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Abstract Yy
This paper proposes an optimal fire escape algorithm based on th @ finding
d

algorithm in building fire situations. This algorithm u ilding inates to

generate the escape path while ignoring diagonal digectio idl function is

calculated by considering situational factors, sugh=3 e IocaAthmoke, and heat

information, to estimate the effect on the user’s es @ bility b w is or her location
S

path with the lowest

within the building. The calculated potential functic eterml ne

cost and illuminates the escape route wﬂh@mg li aid the user to escape
hazardous situations that might cause | orienta The proposed algorithm
suggests safer, shorter paths and alm Ie le to exits while minimizing the
dangers of smoke and p0|sonou 5|de . The coordinates of a real-life
building environment were o to prove effectlveness of the escape-route
algorithm. Simulation resu& ed dl t lowest-cost paths based on various
building fire situations.

Keywords: Refuge lanni st function, Repulsion index, Fire detection,
Maximum-Likely ﬁ &

1. Introd

Downto reas ar
fires and earthquak

ming more susceptible to damage from disasters, such as
to the continuing overcrowding of bigger and taller buildings.
Preparations for asters are considered in many architectural designs. [2—4]

There are tv&oaches to lessening casualties in fires. The direct approach includes
installingsgstape Toutes, such as fire-proof elevators and descending life-saving devices.
[5] Indi proaches include improving fire evacuation facilities, such as installing
i 6] To reduce the potential for secondary casualties in fires, users must be able

discover exits in hallways or be familiar with the interior of a building. Even
@hters can become casualties; as the USFA study shows, 18.2% of firefighters die
yedrly due to becoming lost inside buildings during a rescue. [7] This shows that field of
vision and orientation are important to the user in addition to the early recognition and
extinguishment of fires. Obtaining real-time exit routes inside burning buildings through
either location services or the buildings themselves is becoming more important. In
previous works on escape-route planning, Boo (2013) [8] developed a simulator that uses
a sensor network based on building maps to find the closest exit for the user. JIA (2008)
[9] proved a mathematical model for finding escape routes in mines when a fire occurs.
Other studies have designed and implemented simulation models for evacuating a
building [10, 11] and providing safe routes in narrow and tight spaces, such as ships. [12]
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When considering buildings with only a small number of exits in an actual fire
situation, it is obvious that a bottleneck would occur at the closest exit, delaying the
evacuation. Some research is focused on reducing the bottleneck effect through
simulation validations [13], although this is limited to ships and other specific spaces that
do not have multiple exits.

This paper sets up a coordinate map that expands horizontally and vertically based on
the A* pathfinding algorithm. Maximum matching was used to generate all possible
routes within a map environment. Limits on duplicate coordinates and how many times
one can use the stairs were imposed. To extract the best conditions for the exit path, the
potential functions for the exit and fire location were calculated with a repulsion index on
the inverse function of the distance; in addition, weights were added on heat and smoke
information to find the lowest costs for the best exit route.[1]

2. Building Map environment and Fire detector information \/’

2.1. Building Map Environment Q

The proposed algorithm is optimized for pathfindi deuses ce-based
nodes, such as hallways, stairs, and exits. Stair no '& importa they allow
passage to multiple levels. Each node becomes rtant px?l the building’s
interior map, and a 3D map is generated The 3’r mat%U d from the path

on the X, Y, and Z-axes can be displayed in sqlrafes, as sh in Figure. 1. Thus,

information nodes, such as rooms and ha s, beeo 2D coordinate system,
and the stair nodes show the change oxl Z-axis.\

In a building map, nodes such as and, 0 s do not have an exit. These
dead-end nodes waste time duri path hase and thus are marked as
non-passable. Useful and non- nodes a rked as 1 and O, respectively. As
seen in Figure 2, the hall S and%rway nodes are marked as 1 and the
walls and room nodes are m das
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Figure 2. State‘\@ ;or ea@% ID
2.2. Fire Information @ s&

Fire detectors and sensors a d aro the”interior of the building based on the
Fire Services Act. The sens ed in de ing whether a fire has occurred include
thermometers, hygromet and car, iOxide/monoxide sensors, which detect the

density of gases. Tabl lines the of sensors and their specifications. Each fire
detector determing$ e has ed based on probability values and weighted values

in their detection ) Q
As sho igure 3, e needs to be a step-wise process for fire detection, where
there will of urgency in the escape-route pathfinding process. The
different weights are the escape-route planning calculations (presented in Chapter
3).
A l Ql. Fire — detecting Sensor of Weighting Value
pSensors Range Unit Weight value
O
Temperature -20 ~ 80 T 80(1) ~ 40(0.2)
Humidity 0~100 %Rh 0(1) ~ 60(0.2)
N 2000(1) ~
CO, 0~ 2000 ppm 400(0.2)
cO N~ 200 nnm 20001\ ~ ?R(N 2\
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[ One condition } [ Two conditions J [ Thfe.e J

conditions
Checking Fire detection .
) Fire alarm
Sensors and warning
Generating G-eneratlng
Optimal escape-
escape-route route
(Command) (Force)

V0
Figure 3. Process for Fire Alarm ;

3. Escape-Route Exploration Algorithm @
3.1. Generating Paths based on Node Conditionq \/
e

Given a starting node, the availabili ne ing nodes must be
determined before a path can be gen n a méwmnment each node’s
condition is converted to an index va ed on Figure. 3, and some are given as
examples in Table 2. Each node’s valla natlon node angle is set with

0-270° from Equation (1 conS|der erpendlcular movements within a
map node system and hav ed d aI direction movements.

Koo coso9 —sm 0 Pos (1)
K g0, sm 0 S te2
K

:able 2®tate value based on Surrounding Nodes
v
ode

an azimuth K0 by selecting Val nd u endlcular to inputs ranging from
d

Example 0 State-2, Index(S) Ke

\ l N 0 1 [1, 1] 1

] 1 920 1 [-1, 1] 1

O x 'hgf’s (7,3,1) 180 1 [-1, -1] 1

Q) i 270 1 [1,-1] 1

Stair 0 - 0

0 0 [1,0] 0

State.1 . 20 0 [0, 1] 0
ate- pos

180 0 -1,0 0

yh | 63y o . {1 _1} .

Stair 1 - 1
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Each node’s condition information is marked as State-1pos, the current node is
distinguished by the state value 1 or O, and State-2k represents the conditions of the
neighboring nodes from the current node.

Each node’s condition is defined by the angle calculations from Equation (1), and the
defined available moves range from 0 to 4 destinations. From each node’s availability, an
escape route like that in Figure. 4 can be discovered. The exploration directions are
analyzed in the X and Y-axis directions. The available destination angle K60 of Figure. 4 is
changed to 1 or 0 depending on the absolute calculations of Equation (2) and Index (S)’s
matrix elements (al, a2), which are obtained via different azimuth values.

Index(S) = [al a2]=>|al-a2 =K, (2)
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Figure 5. Number of Movable Paths
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Table 3. Path-finding Algorithm

Algorithm 1: Finding Path Node - Algorithm 2: Generation Escape path-
- Simplicity building Node as D~ While -
- ID change to state value.

- conmecting the evacuative path «
- calculate the number of path planning (num)-
If commected path-ID = exit-ID | path-ID ==

Path State-1pos= 1~
Non-path State-1pes = 0-

- Detecting the exits and exit ID«
- Start o calculate the 4% azimuth from the exits- repeated path-
Fork=1:4 (k=0°,90°, 180°, 270°). - evacuative path find unsolved pathe
- Calculated range of movement as feature Kg « Ifnum(t) = num(t-1) «
TF(K = 1) - group number will finish when the number
. does not change
- Count N & matching ID-

- Extract a stairway « Break.

End if- EndIf - \/’
End fore i

End while-

Structures such as rooms and walls have a State- 1pos 0 Wh nodes and
intersections have a State-1,,; N of 3. Corner nodm of 2. Stair
er

nodes have an N value of 2, and depending on Ie destinations
near the stair node, the N value increases by e esc%& te ends when the
SS

pathfinding process encounters a duplicate e or an e>§; ccessfully found.

Each node’s available number of destinations N is cate Orlzed %1 Fig. 6.
N

Figure 5 represents the number of m aths T our directions based on
each node’s State-1,,.The algorithm e repeti '%echnique is applied, as in
Table 3. The algorithm is d|V|de he first phase is where each
node’s path combinations are and @cond phase is the selection of
successful exit paths. A
3.2 Determining the Pot nctl d on Fire detection

Data from thermo and gas sensors are used as conditions to
define when a been «d&ected As mentioned in Figure. 4, when two
conditions are is is dJas a “fire warning.” When three conditions are
fulfilled, Qonsm ected and calculations of the repulsion index take
place.

Dependmg on the f 1ocat10n each node’s potential function is calculated with

the reciprocal of t)@w ance between the fire and itself, and a repulsion [14] Urep
value is assign ach node. The relative repulsion index of the fire’s location is

the inverse o distance between each node and the location of the fire, and its
calculati re presented in Equation (3).
] 3
QG% ?
rep x a)f (4)
Path =>'F  (k,n>1) (5)
1

Here, Equation (3)’s distance values are the sum of the perpendicular distances
left and right of the node, with dx representing the number of nodes in the X-axis
and dy representing the number of nodes in the Y -axis.
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To give the directional information of the exit in the simulations, normal paths, in
relation to the distance to the fire, have a weight difference of 0.5 in a “fire
warning” situation and 0.9 in a fire detection situation. The generated fire
information is given as a factor for the repulsion index and is considered in the
calculations of each node’s cost function F in Equation (4).

When a matching procedure via Procrustes analysis is completed, a set of new
coordinates are generated at each location instance. In order to obtain the coordinates with
the least amount of errors, a recursive least-squares method was applied. The optimal
approximation equations of each n location value were obtained by using this method.

As shown in Figure. 6, in order to obtain the optimal approximation equation, the next
n locational information sets were overlapped to the previous sets.

Rooms
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*
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Figure 6. Co nctlon Node when the Fire Occurred
Based on eac oute e red from the user’s location, the sum of each
node’s cost fun pres inYEquation (5).

Here, k I covere nutwber of exit routes and n is the number of nodes each
path takes* € i’ jThe cost-function distribution classified by equation (5)
helps in deté 1n1ng thedirection of the evacuation. The proposed algorithm’s exit
route has a cost t e repulsion value when a stair node is present, and this
allows for the e of stair node usages in the algorithm where movement by
stairs delays eVactation times.

4. Experifnent Setup and Results

ual escape-route experimentation was carried out as shown in Figure. 1 with
%-story building with all hallways, rooms, and walls converted to coordinate
noees. The first and second floors are connected to a stairway at one end of the
building map, which makes the seventh column the Y-axis. The floor plan’s size
ranges from (1,1,1) to (12,13,2). The exits on the first floor are at coordinates
(1,8,1) and (12,12,1), with the second floor’s exits at locations (1,3,2), (1,4,2),
(1,5,2), and (1,6,2). Fig. 7 shows the locations of the fires in the simulation at
(1,4,2), (1,5,2), and (7,3,1) along with each node’s cost-function calculations and
repulsion indexes depending on the proposed exit route
The cost function is calculated with the location of the fires only without
considering the location of the user. Nodes shaded in yellow are considered
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dangerous, as their cost function is within the top 10th percentile. It also shows how
a fire affects the region around it a similar manner.

Users were placed in locations (2,8,2) and (3,7,2). The exit-route algorithm used
these starting points to find a correct exit path based on each node’s cost generated
by the cost-function algorithm. The cost-function distribution results of the exit-
route algorithm simulation when the user is placed at (2,8,2) can be seen in Figure.
7.

A blue-dotted line is marked on Figure 6. for exit paths in the order of increasing
cost functions. The red line represents the number of nodes for each path. Figure 7
shows how the travel distance and cost function are not proportional, how the fire
affects the weights, and thus the cost function of each path. Figure 8 shows exit
paths with particular characteristics, as seven exit paths, paths A through C-8, share
a certain length of the escape route with each other. To obtain the optimal path, we
compared the values of the travel length (node count) L and cost value P. 0

Route A has a short distance L of 9, but has the eighth highest cost f
0.79. Routes B and C have three different cases of different cost values %te B-1

has the fourth lowest P of 0.54 and L of 25. B2 has an L of 19, and second
lowest: 0.41. C-1 and C-2 have p values of 0.48 and rﬂch a p tlvely the
third lowest and the lowest P values. Their respecti Iue are'/ and 21. B-3

and C-4 have respective P values of 0.75 and 0 L value 9 and 31. The
user in Figure 8 would have to follow route esplt Mg distance of the
suggested exit route, it is the safest path thaé Id tak
==Number of Nod@- @ on
s\\ 3.5

= -t 3
3 ,-// 2.5
- " N O
(5} o
'é v N~ , 8
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[ .
: N 5 8
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£ 17
Z
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0

O&Q 345678 9101112131415161718192021
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Figure 7. Comparison of Cost Function and the Number
of Nodes about All Paths (Position: {2,8,2})
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Figure 11. 3D Simulation of Generating Fire Escape Route (Fire: 2-points)
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= 2

Figure 12. 3D Simulation of Generatin FQscapew (Fire: 1-point)
*

Next, Figure. 9 and Figure. 10 shqw imulatioP&Jlts when the user starts

from the location coordinates (3,7,2) cost- tion distribution shows in Fig.

10, the eighth-best route, A, has of % P of 0.8, similar to the first

simulation. However, when e% routesggq C, the recommended routes and

the rankings have changed. B& B-2 havg, respective L values of 23 and 17, with

P being 0.5 and 0.37, resp ely. T lues are the third best and best exit

0.40, which are rth an cond-best exit routes. Compared with the first
simulation, rou ded ub@in a much lower cost function in this experiment.

routes. @a
C-1 and C-2 have@ es of §9 23, respectively, with P values of 0.53 and

For routes C-3, ir Féspective L values are 27 and 33, with respective P
values of and 0.94 has an L value of 37 with a P value of 0.72, which

shows that the distarice)between the user and the fire is an important factor in
calculating escape @es.
5. Conclusio

This presents an exit-route pathfinding algorithm for fire situations in a

ry building. The A* pathfinding algorithm, a pathfinding algorithm for
cular node maps, was used to obtain the optimal escape route. Weighted
formation and a repulsion index in relation to the relative distance were used
to Calculate the cost function between each node in a path.

The path with the lowest cost is recommended depending on the location of the
user and the fire, and simulation experiments have been carried out. Future works
include calculating the node’s cost function depending on the node structure and
varying the location and type of fires, which needs to be studied thoroughly to apply
correct weights in simulations.
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