Journal of Ambient Intelligence and Humanized Computing (2021) 12:10253-10265
https://doi.org/10.1007/512652-020-02794-2

ORIGINAL RESEARCH q

Check for
updates

A dynamic fire escape path planning method with BIM
Jinlong Wang'2 - Guofu Wei? - Xiaofei Dong?

Received: 17 June 2020 / Accepted: 5 December 2020 / Published online: 3 January 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract

Aiming at the current research on the escape path of complex building fires with the problem about lack of path prediction
correction and multi-person escape, this paper proposes an analytical method of real-time dynamic escape path prediction
based on Building Information Model (BIM). The method uses a Fire Dynamic Simulator (FDS) to simulate the spread of
the fire and analyzes the simulated data of BIM model, and dynamically adjusts simulation of the spread of fire according to
the real-time situation of fire. This method is designed for path planning for the single and multi-person escapes. The single-
person escape path planning uses real-time dynamic methods to locate the evacuee and obtain the fire situation. The Dijkstra
algorithm is used to derive the shortest escape route with BIM integration information, and the fire spread simulation data
and escape speed are used to predict and correct the path to achieve the best escape path planning in real-time dynamic. The
multi-person escape path planning predicts the congestion according to the single-person escape route. When the congestion
is predicted, the corresponding evacuation process is carried out to avoid the hazard caused by the fire escape and crowding
so as to realize rapid escape at the scene of fire. Through the BIM 3D model, the dynamic fire escape path can be visualized
for the evacuees. The effectiveness of the proposed method is verified by constructing a prototype system for the analysis.
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1 Introduction management (Wang et al. 2013; Choi et al. 2014; Wang et al.

2015; Cheng et al. 2017; Zou et al. 2017). It not only pro-

With the development of the economy, the progress of build-
ing technology and the trend of urbanization, the volume
of use of urban land had risen sharply. Urban buildings are
becoming increasingly high-rise and complex. Once a high-
rise building or a large complex building are in fire, it is
easy to decline in feeling and judgment of the personnel and
cause panic. It is difficult for trapped people to escape safely
by relying solely on the fixed escape plan inside the building
(Ding et al. 2019). Therefore, it is of great significance for
building disaster prevention and emergency management to
study the fire escape of high-rise buildings.

In recent years, Building Information Models (BIM) have
been widely used in building disaster prevention and relief
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vides three-dimensional space for visualizing fire conditions
and displaying other emergencies (Ruppel et al. 2011; Wang
et al. 2014), but also provides real-time information (Ding
et al. 2016). In a building fire, the uncertainty of the fire
makes every second of the fire scene crucial. With this infor-
mation, users can quickly make a judgment of the escape
route to deal with the fire (Zhou et al. 2019). Zou et al.
introduced the application of BIM in risk management and
took the BIM model as an integrated information platform
to carry out risk management (Zou et al. 2017).

The current research on building fire escape usually
focuses on path planning according to the current fire situa-
tion (Cheng et al. 2017; Chou et al. 2019). However, in the
fire scenes of high-rise buildings and large complex build-
ings, due to the large number of floors and complex internal
space (Ding et al. 2016; Li et al. 2014), it is difficult to get
the overall optimal escape path that carries on path planning
only through the current location data and situation of fire,
lacking of fire spreading and using the fire spreading data to
correct the path. Although there are some studies on escape
paths in the case of fire spreading, they mainly focus on fire
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rendering (Chen et al. 2018a, b) and dynamic planning (Zhu
et al. 2020), and lack of research on dynamically modifica-
tion of escape paths based on fire spreading simulation. It
will take longer time for evacuees to escape for it is easy to
cause detouring in partial paths.

The fire is sprawling and uncertain, and the trapped peo-
ple are in constant motion. If the escape route planning was
performed only by real-time personnel location and fire
information, it may cause the current route to be opposite
to the previous route with the fire spread and the escape
proceeded (Cheng et al. 2017; Wang et al. 2014; Chou et al.
2019; Chen et al. 2018a, b). As a result, it is hard to escape
quickly from the fire scene for the problem of partial route
detour. Although there have been researches on fire spread
and path planning based on simulation data (Ding et al.
2016; Long et al. 2017), but there is a lack of processing
to dynamically correct the escape path according to the fire
spread data, so that it is impossible to ensure the real-time
escape path is the optimal in the overall escape process
(Wang et al. 2015; Zhu et al. 2020). Moreover, people often
escape at the same time in a real fire. And it will be more
difficult to escape if people are in panic. Congestion and
stampede tend to occur on stairs, resulting in unnecessary
casualties (Yuan et al. 2012; Ran et al. 2014).

In response to the above problems, this paper is going to
make a further study on the quick and safe escape in building
fire, and it will design and implement a real-time dynamic
escape path planning method by taking advantage of the vis-
ualization and integration information of BIM model. With
using BIM model integrating fire information to simulate fire
spread, the data of fire spread can be obtained and adjusted
dynamically according to the real-time situation. Through
planning and using the fire spread integration data in BIM
model to dynamically correct the escape path, it can predict
the situation of congestion and evacuate correspondingly.
In this way, real-time dynamic predictive analysis of the
escape path for complex building fires can be realized and
displayed in the BIM model, which helps trapped people to
escape quickly.

2 Literature review

2.1 Applications of BIM in building fire evacuation
management

As a structured and visual data, BIM model can not only
convey two-dimensional plane and three-dimensional spatial
information reflecting the general situation of fire scene to
users, but also provide real-time and clear information and
connect building elements. These information can be used
to help users determine the relative locations of fires, people,
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infrastructure, and escape path, further users can make deci-
sions quickly and correctly to deal with the fire even con-
duct real-time path planning predictive analysis through the
information visualization and integration. For example, the
evacuation personnel can judge the current situation of the
fire by using the information of 2D plan and 3D space, so
as to quickly find a safe path for escape, effectively reduce
uncertainty and response time, and improve the probabil-
ity of building fire escape (Ruppel et al. 2011). Zhou et al.
integrated BIM technology and virtual reality technology
to realize evacuation route guidance during building fire
(Zhou et al. 2019). Wang et al. built up a virtual intelligent
fire emergency evacuation system by using BIM technology
and VR, and built up an adaptive immersive virtual game
environment by using BIM technology in conjunction with
virtual reality technology to realize real-time fire evacua-
tion guidance (Wang et al. 2014). Wang et al. applied BIM
to realize fire safety assessment and management using 3D
geometric data of BIM (Wang et al. 2015). Zhang et al. pro-
posed a fire evacuation management framework based on
BIM, which can dynamically guide trapped people to escape
according to the changing environment of fire (Zhang et al.
2019).

2.2 Research on escape path planning in building
fire

In the study of building fire escape path, Cheng et al. used
Bluetooth and smoke sensors to obtain information about
fire scene (Cheng et al. 2017), and then used Dijkstra algo-
rithm for dynamic evacuation/rescue path planning, which
successfully realized real-time dynamic path planning and
navigation of building fires. In the same way, Chou et al.
made integrated fire protection system under multiple sce-
narios for evacuation and rescue was came true by using
Dijkstra algorithm to carry out real-time dynamic path plan-
ning and constantly update the location nodes of trapped and
rescuers (Chou et al. 2019).

In the research of fire escape route, Long et al. analyzed
the effect of fire data on evacuation path with Pyrosim
and Pathfinder (Long et al. 2017). Ding et al. proposed a
dynamic planning method of indoor evacuation route based
on real-time situational awareness with multi-source sen-
sors (Ding et al. 2016). Zhu et al. solved the problem of
static escape path and lack of fire spread by using simulation
data to simulate dynamic fire spread, and realized the indoor
escape path planning (Zhu et al. 2020). However, in the case
of fire, it is impossible to ensure that the overall path can be
optimal during escape under the condition that path planning
based only on the fire simulation at the current moment, that
lacking of the processing of using the fire spread simulation
data to correct the path.
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3 Dynamic fire escape path planning
method

The overall research framework of dynamic fire escape path
planning method is shown in Fig. 1. A BIM model is the
main platform of information integration and visualization.
In this method, the smoke sensors are firstly used to sense
the fire, and integrate the fire data into the corresponding
sensors in the BIM model according to the location of the
sensors. Then the BIM model integrated with fire informa-
tion is put into the Pyrosim software for the fire simulation.
In the case of single-person escape, the method uses wire-
less sensors to sense the position of the evacuee in real time
and relates it to the BIM model. The optimal escape path
can be obtained using the dynamic programming method
with the BIM spatial information model. Through the BIM
3D model, the dynamic fire escape path can be visualized
for the evacuee. For multi-person escape, the difference is
that, according to the escape paths of all evacuee, predict
whether congestion will occur, and deal with the congestion
accordingly.

The process is shown in Fig. 2, which mainly includes
three key parts: perceptual positioning, fire spread simu-
lation and dynamic escape path planning. The perceptual
positioning perceives the location information of evacuees
and fires in real time and integrates the information into
BIM model. The fire spread simulation imports the BIM
model with fire information into Pyrosim, and conducts fire
spread simulation with FDS. In dynamic escape path plan-
ning, Dijkstra algorithm is used to process BIM model, and
the fire spread data in BIM model is used to dynamically
correct the path to obtain the optimal escape path, and the
optimal escape path is imported into BIM model for display.
In terms of dynamic escape path planning, it is divided into
two planning methods: single path planning and multi-per-
son path planning.

Fig.1 Overall research framework
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Fig.2 Process of dynamic fire escape path planning method with BIM

3.1 Perceptual positioning

Perceptual positioning make use of wireless sensor position-
ing technology to form a wireless sensor network covering
the whole building by properly setting up wireless sensors
and smoke sensors inside the building (Li et al. 2014; Yao
et al. 2018; Zhai et al. 2017). Wireless sensors could locate
users in real time to determine the user position. The smoke
sensors provide early warning and real-time positioning of
the fire. The user location and fire location are associated
with the BIM model, so the data accuracy of fire simulation
and the escape path plan can be guaranteed, and the escape
path can be simulated.

Figure 3 is a sensor network deployment diagram of a
building. First, BIM model is used for performing plane
analysis on each floor of the building. Second, wireless sen-
sors and smoke sensors are set up according to the informa-
tion such as doors, junctions, corners and rooms. Finally,
wireless sensors and smoke sensors are installed in the mid-
dle of stairs and stairway entrance to form an effective wire-
less sensor net.
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Fig.3 Wireless sensor deployment diagram

3.2 Fire spread simulation

Fire dynamics simulator (FDS) is a computational fluid
dynamics (CFD) model that describes the flow of smoke
and hot gases from a fire (Shen et al. 2008; Ralph et al.
2019). FDS can facilitate the fire scene display, and it is
able to compare simulation results with the actual inves-
tigation results of the fire scene. The similarity between
actual data and simulation data on heat dissipation rate and
smoke spread time is 80% (Xiao et al. 2018). BIM model
contains building information such as the building materi-
als and quantities, which are highly related to fire trends
(Chen et al. 2018a, b). In this paper, fire spread simulation
of BIM model is conducted through FDS. The simulated
data is analyzed and processed to obtain the fire spread data
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Fig.4 Fire spread simulation
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Fig.5 Information conversion in fire spread simulation

which will be dynamically adjusted according to the real-
time fire situation.

The specific process of fire spread simulation is shown in
Fig. 4. The smoke sensor is used to get the perception data in
each moment. If the fire is perceived, the sensing data at this
moment will be used for locating the fire. Then the DXF file
containing the BIM building information is imported into
the Pyrosim software, and the fire is added to the Pyrosim
software according to the real-time location of the fire; then,
the fire simulation is carried out by FDS. Finally, the fire
spread data are obtained.

The real fire is more complicated and will be inconsist-
ent with the simulation. When a fire occurs, the sensors will
continuously sense the fire state and compare the previ-
ous data of fire spread in BIM with the data at the current
moment. If the data is inconsistent, it will indicate the differ-
ence between the real situation of the fire and the simulation.
Then, the fire will be re-added to Pyrosim and simulated by
FDS to obtain new fire spread data, based on the current
time sensing data to determine the location and number of
fires. Real-time perception of fire and dynamic adjustment of
fire spread data can provide process of fire spread fire spread
data for path predictive planning accurately.
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Figure 5 shows the detail processing of information con-
version in fire spread simulation. The first step, add the fire
information perceived by smoke sensors to the BIM model
according to the name of sensor information. The second
step, the BIM model file is imported into the Pyrosim soft-
ware, and the fire is added to the Pyrosim software according
to the information of ignition point in BIM model. The third
step, the fire spread simulation is carried out by FDS. The
command line calls fds2ascii to get the fire simulation data
at each moment and collect the data for analysis and process-
ing. The fourth step, the correspondence between the CSV
file information and the BIM model coordinates is used to
obtain the temperature of all the sensor nodes in the BIM
model at each moment, which integrates fire simulation data
into the BIM model, and set the temperature above 60°C was
fire (Zhu et al. 2020).

3.3 Dynamic escape path planning

Dijkstra algorithm, as the shortest path algorithm, is able to
achieve the general optimal way as well as avoid the regional
optimal way in the circumstances of location is unknown
by searching uniformly in all directions. Due to the short
computational time, this paper applies Dijkstra algorithm as
the escape path planning algorithm. Escape path planning
not only needs to determine the number and location of the
escape personnel and the location of the fire, but also needs
to consider the internal characteristics of the building, such
as whether the corridor is unblocked and whether the stairs
can be used. As a structured and visualized data model, BIM
is used for escape path planning. The optimal escape path
is the shortest route that keeps the safety state in the escape
process.

Firstly, we split BIM model according to the floors. Multi-
layer buildings make the stairs as intermediate nodes for
path planning. According to the location, connectivity and
distance information of sensors in BIM model of each floor,
a directed graph is formed. A digraph consists of nodes and
edges and is commonly represented as G=(V, E), where V
is the set of all nodes and E is the set of all edges. The sensor
position is set to the node, two connected sensor paths serve
as edges, evacuee’s location serves as the starting point,
the security exit or stair is the target node, according to the
position of the two sensors and the floor coordinate system,
determine the distance between the two sensors, and take the
distance as the length of the edge of the digraph. Thereafter,
by using of Dijkstra path algorithm, make the shortest path
planning of the directed graph based on the real-time posi-
tion information acquired via the wireless sensor, fire spread
array integrated into BIM model is used for Dijkstra algo-
rithm to plan and correct the shortest path. In the escape path
planning, smoke sensors sense fire information in real time.
If the fire spread data in BIM model is not consistent with

the smoke sensor perception data, re-simulate the fire spread
and integrate the fire spread data into the BIM model. The
optimal escape path is obtained by using the fire spread data
to predict and correct the path. With regard to the escape of
multiple people, there are more factors needed to be con-
sidered, such as whether the escape paths for all people in
the building overlap, stairs with many people flow in a short
time. This algorithm has considered these questions based
on many people escape at the same time. Congestion can
be predicted according to the escape path of each person,
and corresponding evacuation can be carried out in case of
congestion, and ultimately achieve rapid escape from the fire
scene. The detailed process is shown in Fig. 6.

3.3.1 Single-person escape path planning

The single-person escape path planning method applies the
Dijkstra shortest path algorithm to determine the shortest
path according to the user position information and fire
information in the real time. Dynamic adjustment and the
fire spread data of the FDS simulation are obtained from
the fire situation during the escape process, therefore form-
ing the optimal escape path with the help of the individual
escape speed information and fire spread information.

The objective function of dynamic escape path planning
method is as follows:

minS:zn:zn:Q-dij ey

i=1 j=1

Decision variable:
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e 754 )

n is the total number of nodes, dij is the distance from node i
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Fig.6 Implementation diagram of escape path planning

@ Springer



10258

J.Wang et al.

node, tjp is the estimated time, which is obtained according
to the shortest path from the starting node to node j and the
average escape speed and fire spread information.

In the above equations, there are both optimal escape path
objective function (1) and safe path constraint (2), where,
formula (2) indicates whether node j is safe when evacuee
reaches node j from the starting node. According to these
equations, the shortest path in the case of relative safety can be
well calculated and the optimal escape path can be obtained.

The single-person escape path planning method is shown
in Fig. 7. The process is as follows:

(1) Acquisition of real-time data BIM integrated informa-
tion into the program, including fire node, the location of the

evacuee, total number of nodes, total number of edges, distance
between connected nodes, escape speed and fire spread data.

(2) Information initialization: The location of the evacuee
is the starting node, and the exit nodes or stair nodes are the
target node.

(3) Dynamic correction of nodes: All the nodes are tra-
versed and the estimated time tj” of each node is calculated.
According to the fire spread data, the time tjf when each
node becomes a fire node is obtained, the time tjf is com-
pared with time tj” If zfj” < t/ the node is safe, said the fire
does not spread to the node when the evacuee reaches the
node. Else the node is dangerous and the length of the edge
becomes infinite.

Get escape nodes, fire nodes and
the fire spread data

!

Set the escape node as the start
node and the exitlocations as the
target nodes

!

Traverse all the nodes and
calulate the estimated time #”

Yes

No

A 4

Record this edge

Set the length of the edge to
infinity

<

J

Whether all nodes have bed

Get the path from the start node
to the nearest exit node

End
Fig.7 Single-person escape path planning flow chart
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(4) Iteration processing: If all nodes have been visited, the
calculation is complete. Otherwise, repeat step 3.

(5) Get the optimal escape path. Among all the safe paths,
find a path from the starting node to the nearest exit node,
which is the optimal escape path. Then, according to the
real-time information of the evacuee and fire, continue to
calculate the new optimal escape path and realize the real-
time dynamic optimal escape path planning.

For example, as shown in Fig. 8a, the fire is located at
node 34 while the evacuee is located at node 17. According
to the current escape location and fire location, the shortest

O Node O Node(Exit &Value—> Distance(m)
. The edge of the
. Node(Fire) . Node(Evacuee) ~€-Value=) path planning

a, Po
&é“

P, g ”

8%6
%" %
.2

1

path planned by Dijkstra algorithm is 17-18-22—-23-24.
However, according to the calculation of the fire spread
speed and escape speed, 1,7 >1,{, when the evacuee reach
node 23, the fire has already spread into node 23. Hence,
this route is not safe. After the node safety prediction, the
optimal escape path is 17-18-22-21-16—-12-5. As shown in
Fig. 8b.

After 3 s of escape, the second fire occurs. As shown in
Fig. 9a, the fire spread simulation is repeated according to
the fire location, and then all the nodes on the shortest path
are predicted and processed. After calculation, it is found
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Fig. 8 Single-fire path planning: (a) Dijkstra shortest path; (b) The optimal escape path
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Fig.9 Multi-fire path planning: (a) Initial paths of two-fire; (b) The optimal escape path
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that when the evacuee reaches node 12, the fire in node 4
has spread into node 12, so the edge becomes infinite, keep
looking for a path. As shown in Fig. 9b, the optimal escape
path is 17-18-22-21-37-47-48-65. The single-person
escape path planning method dynamically plans the optimal
escape path by taking advantage of the fire spread data and
the escape speed to achieve rapid escape from the fire scene.

3.3.2 Multi-person escape path planning

When a fire occurs in a high-rise building or a large com-
plex building, it is difficult to judge the safe path during the
escape on account of the complicated path, the large number
of floors, and the spread of the fire. Moreover, the evacuees
are prone to be panic, which may lead to congestion and
stampede at the stairs or doorways. Ultimately it is result-
ing in a failure to escape safely. Because of the complexity
of the fire scene, every moment is critical. Therefore, the
method of single-person escape path planning is used to
predict the optimal escape path for each evacuee. Then it is
to be predicted that whether congestion will occur. If con-
gestion occurs, evacuation should be carried out according
to congestion, otherwise navigation should be carried out
according to the original path. By predicting the congestion
situation in the process of multi-person escape to solve the
problem of unable to escape safely and quickly due to con-
gestion and stampede during a fire, it is possible to achieve
safe and rapid escape for multi-person in building fires.

1) Judgement of congestion

Firstly, the method of single-person escape path planning
is used to obtain the single escape path for each evacuee.
Then, according to the location and speed of the evacuees at
each moment, it can be calculated that when they reach the
node of staircase or floor. If more than three people arrive at
the node within one second, there will be congestion. Con-
gestion includes two kinds of situations: cross-floor stair
congestion and same-floor distance congestion.

(1) Cross-floor stair congestion: The main reason is the
time difference of arriving at the node between the evacuees

@ Springer

from upper floor and the evacuees from the same floor is
within 1 s, which results in the overcrowding in the stairs at
this moment. As shown in Fig. 10.

(2) Same-floor distance congestion: The main reason is
that people on the same floor fled from multiple locations,
and the time difference between them reaching the stair
nodes is less than 1 s, that is to say, they arrive at the stair
nodes almost simultaneously, which causes the staircase to
be overcrowded instantly. As shown in Fig. 11.

2) The evacuation process

When congestion occurs, it is necessary to evacuate the
evacuees. Due to the complexity of the fire scene, each kind
of congestion should be evacuated accordingly. For the
first kind of cross-floor congestion, as it is more difficult
to escape at the upper floor. If the escape path navigation
for low floor people takes much longer to escape from the
floor through other path than the original one or there is
no other path to avoid the staircase node, the lower-floor
people still follow the previous path to escape. Otherwise,
they will be navigated according to the new escape path. For
the second kind of same-floor congestion, when the time
difference between the people on the same floor arriving
at the stair node is no more than 1 s, new path should be
re-planned for people in congestion to avoid the congestion
nod. If it takes much longer for people on the same floor to
escape than original path or there is no other path to avoid
the staircase node, people in congestion should be navigated
as the previous path and messaged to watch out the conges-
tion. Otherwise, it should be navigated according to the new
path to evacuees. If congestion still occurs in the new path,
the process is repeated to avoid congested nodes to escape
quickly and safely, the process is shown in Fig. 12.

Step1: Provide single-person escape path planning for all
Survivors.

Step2: Calculate the time ¢ of evacuees arriving at the
stair nodes in their floor, in which starting from the top floor.

s

N
N
7

b 4
N

T

T

Fig. 11 Same-floor distance congestion
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Get a single escape prediction path for each
escape person

v

Starting from the highest floor,calculate the
time ¢ at whicheach floor escape person
arrives at a certain stair node on the floor

Whether it is the escape person omn
upper floor?

Set the length of the edge connected to the
exit node to infinity and re-plan the single-
person escape path

etherthe time to reach the Tiew~target
node is much longer than time to reach the

No

al target node ?

A 4

Escape according to the new

Escape according to the original path <

path

v

Alert evacuees to congestion information

Fig. 12 Multi-person escape path planning flow chart

Step3: Determine whether the time difference of the evac-
uee reaching the stair node is within 1 s, that is, whether con-
gestion occurs. If yes, jump to Step4; if not, jump to Step8.

Step4: Judge whether it is the cross-floor stair congestion.
If so, skip to Step3; if not, then it is the same-floor distance
congestion, skip to Step6.

Step5: Judge whether it is the evacuee of the upper floor.
If yes, jump to Step8; if not, then it is the same-floor, jump
to Step6.

Step6: Set the length of the edge connected to the exit
node to infinity, and re-plan the single-person escape path
for the evacuee.

P

End

Step7: Judge whether the time to reach the new stair node
is much longer than time t according to the new path, that is,
whether the time to leave the floor is much longer than time
t. If so, skip to Step8; otherwise, skip to Step10.

Step8: Navigate according to the original path.

Step9: Send evacuees messages to watch out the
congestion.

Step10: Navigate according to the new path.

Stepl1: The path predicts of multi-person escapes
completed.
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4 Experimental case analysis

This paper develops a prototype system using the above
key technologies with PHP. The BIM model of the innova-
tion building is created using Autodesk Revit Architecture
2015.

In the planning of the second floor and above, only the
stair node is used as the exit of the floor for path planning.
The path planning is relatively simple. The first floor has
more safety exits and the path planning is relatively com-
plicated. Therefore, the first floor of the innovative build-
ing is taken as experimental scene mode for an example
to verification. Figure 13 shows the deployment location
of the wireless sensors and smoke sensors. The entrance is
marked with yellow, and the path node is created accord-
ing to the wireless sensor network. Each wireless sensor is
numbered for calculation and identification. In this case, a
total of 73 nodes are deployed, among which nodes 5, 24,
25,44, 61, 63, 65 and 72 represent 8 exits of the building.
The escape speed is set to 2 m/s.

4.1 Scenario 1: one fire with one evacuee

In scenario 1, it is assumed that there is only one source
of fire at the scene of the fire and the number of evacuee is
1, which tests the effectiveness of the single-person escape
route planning method.

The problems are described as follows: suppose there is
only one fire with one evacuee, smoke is released at node 19
to simulate the occurrence of a fire. The experimental results
show that the optimal escape path at the initial moment is
29-21-16-12-5, as shown in Fig. 14.

4.2 Scenario 2: mutli- fire with one evacuee

In scenario 2, assume that there are multiple fire sources in
the fire scene, and the time of fire sources is inconsistent,

Fig. 13 Sensor floor layout on the first floor of the Innovation Building
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Fig. 14 3d visualization of single-person optimal escape path planning

and the number of evacuee is 1. This scheme tests the
effectiveness of the single escape path method in case of
unexpected situation in the fire scene as the fire progresses.
The problems are described as follows: as scenario 1
progresses, at the third second, a second fire occurred at
node 4. According to the estimated time and fire spread
data, it can be known that: when the evacuee reach node
12, the flame at node 4 has spread to node 12, so the
escape path is not safe. Now the optimal escape path is
29-21-37-47-48-65, as shown in Fig. 15.

4.3 Scenario 3: mutli-fire with mutli-evacuee

In scenario 3, when a fire breaks out, there are often a large
number of people escaping from the building, It may lead to
congestion in staircases, doorways and other places, which
may easily lead to stampede accidents, which is not condu-
cive to safe escape scenarios. 3.

The problems are described as follows: three fires
occurred at nodes 51, 40 and 34. At this time, there were

O Node

s Path planning

O Node(Entrance) . Node(Trapped person)
# Node(Fire)

Fig. 15 3d visualization of multi-fire optimal escape path planning
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Fig. 17 Overall escape route

four evacuees at node 37, 38, 39 and 67 respectively. At this
point, it is found by calculation that the time for the four
evacuees to reach the exit node 65 is within one second. That
is, congestion would occur at the exit. The new escape path
of the evacuee at node 37 is 37-47-45-44, and the escape
time of the new escape path is not much different from that
of the original path, so the evacuee at node 37 of the escape
route are 37-47-45-44. At this time, the new escape path of
the evacuees at node 38, 39 and 67 the escape time of the
new escape path is much longer than that of the original one,
so display the original path, as shown in Fig. 16.

5 Discussion

Under the same condition, the method designed in this paper
is compared with the evacuation method of Chou et al. using
the innovation building model. In this paper, nodes 4 and 19
are set as fire source nodes, the evacuee is located at node

Shortest distance between escape point and exit(m)

Fig. 18 Comparison of escape time

Average 2
escape
15
10
5
0
0 10 20 30 40

Number of people escaping

Fig. 19 Escape time and number of people

29, because the different age and escape speed of escaped
people, the average escape speed is 2 m/s, and FDS is used
to simulate the process of fire spreading over time, as shown
in Figs. 17 and 18.

The general escape route is drawn according to the route
that the evacuee uses the two methods to plan the escape
route to the exit. The result shows that the current tradi-
tional method only focuses on the current situation, resulting
in a roundabout escape route, and the total escape route is
comparatively longer. The method of this paper achieves the
optimal overall path in the escape process by predicting and
correcting the shortest path. As the distance between escape
node and exit gradually increases, the escape path increases.
The average escape time of the escape path predicted and
planned in this paper is relatively short, which is more con-
ducive to the scene of fire safety and rapid escape.

In Fig. 18, the abscissa is the shortest distance from the
escape to the exit, this distance does not consider the fire,
according to the shortest path calculating distance between
two points. The vertical coordinates is the average escape
time, the blue dashed line is mentioned in this paper, the

@ Springer



10264

J.Wang et al.

orange solid line is the research methods of Chou et al.
(Chou et al. 2019), the experimental results show that as
node distance increases gradually, and export to escape route
to increase, the escape route forecast planning in this rela-
tively short average survival time, more conducive to the
scene of the fire escape safely and quickly.

When many people escape, the method proposed in this
paper was analyzed in the aspects of number of escape peo-
ple and escape time. The result is showed in Fig. 19, the
abscissa is number of escaped people, the vertical coordi-
nates is average escape time. When the number of escaped
people less than 5, since the number of people is small and
no conflict among them, the average escape time remains
the same, with the increase of the number of escaped peo-
ple, and constant number of exits, the average escaped
time grows gradually smooth, thus the many path planning
method mentioned in this article works effectively for situa-
tion of congestion for many people escape at the same time.

6 Conclusions

Aiming at the lack of predictability of fire escape routes in
complex buildings, this paper proposes a real-time dynamic
fire escape path prediction analysis method with BIM. First,
wireless sensor network is deployed to obtain the informa-
tion of evacuee location in real time. Then the smoke sen-
sors are used to obtain real-time fire information, and then
the information is integrated into BIM model. This article
designed the single and multi-person escape route planning
method according to different situations. FDS is used to con-
duct fire simulation on BIM model, and dynamic adjustment
is made according to the real-time fire information obtained
by smoke sensors to obtain the fire spread data and inte-
grate it into BIM model. The shortest path is planned by
Dijkstra algorithm, and the path is dynamically corrected by
fire spread data to realize the optimal escape path at every
moment. Multiple-person escape path planning by predicts
whether there will be congestion according to the escape
speed, if congestion occurs, the corresponding evacua-
tion process will be carried out. In the end, the method of
dynamic fire escape path planning is verified by a concrete
example. The experimental results demonstrate the effective-
ness of the method. This method can solve the need of high-
rise building fire escape and will play a greater role in the
trend of urbanization and high-rise building. This method
only considers the spread and proliferation of fire, there will
be a large amount of smoke during the fire, the smoke have
a major impact on both escape and rescue, so next step we
need to consider to add smoke analysis, optimize the escape
path, which is more conducive to fire emergency escape and

@ Springer

rescue operations, next study need to focus on the influence
of smoke on fire escape path.

Acknowledgements This research is supported by the Key Research
and Development Foundation of Shandong Province of China (No.
2019GGX101017), and the iISMART Open Foundation of Qingdao
University of Technology (No. 201812030).The authors also thank
Zihao Xing for the valuable comments.

References

Chen J, Wang J, Wang B et al (2018a) An experimental study of
visibility effect on evacuation speed on stairs. Fire Saf J 96:189—
202. https://doi.org/10.1016/j.firesaf.2017.11.010

Chen XS, Liu CC, Wu IC (2018b) A BIM-based visualization and
warning system for fire rescue. Adv Eng Inform 37:42-53. https
://doi.org/10.1016/j.2ei.2018.04.015

Cheng MY, Chiu KC, Hsieh YM et al (2017) BIM integrated smart
monitoring technique for building fire prevention and disas-
ter relief. Automation in Construction 84:14-30. https://doi.
org/10.1016/j.autcon.2017.08.027

Choi J, Kim I (2014) Development of BIM-based evacuation regu-
lation checking system for high-rise and complex buildings.
Automation in Construction 46:38—49. https://doi.org/10.1016/j.
autcon.2013.12.005

Chou JS, Cheng MY, Hsieh YM et al (2019) Optimal path planning
in real time for dynamic building fire rescue operations using
wireless sensors and visual guidance. Automation in Construc-
tion 99:1-17. https://doi.org/10.1016/j.autcon.2018.11.020

Ding YL, He XB, Zhu Q et al (2016) A dynamic optimization
method of indoor fire evacuation route based on real-time
situation awareness. Acta Geodaetica et Cartographica Sinica
45(12): 1464-1475. https://doi.org/https://doi.org/10.11947
/j.AGCS.2016.20160053

Ding N, Zhang H, Chen T (2019) Experimental study of egress
selection behavior between stairs and elevators during high-
rise building evacuation. Fire Technol 55(5):1649-1670. https
://doi.org/10.1007/s10694-019-00822-y

Li N, Becerik-Gerber B, Krishnamachari B et al (2014) A BIM
centered indoor localization algorithm to support building fire
emergency response operations. Automation in Construction
42:78-89. https://doi.org/10.1016/j.autcon.2014.02.019

Long XF, Zhang XQ, Lou B (2017) Numerical simulation of dormitory
building fire and personnel escape based on Pyrosim and Path-
finder. Journal of the Chinese Institute of Engineers 40(3):257—
266. https://doi.org/10.1080/02533839.2017.1300072

Ralph B, Carvel R, Floyd J (2019) Coupled hybrid modelling within
the Fire Dynamics Simulator: transient transport and mass stor-
age. Journal of Building Performance Simulation 12(5):685-
699. https://doi.org/10.1080/19401493.2019.1608304

Ran HC, Sun LH, Gao XZ (2014) Influences of intelligent evacuation
guidance system on crowd evacuation in building fire. Automa-
tion in Construction 41:78-82. https://doi.org/10.1016/j.autco
n.2013.10.022

Ruppel U, Schatz K (2011) Designing a BIM-based serious game for
fire safety evacuation simulations. Advances Engineering Infor-
matics 25(4):600-611. https://doi.org/10.1016/j.a¢i.2011.08.001

Shen TS, Huang YH, Chien SW (2008) Using fire dynamic
simulation(FDS) to reconstruct an arson fire scene. Build Environ
43(6):1036-1045. https://doi.org/10.1016/j.buildenv.2006.11.001

Wang B, Li HJ, Rezgui Y (2013) Intelligent building emergency
management using building information modeling and game
engine. ICIC Express Letters 7(3):1017-1023


https://doi.org/10.1016/j.firesaf.2017.11.010
https://doi.org/10.1016/j.aei.2018.04.015
https://doi.org/10.1016/j.aei.2018.04.015
https://doi.org/10.1016/j.autcon.2017.08.027
https://doi.org/10.1016/j.autcon.2017.08.027
https://doi.org/10.1016/j.autcon.2013.12.005
https://doi.org/10.1016/j.autcon.2013.12.005
https://doi.org/10.1016/j.autcon.2018.11.020
https://doi.org/10.11947/j.AGCS.2016.20160053
https://doi.org/10.11947/j.AGCS.2016.20160053
https://doi.org/10.1007/s10694-019-00822-y
https://doi.org/10.1007/s10694-019-00822-y
https://doi.org/10.1016/j.autcon.2014.02.019
https://doi.org/10.1080/02533839.2017.1300072
https://doi.org/10.1080/19401493.2019.1608304
https://doi.org/10.1016/j.autcon.2013.10.022
https://doi.org/10.1016/j.autcon.2013.10.022
https://doi.org/10.1016/j.aei.2011.08.001
https://doi.org/10.1016/j.buildenv.2006.11.001

A dynamic fire escape path planning method with BIM

10265

Wang B, Li HJ, Rezgui Y et al (2014) BIM based virtual environment
for fire emergency evacuation. The Scientific World Journal.
https://doi.org/10.1155/2014/589016

Wang SH, Wang WC, Wang KC et al (2015) Applying building infor-
mation modeling to support fire safety management. Automa-
tion in Construction 59:158-167. https://doi.org/10.1016/j.autco
n.2015.02.001

Xiao GQ, Yao ZS, Deng HB et al (2018) Gas station convenience
store fire simulation based on FDS. Journal of Safety Science
and Technology 14(1): 143-149. https://doi.org/https://doi.
org/10.11731/j.issn.1673-193x.2018.01.023

Yao CY, Hsia WC (2018) An indoor positioning system based on the
dual-channel passive RFID technology. IEEE Sens J 18(11):4654—
4663. https://doi.org/10.1109/JSEN.2018.2828044

Yuan QM, Weng WG (2012) Study of behavior in high-rise building
fire evacuation based on survivors’ survey. China Safety Science
Journal, 22(10): 41-46. https://doi.org/https://doi.org/10.16265
/j.cnki.issn1003-3033.2012.10.004

Zhai CY, Zou Z, Zhou Q et al (2017) A 2.4-GHz ISM RF and UWB
hybrid RFID real-time locating system for industrial enterprise

Internet of Things. Enterprise Information Systems 11(6): 909—
926. https://doi.org/https://doi.org/10.1080/17517575.2016.11524
01

Zhang JY, Guo JN, Xiong HM et al (2019) A framework for an intel-
ligent and personalized fire evacuation management system. Sen-
sors 19(14):3128. https://doi.org/10.3390/s19143128

Zhou P, Wang HQ, Lu Y (2019) Research on evacuation path plan-
ning of building fire protection based on BIM. Fire Science and
Technology 38(4):489-492

Zhu J, She P, Li WL et al (2020) Dynamic planning method for indoor-
fire escape path based on navigation grid. Journal of South-
west Jiaotong University. https://doi.org/10.3969/j.issn.0258-
2724.20180912

Zou Y, Kiviniemi A, Jones SW (2017) A review of risk management
through BIM and BIM-related technologies. Saf Sci 97:88-98.
https://doi.org/10.1016/j.ssci.2015.12.027

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1155/2014/589016
https://doi.org/10.1016/j.autcon.2015.02.001
https://doi.org/10.1016/j.autcon.2015.02.001
https://doi.org/10.11731/j.issn.1673-193x.2018.01.023
https://doi.org/10.11731/j.issn.1673-193x.2018.01.023
https://doi.org/10.1109/JSEN.2018.2828044
https://doi.org/10.16265/j.cnki.issn1003-3033.2012.10.004
https://doi.org/10.16265/j.cnki.issn1003-3033.2012.10.004
https://doi.org/10.1080/17517575.2016.1152401
https://doi.org/10.1080/17517575.2016.1152401
https://doi.org/10.3390/s19143128
https://doi.org/10.3969/j.issn.0258-2724.20180912
https://doi.org/10.3969/j.issn.0258-2724.20180912
https://doi.org/10.1016/j.ssci.2015.12.027

	A dynamic fire escape path planning method with BIM
	Abstract
	1 Introduction
	2 Literature review
	2.1 Applications of BIM in building fire evacuation management
	2.2 Research on escape path planning in building fire

	3 Dynamic fire escape path planning method
	3.1 Perceptual positioning
	3.2 Fire spread simulation
	3.3 Dynamic escape path planning
	3.3.1 Single-person escape path planning
	3.3.2 Multi-person escape path planning


	4 Experimental case analysis
	4.1 Scenario 1: one fire with one evacuee
	4.2 Scenario 2: mutli- fire with one evacuee
	4.3 Scenario 3: mutli-fire with mutli-evacuee

	5 Discussion
	6 Conclusions
	Acknowledgements 
	References




