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Abstract— In order to decrease the casualties in fire disasters
and to improve the efficiency of evacuation, exploring, and
revealing the impact of influence factors on evacuation is of vital
importance. This paper is focused on the influence of fire and
human factors on evacuation processes directed by evacuation
strategies in the building structure. Interactions between fire
environment and evacuees are considered in a systematic view.
Building artificial evacuation systems and performing computational experiments are the main research ways. A case is given
to illustrate the research approach and quantitative results have
been analyzed. The work in this paper can be used for optimizing
occupant distribution and composition, estimating evacuation
strategies, and ultimately for improving the evacuation efficiency.
Index Terms— Artificial evacuation systems, building fire, computational experiments, evacuation strategies, influence factor,
quantitative analysis.

I. I NTRODUCTION

T

O ADDRESS the difficulty of fire prevention and extinction in buildings, above all in large or complex public buildings, emergency evacuation has been an important
leverage for reducing the disasters. Many evacuation studies,
which have been investigated before 2010, have been well
summarized in the literature by Kobes et al. [1]. In order to
estimate the evacuation time and more realistically imitate
evacuation processes, these studies are mostly focused on the
human behavior modeling and fire scenarios constructing.
Recent studies are mainly about evacuation movement or behavior analysis and modeling [2]–[5], exit
choice model or decision making-based behavior analysis or mathematic theories [6]–[10], evacuation strategy
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exploring [11]–[13], some modeling and simulation-based
social identification [14], and some evacuation devices or services which influence the evacuation efficiency also have
been studied [15]–[17]. For people are the main part of
evacuation, many uncertainty factors are introduced in evacuation processes. Some uncertainties have been considered in
evacuation modeling, such as considering uncertainty in the
number of evacuees [18], [19]. To address the randomness of
occupants’ physical characteristics, some uncertain parameters have been embedded in some computer evacuation
models [20].
All above-mentioned studies aim at decreasing casualties.
The ultimate goal of evacuation study is to improve the
evacuation efficiency. Thus, based on the individual evacuation
behaviors, studying the evacuation management strategies and
the impacts of uncertain factors on strategies is significant and
promising. However, the evacuation management strategies
research is very few and the influence of uncertainties on management strategies is also insufficient. To address this problem,
we proposed an artificial evacuation system architecture, and
based on it designing computational experiments to emphasize
quantitative analysis and estimation of the influence of some
important uncertain factors, including fire scenarios and human
factors on strategies.
II. A RTIFICIAL E VACUATION S YSTEM
To study on occupant evacuation in fire emergencies, there
are some basic difficulties. First, it is difficult to do physical experiments for economic and moral reasons. Besides,
the exact modeling of occupants is difficult, as human behavior
may change in different evacuation processes. To address these
problems, in this paper, we introduce the idea of artificial
systems [21], [22]. An artificial evacuation system which
can represent the possible physical evacuation situations is
built. Based on it, computational experiments are designed
considering the mutual effects among different kinds of influence factors in an evacuation process, and then performed to
evaluate the various evacuation strategies efficiency and factors
influences.
An artificial evacuation system is an interactive system
among building structure, fire scenarios, and evacuees. The
framework of an artificial evacuation system is shown in Fig. 1.
Three modeling technologies including advanced agent technology being used to model evacuee, fire numerical simulation
technology being used to simulate fire scenarios, and space
grid technology being used to describe building structures are
combined together to build an artificial evacuation system.
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TABLE I
E VACUATION M ANAGEMENT S TRATEGIES FOR
C OMPUTATIONAL E XPERIMENTS

Fig. 1.

Framework of artificial evacuation system.
Fig. 2.

The relationship between human posture and thermal-smoke layer.

III. C OMPUTATIONAL E XPERIMENTS
Based on an artificial evacuation system, taking computers
as the lab to do evacuation experiments can solve the difficulties of doing actual fire evacuation experiments. Many
replicating or even extreme experiments can also been done by
the computational experiments. In addition, some approaches
of experiment design based on mathematic theories can also
be used and optimize the experiment design. By computational
experiments, evacuation strategies can be explored, evacuation
patterns can be predicted, meaningful qualitative data can be
obtained, and required escape time of evacuees in different
strategies can be investigated. So, computational experiment
is a valid tool for strategies assessment and influence factor analysis in evacuation investigation. It is a valid way
to conduct the evacuation study.
A. Evacuation Strategy
If there are no strategies guided from management, randomly and self-directed evacuation of evacuees usually cause
jams at exits and low efficiency of escaping. Investigation
in the evacuation behavior has shown that people have the
tendency of moving toward familiar exits and show collective
behavior [9], [23]. This will bring the problem of serious
jam at some routes or exits and ignore or inefficient using
other exits. Thus, in the high density occupant buildings,
the evacuation time would be extended and more casualties
may happen. In order to decrease disasters and let more
occupants escape safely, evacuation guided by the efficiency
management strategies is very important and necessary.
In fact, in a large or high-rise building where there are
many people, the general shortest route may not be the optimal
escape strategy from the overall situation. The optimal idea of
manage and control in evacuation processes is as important as
the traditional control processes. In this paper, computational
experiments can be used to assess the validity of management
strategies.
Because exit choice is key in evacuation management, the
evacuation strategies that were taken in this paper are mainly

the typical exit choice strategies. The management strategies
used in our experiments are listed in Table I. Of course, more
strategies can be added in the future.
B. Influence of Fire Factor
Fire is an important influence factor, which affects human’s
behavior in the evacuation processes. Different fire materials
can produce different thermal radiation and smoke layers.
Meanwhile, a different fire site in buildings with the same
fire material can also produce different fire scenarios, which
in turn influence escape routes and human behaviors. In this
paper, representative fire scenarios will be set to study the
influence on evacuation and evacuation strategies.
The Consolidate Fire and Smoke Transport (CFAST) fire
zone model, which is developed by National Institute of
Standards and Technology (NIST), USA, uses numerical simulation technology to describe the fire scenarios. Now, it is
widely accepted by fire engineering. CFAST divides the room
into upper and lower layer zones and obeys quality and energy
conservation law to simulate the diffusion of thermal and
smoke [24]. In this paper, we use it to develop the fire
scenarios. In order to reflect the influence from of actual
thermal-smoke on human, the impact of thermal and poison
gases on human will be determined not only by the diffusion
situation of upper to lower layer but also the human’ height
and posture. The influence finally appears as the change
of evacuee’s movement ability. Relationship between human
posture and thermal-smoke layer is shown in Fig. 2.
C. Influence of Human Factor
Evacuation time is a comprehensive index among fire scenarios, human behaviors, and building structures. In which,
human behavior is main but the most difficult to study for its
potential heterogeneity. In this paper, we will carefully investigate the influence of some human factors on management
strategies.
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TABLE II
E VACUEE T YPE AND ATTRIBUTE VALUES

This paper focuses on evacuee density, age ratio, and
gender ratio. These parameters are not been comprehensive
considered before. By computational experiments, we want to
reveal the influence degrees of them and find the optimum
level and combination. Based on the empirical value given by
Fruin [25], combining statistic data in the literature [26], [27],
we obtained the age and gender-differentiated original attribute
value of Chinese people from 20 to 60 years old shown
in Table II.
The movement velocity of evacuee is influenced by thermalsmoke. It is shown in the equation as follows:
v = v 0 × mobility

(1)

where v is the movement velocity and v 0 is the initial velocity
which cannot exceed the fast walk speed in fire emergency.
Mobility is the movement ability during the fire scenario.
Based on the experiment data by Purser [28], [29], mobility
is a comprehensive index decreased as the thermal and smoking, poisonous or irritate gases increasing. It can be calculated
as follows [20], [25]:
mobility = mobility0 × mobility degradation factor

(2)

where mobility0 is the initial ability, mobility degradation
factor is the minimum value of narcotic, irritate gases, and
smoke concentration of fire scenarios.
IV. C ASE S TUDY
A. Building Construction
In order to illustrate the study approach and draw useful
conclusions, we take a concrete high-rise building as the case.
The building is an office building, which has 10 floors. The
area of structure is about 12 500 m2 . There are two stairs and
two elevators separately set in the building. Two exits which
are 2-m width are set in the first floor. Besides, the other floors
have the same structure. Floor heights are all 3 m. The plan
diagram and 3-D display with evacuees are shown in Fig. 3.
B. Fire Scenarios
In the case, we set two represented fire scenarios. The
ignition position is put, respectively, at the third and eighth
floors, which are shown with number 1 and 2 separately
in Fig. 3(b). The ignition location of the first scenario at the

Fig. 3. Structure of case. (a) First floor plan. (b) Second to tenth floor plan.
(c) 3-D diagram of structure with evacuees.

third floor is the room nearby the left staircase. The other is the
middle room of opposite staircase. They are used to simulate
fire development at the low or high floor situation.
In scenario 1, the fire we set is the main fire with
50 000-KJ/kg combustion value. In scenario 2, the fire is set
as the wood material with 18 900-KJ/kg combustion value.
The development of combustion value with time in ignition
rooms is shown in Fig. 4(a) and (b). The red line is surface
radiation value of heat-smoking gas and the blue line shows
the radiation value inside the rooms.
For temperature and toxicity of heat-smoking gas affect
evacuee’ move ability, the development of fire in whole
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TABLE III
C OMPUTATIONAL E XPERIMENT D ESIGN OF F IRE S CENARIOS

TABLE IV
R ESULT OF C OMPUTATIONAL E XPERIMENTS

where, n is the exit number used in evacuation, EETi is exit
evacuation time (time last person out) of exit i (seconds),
and TET is total exit evacuation time (seconds) which equals
max[EET].
The value of OPS is between 0.0 and 1.0. The lower value
represents greater efficiency. When it is 0.0, it represents very
good exit balance in evacuation and that all exits are fully
used.
In order to comprehensively assess efficiency of evacuation,
we take the weighed method on the above-mentioned indices
as the comprehensive evaluation index γ , which is defined
in (4). Obviously, the lower γ the greater the efficiency
Fig. 4. Heat radiation in ignition rooms. Heat radiation in (a) scenario 1 and
(b) scenario 2.

building needed to be imitated and calculated. The temperature, height, and CO and CO2 concentrations of smoke layer
in ignition room, corridor, and staircase of fire floor in two
scenarios are shown separately in Figs. 5 and 6.
C. Computational Experiment Design
In this paper, the study is focused on fire and human factors’
influence on strategies. The structure of building is set to
remain the same. First, computational experiment will be used
to determine what kind of fire scenarios is more dangerous
for evacuation. In order to measure the result of experiments,
appropriate experiment indices need to be chosen. One of
the indices is set as the total evacuation time of required
safety evacuation time (RSET), which represents the time from
starting evacuation to the last evacuee out of the build. The
other is occupant pass situation (OPS) which represents the
balance situation of exits [25]. It is shown as follows:
n
(TET − EETi )
(3)
OPS = i=1
(n − 1) × TET

RSET
+ 0.2 × OPS.
(4)
1000
1) Fire Scenario Experiment and Analysis: In order to
decrease the experiment times, first, we assess the influence
of fire scenario on strategies. The evacuees are set as follows:
person-density is taken as one person per 10 m2 . Ratio of man
and woman is set as 1:1. Age of evacuee is taken uniform value
from twenties to sixties. So, the total number of evacuees is
1230 and the initial position of evacuee is set as random. The
experiment design is shown in Table III.
Considering the randomness and uncertain of experiments,
we have done 100 repeated experiments and taken average
values as the results. The results of experiment are shown
in Table IV.
In order to show clearly, the index values with four strategies in two scenarios are shown in Fig. 7. To sum up, the γ
value in scenario 2 is bigger than in scenario 1. Then, scenario
2 in the case is considered more dangerous environment than
scenario 1 for evacuation. So in next computational experiments, we will take harsh scenario 2 as the fire environment
for escaping. In addition, it also shows that evacuations with
strategy 2 in two scenarios all have the most efficiency. Thus,
γ = 0.8 ×
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Fig. 5. Fire development in scenario 1. Development of (a) smoke layer temperature, (b) smoke layer height, (c) CO concentration, and (d) CO2 concentration.
TABLE V

in the following human factor experiments, we will take it as
the evacuation management strategy.

E XPERIMENT PARAMETER L EVEL AND VALUE

2) Human Factor Experiment and Analysis: We all know
that the human factor has very important influences during
the evacuation processes. However, it is still deficiency of
systematical research for the complexity and uncertainties
of evacuations. In this paper, in order to receive the quantitative relationship between human factor and evacuation
strategy or evacuation efficiency, we will take the abovementioned case as an example and develop the large-scale
computational experiments.
Due to space limitation and building cost improvement,
occupant density in modern buildings has increased day by
day. It has brought potential danger for emergencies. So,
we take occupant density as an important parameter of human
factor on evacuation strategies. In addition, age and gender of
the evacuees also have influences which cannot be ignored.
They are taken as the other study parameters of human
factor.

Involved evacuee density, gender ratio, age component, and
the computational experiment of human factor is a multifactor
and multilevel experiment. In order to reduce the experiment
times and ensure the effectiveness, in this paper, the orthogonal
experiment design method [30] is taken. The level and value
of parameters are shown in Table V. Taking into account exits
interaction between the gender and age, the experiment is
designed based on three parameters, four levels, and one interaction. The minimum orthogonal table is chosen as L 16 (45 )
which is shown in Table VI.
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Fig. 6. Fire development in scenario 2. Development of (a) smoke layer temperature, (b) smoke layer height, (c) CO concentration, and (d) CO2 concentration.

Fig. 7.

Relationship of index and strategy in two scenarios.

Emphasized on evacuation processes at fire floor, 3-D
diagrams of evacuation process at 60 s from the beginning
are shown in Fig. 8.

The result of orthogonal experiments is shown in Tables IV
and V. Considered the uncertainties and randomness, each
number of experiments has been done 100 times with different
occupants’ preevacuation location and the result is taken from
the mean value. For the number of occupants in evacuations is
different, evacuation time for per person has more significance
to reflect evacuation efficiency. Evacuation time for per person
is shown in Fig. 9. In order to reflect the exit balance situation and whole evacuation efficiency, we take the weighted
value δ as the final experiment index. The expression is the
following:
RSET
+ 0.2 × OPS.
(5)
δ = 0.8 ×
m
While m is the total evacuee number. RSET and OPS are
the same meaning as formula (4).
Obviously, the more smaller δ the more higher evacuation efficiency and more better mobilities in the evacuation
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Fig. 9.

Fig. 10.

Mean evacuation time of per person.

Evacuation index δ in each experiment.
TABLE VI
O RTHOGONAL E XPERIMENT D ESIGN TABLE L 16 (45 )

Fig. 8. Three-diagram of evacuation processes at fire floor. (a) Experiment
number 1. (b) Experiment number 2. (c) Experiment number 3. (d) Experiment
number 4. (e) Experiment number 5. (f) Experiment number 6. (g) Experiment
number 7. (h) Experiment number 8. (i) Experiment number 9. (j) Experiment number 10. (k) Experiment number 11. (l) Experiment number 12.
(m) Experiment number 13. (n) Experiment number 14. (o) Experiment
number 15. (p) Experiment number 16.

processes. Evacuation comprehensive index δ in each experiment is shown in Fig. 10.
In Figs. 9 and 10, it is shown that experiment number 5
has the highest evacuation efficiency. The index values of
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TABLE VII
R ESULT TABLE OF O RTHOGONAL E XPERIMENT

While K i (i = 1, 2, 3, 4) is experiment index sum at level i
of the parameter, which reflects the influence situations of
corresponding parameter at level i , and ki (i = 1, 2, 3, 4) is the
mean value of K i (i = 1, 2, 3, 4). Using the above-mentioned
values, we can get the range value R. Its expression is shown
as follows:
R = (k1 , k2 , k3 , k4 )max − (k1 , k2 , k3 , k4 )min .

TABLE VIII
R ANGE A NALYSIS H UMAN FACTOR
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(6)

In Table VIII, it shows that range R of parameter A
(occupant density) is the maximum, range R of parameter C
(age composition) is the middle, while range R of parameter B
(gender ratio) is the minimum. Thus, we can draw the conclusion that occupant density in buildings has the most influence
on evacuation strategy or efficiency and the degree of influence
is: A > C > B. In addition, according to the minimum
value of ki (i = 1, 2, 3, 4) in each parameter, we can get the
optimum level and composition. The optimum composition A2
C2 B3 shows occupant density at level 2 (11 people/100 m2 ),
occupant age composition at level 2 (age composition (C) (%)
[20, 30] 50%: [30, 40] 25%: [40, 50] 25%: [50, 60] 0%),
while gender ratio at level 3 [man and women gender ratio (B)
(%) 60% : 40%] can receive the highest evacuation efficiency.
While A2 , B3 , and C2 are the optimum levels, respectively.
V. C ONCLUSION
Fire scenarios and occupants have a great significance on
evacuation strategy and escaping efficiency. However, studies
of these influences on evacuation are still insufficient and
deficient in the available data. Aiming at these problems,
this paper mixed the fire scenarios and different occupant
compositions to explore these factors’ influence on evacuation
strategies by a large number of computational experiments.
Finally, valuable quantitative results have been obtained and
analyzed with practical meaning.
In this paper, we provide a valid approach to study factors’
influence on evacuation from systematic view. The goal is to
improve understanding of human factors’ function in evacuation processes and in turn to guide occupants’ optimum distribution or composition in buildings for improving evacuation
efficiency.
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