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Phase transitions are being used increasingly to probe the collective behaviors of social human sys-
tems. In this study, we propose a different way of investigating such transitions in a human system
by establishing a two-sided minority game model. A new type of agents who can actively transfer
resources are added to our artificial bipartite resource-allocation market. The degree of deviation
from equilibria is characterized by the entropy-like quantity of market complexity. Under different
threshold values, Q¢, two phases are found by calculating the exponents of the associated power
spectra. For large values of @y, the general motion of strategies for the agents is relatively periodic
whereas for low values of Q¢,, the motion becomes chaotic. The transition occurs abruptly at a
critical value of Qy,. Our simulation results were also tested based on human experiments. The
results of this study suggest that a chaotic-periodic transition related to the quantity of market
information should exist in most bipartite markets, thereby allowing better control of such a transi-
tion and providing a better understanding of the endogenous emergence of business cycles from the

perspective of quantum mechanics.

Keywords phase transition, minority game, complex adaptive system, random walk, two-sided

market, human experiment, entropy-like quantity, market complexity
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1 Introduction

Minority games, which were proposed by Challet and
Zhang [1], have been employed to model human collective
behaviors and self-organized cooperation in many areas,
such as financial markets and other social problems [2—-
9]. Due to the unsatisfactory performance of this model
when resources are biased, Wang et al. proposed an ex-
tended model called the market-directed resource alloca-
tion game [10, 11] by adding agents with heterogeneous
preferences. This diversity allows the market to reach
an equilibrium even if the resources are highly biased.
However, these types of extended minority games only
evolve dynamically in one direction from the initial state
to equilibrium [12-15]. This behavior is attributable to
the fixed amount of resources. Given that resources can
actually be movable (often with transfer costs), we pro-
pose a two-sided minority game by adding new agents
who possess resources and are able to transfer them only
under proper market conditions. Therefore, the resources
are variable and they can be controlled by their propen-

sities.

Generally, in a two-sided market [16, 17], economic
platforms have two distinct participant groups, the re-
spective members of which consistently play the same
roles. The two end-participants, who are regarded as
buyers and sellers (i.e., consumers and suppliers), mainly
trade and make profits from interactions. Many stud-
ies have investigated competition, pricing, and strategies
in different two-sided markets, such as software markets
and credit card markets [17]. In our two-sided minor-
ity game, after simplifying and hypothesizing, the two
parties are interrelated and mutually dependent on each
other. Thus, regardless of whether the interaction is prof-
itable or not, the choice of one must be determined by
that of the other, so the market always moves to a dy-
namically steady state. Due to the win-lose rule in a mi-
nority game, if one group of end-participants (e.g., con-
sumers) can arbitrage on one side, then another group
(e.g., suppliers) must be able to arbitrage on the other
side simultaneously. Therefore, we show that it is useful
to interpret this synchronous phenomenon.

In general, phase transitions are observed in various
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types of natural systems and studies of transitions in
social systems are being performed increasingly [18-20].
Using spectrum analysis, we discovered transitions be-
tween two predominant phases in this two-sided minor-
ity game system. In fact, the critical transition point is
controlled by the entropy-like quantity called the com-
plexity of the market, which is introduced to measure
the complex relationships between individuals in differ-
ent groups. In particular, this may be interpreted better
by the macroscopic counterpart of quantum mechanics.
Based on the assumption that “everyone is rational,” op-
timal strategy mechanics ensures that the proportions of
the two sides always fluctuate near the equilibrium in
most cases, thereby resulting in a relatively random se-
ries. However, in the case when the critical point is ex-
ceeded, the behaviors of agents become more convergent
and periodic.

In Section 2, we derive the basic analogical relation-
ship from quantum mechanics to macro-social systems.
The aim of introducing the quantum analogy is to help
analyze the market states. In Section 3, we explain the
two-sided resources allocation game by introducing a new
type of agent who can control resources. Using the quan-
tum analogy method, we also calculate the market com-
plexity, which is treated based on thresholds. In addition,
we analyze the strategies of agents in our model to in-
vestigate the phase transition in the game. In Section 4,
we describe a human experiment that we conducted to
obtain more powerful evidence of this phase transition.
In the final section, we give our conclusions regarding
the two-sided resources allocation game.

2 Quantum analogy for minority games

The presence of a large number of interacting individ-
uals is a fundamental feature of complex adaptive sys-
tems. In quantum physics, we can describe microscopic
multi-electron systems using the many-body Schrodinger
equation:

N o N
HU(ri,re, -, rN) = [Z—% Vit Vi(r)

7

+ZU(7’¢,73) ¥(ry,re, -, TN), (1)

i<j

where ¥ (r) is the wave function of the N electrons mov-
ing around a nucleus with potential V. However, for
the macroscopic system of minority games, we are con-
cerned with how the N individuals make better choices
under closed circumstances. Similarly, we can write the
“Schrodinger equation” for the macroscopic complex sys-
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tem formally as follows:

N
H¥(1,2,--,N)= | Y (T, + Vi) + > U(i,j)
< W(1,2,,N). 2)

In this study, we explore an individual’s behavior from
a different perspective where the wave function ¥ =
W(1,2,---,N) represents a possible ensemble of choices.
T; can be taken as a stochastic function similar to the
quantum description of the motions of free electrons,
while V; denotes the external resource ratio in the same
manner as the potential field. Naturally, the interaction
functions between electrons can be treated as interac-
tions between individuals in the game, such as communi-
cation (herding behaviors or contrarian behaviors). Due
to the limited alternative choices for each individual, the
Hamilton operator can actually be reduced to spins in
the Ising Model with a single degree of freedom.

In the market-directed resource allocation game, two
“rooms” (Room 1 and Room 2) with biased resources can
be selected by agents according to their past win-lose in-
formation [10]. Therefore, in this game, it is natural for
us to predict the normalized solution forms of the wave
function as

N, Ny

v(l1,2,---,N) = W|1>+ W‘2>’ (3)
where N; and Ny denote the numbers of agents who
choose Room 1 and Room 2, respectively, and N+ Ny =
N. In addition, |i) (i = 1,2) actually represent the or-
thogonal bases to indicate that the agents who choose
Room i finally achieve success. Thus, the reduced den-
sity matrix p for ¥ can be calculated as

p = 10)(¥] = JEL|+ 2[2)(2] (1)

This formula indicates that the probabilities of the two
choices are % and %, which are decided by the exter-
nal “potential field”, or resource ratio. Given that the
common resource ratio is 1:1 and that the total number
N is even, then N7 = Ny makes the system reach equi-
librium, which corresponds to the maximal total payoff.
If the resource ratio is biased, then N; and N5 would
change gradually until Ny /N> reaches the resource ratio.
In other words, whether the market state reaches the
equilibrium is actually related to the numbers of agents
in the two rooms as well as the external resource ratio.
To generalize this problem, we assume that the resource
ratio is controlled by the agents rather than being de-
termined externally, which we introduce in the following
section.
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3 Two-sided minority game

We modify the market-directed resource allocation game
model by adding new agents as suppliers who can control
the amount of resources. Suppliers who carry resources
across the two-sided market can choose which commod-
ity to produce. As a result, the resource ratio is deter-
mined internally, instead of being fixed externally, which
makes the model more similar to real markets. More-
over, there are several main assumptions in this model:
i) no external information can interfere with this isolated
market; ii) the agents interact with each other under free
competition; and iii) the two homogeneous commodities,
i.e., C; and Cs, are traded by the two types of agents,
consumers (N) and suppliers (M). In addition, as usual,
two major parameters are employed to construct strate-
gies for the agents. One parameter, P, is known as the
length of historical information, which is equivalent to
the agent’s brain size or memory length. The other pa-
rameter, S, is the number of part or all of the strategies
in the pool 27. In fact, P indicates the degree of cogni-
tive ability [10] and S indicates the degree of the ability
for deliberate choice [1, 10].

Figure 1 shows a simple outline of our model. In this
platform, the two freely traded commodities C; and
Cy are alternatives for each other in their own markets
(rooms). Unlike the general minority game market [9, 10,
14] where the resources are predefined and unchanging
over time, the new model introduces suppliers, thereby
leading to continuous changes in the resources on the
two markets. As resource holders, suppliers are required
to make choices at the appropriate time when positive
information is exhausted. However, consumers make new

d844d448

N\ Vg
Consumers

Fig. 1 Simple sketch illustrating the two-sided minority game.
Two alternative commodities C7 and Co are freely traded in two
rooms (markets). M suppliers and N consumers make choices
about the two commodities with M = M + Ms and N = Ny + No.
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choices whenever changing the present choice would in-
crease their utility. Each type of agent is controlled by
the two parameters mentioned above, S and P, during
their decision-making processes.

3.1 Win-lose verdict

In this repeated game, during every round, the num-
bers of suppliers (or consumers) in the two markets, i.e.,
Room 1 and Room 2, are denoted as M; and My (or Ny
and Na), respectively. Every supplier (consumer) pro-
vides (purchases) the same share of commodities, so we
can use the simple ratio, M;/N; (i = 1, 2), to deter-
mine which type of agent wins for each commodity. If we
assume that at some point, the agents’ distribution sat-
isfies M1 /Ny > Ms/Ns, then we can obtain the following
results. For consumers, anyone who purchases commod-
ity Cy wins because there are comparatively more sup-
plies and less demand for commodity C; so the “price”
of commodity C; would be forced down. At the same
time, for suppliers, anyone who provides commodity Cs
wins because commodity Cy can be sold at a relatively
higher “price” due to the lower supply and greater de-
mand. This situation is reversed when M; /N7 < Ms/No.
Each winner obtains a score of 1 whereas losers receive
a score of 0.

3.2 Market complexity

In our model, the two types of individuals can make
choices about the two commodities at the same time.
The key point is that the consumers and suppliers in-
fluence each other. The overall system can be treated as
two interrelated subsystems, i.e., N and M.

It should be noted that unlike general quantum en-
tanglement, the macro-states of the two intercoupling
subsystems are separable rather than inseparable, which
is why quantum mechanics can be treated as analogous
to our system. Therefore, our composite system can be
represented by multinomial product states. The superpo-
sition of product states is identified as a new composite
state. By employing physical notations, the Hilbert space
of our system can also be described as Hyar = Hy X Hyy.
By considering |1) and |2) as the orthogonal bases of
each Hilbert space, then the states of the two subsys-

tems can be written as )y = %\DM + %\2)1\4

and [P)n = /31N + 1/ 22[2) x like Eq. (3). Finally,
the general state of the composite system is

V)N = Z%‘WN X |3, (5)
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where ¢;; is the composite coefficient and |i)xy denotes
the basis indicating the winning room state for the N
type sub-system. |i)n X |j)as is treated as the compos-
ite market state. Given the rule limitation in a minority
game, both types cannot actually win in the same room
at the same time. Thus, we obtain the state as

[V)nvar = c2|1YN X |12)am + €21]2) N X 1) s (6)

where the normalized superposition factors, c¢i2 and c¢31,
have the following values:

o] N1 My o= ] No My (7)
BTNV N My + NoMy T N M, + NoMy

Accordingly, the reduced density matrix of pyas for any
subsystem N (or M) is defined as the partial trace over
the other subsystem M (or N), i.e.,

PN = Z<j|M(W>NM<¢\NM)U>M =Trmupnm,  (8)

pn = ci2’[)n(1|n + 31°[2) N (2| 9)

Since 122 and 312 denote the probabilities of the two
complementary composite states, then we can finally ob-
tain an entropy-like quantity to characterize the market
complexity, i.e.,

2
Qv =Qu = —Tr(plog, p) = — > pilogypi,  (10)
i=1

where p can be any subsystem’s reduced density matrix
(pn or pyr) and p; = m pi can be treated as
the deviation rate between the consumer ratio and sup-
plier ratio. We can use @) to quantify the level of market
complexity. In our model, the maximum value of @ in-
dicates that the complex system is in a totally mixed
and random state, and thus everyone can make choices
with a probability of 50%. At this time, the market com-
plexity is extremely high because of the abundance of
possible states for the agents. Thus, the arbitrage op-
portunities become zero. By contrast, the situation with
a relatively small value of @ allows some agents to always
win because of the non-zero arbitrage opportunities. The
possible states then become deficient so the market com-
plexity decreases. Therefore, this quantity of the mar-
ket complexity plays an important role in regulating the
market resource allocation.

From an alternative perspective, @) indicates the gross
market information quantity, or the market efficiency
level. If the entropy equals 0, the market state is sim-
plex and all of the agents in one group choose the same
commodity. If the entropy equals 1, this shows that the
market is efficient because the market contains all of the
possible information. When the market reaches equilib-
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rium, i.e., N1 /M7 = No /Mo, the resources are better dis-
tributed and fully consumed by the agents, which maxi-
mizes the total payoff. Thus, the market is most steady
because of the highest amounts of uncertainty and pos-
sible information, while the arbitrage opportunities for
the agents are also minimized. Therefore, if the agents
want to make profits, they must make new choices so the
market will deviate from the equilibrium.

In this study, it is assumed that only suppliers have
the ability to know the market complexity level in real-
time [Q(t) = — Zle pi(t)logs pi(t)] before making deci-
sions. They can decide to continue providing the current
commodity or to transfer their resources to provide the
other based on comparisons between the present entropy
and their own psychological thresholds. If the distribu-
tion of the consumers does not conform to the resource
ratio (the distribution of suppliers) in the present round,
then chances still remain to obtain excess payoffs. In the
balanced state, no arbitrage exists in the market, and
thus Q(t) is highest. For simplicity, in this model, we set
all of the suppliers with a common psychological warn-
ing threshold, Q. Provided that the complexity level
exceeds @y, the suppliers will use active strategies to
change their investment intentions in order to obtain new
arbitrage opportunities.

3.3 Strategy analysis

Considering the two types of agents in our model, it is
useful for us to treat this multi-player game as a special
two-player game. This complex game is transformed into
a game between two groups: M-type and N-type agents.
We assume that the number of M-type agents (suppliers)
is M and the number of N-type agents (consumers) is N.
The strategy space for suppliers is {(a, 1 — )}, where «
represents the proportion of agents assigned to provide
commodity C; (i.e., M1 /M), whereas the strategy space
for consumers is {(3,1—0)}, and cor 8 € [0,1]. In a mi-
nority game [1], rational agents will always employ their
best strategies to make a choice.

Assuming that the present historical information is
p(t) at time ¢, then we can determine the strategy « and
strategy [ for the suppliers and consumers, respectively,
as

1 N
alt) = Zci(sz‘(t)yp(t)), (11)

M
5(0) = 37 3 e5(s5 0,0 (12)

*

In these equations, sf(t) denotes the highest scoring

strategy for agent i and ¢; denotes his choice, i.e., 1 for

Xiao-Hui Li, Guang Yang, and Ji-Ping Huang, Front. Phys. 11(4), 118901 (2016)
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Room 1 and 0 for Room 2. If the historical information
p(t) is assumed to be a random number from 0 to P, and
M = N, then it is natural to suggest that the probability
of an a-3 strategy combination obeys a Gaussian distri-
bution. Thus, it is assumed that the Gaussian-shaped
distribution of the strategy combination can be writ-
ten as P,gdadf = ke—(@=m)*qq . e’(ﬁ’")Qdﬁ. The in-
dependent variables @ and 3 are uniformly distributed
from 0 to 1, and the mean values are both 0.5 (i.e.,
m = n = 0.5). The probability can be integrated to 1, so
the coefficient k is then calculated as 1.175. Finally, we
obtain the probability distribution as

Pag = 11756 (@09 +(3-0.57] (13)

If the strategies o and 3 are adopted by the two groups
together with o < 3, then the suppliers providing com-
modity Cj win and the consumers purchasing commodity
Cy win, and the total payoff is rog = Ma + N(1 — ).
Assuming that the number of agents is equal in the two
groups, i.e., M = N, the maximum payoff will be ob-
tained when « is very close to 3. If a > [, the total
payoff is ro3 = M(1 — a) + N3. Thus, the expectation
value for the system payoff is

r=> TapPag. (14)
a,B

1.0

3 0.5

T
0.0 0.5 1.0
B

0.0

Fig. 2 Payoff map showing the total payoffs for combinations
of strategy a by suppliers and strategy 8 by consumers. o and (3
represent the proportions of agents who choose commodity C; for
suppliers and consumers, respectively. The gray level in the back-
ground indicates the value of the total payoff r,3. According to
the win-lose rule, the strategy combinations under the a = 3 line
(white solid line) lead to a result where suppliers of commodity
C1 win, whereas combinations above the line lead to consumers
of commodity C; winning. Based on the definition of Q¢ , we cal-
culated the relationship between « and (3. The two red dashed
lines are drawn for Qg = 0.72. After the strategies employed by
the suppliers move down toward the “trap” between the two lines,
they find a new strategy far from the equilibrium in order to make
more excess profits.
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Furthermore, Fig. 2 presents a payoff map to show
the payoffs for different combinations of o and 3. The
gray levels in this map indicate various values for the
payoffs, where larger values are shown in dark gray and
smaller values in light gray. In the case where a = £,
we can see that this is the best strategy for the equilib-
rium according to Pareto optimality, as well as the best
for the Nash equilibrium. Thus, the system will fluctu-
ate dynamically up and down around the equilibrium
line. However, as mentioned earlier, the market is most
efficient at the equilibrium with almost no chances for
arbitrage by individuals. Given the common threshold
of market complexity Q¢, we can solve the relationship
between o and 3, which is shown by the red dotted line
in Fig. 2.

We have indicated that the real-time market complex-
ity can show the possible chances for arbitrage by sup-
pliers. Figures 3(a) and (c) depict how the « strategy
varies with time under two different situations where Q5
is lower or higher. With a lower psychological warning
threshold Qqp, suppliers tend to stay in one market for a
longer time until the real-time entanglement Q(t) drops
below Qq, [see Fig. 3(b)]. The suppliers do not alter their
investment intentions while the consumers move contin-
ually toward the equilibrium. It is known that once the «
strategy reaches the threshold “trap” line, it will change
its location to a new place far from the “trap”. Thus, the
strategy track is drawn as a solid horizontal line. How-
ever, when Qy, is relatively high, suppliers will reselect

10 1.0

3 0.5

(0.0) 1.0 0.0 (1.0)

s 0.5

0.0 4
2500 3000 3500 0.5 1.0
Time step

Fig. 3 (a) and (b) show the « time series and possible track (not
exact) for the a strategy in the payoff map for a relatively high
entanglement threshold (@5 = 0.88); and (c) and (d) show those
for a relatively low threshold (Q¢; = 0.72). For interpretation pur-
poses, only one section of the time series is shown from time step
2500 to step 3500. In (b) and (d), we plot the possible tracks to
illustrate the variations in the strategies (white solid arrows). If
the strategy is located in the “trap”, it will jump out and move to
a point far from the “trap” (white dashed arrows). For the periodic
phase in (a), the track of « (line) is mainly horizontal. However,
for the phase in (c), the track (dots) is more chaotic.
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commodities continuously because of their dissatisfaction
with the chances of arbitrage [see Fig. 3(d)]. The strat-
egy track mainly comprises dots instead of lines because
these dots are always located at the threshold “trap”.
Therefore, we find that for different values of Qy, the
tracks of the « strategy have different shapes. Obviously,
the threshold of the entropy for market information Qyy,,
which determines the behaviors of agents in this complex
adaptive system, requires a new understanding.
Provided that Q(t) exceeds the threshold, suppliers
will reselect to move the complexity far from its maxi-
mum. It is known that a piece of noise represented by a
pseudo-random series, such as fractional Brownian mo-
tion or fractional Gaussian noise, has a power spectrum
density of 1/f7, where f denotes the frequency and the
exponent y specifically determines the color of a signal
[21, 22]. The value of the exponent ~ has a decisive ef-
fect on the signal pattern. The series behaves mainly as
a signal of fractional Brownian motion if v > 1, but as a
signal of fractional Gaussian noise if v < 1. After calcu-
lating the power spectrum exponent in our simulations,
we found that v varied in an upward direction with in-
creasing values of Qq, [Fig. 4(a)], where this tendency
can be divided into two phases: one phase with a large
value of ~ is non-stationary (Brownian motion) whereas
the other phase is stationary (Gaussian noise) [corre-
sponding to Figs. 3(a) and (c)]. Similarly, calculating the
diffusive exponent using the mean squared displacement
method [23, 24] also suggests that two basic phases exist:
a stationary phase and a non-stationary phase. We refer
to the former phase as the periodic phase because the
time series exhibits distinct periodicity, and the latter as
the chaotic phase because of its stochasticity. Therefore,
a phase transition region exists near v = 1. In fact, in
the periodic phase, agents do not readily fall into the
relatively small “trap”, thereby leading to a relatively
stable periodic motion [Fig. 3(b)]. This may indicate the
emergence of business cycles, including crises, from an
endogenous perspective [25]. However, if the “trap” is
stretched wide, most of the agents in the chaotic phase
would never stop changing their choices to pursue profits
[Fig. 3(d)], which makes the market become more chaotic
[26].

4 Evidence from a human experiment

Given the assumptions of our model, we devised a web
game and we invited 38 students from Fudan Univer-
sity to participate in the game. The students received
payments based on their overall performance and we
also offered attractive rewards to the top three players.
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Fig. 4 (a) The time series for the « strategy behaves differ-
ently with various values of the entanglement threshold Q. If the
threshold is larger than a critical value, the power spectrum ex-
ponent -y is close to 2, which means that the series exhibits more
Brownian-like motion (periodic phase). If the threshold is smaller
than the critical value, « is near 0, which means that the series be-
comes more chaotic and similar to Gaussian noise (chaotic phase).
(b) The five red stars denote the exponent 7 obtained from the
five groups of human experiments. The dotted line shows one of
the possible underlying curves based on the simulations, where the
parameters S = 4 and P = 32.

Five groups of market complexity thresholds (Qin =
0.5,0.9,0.92,0.98,0.99) were tested, where the partic-
ipants were assigned randomly as suppliers and con-
sumers in each. Before each round, the suppliers were
given the ability to know the current market complexity
Q(t). Provided that the market complexity exceeded the
level of the threshold Qyp, the suppliers were allowed to
make new choices to make more possible profits. Oth-
erwise, the choices remained the same as their own pre-
vious choices. Each group of experiments was conducted
over 30 rounds. All of the other designs were the same
as those employed in the simulations.

We also calculated the exponents for the My /M (strat-
egy «) time series produced by the five values of Qyy,
[Fig. 4(b)]. When the threshold was set close to 1, the
suppliers appeared to prefer providing the same resource
ratio instead of making frequent changes because the
chance of arbitrage still remained. When we calculated
the power spectrum exponent, we found that it was close
to 2, which indicates totally Brownian motion, as men-
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tioned above. However, the situation was different when
the value of @y, was smaller. The exponent decreased
to 0 when Q¢ was less than about 0.9. Compared with
the simulation results obtained using S = 4 and P = 32,
we found that the behavior was analogous in our human
experiment, with two clear phases: a periodic phase for
large values of @y, and a chaotic phase for small values
of Qun. The transition region corresponded to the val-
ues of Q¢ where 7y increased very rapidly. In this region,
the two phases were mixed and they appeared simulta-
neously.

5 Conclusion

In this study, we established a two-sided minority game
model, which involved two alternative commodities and
two corresponding trading markets. By adding a new
type of agent as suppliers, we obtained variable resource
ratios instead of the commonly used unchanged resource
ratios [10, 12-14]. We characterized the unbalanced mar-
ket bias analogically by general quantum mechanics,
where the entropy-like quantity of the market complexity
indicated the composite states of the two types of agents
in the two markets. By investigating the power spectrum
properties of the simulation results, we found that there
was a transition from a chaotic state (Gaussian noises)
to a periodic state (Brownian motion) with respect to
the market complexity threshold. Broadly speaking, the
latter is related to the endogenous emergence of business
cycles [25], which is a topic that remains poorly under-
stood in economics and finance. In addition, to comple-
ment our simulations, we conducted human-controlled
experiments [27-29] for verification purposes. It would
be interesting to perform more in depth studies of this
two-sided minority game in future research.

The results of this study suggest that most bipartite
markets should exhibit a chaotic to periodic transition,
which will be related to their correlation under appro-
priate conditions. This study provides insights into the
better control of these correlations and understanding
the endogenous emergence of business cycles in eco-
nomics and finance from the perspective of quantum
mechanics.

Acknowledgements We thank Dr. W. Wang for fruitful discus-
sions. We acknowledge financial support from the National Natu-
ral Science Foundation of China under Grant No. 11222544, the
Fok Ying Tung Education Foundation under Grant No. 131008,
and the Program for New Century Excellent Talents in University
(NCET-12-0121).

Xiao-Hui Li, Guang Yang, and Ji-Ping Huang, Front. Phys. 11(4), 118901 (2016)

References

1. D. Challet and Y. C. Zhang, Emergence of cooperation and
organization in an evolutionary game, Physica A 246(3-4),
407 (1997)

2. L. X. Zhong, D. F. Zheng, B. Zheng, and P. M. Hui, Effects
of contrarians in the minority game, Phys. Rev. E 72(2),
026134 (2005)

3. O. P. Hauser, D. G. Rand, A. Peysakhovich, and M. A.
Nowak, Cooperating with the future, Nature 511(7508), 220
(2014)

4. 1. Erev and A. E. Roth, Maximization, learning, and eco-
nomic behavior, Proc. Natl. Acad. Sci. USA 111(Suppl 3),
10818 (2014)

5. S. Biswas, A. Ghosh, A. Chatterjee, T. Naskar, and B. K.
Chakrabarti, Continuous transition of social efficiencies in
the stochastic-strategy minority game, Phys. Rev. E 85(3),
031104 (2012)

6. B. Zheng, T. Qiu, and F. Ren, Two-phase phenomena,
minority games, and herding models, Phys. Rev. E 69(4),
046115 (2004)

7. M. Anghel, Z. Toroczkai, K. E. Bassler, and G. Korniss,
Competition-driven network dynamics: Emergence of a

scale-free leadership structure and collective efficiency, Phys.
Rev. Lett. 92(5), 058701 (2004)

8. D. Challet and M. Marsili, Criticality and market efficiency
in a simple realistic model of the stock market, Phys. Rev.
E 68(3), 036132 (2003)

9. D. Challet, M. Marsili, and Y. C. Zhang, Stylized facts of
financial markets and market crashes in minority games,
Physica A 294(3-4), 514 (2001)

10. W. Wang, Y. Chen, and J. Huang, Heterogeneous pref-
erences, decision-making capacity, and phase transitions
in a complex adaptive system, Proc. Natl. Acad. Sci.
USA106(21), 8423 (2009)

11. J. P. Huang, Experimental econophysics: Complexity, self-
organization, and emergent properties, Phys. Rep. 564, 1
(2014)

12. Y. Liang, K. N. An, G. Yang, and J. P. Huang, Contrarian
behavior in a complex adaptive system, Phys. Rev. E 87(1),
012809 (2013)

13. G. Yang, W. Z. Zheng, and J. P. Huang, Partial information,
market efficiency, and anomalous continuous phase transi-
tion, J. Stat. Mech. 2014(4), P04017 (2014)

14. L. Zhao, G. Yang, W. Wang, Y. Chen, J. P. Huang, H.
Ohashi, and H. E. Stanley, Herd behavior in a complex
adaptive system, Proc. Natl. Acad. Sci. USA 108(37), 15058
(2011)

15. W. Z. Zheng, Y. Liang, and J. P. Huang, Equilibrium state
and non-equilibrium steady state in an isolated human sys-
tem, Front. Phys. 9(1), 128 (2014)

16. J. C. Rochet and J. Tirole, Platform competition in two-
sided markets, J. Eur. Econ. Assoc. 1(4), 990 (2003)

118901-7

w2
Q
orml
wn
>
=]
Ay
S
(=)
w2
i
(<D}
orm
-
=
(=}
Sl
=




wn
Q
orml
w0
>
=]
Ay
S
(=)
w2
i
(<D}
orm
)
=
(=}
i
=

RESEARCH ARTICLE

17.

18.

19.

20.

21.

22.

23.

118901-8

G. G. Parker and M. W. Van Alstyne, Two-sided network
effects: A theory of information product design, Manage.
Seci. 51(10), 1494 (2005)

Y. Zhang and W. H. Wan, States and transitions in mixed
networks, Front. Phys. 9(4), 523 (2014)

Y. H. Chen, W. Wu, G. C. Liu, H. S. Tao, and W. M. Liu,
Quantum phase transition of cold atoms trapped in optical
lattices, Front. Phys. 7(2), 223 (2012)

Y. Liang and J. P. Huang, Robustness of critical points in a
complex adaptive system: Effects of hedge behavior, Front.
Phys. 8(4), 461 (2013)

B. B. Mandelbrot and J. W. Van Ness, Fractional Brown-
ian motions, fractional noises and applications, STAM Rewv.
10(4), 422 (1968)

P. Bak, C. Tang, and K. Wiesenfeld, Self-organized critical-
ity: An explanation of the 1/f noise, Phys. Rev. Lett. 59(4),
381 (1987)

M. Magdziarz, A. Weron, K. Burnecki, and J. Klafter, Frac-
tional Brownian motion versus the continuous-time random

walk: a simple test for subdiffusive dynamics, Phys. Rev.
Lett. 103(18), 180602 (2009)

24.

25.

26.

27.

28.

29.

R. Metzler, J. H. Jeon, A. G. Cherstvy, and E. Barkai,
Non-
stationarity, non-ergodicity, and ageing at the centenary of
single particle tracking, Phys. Chem. Chem. Phys. 16(44),
24128 (2014)

S. Gualdi, J. P. Bouchaud, G. Cencetti, M. Tarzia, and F.
Zamponi, Endogenous crisis waves: Stochastic model with
synchronized collective behavior, Phys. Rev. Lett. 114(8),
088701 (2015)

Anomalous diffusion models and their properties:

I. Bashkirtseva, T. Ryazanova, and L. Ryashko, Confidence
domains in the analysis of noise-induced transition to chaos
for Goodwin model of business cycles, Int. J. Bifurcation
Chaos 24(08), 1440020 (2014)

J. P. Huang, Experimental Econophysics: Properties and
Mechanisms of Laboratory Markets, Berlin Heidelberg:
Springer, 2015

L. Putterman, Behavioural economics: A caring majority
secures the future, Nature 511(7508), 165 (2014)

T. Jia, B. Jiang, K. Carling, M. Bolin, and Y. F. Ban, An

empirical study on human mobility and its agent-based mod-
eling, J. Stat. Mech. 2012(11), P11024 (2012)

Xiao-Hui Li, Guang Yang, and Ji-Ping Huang, Front. Phys. 11(4), 118901 (2016)



