desired states of player i, and is given by

k
P = Z|gl:’)(gl/|. (14.41)
j=1

The sum is over all the k different states |$i/ ), for which player i is in the minority.
Its worth to note that the sums are always over a even number k, and that they run
over the states of the following form:

k/2 k2

F= Y Jel N | = 310/ ot |+ Dl Wo!

j=1 j=1

, (14.42)
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where |z9ij ) is the bit-flipped version of |19ij ), 1i.e 0’s and 1’s are interchanged. The
payoff operator P; for player 1 in the four player case is given by:

Py = [0001)(0001| 4 |1110)(1110]. (14.43)

By playing U(0,a, ) = U(5, —%., §). the four players can completely eliminate
the risk of upon measurement ending up with an outcome where none of them re-
ceives a payoff. This quantum strategy leads to an expected payoff E($) = % that is

twice as good as in the classical case E($) = 1 The strategy profile is a Nash equi-
librium as well as Pareto optimal. Quantum minority games has been extensively
studied for cases of arbitrary n, and it can be shown that the quantum versions gives
rise to better than classical payoffs for any game with an even number of play-
ers [14].

14.2.4 Kolkata Restaurant Problem

The Kolkata restaurant problem is an extension of the minority game [20-24], where
the n players now has m choices. As the story goes, the choice is between m restau-
rants. The players receive a payoff if their choice is not too crowded, i.e the number
of agents that chose the same restaurant is under some limit. We will discuss the
case for which this limit is one. Just like in the minority game previously discussed,
the Kolkata restaurant problem offers a way for modeling heard behavior and mar-
ket dynamics, where visiting a restaurant translates to buying a security, in which
case an agent wishes to be the only bidder. In our simplified model there are just
three agents, Alice, Bob and Charlie. They have three possible choices: security 0,
security 1 and security 2. They receive a payoff $ = 1 if their choice is unique, i.e
that nobody else has made the same choice, otherwise they receive $ = 0. The game
is so called one shoot, which means that it is non-iterative, and the agents have no
information from previous rounds to base their decisions on. Under the constraint
that they cannot communicate, there is nothing left to do other than randomizing
between the choices just like in the minority games in the previous section. Given
the symmetric nature of the problem, any deterministic strategy would lead all three
agents to the same strategy, which in turn would mean that all three would leave
empty handed. There are 27 different strategy profiles possible, i.e combinations of
choices. 12 of which gives a payoff of $ = 1 to each one of them. Randomization
gives therefore agent i an expected payoff of E($) = %.

In the quantum version we let Alice, Bob and Charlie share a quantum resource
[18]. Each has a part of a multipartite quantum state. They play their strategy by
manipulating their own part of the combined system, before measuring their subsys-
tems and choosing accordingly. Whereas classically the players would be allowed
randomizing over a discrete set of choices, in the quantum version each subsys-
tem is allowed to be transformed with arbitrary local quantum operations, just like
before. In the absence of entanglement, quantum games of this type usually yield
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the same payoffs as their classical counterparts, whereas the combination of unitary
operators (or a subset therein) and entanglement, will be shown to outperform the
classical randomization strategy.

When moving from quantum game protocols with two choices into ones with
three, we’ll need some additional structure. Instead of qubits will we be dealing
with qutrits, which are their three level versions. The local operations on qutrits
are now represented by a more complicated group of matrices, the SU(3) group.
Everything else will essentially be similar to that of the quantum minority game.

A qutrit is a 3-level quantum system on 3-dimensional Hilbert space .79 = C>,
written in the computational basis as:

) = al0) + ai|1) + az|2) € C?, (14.44)
with ag, ar, ax € C and |ag|> + |a1|> + |laa> = 1. A general n-qutrit system |¥) is

a vector on 3"-dimensional Hilbert space, and is written as a linear combination of
3" orthonormal basis vectors.

2
|¥) = Z oy X -+ - X1, (14.45)
Xpyeees X1=0
where
n-times
X - x1) = 12x0) ® |Xp—1) ® -+ ® |x1) € Hp :m (14.46)

with x; € {0, 1, 2} and complex coefficients ay,, obeying Y |ay,...x, |2 =1.

Single qutrits are transformed with unitary operators U € SU(3), i.e operators
from the special unitary group of dimension 3, acting on J¢g as U : 59 — Hg.
In a multi-qutrit system, operations on single qutrits are said to be local. They affect
the state-space of the corresponding qutrit only. The SU(3) matrix is parameterized
by defining three general, mutually orthogonal complex unit vectors X, y, Z, such
that x - y = 0 and x* x y = 7. We construct a SU(3) matrix by placing x, y* and 7
as its columns [25]. Now a general complex unit vector is given by:

sinf cos ge'®!
X =| sinfsinge’® |, (14.47)
cosfel®3

and one complex unit vector orthogonal to x is given by:
cos x cos 6 cos pe' P1=2) 4 sin y sin ge! P21

3 = | cos x cos@ sinpe’ P1=92) —sin x cos et P2—2) | | (14.48)
—cos x sin@e!(P1—a3)
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where 0 < ¢,60, x, <m/2and 0 < o1, 2, @3, B1, B2 < 27w. We have a general SU(3)
matrix U, given by:

X1y X3y3—yix
U=|x2 ¥y x3y1—yxs |, (14.49)
X3y3 X{y2— yixi
and it is controlled by eight real parameters ¢, 6, x, o1, a2, o3, B1, B2.
The initial state, a maximally entangled GHZ-type state

1
V3

is symmetric and unbiased in regards to permutation of player position and has the
property of letting us embed the classical version of the game, accessible trough
restrictions on the strategy sets. To show this, we define a set of operators corre-
sponding to classical pure strategies that gives raise to deterministic payoffs when
applied to |¢;,). The cyclic group of order three, C3, generated by the matrix:

[Win) = —= (1000) + |111) +1222)) € #p = C} @ C* © C?, (14.50)

—_ o O

0 1
s= |1 0 (14.51)
0 0

where 53 =50 = I and s> = 57, has the properties we are after. The set of classical
strategies S = {s9, 51, 52} with s’ ® s/ ® s¥|000) = |ijk) acts on the initial state
|¥in) as:

1
NG

(104004 jO+k) + 1 +il + jl+k) +24+i2+ j2+Kk). (14.52)

s' ® s/ ® sk —=(1000) + |111) +[222))

_
V3

Note that the superscripts denotes powers of the generator and that the addition is
modulo 3. In the case under study, where there is no preference profile over the
different choices, any combination of the operators in S = {so, st sz} leads to the
same payoffs when applied to |v;,) as to |000). We form a density matrix p;, out of
the initial state |v;,) and add noise that can be controlled by the parameter f [17].
We get:
-7

pin = f1¥in)(Yinl + —7 L (14.53)
where I>7 is the 27 x 27 identity matrix. Alice, Bob and Charlie now applies a
unitary operator U that maximizes their chances of receiving a payoff $ = 1, and
thereby the initial state p;, is transformed into the final state of;,.

pin=U®UUp,U' @U@ U". (14.54)



14 An Introduction to Multi-player, Multi-choice Quantum Games 235

We define for each player i a payoff-operator P;, which contains the sum of orthog-
onal projectors associated with the states for which player i receives a payoff $ = 1.
For Alice this would correspond to

2
PA=< > IX3X2X1)(X3X2X1|,X3#X2,X3¢X1,xz¢X1)

x3,x2,x1=0

2
+ ( Z [x3x201) (x3X2X1 ], X3 = X2 # x1>. (14.55)

x3,%x2,x1=0

The expected payoff E;($) of player i is as usual calculated by taking the trace of
the product of the final state pj;, and the payoff-operator P;:

E($;) = Tr(P; pfin)- (14.56)

It can be shown that if Alice, Bob and Charlie acts with a general SU(3), there exist
aU($.6x o1, 00,03, 1. f2) € SUQ), given by U (F. cos™ (5). §. 5. 75

51—’§, £ “T”), that outperforms classical randomization. The strategy profile U ®

U @ U°P" leads to a payoff of E($) = g, assuming (f = 1), compared to the
classical E€($) = ;—‘. Letting the payoff function depend on the fidelity parameter

f, we get a payoff function E($(f)) = %( f +2) where we can clearly see that the
expected payoff reaches the classical value as f — 0.

14.3 Outlook

As the field of quantum information theory matures and information processing
moves into the quantum realm, will it be increasingly important to study the broad
spectrum of effects of this transition. Game theory is the study of strategic decision
making under limited information. How decision making should or will change as
situations are played out in a world where this information is quantum information,
will be some of many conceptual challenges to address if classical communica-
tion and computing, is due to be replaced by systems governed by the peculiar and
counter-intuitive laws of quantum mechanics.
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