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a b s t r a c t

Crowd panic has incurred massive injuries or deaths throughout the world, and thus
understanding it is particularly important. It is now a common knowledge that crowd panic
induces ‘‘symmetry break’’ inwhich some exits are jammedwhile others are underutilized.
Amazingly, here we show, by experiment, simulation and theory, that a class of symmetry
patterns come to appear for ants and humans escaping from multiple-exit rooms while
the symmetry break exists. Our symmetry pattern is described by the fact that the ratio
between the ensemble-averaging numbers of ants or humans escaping from different exits
is equal to the ratio between the widths of the exits. The mechanism lies in the effect
of heterogeneous preferences of agents with limited information for achieving the Nash
equilibrium. This work offers new insights into how to improve public safety because large
public areas are always equipped with multiple exits, and it also brings an ensemble-
averaging method for seeking symmetry associated with symmetry breaking.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The emergent evacuation of human beings has become a much more crucial problem worth studying due to the
complicated international situations, terrorist attacks, and growing population around the world nowadays. It can also
happen in crowded places such as stadiums or fire sites. It would be costly if the exits and architectures are not properly
designed. Therefore, numerous simulations [1] and active-matter experiments [2] have been carried out regarding this
problem [3–12]. Helbing et al. [3] first established amodelwith uncoordinated-moving pedestrians to simulate the panic and
jamming mechanisms of crowds. Saloma et al. observed self-organized queuing (scale-free) behavior [10] and herding [11]
in escape panic of mice. Shiwakoti et al. [12] did an ant experiment for modeling pedestrian crowd egress under panic
conditions. The last three researches [10–12] are especially heuristic since they studied the escape behavior regarding the
number or width of exits using mice or ants. In particular, through computer simulations, Helbing et al. studied dynamical
features of crowds in escape panic, and they revealed a kind of ‘‘symmetry break’’ in which some exits from enclosed spaces
are jammed while others are underutilized [3]. Their findings have been experimentally demonstrated by the experiments
of ants undergoing panic escape [5]. So far, the symmetry break has become a common knowledge in the field of escaping
dynamics. However, in this paper, we discover a symmetry pattern within both the panic escape of ants and emergent
evacuation of humans, which provide a new perspective regarding such issues.

Nevertheless, the existing researches have never touched the situation of escaping the area with several exits of various
widths [13,14], which, however, has practical significance because large public areasmust havemore than one exit. Here, we
propose and conduct an ant experiment to study ants’ collective behavior when escaping from a roomwith multiple exits of
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differentwidths. The result turns out to be that the ensemble-averaging number of ants escaping from an exit is proportional
to the width of the exit, thus yielding a state equation. This finding reminds us that the collective behavior of escaping ants
in our experiment can be treated as human behavior based on strategies in competition and cooperation, while the widths
of exits in the escape problems can be regarded as resources competed by players in competition games. This is reasonable
since animals will compete for limited exits in such dangerous situations. Meanwhile, our experiment is inspired by the idea
that the behaviors of various species under panic situations may show similar patterns, which can be classified as animal
instinct. Thus, by studying animals other than human, such as mice and ants, we are able to reveal human behaviors under
similar situations, and solutions can be found by controlling experimental parameters and conditions. This can be helpful to
research areas limited by moral troubles of human experiments, etc.

Competition and cooperation exist everywhere in human society. People are always competing for limited resources in
their daily lives. So it is important to study competition and cooperation in order to understand and predict human behavior.
In Refs. [15,16], based on the minority game [17], some researchers proposed a resource-allocation model to investigate the
human collective behavior while facing heterogeneous preferences. The advantage of such agent-based simulations is that
it is convenient to model the collective behavior of a large number of agents under specific evolutional rules and system
topologies.

We conducted the experiment of ants escaping from a confining room (vessel) with varying widths and numbers of exits.
We observed that they have a relatively strong willing to escape from the room. In the end, almost all ants would leave
the room since there is nothing for them. It can be seen that animals (active matters) have their own strategies to escape
from a confined space. Studies considering such kind of animals are useful since their expressed behaviors could be a good
reference for the behavior of humans under similar emergent conditions. Some other simple reasons for our choice of ants
are that they are cheap, small, and easy to keep.

As inspired by the agent-based simulations on resource allocation, we further conducted a controlled human evacuation
experiment for mimicing human behavior during emergent evacuations. To be specific, we controlled the parameters (the
numbers and/or widths of exits) to study their influences on human collective behavior in the case of rapid evacuation. The
results echo with those of the ant experiments and agent-based simulations. Therefore, we reveal a rule, identified as the
state equation, for ants and humans facing emergent evacuations, which could be understood by the resource-allocation
model. To proceed, we introduce the ant experiment first.

2. Ant experiment

We conducted a series of ant experiments in May, 2015, by using a breed of ants called Polyrhachis vicina Roger. They
were initially fostered in Guangxi province, China, andwere later transported to a temporary nest in our laboratory. For each
session of experiment, 30 individuals were randomly selected, and they were guided into a circular vessel with two exits
located at two opposite sides (Fig. 1). The average length andwidth of the selected antswere 1.0 cm and 0.6 cm, respectively.
The vessel was a plastic Petri dish with a diameter of 9.0 cm and height of 1.5 cm. For different sessions of experiment, Exit I
was fixed at a widthW1 = 1.0 cm, while Exit II had widthsW2 = 1.0, 1.5, 2.0, and 3.0 cm in the four sessions, respectively.

After the ants being introduced into the room (vessel), they were allowed to stay in the room for several minutes with
the exits blocked. When the ants were calmed down and well-distributed, we opened the two exits simultaneously, and the
ants would run away from the vessel through the exits spontaneously. The whole experiment was recorded by a camera
placed 30 cm above the vessel. It is worth noting that not all the ants were able to escape successfully from the vessel due to
accidental injury during the experiment, or that some of them chose to stay in the vessel for quite a long time. We counted
the number of ants escaping from each exit within 15 minutes. Those who failed to escape from the vessel were replaced by
new ants in the following sessions of the experiment.

The total number of escaping ants was about 27 on average in each session of experiment. We did four sessions of
experiments altogether, each session was repeated for 10 times, and the average results are illustrated in Fig. 2. Since we
kept the width (W1) of Exit I fixed at 1.0 cm and altered the width (W2) of Exit II to various values, the width ratios (W2 : W1)
in the four sessions were 1:1, 1.5:1, 2:1, and 3:1, respectively. It is clearly shown in Fig. 2 that with the increasing width of
Exit II, the number of ants escaping from Exit II also increases, which reveals a class of symmetric patterns. The ratios of the
average numbers of ants escaping from the two exits are drawn as blue squares in Fig. 3.

This result reminds us of a class of resource-allocation games played by humans. In such kind of games, participants
compete for limited resources. However, during the escape of ants, they also have to compete for limited exits to keep them
away from the ‘‘dangerous’’ area. Due to this analogy, we conduct a series of computer simulations based on similar settings
to imitate the behavior of ants by the agent-basedmodel introduced in [15,16]. The details of the simulations are elaborated
in the following section.

3. Agent-based modeling and simulations

There are two particular amounts of resource (characterized as W1 and W2) associated with the two exits, namely, Exit
I and Exit II. For all the N players, they should choose one of the exits in each round of game to acquire the access of the
resource of the chosen exit. The exit chosen by relatively fewer players becomes the winning side of that round, i.e., those
who choose Exit I win if W1/N1 > W2/N2 (here N1 or N2 denotes the number of players choosing Exit I or Exit II), and vice
versa. We try to find out the relationship between the players’ behavior and the resource-allocation ratio (W2/W1).
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Fig. 1. An illustration of the ant experiment: the upper photograph (with marks added) shows the situation before the experiment begins, and the lower
photograph displays the scene during the experiment.

Fig. 2. (Color online). The histogram for the results of ant experiments: the average number of ants escaping from Exit II (Exit I), ⟨N2⟩ (⟨N1⟩), versus the
ratio between the widths of Exit II and Exit I,W2 : W1 . The error bar is indicated on each bar. Parameter:W1 = 1.0 cm.

During the simulations, each agent is given S different strategies chosen from a strategy pool of total 2P strategies, where
P denotes the number of historical situations of past choices. Each strategy is a table mapping P historical situations to a
particular choice of two exits. Strategies are graded after each round. The agents will always make choices based on their
strategies with the highest score.
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Fig. 3. (Color online). Experimental results of ants (blue squares) and humans (green triangles): the ratio between the average numbers of ants or humans
escaping from Exits II and I, ⟨N2⟩/⟨N1⟩, as a function of the ratio between the exit widths,W2/W1 . The associated simulation results are also displayed (red
dots); the black straight line with slope=1 is the result of theoretical analysis.

Here we set the number of agents to be 501, P = 16, and S = 64. Some detailed mechanisms and explanations for the
choices of parameters are elaborated in Refs. [15,16]. We did six sessions of simulations withW2/W1 = 1.0, 1.5, 2.0, 2.5, 3.0,
and 3.5, respectively.We ran 2,500 rounds of the game for each session, and the results of the last 2,000 roundswas taken for
statistics. A summary of the simulation results is shown in Fig. 3 (see red dots), indicating the existence of a state equation,
W2/W1 = ⟨N2⟩/⟨N1⟩. Here ⟨· · · ⟩ denotes the ensemble average of the amount within the angle brackets. In other words, the
agents in our simulations are able to cooperate with each other so that an optimal allocation of resource is reached, thus
yielding a symmetric pattern.

4. Human experiment

To show the robustness of the state equation, besides the above ant experiments, we also conducted human experiments.
For this purpose, we recruited 57 students from the Department of Physics, Fudan University, to take part in the human
experiments as a practical activity of their course, Econophysics. The experiments took place on September 20, 2015,
and were aimed to study human behavior during rapid evacuation. The participants received a guidebook (see the
Appendix) about their missions, reward, and other relevant details of the experiment one week before the experiments.
The experiments were carried out on a grass field in the campus which was divided into two zones, namely, Zone A and
Zone B. They were two concentric circular areas with their radii to be 4.5m (Zone A) and 12.0m (Zone B), respectively. On
the edge of Zone B, the exits were symbolically marked by two chairs while the distances between the chairs (i.e., the widths
of the exits) could be tuned arbitrarily.

At the beginning of one round of the experiment, the participants were able to move freely in Zone A. Then they stayed
stood andwaited for the organizers to set the positions of the exits. During this time, the participants got sight of all the exits
and other participants. After awhistling, the individuals should run through Zone B to any of the exitswithin 12 seconds. Each
student gained some scores after each round of the experiment. The score for each exit was proportional to the ratio of the
exit width and the total number of participants who chose the exit. Those who failed to reach the exits in time would not be
rewarded. The total scores of the participants would be transformed to their final grades of their Econophysics course. Here,
we offer them rewards to let them mimic the very behavior that they would do during evacuation of emergent situations.
The effect is just the same as that of under panic situations. More details of the experiments can be found in the appendix.

Two types of experiments were performed. At first, we placed two opposite exits on the edge of Zone B. Throughout the
human experiments, the narrower exit was always 60 cm in width which just enabled the passing of a single person. The
ratios of the exit widths (or alternatively the widths of the wider exit) were changed as the experiment progressed. The
positions of the two exits were randomly selected to ensure that the initial location distribution of the participants would
not affect the experimental results. In the second kind of experiment, three exits were placed on the edge of Zone B with
various widths. The results of the experiments (average numbers of participants choosing each exit) are shown in Figs. 4 and
5. Incidentally, the distribution of the participants’ total scores is shown in Fig. 6.

We can see from Figs. 4 and 5 that the number of people escaping from a specific exit is proportional to the width of the
exit, too. As an illustration,we also draw the brief results of the two-exit experiment as green triangles in Fig. 3, and they echo
with those of the simulations and ant experiments indeed. Thismeans that the behaviors of humans during rapid evacuation
(mimicing panic escape) may share similar mechanisms and symmetric patterns with the behaviors of ants, which can be
explained by the resource-allocation modeling and simulations in competition situations.
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Fig. 4. (Color online). The histogram for the results of human experiments: the average number of humans escaping from Exit II (Exit I), ⟨N2⟩ (⟨N1⟩), versus
the ratio between the widths of Exit II and Exit I,W2 : W1 . The error bar is indicated on each bar. Parameter:W1 = 60.0 cm.

Fig. 5. (Color online). Same as Fig. 4, but for three exits.

5. Theoretical analysis

Here we take one step forward to see why the state equation (say, W2/W1 = ⟨N2⟩/⟨N1⟩ if taking the two-exit room as
an example) can characterize the balanced state of such a system. A brief demonstration can be given from the viewpoint
of Nash equilibrium [18], which guides a large category of balances in the field of game theory. The description of the Nash
equilibrium is that the system is in equilibrium if and only if any one of the players will not benefit from changing their
current choices, while all the other players retain their choices. Thus, for our simulation, we first simply assume that all
agents are homogeneously adopting the same strategy. If the particular strategy is ‘‘choosing Exit I with the probability of
W1/(W1 + W2), and Exit II with the probability ofW2/(W1 + W2)’’, for each agent, the agent will not benefit from changing
his/her choice since he/she will always get nothing under the mechanism of our simulation. This leads to the fact that the
state equationW2/W1 = ⟨N2⟩/⟨N1⟩ is just the outcome of Nash equilibrium (as indicated by the black straight line in Fig. 3).
However, if the particular strategy for everyone is apart from the previously-mentioned strategy, there should have excess
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Fig. 6. (Color online). The distribution of the participants’ total scores at the end of the experiment.

earnings for one of the two exits, and the agents could gain by choosing the better exit, which makes these states beyond
equilibria.

6. Discussions and conclusions

Though the ants may seem not ‘‘panic’’ enough, it is not a major problem of such analogy since on a long view the ants
will always pick the best routine to escape from the enclosed area, approaching the equilibrium state. Maybe that the ants
do not have ‘‘intellect’’, and they may follow others’ pheromone during movement, the primary objective of animals under
emergent situations is to ‘‘safely escape’’. It is actually a kind of animal instinct which drives them to pick an exit to escape
from. So we think that the basic principle beneath such behavior of human and other animals are the same.

To sum up, by ant/human experiments, agent-based simulations and theoretical analysis, we have revealed a state
equation that describes the symmetric pattern in the escape and evacuation of ants and humans from multiple-exit rooms.
This simple equation provides new insights into how to optimally design exits for improving crowd safety since large public
regions always have multiple exits, and it also brings an ensemble-averaging method for seeking symmetry patterns from
the systems where symmetry break may occur.
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Appendix: Instructions for the human experiment

Information

The experimental area contains two zones: Zone A and Zone B. They are two concentric circles, and the radius of Zone B is
larger. The edge of the two zones aremarked by plastic tapes. On the edge of Zone B, the exits are symbolicallymarked by two
chairs after the participants take their place. The width of the exits can vary among different sessions of experiments. The
locations of exits are placed randomly at the beginning of each round. During the experiments, any kind of communication
among the participants is not allowed.
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Guides

1. Arrive at the experimental area 10 minutes before the experiment begins.
2. Sign on the sign-in sheet and get a nameplate with a serial number.
3. At the beginning of each round, move freely in Zone A.
4. After the whistle goes, stay still.
5. Wait for the organizers to set the exits.
6. After hearing the second whistle, move through Zone B to any of the exits within 12 seconds.
7. Register your escaping exit at the organizer.
8. Go back to Zone A and wait for another round.

Encouragement

The performance of the human experiments will be counted as 15 percent of the final score of this course, Econophysics.
The score for each exit is proportional to the ratio between the exit width and the number of participants who choose the

exit. In other words, if you are among the relative minority, you will get a relatively higher score. The results are announced
at the end of each round. The participants’ scores are summed up to get their total scores of the experiment.
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