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ABSTRACT

This paper presents the establishment of the Agent-based Dynamic Model for Pedestrian
counter flow (ADMP). It was shown that a rule set of pedestrian behaviors and its
combination with a dynamic model for pedestrian flow was capable of effectively
capturing the crowd flow rules of pedestrians using agent-based technology. Two digital
tests of bottlenecks of evacuation passage in counter flow are presented, in which 200
and 300 pedestrians were stochastically distributed in a space measuring 40000 x 10000
(mm). Crowd behavior phenomena, such as arching, jamming, lane forming, and
oscillating could be observed after certain critical points. From a comparison of the two
digital tests, it could be seen that, with an increase in pedestrian density, the counter flow
became more and more disorderly, and the two different directions of flow struggled
more excitedly as aresult. It illustrated that the ADMP was efficient in the simulation of
pedestrian flow and is a useful tool for fire safety research and management.
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INTRODUCTION

From the early 1990's until recently, high-rise buildings and densely populated
occupancies have become the magjor feature of new constructions in China. On the other
hand, normal fire protection codes are not strictly and completely obeyed in the
refurbishment and reconstruction of existing buildings for commercial reasons. The fire
hazard associated with these buildings is becoming more and more serious. On account of
the large occupancy in buildings, crowd disasters, in terms of multiple death and injury,
have become one of the main risks in building fire. In emergency situations, such asfire,
occupants always tend to follow preceding pedestrian crowds and select the relatively
familiar route to evacuate. As aresult, a huge number of evacuees congest at certain exits
and crowd disasters could result.The 9/11 incident in the USA was not the only disaster
that attracted the attention of government to human evacuation in fire. The fires in the
Garley Building (40 deaths), Top-One Karaoke (15 deaths), Luoyang Dongdu
Commercial Building (309 deaths) al attracted great attention with respect to human
evacuation from almost every socia group, including government, fire fighters, planners,
engineers and building occupants.
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Many scholars, including Fruin [1], Predtechenskii and Milinskii [2], have conducted
extensive observations and analysis of pedestrian flow. Their research has been referred
to in the traditional fire prevention codes around the world and aso in the newly
developing performance-based fire safety codes. Apart from scenario observations,
Thompson and Marchant [3] conducted experiments to simulate pedestrian flow and their
interactions. Recently, researchers have developed several computational simulation
models to determine pedestrian flow rules. Hughes analogized pedestrian flow as a
continual flow of fluid or compressible gas using Navier-Stokes equations [4]. However,
pedestrian flow is quite different from fluid in that pedestrians are discrete in low
densities and have subjective initiative. The fluid-analogized model could only be applied
in high density conditions (more than 4 person per sguare meter) where evacuees could
not make their own decisions and could only act as a group and in continuity. Following
the successful application of a Cellular Automata (CA) [5-14] model in the vehicle
transportation research field, researchers extended its application to the field of pedestrian
flow. Based on evacuation space grids and some probabilistic rules of human behavior
with respect to exit route choice, CA models have fast run times and could be designed to
trace escaping personnel. However, pedestrian flow is more complex and quite different
from vehicles in several aspects. Firstly, pedestrian walkways are not as strictly regulated
as vehicle roadways,; pedestrians are free, stochastic and able to change their walking
speed and direction when available gaps could satisfy their subjective necessity.
Meanwhile, pedestrian are compressible. Slight bumping and nudging are often
characteristics of walking through crowded corridors. Injury is not really an issue if the
congestion density and the last congestion time do not exceed certain critical limits.
Pedestrian flow is more dangerous than vehicles in that, in emergency situations,
pedestrians may rush to egress without any limitations such as vehicle size or channel.
Another problem is that the CA model prescribes the pedestrian flow along a
pre-assigned network, and the simulation results largely depend on the human behavior
rules, which are extremely difficult to define. A socia force model by Helbing [15,16]
simulated pedestrian flow based on self-driven forces and panic psychology. However, it
is quite difficult to quantify the inter-pressure and the frictional force between pedestrians,
and between pedestrians and building structures, such aswalls, barriers, etc.

Bottlenecks in walkways due to bi-directional counter flow present one of the most
dangerous situations that could result in crowd disaster. Based on crowd dynamic
analysis of pedestrian flow, we established the Agent-based Dynamic Mode for
Pedestrian Counter flow (ADMP), where evacuees are modeled as intelligent agents
under the direction of behavioral rules. The counter flow pattern going along a corridor
was simulated. The pedestrian flow pattern near the bottlenecks was analyzed and
discussed further.

AGENT-BASED CROWD DYNAMIC MODEL
Establishment of the Agent

Pedestrians are strongly subjective and demonstrate initiative especialy in emergency
situations. They will actively move towards safety within the available safe evacuation
time (ASET) under subconscious least effort and least obstruction rules, etc. In this paper,
pedestrians are modeled as agents, who are self-driven objects, for example safety
destination driven, least restrained driven, etc. Once they are located in certain
surroundings, agents interact with other objects (i.e., other evacuees, wall, obstructions,
etc.) under the direction of their own internal physica and personnel behavior
characteristics. The internal behavior characteristics can be described by the following
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three aspects: external perception, internal perception and their movement ability [17-20].

External perception: Each agent has the ability to view outside objects and perceive
stimulation. In this paper, the effective view angle is assumed to be 200°. The visible
distance is not defined here, assuming that agents could see the whole space if no objects
obstructs it beforehand. It should be mentioned that the surrounding physical
environment parameters, i.e., smoke, have some influence on visible distance and this
aspect should be developed in the future, based on experiments or physical tests.

Internal perception: Each agent has his internal perception ability, depending on his
behavioral characteristics, i.e., patience, strong desire for safety and the least effort rules,
etc. When actual speed cannot reach the desired speed, the patience psychology will be
challenged with the congesting status lasting. Pedestrians become bellicose and crowded
with each other, the flow ability of egress decreases, and the pedestrians will congest near
bottlenecks i.e., exits, stairs, etc. Once the congestion time increases beyond the critical
time, the possibility of crowd death and injury will increase. The desire for safety
contributes to the agent’s desired speed of movement and the degree of patience in the
congestion areas. The least effort rules will contribute significantly to his route-selecting
process. In this paper, the internal perception ability was simulated based upon if-then
rules and logic analysis.

Dynamic Modédl of the Agent

Agents were modeled as soft and elastic circle objects, with interactive force and clear
boundary, moving to a distinctive destination towards safety egress or arefuge space. The
dynamic model of agents was established as follows [21]:

[Ei:IEi’S+éCOS(X+Z|Ei,j+ZIEi,w+7,ob$rud (1)

i#] wall

where F. refers to the joint force vector exerted on the agent i; Ifi’S refers to the

self-driven force of pedestrians; Gcoso. is the divided force of gravity G, where the
angle between G and the walkway is o; If,] refers to the inter-active force between

different agents i and j ; the force between agent i and the wall is defined as IfIW
and the force from obstruc'[ionslfi,Obstruct . The agent would adjust his walking velocity

and make his way-selecting decision under the effect of the joint forcelfi . The gravity
forces exerted on agents can be positive in stairs descent asillustrated in Fig. 1.

The self-driven force Ifi‘S refers to the force vector directed to the safety refuge

destination region. When approaching the egress destination, evacuees will most
probably strive simultaneoudly for the final safety place without any negotiation. Once
the congestion status increases above a certain critical density p, and critical time ty,
pedestrians will lose their patience and crowd disasters can escalate. With time passing,
congestion density decreases gradually. When the congestion density decreases to the
lower limit of p,, pedestrians will spontaneously adjust their evacuation action with the
purpose of flowing more fluently, i.e., forming alane, etc. The spontaneous adjustment of
the evacuation behavior was realized using logic behavior rules (if-then) for agents.
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Walkina direction

Fig. 1. Gravity and its effect on pedestrian flow down stairs.

The self-driven force Ifi’S largely depends upon the behavioral character of pedestrians,
the hazardous status of their surroundings, as well as the local pedestrian density. It is
assumed to be a function of desired speed \7i°(t) , Which refers to the desired speed of

any agent | atany timeT; in the process of evacuation [21]:
V(D) -V (1)

is=M———— 2
T

T

where V.°(0) refers to the initial desired speed at start timet=0, V.°(t) refers to the
desired speed at any timet;, V,(t) refersto the actual velocity in the desired movement
direction. The evacuation direction depends upon the human behavior and the joint
efforts F,

The interactive force between agentsF; ;, and the force F;,, can be divided into

0
tangential force and normal force. Tangential force refers to the friction between agents
and with obstructions such as a wall, depending on the facial characteristic parameter of
agents and objects in the surroundings. Normal force refers to the pressure between
agents and objects, depending on the relative distance between them, which alows

compression with each other. IfI j and Ifi’W can be expressed as follows:

R =—k8;T; ©)
'Eiw = _ksiwriw 4)

where, T andr;,, refersto the displacement vector from the center of agenti to agent |
or the wall, d; andg,, are the size of the interactive force between agents i, j and

the wall. Many researchers have conducted much research on this. Helbing[15,16]
believed that it had a power relationship with the distance betweeni, j and the wall,

and this was what we adopted here. k is the elastic constant and a function of the degree
of their approaching or receding, reflecting that agents are compressible. Equation 5
refers to the relationship of the elastic constant between the two states, i.e., receding or
approaching, where the value of g is less than 1 and depends on the patience behavior
characteristic of agents. Equation 5 is equivalent to a compensatory coefficient, which
could prevent the agents from bumping into each other like rubber balls.
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Fig. 2. Spatia dimension of the digital testing walkway.

Using the agent-based dynamic model, pedestrian counter flow was simulated in the
digital test spaceillustrated in Fig. 2. At the initial smulation time, atotal of 200 persons

were stochastically distributed in the 40000 mmx10000 mm walkway. There was a

2000 mm width door in the middle part of the walkway. Pedestrians walked in a counter
flow urgently at an initial desired velocity of 2.0 m/s. Pedestrians moving towards the left
were represented as a green circle; on the opposite walkway, pedestrians moving towards
the right were illustrated as a yellow circle. The mean shoulder width of pedestrians was
presumed as 0.45 m. The simulation scenarios of the 200 pedestrians are shown in
Figs. 3-8.

From the simulation, it could be seen that, under the strong desire for safety refuge or
some other stimulation, pedestrians strived anxiously towards their destination without
negotiation with each other. The following crowd dynamic characteristics were
highlighted:

1) Arching: After acertain critical time and critical density, arching could be observed
near the door. Pedestrians crowded near the door with arching boundary layers,
whereby each pedestrian occupied the optimum location and was the same distance
from the center point of the egress. This was consistent with the behavioral
characteristic of pedestrians, where they were modeled as agents with artificial
intelligence under the direction of least effort and shortest walking distance (see
Fig. 4).

2) Jamming: At increased densities, jamming phenomena could occur when many
people tried to flow through the bottleneck of the walkway (i.e., door) at the same
time. This clogging was especially typica of a bi-directional flow situation where
two groups of pedestrians blocked each other without any negotiation.

3) Lane forming: The jamming status lasted for a certain period of time until a lane
could form spontaneously by self-organization under certain leadership
characteristics of pedestrians (i.e., the leader was sufficiently strong). In this way,
strong interactions with oncoming pedestrians were reduced and a higher walking
speed became possible. However, the lane could be broken easily and frequently by
the opposite flow of pedestrians in emergency situations where there was no order
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4)

and plan for the whole evacuation process (see Fig. 8).

Oscillations: At bottlenecks in the counter flow, e.g., doors, oscillation phenomena
could be observed in the digital test. Once a pedestrian was able to pass the
bottleneck, it became easier for others to follow him in the same direction until the
point when somebody was able to pass the bottleneck in the opposite direction. The
initially left-directional pedestrian flow could emerge out of the bottleneck (see
Figs. 4-6) first. Approximately 24 seconds later, the right-directional pedestrian
flow emerged and formed a lane directly towards the right. Sometimes
bi-directional pedestrian flow came face to face just near the door and two lanes
were formed simultaneously as shown in Fig. 8, after 50.5 seconds of evacuation.
This illustrated that the two divisions of the counter flow produced, to a certain
extent, a kind of balance. It should be mentioned that the direction of flow which
emerged first was determined by the crowd behavior of pedestrians and could in
fact show up stochastically in different test cases.

Another simulation was performed in which 300 pedestrians were initialy and
stochastically distributed in the same walkway with the same initial conditions. From the
comparison of the two digital tests, it could be seen that, with the increase in pedestrian
density, the counter flow became more and more disorderly, and the two different
directions of flow struggled more excitedly as aresult (see Fig. 9-10).
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Fig. 8. t=50.5s.
DISCUSSION AND CONCLUSION

Pedestrian flow is a strongly interacting system of many persons. Based on the lattice-gas
model, Itoh and Nagatani [11] et al., did some theoretical research and simulation of the
moving of an audience between two halls to avoid the jammed state of pedestriansin rush
hour, panic escape, etc. (see Fig. 11). It was found that there existed an optimal admission
time for moving the audience, and the optimal moving was related to the jamming
transition in the pedestrian counter flow. When the admission time was less than the
optimal time, the jammed state appeared near the gate and the visitors could not enter the
inner hall because the outflow of walkers prevented the inflow of walkers from entering.
The simulation result was to some extent similar to our research finding with respect to
jamming discussed earlier.

Based on a behavioral force model, Helbing interpreted the collective patterns of motion
as a sef-organization phenomena arising from the nonlinear interactions between
pedestrians, which are caused by environmental changes and their influence on human
walking behavior. Helbing [22] also found oscillation of the passing direction at narrow
passages (see Fig. 12.), which could support the validity of our research result to some
extent.

From the discussion above, it can be seen that the agent-based dynamic model for
pedestrian flow (ADPM) could be applied in the simulation of pedestrian counter flow.
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Fig. 9. 200 persons stochastically distributed Fig. 10. 300 persons stochastically
in two rooms and moving in counter flow,  distributed in two rooms and moving in
v(0)=2.0m/s. counter flow, v°(0)=2.0mVs.

Fig. 11. Itoh and Nagatani’ s research on the shifting of the audience [11].

Fig. 12. Helbing' s research on the oscillation of the passing direction
at narrow passages [22].
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The main feature of this model is the behavioral rules assigned to the agents of artificial
intelligence. On the other hand, the dynamic force model of pedestrian flow needs to be
updated further, especialy on the relevant parameters relating to the interactive force
between agents, agents and the objects, and the self-driven pedestrian force. The number
of relevant parameters should be discussed further to satisfy the different status of
pedestrians’ crowded behavior. Arching and clogging of people occur at the bottleneck of
the walkway. Lanes could be formed spontaneously and the oscillation phenomenon
could be observed. Further research needs to be performed in real buildings or
experimental scenarios to further develop and validate the model.
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