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Disasters can happen anytime in urban areas, forcing people to evacuate buildings to
safeguard their lives. Therefore, it is important that safe routes for the transit of people
are first identified. However, when defining evacuation routes to safer places, the basic
condition considered is the shortest distance, excluding other criteria related to the security of
environmental elements. We propose the simulation of feasible evacuation routes under the
influence of importance indexes obtained from the validation and consistency of the security
criteria of building elements performed by the analytical hierarchy process (AHP). We find that
the security criteria of building elements can be classified into ranges of a suitability model and
validated in comparison matrices with consistency ratios (CR) < 10%, which guarantee data
consistency. Furthermore, we obtain the importance indices S(n) interpreted by a variant of the
A-star (A*) pathfinding algorithm, showing evacuation routes traced through safe areas, when
performing simulations. Our results demonstrate the importance of the consistency of security
criteria employed in the AHP, whose indexes highly influence the execution of the variant of
the A* pathfinding algorithm when it determines safer rather than shorter evacuation routes, for
different simulation scenarios.

1. Introduction

Over the last few decades, trends in the construction and design of buildings have become
more complex and specialized in order to provide greater comfort and better services to
citizens. All structures must be able to cope with natural hazards that can affect vulnerable
people. Therefore, when emergency activities are performed inside buildings, it is important
that evacuation routes are first identified.

Different methods have been applied in previous studies to calculate evacuation routes using
the building geometric data and pathfinding algorithms. Karas et al. introduced a mathematical
model for the processing and registering of the building topology in a geodatabase, and
calculated the shortest route using the Dijkstra algorithm.!’. Deng showed a tool for data
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exchange between the Building Information Modeling (BIM) and Geographic Information
System (GIS) platforms.(z) Hart et al. proposed the A-star (A*) algorithm, which incorporates
heuristic data in the solution of mathematical problems@ Lu presented the advantages of the
A* algorithm over linear programming algorithms.®?) Applications of A* algorithm effectiveness
in the simulation of evacuation routes were performed in the works of Xu and Doren® and
Yoo et al.©® However, the basic criterion used for the calculation of evacuation routes is the
shortest distance to the exit point of the study area, without going into detail about the security
and vulnerability conditions of the structural and nonstructural elements of the environment.

In this study, we propose the calculation of feasible and safer evacuation routes for different
simulation scenarios, which are prioritized on the basis of consistent data about the security
criteria of building elements and validated by the analytical hierarchy process (AHP). The
data on the design, location, and functionality of the structural and nonstructural elements in a
building are organized in the BIM. Subsequently, through the application of the AHP, the data
are prioritized and assessed for all selected criteria: size, walkability, materials, vulnerability,
and facilities. Importance indexes [S(n)] are assigned to the elements and inserted as heuristic
data in a variant of the A* pathfinding algorithm. The algorithm processes them together with
the simplified geometry taken from the BIM and calculates the most feasible evacuation routes
for simulation scenarios according to the classification of people in terms of their physical
conditions and age.

In experimental results, the methodology is applied in a study case to validate the importance
of the AHP in the data consistency used by the variant of the A* pathfinding algorithm. The
algorithm prioritizes the routes on the basis of the importance indexes of the consistent criteria
and calculates the times, distances, and safest evacuation routes.

2. Methodology

In this study, the geometric data from the BIM are processed and the consistency of
their attributes is analyzed through the AHP in order to assign S(n) in the safety criteria of
building interiors. The indexes are added into a variant of the A* pathfinding algorithm to
generate modified evacuation routes, and these results are obtained for different simulation
scenarios. The methodology is shown in Fig. 1. In addition, the evacuation time and distance
are calculated to validate the feasibility of the routes proposed by the variant A* pathfinding
algorithm.

2.1 Geometric data processing

The BIM is designed to define the internal conditions of the building. The data of the
materials used in the construction, the location of the structural and nonstructural elements,
distances, areas, sizes, and the use of spaces are stored. The Industry Foundation Classes (IFC)
standards shown in Table 1 are applied so that the BIM data can be understood and organized
clearly and precisely.m Using the location data (coordinate pairs) of the building elements, the
information is reconstructed in a simple polygon-based geometry. The flowchart shown in
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Fig. 1. Methodology flowchart.
Table 1
Classification of IFC standards by geometric element.
Element name Description IFC classes
Floor Space IfcSpace/ifcRoom
Wall Space boundary IfcWall
Column Space boundary IfcColumnType
Door Horizontal portal IfcDoorType
Furniture Material IfcFurnitureType
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Fig. 2 details the pseudocode used to obtain the simplified geometry stored in the geodatabase,
where “vector” is the selected feature; # is the node; xn, yn are the coordinate pair of the node;
Mn and Ma are the matrices of the geometric and attribute data, respectively, and s¢ is the
spatial table. Each element preserves the spatial reference of its nodes and edges, as well as
the link to its attribute table. The database is classified into two groups. The nonspatial tables
contain the elements used to define conditions for the allocation of weights by the AHP. The
spatial tables add the G_ GEO_COL column (geometric data) as a consecutive set of coordinate
pairs registered in the hexadecimal system. The relational model is generated through the data
dictionary standards described in Table 2.

2.2 Consistency of criteria and prioritization

The AHP is a multicriteria decision making method applied to guarantee consistency
between groups of considered criteria.®? The scheme of the AHP is shown in Fig. 3. The
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Fig. 2. Simplification and storage of geometric data.

Table 2
Standards of data dictionary.
Standard Description Example
Tables NAM_TAB General table name Walls
NAM_STA Standard table name T WAL_BUI
NAM_COL Standard column name N_DIM WAL
KEY ATR Key column PK, FK
Columns TYP COL Type of data column Varchar, Number
WID_COL Number of characters Total 8 & Dec. 2
GEO _COL Geometric data Hexadecimal data

Quali Quanti fr—
tative tative ]
v" Normalization

v Eigenvector
v Geometric Mean

Factor (Pair by Pair) Comparison ‘

Fig. 3.  (Color online) Scheme of the AHP.

AHP assigns prioritization values, weight factors, and importance indexes to the conditions
inside the buildings by comparison among them.

This method assesses the priority of every criterion to classify the criteria into groups
through a suitability model. Since the distribution of the building facilities and the security
conditions are analyzed, five criteria are considered: the width of the areas (Cri), restrictions



Sensors and Materials, Vol. 32, No. 11 (2020) 3839

on walking (Crip), floor materials (Criz), the vulnerability of nonstructural elements (Crig),
and the availability of facilities (Cris). Each criterion is divided into five suitability levels and
priority values are assigned to it. For criterion Crij, following the Standards of Accessible
Design, proposed by the Americans with Disabilities Act (ADA) of the United States,'” the
wider corridors and rooms receive the highest priority. For criterion Criy, it has been assumed
that the rooms with electrical power supply equipment have the strongest restrictions on
walking, so they will receive the lowest priorities. This classification is based on the Building
Vulnerability Assessment Checklist of the Federal Emergency Management Agency (FEMA)
of the United States.'") For criterion Criz, areas with a stable and flat surface are prioritized
because they are more accessible for the walking of diverse groups of people.!” For criterion
Criy, the vulnerability is divided into levels depending on the use of each room and its exposure
to hazardous materials.!"Y For criterion Cris, the areas with facilities for the elderly have
the highest priority because they support their movement.!” The relationship between the
classification and its score is inverse because the A* pathfinding algorithm prioritizes the
minimum values in its equation.

The AHP also defines weight factors for multiple criteria by comparing them in pair groups.(lz)
The method classifies the comparison of conditions in the scale of relative importance® shown
in Table 3. The scale is divided into nine groups on the basis of scored classifications and
subdivided into 17 levels, where “1/9” represents the lowest level of importance when comparing
two criteria, while “9” on the opposite side represents the highest level of importance when
comparing them.

The matrix of comparison, which has reciprocal values, is processed to obtain scored
classifications. Only when the values are compared with themselves will the score be of 1,
being uniform.!"® To define the consistency of the values, the AHP calculates a normalized
comparison matrix and more variables. The eigenvector or weight factor (w) is the average of
the weights for each criterion in the comparison matrix. The eigenvalue (4max) is calculated
as the product of the normalized comparison matrix and the matrix (w). The consistency index
(CI) is the result of the average (Amax — nu)/(nu — 1). “nu” represents the number of assessed
criteria. After dividing C/ by the random consistency index (RI), the consistency ratio (CR)
is obtained. Table 4 shows the values of RI.) For satisfactory data consistency, CR must be
less than 10%; if it is higher, the method will have no significant effect on the results.”) After

Table 3
Relative importance scale.

9 18 17 16 15 14 13 12 1 2 3 4 5 6 7 8 9
Extreme Verystrong  Strong Moderate ~ Similar ~ Moderate Strong ~ Very strong Extreme
Low importance level High importance level

Table 4
Random consistency index.
nu 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.58 0.9 .12 124 132 141 145 149
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obtaining the results of pair comparisons, the weight factors are calculated and the consistency
of the results is validated.

Every criterion is represented as a layer and rasterized to obtain a set of grids. The geometric
elements store the prioritization values in their attribute table based on the level of suitability for
each criterion. The weighted linear combination (WLC) multiplies the prioritization values of
the cells by the weight factor assigned to the corresponding criterion. Then, it adds the result of
each layer to determine S(n) as the final result. The WLC model is described by Eq. (1), where
S(n) is the importance index for every cell n, w, ;) is the weight factor of criterion i for every
pixel n, and x, ;) is the prioritization value of criterion i for every pixel n.

S(n)= Z Wh.i%n,i )]
2.3 Pathfinding algorithm and simulation scenarios

A variant of the A* pathfinding algorithm was developed as reported in this subsection.
The A* pathfinding algorithm shown in Eq. (2) expands nodes on the basis of their heuristic
value and associates a cost function with a node. In the variant, the algorithm takes S(n) as an
additional condition of the heuristic data to determine routes by different simulation scenarios.!¥
Therefore, Eq. (1) is added to Eq. (2), resulting in the variant of the A* pathfinding algorithm
given by Eq. (3), where g(n) is the cost of the path, usually the length between the start node and
node n, and A(n) is the heuristic data provided by the user about the cost of traveling from node
n to the end node.

S (n)=g(n)+h(n) @

S (n)=[g(n)+h(m)]*S(n) G)

The variant of the A* pathfinding algorithm is executed on the basis of the flowchart shown
in Fig. 4, where stn is the start node, cnd is the current node, end is the end node, S(rn) is the
importance index, im is the matrix of the importance index, chil is the group of adjacent nodes
to the current node, chi is the selected adjacent node to the current node, o/ is the open list, ¢/ is
the closed list, d is the distance, and ¢ is the time.

Three simulation scenarios to obtain evacuation routes have been classified on the basis of
groups of people by health and age.

(a) Simulation 1 (SM1) = Simulation of feasible evacuation routes without considering S(n),

applying the conventional A* algorithm.

(b) Simulation 2 (SM2) = Simulation of feasible evacuation routes considering S(n), applying
the variant of the A* pathfinding algorithm linked to the AHP results for the displacement
of healthy people.

(c) Simulation 3 (SM3) = Simulation of feasible evacuation routes considering S(n), applying
the variant of the A* pathfinding algorithm linked to the AHP results for the elderly

group.
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Fig. 4.  Flowchart of the variant A* pathfiding algorithm.

Likewise, the initial conditions of the cells for the calculation of the simulations are defined
as follows:

* Each cell contains two basic special markers: blocked and free. Blocked cells with

0 values will be constant in all simulations because they represent the structural and
fixed nonstructural elements of the floor. The evacuation routes cannot cross those
areas but can cross the connections where the doors are located. Free cells have diverse
classifications from 1 to 5 based on the conditions assessed by the AHP.

» Four start points and two end points with fixed locations are defined. The start cells
indicate the position of the pedestrian in the scenario. The end cells define the location of
the exit door. All the possible combinations between start and end points will be covered
to compare the results of the evacuation route simulations.

* All the cells are assumed to be homogeneous and isotropic.

The resolution of the grid and the speed of movement of people are also variables defined
to calculate the distance and evacuation time in different simulation scenarios. To obtain the
resolution, the area is divided into cells of 20 x 20 c¢m?, which represents the average width
of the walls in a building (marked as blocked areas), and is less than the average space that
a person can occupy in a dense crowd,!> which is 40 x 40 cm?. The distance between two
adjacent pixels is classified into two types: d; = horizontal/vertical distance and d» = diagonal
distance. d is the size of the pixel and d; is calculated using the Pythagoras theorem. The
speed of movement is classified in two groups, namely sp; = 1.34 m/s is the speed of people in
a healthy physical condition and sp, = 0.6 m/s is the speed of the elderly group from 55 to 80
years old, to allow for the fact that older people may require more time to mobilize.!® The time
is calculated using the equation of motion shown in Eq. (4), and the total evacuation time is the
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result of adding all the times between one cell and the following cells located along the proposed
route. Equation (5) gives the evacuation time et, where 7 is the time to move from one cell to the
neighbor cell, x is the distance between one cell to the neighbor cell, y is the speed according to
the group of people, and # is the number of cells in the evacuation route. Finally, by applying
the variant of the A* pathfinding algorithm that considers the AHP, the most feasible evacuation
routes and evacuation times are obtained for the different simulation scenarios.

d.
li=—- @)
SP;
n-l1
et=1, ®)
0

2.4 Software architecture

To develop the methodology including the simplification of the geometric data, the
programming of the variant of the A* pathfinding algorithm, and the simulation of the
evacuation routes, we used a group of open source software programs that are free for
educational purposes. The architecture for the processing in every stage of the methodology is
shown in Fig. 5.

The processing of the initial geometric data and its organization into a BIM were
performed using Revit software, which is specialized in the analysis of structural elements
in the construction field. The building’s geometry was simplified through Revit Application
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Fig. 5.  Software architecture.
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Programming Interface (Revit API). The spatial database was designed and implemented using
the PostgreSQL management system. The PostGIS extension can support data tables, enabling
the geometry to be simplified. Python was the software used for the application of the AHP
to guarantee consistency between criteria and process the WLC to calculate S(n). The variant
A* pathfinding algorithm executed to simulate evacuation routes and calculate the time and
distance in different scenarios was also developed in Python. Finally, the graphical results were
visualized through AutoCAD software.

3. Experimental Results
3.1 Development and storage of building interior geometry

A BIM design of an office floor with dimensions of 40 x 24 m? is shown in Fig. 6. The
stored structural data are those of the walls, columns, and doors. In the nonstructural data,
pieces of furniture with a fixed location are grouped. The doors are assumed to be unlocked
and can be opened freely if a route passes through the doors. There are wide corridors that have
a handrail to assist the elderly, and there are also narrow corridors without such facilities. The
distribution and main conditions of the spaces are detailed in Table 5.

Through the execution of the algorithm to simplify the geometric data, the vectors along
with their attribute tables are stored under the summarized logical model of the spatial database
shown in Fig. 7. The spatial and nonspatial tables are also described in Table 6.

On the basis of the location, the distance from the exit doors, and the use of spaces, four
start points (Al to A4) and two end points (Bl and B2) are selected to simulate the feasible
evacuation routes. Al and A2 are located in the main office of the lower left corner on the
map; this office has two doors with different paths. A3 is located in the cafeteria in the lower
right corner of the map, whereas A4 is in the small meeting room located at the bottom of the
map. Bl and B2 are the main and back doors in the top and upper right of the map, respectively.
Figure 8 displays the locations of the selected start and end points in perspective views.

o
< | [
161 ¢

(@) (b)

Fig. 6.  (Color online) Distribution of spaces: (a) simplified top view and (b) perspective view.
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Table 5
Classification of the conditions by area.
Conditions
#of Area  Type of room Width Walkability Floor material ~ Vulnerability  Facilities
01,03 Main offices Very wide, enough  Restricted Stable sgrfage Very safe Facilities for
space for workers areas covered with vinyl elderly
05, 08, 09, 10, . Walkable, but Stable surface General
11, 14, 16 Offices Mostly wide with furniture covered with vinyl Safe facilities
. Very wide, capacity Walkable, but  Stable surface General
02 Meeting room for 20 people private area  covered with tiles Safe facilities
06,17, 18 Data.center, Narrow and small ~ Restricted Surface Wlth an Highly No facilities
electric boxes areas areas electrical insulator  vulnerable
12 Computer lab Very wide, capacity Wa.lkable, but  Stable sqrfage Vulnerable Ge.nf:r.al
for 20 people private area  covered with tiles facilities
13 Small meeting Wide, capacity for Walkable, but  Stable surface Safe General
room 6 people private area  covered with vinyl facilities
04. 15 Reception Wide, space for Designed areas Surface covered Safe General
? areas workers and guests  for walking with carpet facilities
20 Cafeteria Wide, capacity for Freely walkable Stable s1.1rfac.e Safe Ge.n‘er.al
28 people covered with vinyl facilities
07, 19 Toilets Narrow and small Wa.lkable, but Surface designed Safe Facilities for
areas private areas for wet areas elderly
Halls, . . Stable surface . Facilities for
21 corridors Different sizes  Freely walkable covered with vinyl Highly safe elderly
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V_COD_FUR \', COE)_VUL V_COD_WAL
VLDES_FUR e
Nomee P VIRV BT | Vess e b —— —————— ———— .
V-C0D-VUL (49 D1 Vot LEaRS |
V_COD_MAT (FK) : T_MAT_BUI : V_COD_WID {FQ — — —< V_COD_CLA |
V_COD_FAC(FK) | | [v_cop_waT | G-GEo_coL EROTHR V_TYP_FLO |
ﬁ;SES_—gg,h | | V-TYP_MAT ]:| N—B"O-CO:' V_COD_FLO V_COM_FLO |
:L - {I V_DES_MAT IHl | N_DIM_FLO |
— — — — 1 — — @ V.COD_CLA(F
oo Tt o P taeea) VoD WA g |  TSMSCE !
7 GO0 A | | T AC BUI | G # V_COD_VUL (FK) V_COD_SIM |
=hiZe | [ v_cop_rac — — — — — —ef V_COD_MAT (FK) V_DES_SIM |
VrerR L oo p o ——- -« V-con b X |
i | | [ycoes Fac I - | |ESmEa |
T_D0O_BUI } | : | V_COD_COL | N‘BLO‘iON T_NUM_VAL |
¥_COD_Dao | [ | ! N_DIM_COL $ i 3‘%88‘?["8(([;% |
nomooo L!| | | | Lz_ggg_;% (] I — |
V_COD_VUL (FK) _COD_MAT (FK) | T-WAL| | N_PRLVAL
V_COD_MAT (FK) | | | : I e x_ggg_mg EE?) V_COD_WAL f — — :
V_COD_FAC (FK) SN b V_DES_WAL T_WID_BUI
e NZBLO CON veoowpp |
T —| v_con_wiD
Fig. 7. Logical model of the spatial database.
Table 6
Description of tables in database.
Spatial Tables Nonspatial Tables
Standard name Description Standard name Description
T FUR BUI Furniture T CLA FUR Classification of furniture
T DOO BUI Doors T VUL BUI Vulnerability conditions
T WAL BUI Walls T MAT BUI Material conditions
T COL_BUI Columns T FAC BUI Facility conditions
T FLO BUI Floors T WAL BUI Walkability conditions
T _WID_BUI Width conditions
T CLA_FLO Classification of floor
T SIM_SCE Simulation scenario type
T NUM VAL Numerical values
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Fig. 8.  (Color online) Locations of the start and end points: (a) A1-A2, (b) A3, (c) A4, and (d) B1-B2.

3.2 Assessment of the consistency of criteria

The suitability model resulting from classifying every criterion associated with safety
conditions is detailed in Table 7. The “Very Suitable” score is assigned with the priority value 1,
whereas the “Largely Unsuitable” score is given the priority value 5.

To apply the comparison matrices allocating the weight factors to the criteria, the
scenario variables detailed in the methodology section are considered. Tables 8 and 9 show
the calculations of the paired matrix between the five criteria for different requirements in
every scenario. Using R/ = 1.12, the results of the CR for Tables 8 and 9 are 2.8 and 5.2%,
respectively, which are acceptable for setting the consistency between the criteria.

After the rasterization of the criteria as layers, the weight factors also are calculated for
each subcriterion of every criterion and they are classified under suitability model levels.
The graphical results are shown in Fig. 9. S(n) achieved from the execution of the WLC is
distributed by areas for each scenario, as shown in Fig. 10.

3.3 Simulations of feasible evacuation routes

The simulations of scenarios and evacuation routes are performed. In the case of SMI,
the conventional A* algorithm is used. For SM2 and SM3, the variant of the A* pathfinding
algorithm that includes S(n) in its calculations is executed. The graphical areas of S(n) overlap
with the simulations of the evacuation routes, traced in red lines, for every combination from
the start points to the end points, and the results are shown in Fig. 11.
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Table 7
Classification of the suitability model.
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Classification and Scores

. Very . Slightly . Largely .
ID Criterion Suitable (1) Suitable (2) Suitable (3) Unsuitable (4) Unsuitable (5) Constraint (0)
Crii  Width  >2285mm 2285mm . 2200 M — 915 mm <915 mm
& > 915 mm
. . Walkable, Designed Walkable but Walkable but Closed to transit
Crip Walkability . — . .
totally free for walking furniture private areas of people
Surface: Surface: Surface:
Cri Floor Stable - Carpet < 13 mm - Carpet= 13 mm Carpet> 13 mm
> material surface Opening < 13 mm Opening = 13 mm Opening > 13 mm
Level <6.4 mm Level =64 mm Level > 6.4 mm
. .. Slightly .
Crig Vulnerability Very safe Safe vulnerable Vulnerable  Highly vulnerable Completely unsafe

Cri5

Facilities

Facilities
(elderly)

General facilities

No facilities

Table 8
Paired comparison matrix for the group in healthy condition.

Matrix 1 = Paired comparison

Matrix 2 = Normalized comparison

matrix matrix w Amax Cl CR
Cril Criz Cri3 Cri4 Cri5 Cri1 Cri2 Cri3 Cri4 Cri5
Crij 1.00  3.00 6.00 2.00 9 047 045 042 052 033 044 52074 0.0519
Crip 0.33 1.00 2.00 0.50 5 0.16 0.15 014 013 0.19 0.5 51288 0.0322
Cris 0.17 050 1.00 0.20 4 0.08 0.07 0.07 0.05 0.15 0.05 50452 0.0113
Crig 0.50 2.00 5.00 1.00 8 0.24 030 035 026 030 029 52280 0.0570
Cris 0.11 020 025 0.13 1 0.05 003 0.02 0.03 004 003 50268 0.0067
Sum 211 6.70 1425 3.83 27 1.00 51273  0.0318  0.028
Table 9
Paired comparison matrix for the elderly group.
Matrix 1 = Paired comparison Matrix 2 = Normalized comparison
matrix matrix w Amax Cl CR
Criy Crip Cri3 Crig Cris Criy Crip Criz Crig Cris
Crij 1.00 6 3.00 2.00 050 025 023 023 027 025 024 5308 0.0771
Crip 0.17 1 0.20 0.20 0.11 0.04 0.04 0.02 0.03 0.05 0.04 50615 0.0154
Cris 0.33 5 1.00 033 0.17 008 0.19 0.08 0.04 0.08 010 50687 0.0172
Crig 0.50 5 300 100 025 013 019 023 0.3 012 0.16 53815 0.0954
Cris 2.00 9 6.00 400 100 050 035 045 053 049 046 53441 0.0860
Sum 4.00 26 13.20 7.53 2.03 1.00 5.2329 0.0582  0.052
Group of people in health conditions Legf:nd -?: E‘Il‘;\l:y Suitable ij:::::"l;s"‘“b“ 2: tj:'sglil;t::wiubk
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In the case of SM1, the shortest proposed evacuation routes given by the conventional A*
algorithm are generated along the walkable area from the start point to the end point without
considering any additional criteria and avoiding the blocked cells. However, most of these
routes would be unfeasible for search and rescue activities. For example, routes A2-Bl,
A2-B2, A3-B1, A4-Bl, and A4-B2 cross offices and move between furniture and high-voltage
electrical equipment without restrictions. Furthermore, instead of choosing wider corridors,
routes A1-Bl and A1-B2 go through narrow corridors located close to the electricity control
rooms, making them highly vulnerable routes.

In the cases of SM2 and SM3, the evacuation routes proposed by the developed variant of
the A* pathfinding algorithm follow the areas of highest priority owing to the influence of S().
Therefore, they always pass through corridors and do not cross offices or vulnerable places,
which mean that they are safer routes than those proposed by SM1. SM2 produces the safest
feasible evacuation routes for people in a healthy condition. In the case of SM3, the evacuation
routes are longer than those in SM2, because the priority criteria are closely related to the
location of facilities enabling the movement of the elderly; therefore, the areas without facilities
are not selected.

In addition, using Eqgs. (4) and (5), the evacuation time and distance for all the combinations
of start and end points in SM1, SM2, and SM3 are calculated with the assumption that the
average speed of the evacuee in every group is constant. The results are shown in Table 10.

For the group in a healthy condition, using spj, the results of SM1 (without any criteria)
and SM2 (based on the group criteria) are compared. In most cases, the evacuation times of
SM1 are 1-3 s less than those of SM2; however, the routes of SM2 are the safest. Because the
time difference is short, the SM2 route can be selected as the most feasible. In the case of the
elderly group, using sp>, a comparison is performed between the results of SM2 (which does
not have the required facilities to enable mobility and the assistance of another person would be
essential) and SM3 (which has the facilities to enable the movement of this group). For three of

Table 10
Distance and evacuation time for different simulation scenarios.
People in healthy condition Elderly group
Speed (m/s) sp1 =134 sp2 =0.60
Simulation scenario SM1 SM2 SM2 SM3
AL-BI Distance (m) 34.36 34.16 34.16 37.60
Time (s) 25.64 25.49 56.93 62.67
AL-B2 Distance (m) 52.96 51.16 51.16 54.16
Time (s) 39.52 38.18 85.27 90.27
A2-BI Distance (m) 26.76 29.16 29.16 31.00
Time (s) 19.97 21.76 48.60 51.67
A2-B2 Distance (m) 47.28 49.40 49.40 49.56
Time (s) 35.28 36.87 82.33 82.60
A3-BI Distance (m) 28.16 31.64 31.64 31.64
Time (s) 21.01 23.61 52.73 52.73
A3_B2 Distance (m) 26.08 26.08 26.08 26.08
Time (s) 19.46 19.46 4347 43.47
Ad_BI Distance (m) 17.92 20.00 20.00 20.00
Time (s) 13.37 14.93 33.33 33.33
A4_B2 Distance (m) 27.84 29.60 29.20 29.32

Time (s) 20.78 22.09 48.67 48.87
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the simulation results (A3—B1, A3—B2, and A4-Bl), the evacuation times of SM2 and SM3 are
the same because the routes in both simulations do not change. However, in the remaining five
simulation results, where the routes are different, those of SM3 take up to 6 s longer than those
of SM2. This is due to the fact that areas with the facilities prioritized by SM3 are not always
located on direct routes. Therefore, for the elderly group, the decision of the feasible evacuation
route must involve choosing between a short and safe route but without facilities on the way,
generated by SM2, or a longer route that is also safe but with facilities, generated by SM3.

In most scenarios, the evacuation routes based on the influence of S(n) are not the shortest
in distance; however, the results prove that all the routes are the safest, and this is a critical
factor in safeguarding the lives of vulnerable people. Although in our case study, the time
difference between the shortest and safest route is less than 3 s, in buildings with wider floors,
this difference will increase proportionally; therefore, decision makers should carefully select
either the shortest route when a quick evacuation is required or the safest route when time is not
a primary factor and evacuation can be performed more safely.

In future research, simulation tests should be performed in curved and not flat spaces, and
include connections between two or more floors. The addition of slopes and winding areas
will provide more realistic study cases based on current building design trends. Likewise, the
capture of building data with advanced devices such as 3D scanners will give greater reliability
in the location, size, and shape of the geometric elements, making it easier to adjust the
precision of the results.

4. Conclusions

In this paper, we proposed a methodology for calculating feasible evacuation routes inside
a building, applying the AHP to guarantee data consistency based on safety and vulnerability
criteria and assign weights to the structural and nonstructural elements of the building. We
divided the methodology into three stages. In the first stage, we organized the building data in
a BIM following IFC standards and stored the data in a spatial database. In the second stage,
using the AHP to guarantee the consistency of data associated with size, walkability, materials,
vulnerability, and facilities, we calculated importance indexes for the simplified geometry. In
the last stage, using a variant of the A* pathfinding algorithm, which can process the results of
the AHP, we obtained feasible evacuation routes for diverse simulation scenarios.

In the experimental results, we applied the methodology in a study case for evacuation
in an office floor and calculated the routes from four start points to two end points in three
simulation scenarios. In the first one, SM1, the conventional A* algorithm was applied without
imposing any conditions. In the second one, SM2, a variant of the A* pathfinding algorithm
that considers the results of the AHP related to a group of people in a healthy condition was
applied. In the third one, SM3, the variant of the A* pathfinding algorithm was also applied,
but the conditions of the AHP linked to the location of facilities for the elderly were considered.

The simulation scenarios revealed that the consistency criteria analyzed by the AHP have
a strong influence on the calculation of feasible evacuation routes by the variant of the A*
pathfinding algorithm. The algorithm prioritizes the routes based on S(#) and modifies the
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evacuation routes in every simulation scenario. SMI1 produces the shortest routes but they
cross vulnerable places. In SM2, owing to the influence of S(n), the evacuation routes follow
the areas of the highest priority for healthy people. Therefore, they pass through corridors and
do not cross vulnerable places, which mean that they are safer routes for evacuation than those
obtained with SM1. In the case of SM3, the routes are longer than in the other simulations
because S(n) is linked to the location of facilities for the mobility of elderly people; thus, these
routes are the safest and most feasible for this group of people. The results of the study are
important for decision makers, because they will be able to select feasible and safer evacuation
routes on the basis of consistent criteria for search, rescue, and evacuation activities inside
buildings.
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