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ABSTRACT Staircase evacuation is the major means of fire evacuation for current high-rise residential
buildings. However, its feasibility may be questioned as more and more senior citizens live there in the future.
The weakness in physical strength and mobility impairment of elderly people may impede the successful
implementation of staircase evacuation. It is therefore reasonable to consider using elevators for overall
evacuation in high-rise residential buildings. However, ensuring the fire safety of elevators and efficiently
controlling the elevator-aided evacuation are two major difficulties for applying elevators in building fire
evacuation. Recently, the use of smart control for building facility management has become a hot issue in
built environment studies. An enabling solution for smart elevator-aided building fire evacuation (SEABFE)
is proposed in this article. The solution supports the SEABFE by determining the safer and more efficient
elevator-aided evacuation strategy based on real-time fire ground information and evacuation progress on
the scene. A simulated case study of fire evacuation in a typical high-rise residential building shows that
the proposed SEABFE can be successfully performed. Apart from keeping the elevator evacuation safe, the
planned elevator-aided evacuation strategy may save 38.0% of the time compared with the strategy using
only staircases in the scene.

INDEX TERMS Elevator-aided evacuation, evacuation simulation, fire evacuation, high-rise buildings,
strategic planning.

I. INTRODUCTION
Fire evacuation for high-rise residential buildings is always

distance stair evacuation due to inadequate physical stamina.
Not to mention those older people with limited mobility.

the major concern of design professionals, building engi-
neers, and emergency responders. Currently, the majority
of high-rise apartment buildings only enable residents to
leave via stairs. However, as the intensify of population
aging around the world and the construction of many elderly
community estates comprising high-rise apartment buildings
in recent years, concerns with stair evacuation for current
high-rise building fire evacuation increasingly surfaced. Most
senior residents may experience significant difficulty in long-
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Experiments revealed that even younger participants in non-
emergency situations spent over 30 minutes (including rest
time during the evacuation) evacuating from the top of a
100-story high building [1], [2]. Thus, it is not hard to imagine
how hard it will be for the senior people to escape. In addi-
tion, slow movement and frequent stops of senior occu-
pants may reduce the evacuation efficiency in the stairwell.
In a high-rise building fire, any delay in evacuating might
increase the likelihood of deaths and injuries. Therefore,
it is necessary to re-think the feasibility of staircase evac-
uation for fire evacuation in high-rise residential apartment
buildings.
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Elevator-assisted evacuation (EAE) refers to the use of
elevators as an additional means of egress in fire evacua-
tion [3], [4], [5]. It was proposed to help mobility-impaired
persons and accelerate the entire evacuation progress in a
high-rise building fire evacuation. In this way, occupants who
have difficulties in evacuating via staircases can be helped to
take elevators nearby. Nevertheless, before allowing elevator
groups to respond to the calls from occupants and help a
wide range of elderly residents in high-rise apartment build-
ings for elderly, two major difficulties need to be carefully
considered—fire safety of elevator operations during the fire
evacuation and the evacuation efficiency.

Elevators have long been considered unsafe for fire evac-
uation [6], [7]. Possible reasons include the afraid of smoke
entering, malfunction of the elevator call buttons, power fail-
ure, etc. [8]. Currently, although some high-rise buildings
allow firefighter elevators to assist the egress of mobility-
impaired occupants on certain occasions, this population is
typically thought to be quite small. It is generally prohibited
to allow all residents to use elevators for evacuation. Further-
more, enabling every occupant to use elevators for evacuation
may reduce evacuation efficiency and increase elevator wait
times as well [9], [10]. The elevator increases the total time
of evacuation as they work in batches with limited loading
capacity [4]. Therefore, it is very necessary to guide the
EAE operation with appropriate strategies according to the
on-site situation. Simply requiring residents to use elevators
for evacuation not only raises the risk but also decreases
the effectiveness of a total evacuation. Recently, the use of
smart control for building facility management has become
a hot issue in built environment studies. Thus, we consider
using promising information technologies to manage EAE
operations and address the above-mentioned issues.

This research proposed a scheme of smart elevator-aided
building fire evacuation (SEABFE). To limit the scope of this
study, the proposed solution focused on the service module
of the overall solution, where an overall strategic planning
and optimization algorithm was developed to determine the
most appropriate EAE strategy based on the real-time infor-
mation collection of occupants’ spatial distributions and fire
detection information on-site. Not included was the devel-
opment of the hardware sensor platform for data gathering
and integration. By examining a simulated case study of
fire evacuation in a 16-story residential care home for the
elderly, the feasibility and effectiveness of the SEABFE were
examined. The remaining sections are organized as follows.
Section 2 reviews the related work regarding the application
of EAE in high-rise buildings. The concept of SEABFE is
described in Section 3. Its enabling solution is introduced in
Section 4. A case study of SEABFE is presented in Section 3,
followed by its discussion in Section 6. In Section 7, conclu-
sions and future work of the study are summarized.

Il. RELATED WORKS
Regarding the use of elevators for building evacuation in the
event of a fire, academic research and engineering applica-
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tions have been conducted and employed for a long time. Due
to its advantages of assisting mobility-impaired individuals
and accelerating the entire evacuation process in high-rise
buildings, many building codes or regulations are gradually
admitting the use of elevators as a means for occupants’
self-evacuation in fire emergencies, so long as certain safety
requirements are complied with [11], [12], [13], [14], [15],
and [16]. For instance, the International Building Code (IBC)
stipulates that the occupant evacuation elevators in build-
ings must be in compliance with the requirements, includ-
ing but not limited to elevator system monitoring, electrical
power, and hoistway enclosure protection [12]. However,
compliance with these requirements is extremely difficult and
expensive. The installation and future maintenance of these
improvements should spend a large amount of extra cost [17].
As a result, few developers equipped the qualified elevators
for fire evacuation in high-rise buildings, and in most cases,
the qualified occupant evacuation elevators were only used
in lieu of additional exit stairways [18]. In a word, if elevator
evacuation wants to be used widely, easier and more active
measures for keeping the fire safety of elevator operations
need to be employed.

Regarding the strategies for EAE operation, simulations
were utilized by many researchers to determine the ideal EAE
operating strategy. Using evacuation simulations, Koo et al.
[19] compared several EAE strategies with traditional simul-
taneous stair evacuation. They discovered that the evacuation
strategies that allow residents with mobility impairments to
use elevators and others to use stairs are more time efficient.
Using the Taipei 101 financial center as a case study, Chien
and Wen [20] simulated the evacuation process and deter-
mined that the EAE strategy of allowing some individuals
to escape through stairways and others by passenger eleva-
tors was the most effective in terms of reducing the total
travel time. Ronchi et al. [21] modeled more sophisticated
evacuation systems involving staircases, occupant evacuation
elevators, service elevators, transfer floors, and sky-bridges
in two identical twin skyscrapers. Based on the ultra-high-
rise building evacuation simulation, Ma et al. [22] determined
that elevators should only serve between the refuge floor and
the ground floor during an ultra high-rise building evacuation,
as multiple stops during the evacuation process can signifi-
cantly increase the total travel time. Although these studies
successfully employed simulations to evaluate the relevant
strategies for EAE operation, few of them considered the spa-
tial distribution of residents and the real-time fire situation.
In a practical evacuation situation, the spatial distribution of
residents and the nature of the fire may have a significant
impact on the evacuation procedure. Therefore, it is necessary
to plan EAE strategies based on the real-time information
gathered on-site.

To successfully perform an overall EAE in high-rise
apartment buildings and overcome the above-mentioned
insufficiencies, the promising smart control and information
technology may offer great help. The 21st century is undergo-
ing a fast-paced trend of digitalization with the emergence of
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FIGURE 1. Schematic diagram of the smart elevator-aided building fire evacuation scheme.

the Internet of Things (IoT). By facilitating the collection and
exchange of data among virtually everyone and everything,
the IoT is enabling the cyber and physical environments
to become unprecedentedly entangled. Undoubtedly, future
building fire evacuation should benefit more from IoT and
other innovative technologies. A comprehensive IoT-based
building fire evacuation system was exemplified by Park et al.
[23]. In their work, the fire detection information was used to
provide safe evacuation guidelines for occupants. In the work
of Jiang [24], an intelligent route planning algorithm was
proposed by considering the intensity of the fire. In addition,
in our previous work [25], an architecture of an IoT-aided
building fire evacuation control system in the sequence of
information needs, information sources and data transmis-
sion, and potential services and applications was preliminar-
ily conceived. The future building evacuation control should
be supported by using sensors to improve the situational
awareness of fire ground and evacuation situations. After
that, information-driven planning and optimization of evac-
uation strategies could be employed to ensure a safe and effi-
cient evacuation operation. As a result, we proposed a smart
elevator-aided building fire evacuation scheme. The scheme
contains an overall strategic planning and optimization algo-
rithm for identifying the most appropriate EAE strategy based
on the real-time information collection of occupants’ spatial
distributions and fire detection information on-site.

Ill. CONCEPT DESIGN

A smart elevator-aided building fire evacuation scheme was
designed to ensure the safety and efficiency of an overall EAE
operation in high-rise apartment buildings for elderly. Fig-
ure 1 demonstrates the schematic diagram for the SEABFE.
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First, after receiving notification of a fire in the building,
the SEABFE conducts an on-site situational awareness using
smart sensors (e.g., fire detectors, heat detectors, visual-based
cameras) to collect the essential data regarding the fire’s
progression and the occupants’ evacuation process.

The obtained data is then used to determine the EAE
strategy that can keep the elevator operation safe and efficient.
The fire development data can be utilized to prevent elevators
from malfunctioning in hazardous conditions. For example,
the elevator evacuation can be planned to stop immediately if
sensors detect the presence or approach of a fire in the eleva-
tor shaft. Due to the avoidance of elevator systems coming
into direct contact with the fire, it is possible to maintain
elevator safety before the fire escalates. Moreover, due to
the reduction of fire risk in elevator evacuation operations,
it is anticipated that the requirements for elevators with high
standards could be suitably relaxed, which would result in
cost savings. On the other hand, the information related to
the progress of the occupants’ evacuation provides a basis
for planning and optimizing the EAE strategies. The monitor-
ing data of occupants’ evacuation progress offers in-building
spatial distributions of occupants in real-time. By examining
the spatial distributions of the building occupants, it is pos-
sible to coordinate the usage of elevators and stairs during
the evacuation. In this way, the overall evacuation can be
conducted more reasonably, and more occupants with mobil-
ity difficulties can have the opportunity to evacuate using
elevators.

Finally, the EAE operation can be carried out by operating
the elevators via smart control and guiding the occupants
with the appropriate evacuation strategy. The strategy can
be delivered by broadcasting the evacuation guidance via
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FIGURE 2. Overall process of the enabling solution for SEABFE.

public address (PA) systems or dispatching first responders
in person.

IV. ENABLING SOLUTION FOR SMART ELEVATOR-AIDED
BUILDING FIRE EVACUATION

To realize the concept design of SEABFE, an enabling solu-
tion for dynamic planning and optimization of evacuation
strategies was developed. Data collection, EAE strategy plan-
ning, and simulation-based strategic optimization comprise
the total strategic planning and optimization process.

A. OVERALL PROCESS

The overall process of the enabling solution for SEABFE
is depicted in Figure 2. The method begins with collecting
real-time on-site information using local sensors and devices.
Then, from the collected data, the fire floor /, fire severity
level e, and occupants’ spatial distributions of the building ¢
can be identified, which provides a necessary understanding
of the fire and evacuation situation on the scene.

Then, the process of strategic planning is conducted. Based
on the identified fire floor / and fire severity level e, a set
of appropriate Bi-level EAE strategies are planned. In such
a Bi-level EAE strategy, the upper-level strategy represents
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the emergency elevator dispatch strategies (EEDS) that are
utilized to ensure the fire safety of elevator evacuation oper-
ations by following the prescript logic of elevator dispatches.
As for the lower-level strategy, the proper proportion of occu-
pants using elevator evacuation is presented. The function
form of the Bi-level EAE strategy is defined as: (1)-(3),
shown at the bottom of the next page, where

1) X represents a finite set of upper-level strategies, which
contains a series of possible EEDS £ satisfying the fire floor
[ and fire severity level e at the current time slice ¢.

2) W represents a finite set of lower-level strategies, con-
sisting of a series of discrete ratio values. Regarding the
residents on the building levels at each time slice, w refers
to the possible proportion of these occupants that will use
elevators for evacuation, and 1-w denotes the proportion of
them that will use staircases for evacuation. The range of w
is between 0 and 1, showing that the planned EAE strategies
take into account a wide variety of ratios.

3) The set of the final Bi-level EAE strategy is established
using a binary relation over sets X and W, denoted as a finite
set {S;}. For each individual strategy S;, the index of the
strategy should belong to the index set v, whose size is equal
to the product of the sizes of X and W.

After this, we use evacuation simulation to identify the
optimal EAE strategy based on the established set of Bi-level
EAE strategies. In every simulation run, the simulation takes
into consideration the spatial distributions of actual inhabi-
tants based on the monitoring data of evacuation progress.
By enumerating the strategies inside the set of the Bi-level
EAE strategy and analyzing them in the simulation, we can
compute the total clearance time (TCT) for every strategy
under a certain pattern of occupants’ spatial distributions,
denoted as Ty (S;). The TCT defines the entire time it takes
for the last evacuee to travel from the top of the building to
the final exit, hence the objective and limits of the strategic
optimization can be built by discovering the Bi-level EAE
strategy with the shortest TCT. Eventually, the optimal EAE
strategy can be outputted with two parameters, the suggested
EEDS and the most appropriate ratio of occupants for elevator
evacuation, denoted as F (£, w).

Usually, after guiding the occupants’ evacuation with the
determined EAE strategy, the occupants’ spatial locations
may change accordingly over time. As a result, a new round
collection of fire ground and evacuation progress information
can be carried out. Based on the renewed information of the
scene, the updated optimal EAE strategy can be determined
over and over, enabling dynamic planning and optimization
of the strategy for EAE operation.

B. REAL-TIME INFORMATION COLLECTION

The purpose of collecting the fire ground information in the
proposed enabling solution is to ensure the fire safety of
elevator operation. Since the greatest concern to the elevator
system during a fire is that the elevator may respond and halt
at the fire floor, it is essential to comprehend fire ground
information (e.g., location of fire origins, fire severity) and
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dispatch the elevators accordingly. Currently, most high-rise
buildings are equipped with smoke detectors and fire alarm
systems in every single room to detect fire. Thus, it should
be possible to comprehend the fire ground information by
evaluating the fire monitoring data. By regulating the ele-
vator operations during the fire evacuation, we can increase
the safety of elevator dispatches based on the identified fire
floor and fire severity information. For instance, getting the
elevator over the fire floor without stopping there may pre-
vent the dense smoke on the fire floor from entering the
elevator shaft. In the future, the identification of fire risks
can be further enhanced by using more sophisticated sensors
to collect a broader variety of data and information (e.g.,
temperature, CO concentration, visibility) and analyze the
fire development situation. At that time, more precise control
of the elevator dispatch operation may be enabled.

In addition to gathering information about the fire scene,
the SEABFE requires obtaining the real-time localization
of occupants to monitor the evacuation progress within the
building. There are several ways to determine the location of
individuals within structures. The mainly used technologies
include radio frequency (RF), infrared, video cameras, or the
network connecting signals such as cellular data, wireless
local area network (WLAN), and Bluetooth [26]. The ben-
efits and drawbacks of these approaches were reviewed by
Yang et al. [26]. Even though the signal-based approaches
can obtain more precise localization information of the occu-
pants, they require everyone to carry a smart device with
them. This may be hard to realize in building fire emer-
gencies. In addition, radio signals may have difficulties in
penetrating some areas of the building, such as the basement
and elevator shaft, which may result in the failure of spatial
surveillance of occupants in these places. Therefore, it is sug-
gested to use vision-based cameras to monitor the occupancy
of various building areas, such as rooms, corridors, stairwells,
elevators, and stair lobbies. Then, based on the monitored
person counts and the camera placement, a general picture
of the spatial distributions of residents within the buildings
can be obtained. This level of spatial distribution is already
sufficient to indicate the evacuation progress inside the build-
ing for the entire building’s fire evacuation. Moreover, the
vision-based technique can be readily installed by putting
occupant counting cameras in multiple public parts of the
building, with minimal impact on the privacy and daily lives
of the occupants.

Finally, the obtained real-time information can be stored
in a database for recording and recalling by the other part
of the strategic planning and optimization process. The fire

ground information can be written in two parameters—the fire
floor [ and fire severity level e. They can both be identified
based on the predetermined classification of fire severity
levels. As for the occupant count data, it includes the number
of occupants on each floor and stairwells. The number of
occupants on each floor is the sum of the occupants on all
floor areas, including rooms, corridors, elevator and stair
lobbies, etc. It can be written as ¢ = {F1, F3, .., F;}, where
i represents the level of floors. The total number of occupants
in the stairwell is equal to the total number of occupants on
the staircases between any two neighboring floors, so it is
written as ¢s = {S1, 52, .., Si—1}. Eventually, the monitored
occupants’ spatial distribution ¢ can be stored in the database
as ¢ = {¢F, ¢s}. The sum of these two parts represents the
total number of occupants inside the building.

C. BI-LEVEL EAE STRATEGY PLANNING

1) UPPER-LEVEL STRATEGIES

As described in the overall process of SEABFE, the upper-
level strategy includes the potential EEDS that follows the
prescript logic for elevator dispatches to ensure the safety
of elevator operation during a fire. Currently, the majority
of elevator dispatch logic in fire emergencies stipulates that
all elevator cars should automatically return to the evacuation
floor (a predetermined floor in the building where passengers
can evacuate safely) once the fire alarm is activated, and
that only authorized individuals (e.g., first responders and
firefighters) can use the elevators [27]. Clearly, the current
regulation for dispatching elevators during fire emergencies
is insufficient for EAE functioning. As a result, we proposed
a novel EEDS architecture based on the detected fire-related
data.

First, fire severity needs to be considered in the design
of EEDS since high temperature and dense smoke provide
greatest risks to elevator systems during a fire. To include
this data into the design of the EEDS, the fire severity in
buildings was defined and grouped into four degrees, based
on the various stages of fire development and their spreads,
namely low, medium, high, and severe. Table 1 details the
classification of fire severity levels. In order to facilitate
practical use, the categorization criteria are based on current
fire detection technologies.

The corresponding rules and restraints for EEDS at each
level are also provided in Table 1. For the fire at a low severity
level, where the fire may still be confined in a single room
and undergo its incipient stage, we allow elevators to evacuate
occupants freely but follow some specific rules. For instance,

X = {£|& satisfies the fire floor [ and fire severity level e} @))

W={wl0<w<1}

(@)

{Siliey ={<§w>|EeX)AweW)}, ¥

=1{1,2,..., M}
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TABLE 1. Classification of fire severity level and their corresponding rules

and restraints for EEDS.

Fire Description Classification Rules and restraints

severity criteria for EEDS

level

None No fire is Fire detection and ~ Normal
detected. alarm systems dispatching.

report no fire.

Low Fire is in the Fire detection and  Elevators  operate
incipient alarm systems normally but follow
stage, and the report a fire in some specific rules.
fire is still one room.
confined in its
original room.

Medium  Fire evolves to  Fire is detected The normal
the growth over 5 minutes, passenger elevators
stage, and the and the fire will stop the
smoke has detection and service of
spread to alarm system evacuation on the
corridors. report dense fire floor, and only

smoke in the the safety-enhanced

adjacent areas. elevator systems
can be used to
evacuate occupants
on the fire floor.

High Fire evolves to  Fire detection and  All the elevator
the fully alarm system evacuation services
developed report smoke on the fire floor
stage, and the detected in will be stopped.
smoke has elevator lobbies
approached on the fire floor.
elevator
lobbies.

Severe Fire spreads Fire detection and  Elevator evacuation
between alarm system inside the building
floors, and the ~ report smoke should be totally
smoke may detected in other stopped, and the

have entered
elevator shafts
and stairwells.

floors.

stair evaluation
should be evaluated
by incident
commander before
it continues. The
occupants inside
the building may
need to wait for
rescue.

the elevators should only stop on one floor at a time to
avoid frequent stops on each floor. Besides, normal passenger
elevators need to cease evacuation operations on the fire floor
in the event of a medium fire severity level, where the fire may
intensify. At this time, only safety-enhanced elevator systems
(such as the firefighter’s elevators) will be permitted to evacu-
ate occupants from the fire floor. When the fire reaches a high
fire severity level, all the elevator evacuation services on the
fire floor should be totally stopped in case smoke gets into the
elevator shaft. At this moment, occupants on the fire floor can
only be egressed by stairs or take elevators from other floors.
As for the fire at a severe level, it indicates that the blaze
has already extended between floors. This is a very severe
situation as it indicates that the fire compartment has been
compromised. It is possible that the high-temperature, dense
smoke has already reached the stairwells or elevator shafts,
causing the fire to spread. Therefore, the elevator evacuation
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TABLE 2. Applicable elevator dispatching methods for improving the
efficiency of elevator evacuation operations.

Elevator dispatch ~ Description

method

Priority on the Prioritizing all elevators to evacuate the occupants
fire floor on the fire floor.

Sectorization Dividing the building into zones, and the
evacuation in each zone is handled only by the
elevators that are already assigned to it.
Evacuating occupants with full capacity of
elevator resources floor by floor from top to

bottom.

From top to
bottom

should be totally stopped at this moment, and even the stair
evacuation needs to be carefully evaluated before it continues.
In addition to ensuring the fire safety of elevator operation,
the suggested EEDS must maintain the evacuation’s effec-
tiveness. In order to accelerate the evacuation process and
shorten the TCT of the building, the design of the EEDS can
incorporate a number of specialized elevator dispatch mech-
anisms. One of the most frequently employed methods in
regular elevator dispatch is sectorization [28]. By separating
the building into zones, sectorization can increase the han-
dling capacity of elevator systems and reduce elevator wait
times. Each zone can only be serviced by the elevators that
are currently assigned to it. Likewise, utilizing sectorization
in EAE should be effective for the same reason. Additionally,
additional elevator dispatch mechanisms, such as priority on
the fire floor or from top to bottom, may have the potential to
increase the efficacy of EAE. Table 2 provides a summary of
the applicable elevator dispatch technique in EAE. By incor-
porating these elevator dispatch mechanisms into the design
of EEDS, the efficacy of EAE will be greatly enhanced.
After involving the fire development information and the
efficient elevator dispatch method in the design of EEDS,
four groups of EEDS can be generated by categorizing the
strategies according to their respective fire severity levels,
labeled as A, B, C, and D. With the use of corresponding
groups of EEDS to operate elevators at different fire severity
levels, the dispatch of elevators can be carried out with safety
and efficiency. A dispatch sequence diagram in the form of
a tree model is presented in Figure 3 to describe how the
EEDS should be modified in dynamic settings in response to
changes in fire severity. In the dynamic planning of the set of
Bi-level EAE strategies, the set of upper-level strategies may
be determined immediately by analyzing the groups of EEDS
implemented in the dispatch sequence diagram based on the
real-time information collection of the on-site fire situations.

2) LOWER-LEVEL STRATEGIES

Maintaining EAE operation efficiencies is the primary con-
cern of lower-level strategies. Thus, the lower-level strategy
takes into account the ratio of residents on building floors
using elevator evacuation. The strategy regulates the occu-
pants’ choices for evacuation by assigning a specific quota
for elevator evacuation users. Then, based on this quota,
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Fire
scenarios
e

Medium High

FS1

FS2

FS3

FS4

FIGURE 3. The proposed dispatch sequence diagram for planning the
EEDS in dynamic scenarios. (A class—Normal dispatch; B class—EEDS for
low fire severity; C class—EEDS for medium fire severity; D class—EEDS for
high fire severity).

a specific percentage of inhabitants on each floor will be
encouraged to evacuate via either the elevators or stairs. The
ratio ranges from O to 1, thus any ratio of people using
elevators or staircases can be accounted for in the EAE design
process. Finally, the possible set of Bi-level EAE strategies is
determined by merging the strategies at the higher and lower
levels.

D. EVACUATION SIMULATION MODULE
1) SIMULATION DOMAIN
After establishing the set of available Bi-level EAE strate-
gies by integrating the upper and lower levels of strate-
gies, it is necessary to examine the strategies and identify
the most efficient for implementation. The most direct way
is to run evacuation simulations and compare the TCT of
every strategy. Therefore, a program for evacuation simula-
tion was employed. However, unlike evacuation simulations
conducted for building fire protection design, the evacuation
simulation for SEABFE should allow only limited time for
calculation because we expect the simulation to support the
optimization of EAE strategies over and over. As a result, the
evacuation simulation module for SEABFE was designed.
First, it is better to simplify the simulation domain. Since
the control of EAE in high-rise buildings is mainly from a
vertical direction, the simulation domain should focus on the
evacuation process in vertical directions, and the horizontal
part can be ignored. In general high-rise building evacuation,
the horizontal egress costs only a little time compared to the
vertical one because of limited spaces in horizontal areas.
Moreover, few people may remain in their original location
after the evacuation starts. They may soon gather in the ele-
vator and stair lobbies and wait to get down from there. Due
to these reasons, omitting the horizontal evacuation process
may not greatly affect the calculation of the TCT in a high-rise
building evacuation. Previous research has already developed
some evacuation simulation models concerning only vertical
transport evacuation, such as ELVAC [29], ELEVATE [30],
and Building Traffic Simulator (BTS) [31]. These models
successfully reflect the evacuation process in high-rise build-
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ings and greatly reduce the calculation time in their simu-
lations. Therefore, the evacuation simulation for SEABFE
should fairly simplify the simulation domain by considering
only the areas containing evacuation facilities (i.e., elevator
and stair lobbies, occupant evacuation elevators, stairwells).

2) EVACUATION SIMULATION METHOD

In addition, the evacuation simulation modeling method is
another aspect that should be carefully considered. The fre-
quently used evacuation simulation model for high-rise build-
ings was reviewed by Ronchi [4]. It indicated that several
most used commercial computer simulation packages, such
as STEPS [32], Pathfinder [33], and FDS+ Evac [34], had
an elevator sub-model to replicate the vertical EAE pro-
cess. In order to facilitate real-time strategy optimization and
readily embed the Bi-level EAE strategies in simulations,
however, a more lightweight and adaptable simulation model
may be required. Cellular Automata (CA)-based evacuation
simulation model provides one of the approaches. CA are dis-
crete, decentralized, and spatially extended systems made up
of a large number of simple identical components with local
connectivity [35]. It has successfully developed evacuation
simulation models for various built environments and scenar-
ios [22], [36], [37], [38]. The CA model includes a so-called
floor field to represent the mobility of people and their attrac-
tive interactions in the context of pedestrian evacuation [39],
[40]. Consequently, a CA-based EAE simulation model may
be built by utilizing a static floor field to characterize the
regions in spaces, such as rooms, stairwells, elevator lobbies,
and exits, and a dynamic floor field to specify attractive
interaction between the pedestrians.

The modeling and simulation procedure of a CA-based
EAE simulation is illustrated in Figure 4. First, floor geome-
tries of the target building per floor need to be mapped and
discretized into grids, which provide the space layout of the
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area for pedestrian movements. After that, the static field of
the scene is generated by defining evacuation facilities in
the discretized model, such as exits, staircases, and elevators.
Meanwhile, the occupant profile parameters (e.g., occupant
motion speed) and the elevator operation parameters (e.g.,
elevator acceleration speed, elevator door open time, elevator
capacity) need to be defined with specific values based on the
actual situation or worst-case scenario of the target building.
Finally, the simulation can be conducted by inputting the
monitored occupant counts and the planned EAE strategy into
the model. The occupant count information can be considered
in the simulation by randomly positioning the requested num-
ber of occupants in the corresponding region of the building.
The planned EAE strategy consists of two parts. One is the
upper-level strategy for the designed EEDS, which may be
represented in the simulation by restricting the levels at which
elevators can arrive. The other is the lower-level strategy,
which represents the percentage of remaining residents on
each floor who are advised to utilize elevators to evacuate.
The simulation can reproduce it by assigning ‘‘behaviors™ to
the designated occupants. The ‘“behaviors” determines the
means of evacuation used by occupants. By attaching the
“behaviors” to every defined occupant in the simulation, all
individuals can begin to move by following their *“‘behaviors”
from the starting point to the closest exits as soon as the
simulation begins.

After the simulation settings are finalized, the simulation
can be conducted with a dynamic field guiding the movement
of occupants. The occupant move begins from the defined
places of occupants based on the inputted spatial distribu-
tions. Then, the pedestrian movements are adjusted in each
time step by the combination of the dynamic and static floor
fields. Existing occupants will automatically move to the
low-level grid near the exits, while those who have already
reached the exits will be removed from the scene in the
following step. Every time step, the dynamic floor field can
be modified based on the new positions of the occupants to
influence the pedestrian movement in the next. The simula-
tion continues in this manner until all inhabitants have left.
The total time steps walked by the occupants will be counted
as the TCT, which provides a simple but effective indicator to
assess the effectiveness of any intended EAE strategy.

V. A CASE STUDY

In order to examine the feasibility and effectiveness of the
proposed enabling solution for SEABFE, a computer pro-
gram for strategic planning and optimization of SEABFE was
developed using the proposed method. Then, the program was
utilized in a simulated fire evacuation of a 16-story residential
care home for elderly to demonstrate its functionality and
efficacy. The program for strategic planning and optimization
of SEABFE was compiled in Python 3.8 and Qt C++-. The
C++ program was applied to compile the CA model for
EAE simulation, and the Python program was used to conduct
the overall analysis and output the results. In addition, all
the monitoring data for the simulated case was pre-stored in
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TABLE 3. General information of the case building.

Item Description
Building type High-rise apartment building
Total number of 16

floors
Floor height 3m
Staircases Landing area width=1.2m

Stair width=1.2m

Number of stairs per floor=20

Riser height=15cm

Tread depth=25cm

Three normal passenger elevators and one
firefighters’ elevator

Elevator groups

an SQLite database in order to reflect the actual situation.
Dynamic planning and optimization of the EAE strategy were
carried out by reading data from the database directly.

A. MAIN ASSUMPTIONS

The case study selected a 16-story high-rise apartment build-
ing as the case building. It assumes to be a residential care
home for elderly, so many occupants may face difficulties in
using staircases for evacuation. By employing the proposed
scheme of SEABFE in the building, a large number of older
occupants can be assisted with elevator evacuation, and the
total evacuation efficiency can be enhanced.

To simplify the case study, all residents were treated iden-
tically. They were thought to be able to walk, so they could
travel or be supported in moving to the elevator and stair lob-
bies to escape. On the basis of the assumption, the evacuees
in the evacuation simulation were set by only reducing their
walking speed, and they could be assigned freely to use either
the elevator or stair evacuation.

B. CASE BUILDING DESCRIPTION

The floor layout of the selected 16-story residential care home
for the elderly is depicted in Figure 5. The building consists
of two wing buildings that are connected by a shared section
of elevator and stair lobby areas. Each story of the building
remains the same floor plan. In this building, there are a total
of four elevators and one stairwell for evacuation purposes.
They are E1, E2, and E3, which represent the three normal
passenger elevators, and FE1, which represents the firefight-
ers’ elevator. It is noted that the firefighters’ elevator is safety
enhanced, allowing it to be used for occupant evacuation even
if the fire intensifies. As for the stairwell, one half-landing
staircase is utilized for evacuation. Each floor contains a total
of 20 steps (two-flight) with tread depths of 250mm and riser
heights of 150mm. In addition, the width of the staircase and
the width of the landing remain the same at 1200mm. The
selected building’s general information is given in Table 3.

C. CASE BUILDING MODELING

1) ARRANGEMENTS OF THE INFORMATION COLLECTION

A data collection arrangement was presented to support the
EAE of the case building. First, regarding the fire ground
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FIGURE 5. Layout of the case building.

information (i.e., location of fire origins, fire severity), we
applied smoke detectors and fire alarm systems already
installed in the original rooms to obtain the information
needed. By evaluating the acquired fire detection data accord-
ing to the preset rules and restrictions for EEDS, the fire
severity level of the fire floor information could be directly
determined. Regarding the occupants’ spatial distributions
inside the building, the information could be obtained by
setting vision-based cameras on each floor to count the occu-
pants in the shared lobby areas and stairways. As a result, the
collected occupants’ spatial distribution ¢ could be expressed
as ¢ = {Fy, Fa, .., F16, 51, S2, . . ., S15}, where F represents
the occupant counts on the floor area (i.e., elevator and stair
lobbies), and S represents the occupant counts on the stairs
between any two adjacent floors. Finally, the real-time infor-
mation collection of the fire floor [, fire severity level e, and
occupants’ spatial distribution ¢ could be stored in an SQLite
database. Dynamic analysis of the EAE strategy could be
enabled by integrating the database with the major strategic
planning and optimization program.

2) DESIGN OF THE BI-LEVEL EAE STRATEGIES FOR THE CASE
BUILDING

The prospective EEDS for the case building was designed to
facilitate the planning of the Bi-level EAE strategies. Based
on the layout of the evacuation facilities in the case building,
a set of potentially safe and effective EEDS was created. The
design of the EEDS accounted for all probable fire sever-
ity levels in buildings as well as the different mechanisms
for enhancing the evacuation efficiency during elevator dis-
patches. The EEDS designed for the case building is provided
in Table 4.

Afterward, based on the designed EEDS, a dispatch
sequence diagram for planning the EEDS in dynamic sce-
narios was created and programmed. Figure 6 depicts the
dispatch sequence diagram that has been built. The action
strategies (AS) indicate the available EEDS to be utilized in
addressing the various scenarios. The trigger events (TE) are
the specific occurrences that may cause EEDS to be adjusted
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TABLE 4. The designed EEDS for the case building.

Fire severity EE Description
level DS
None Al Normal dispatch (stop every floor)
Low Bl fire floor (FE1, E1, E2, E3), other floor
(Staircases)
B2 2-4/F (FE1), 5-8/F (El), 9-12/F (E2), 13-16/F
(E3)

B3 2-8/F (FEIL, E1), 9-16/F (E2, E3)
B4 2-16/F (FEL, E1, E2, E3)
Medium Cl Fire floor (FE1), 2-6/F (E1), 7-11/F (E2), 12-
16/F (E3)
C2 Fire floor (FE1), 2-6/F (El), 7-16/F (E2, E3)
C3 Fire floor (FE1), 2-16/F (E1, E2, E3)
High D1 Fire floor (Staircases), 2-6/F (E1), 7-11/F
(E2), 12-16/F (E3)
D2 Fire floor (Staircases), 2-6/F (E1), 7-16/F (E2,
E3)
D3 Fire floor (Staircases), 2-16/F (E1, E2, E3)

.
Fire

T
TE1 1AS1 TE2 1AS2 TE3 1AS3 TE4 .
. . : scenarios
y [Evacuation' ! !
INo fire 1Al 1 1 IFS1
! completed | | |
T T ] 1 1
1 1 [Evacuationi rs2
1 . 1 icompleted I I
' [Fire floor 182, B3. B4 h '
! finished | " |Reach 1
. C1,C2, |Evacuation
1 1 medium 1 IFS3
C3 completed
1 1 llevel 1 !
1Bl T T 1
1 1 [Evacuationi 1
| IReach 1 completed 1 Fs3
! imedium IC1, C2, C3
1 1
Fire start 1 el 1 FS4
1 1
1 1
1 [Evacuationy 1
1 lcompleted 1 1 :FSZ
1 L 1} [}
\ \ Evacuation' !
1B2, B3, B4| 1 1 FS3
| IReach | completed ! .
| medium (C1, C2, C3]
level
! ey Fs4
1 1
1 1

FIGURE 6. Dispatch sequence diagram for the case building.

during an evacuation. These events include the change in fire
severity level or completeness of the evacuation. With the dis-
patch sequence diagram to demonstrate what EEDS satisfies
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Elevator Stair lobby

lobby Total number of
occupants = Floor
counts X (1-1)

Total number of
occupants = Floor
counts X w

To stairwells

FIGURE 7. Demonstration of the CA-based EAE simulation model for the
case building. The area of elevator lobby is the place for occupants who
escapes by elevators, and the area of stair lobby is the place for
occupants who chooses stair evacuation.

the corresponding events, it would be easier to select the
available EEDS when planning the Bi-level EAE strategies.
Finally, the set of available Bi-level EAE strategies could be
generated by combing the upper-level strategy with the lower-
level strategy of discrete ratios of occupants in using either
elevator or staircase egress.

3) SIMULATION MODEL FOR THE CASE BUILDING

Finally, a CA-based EAE simulation model for the case
building was developed to enable the calculation of the TCT
for each strategy. As depicted in Figure 7, a CA-based EAE
simulation model was created by simplifying the layout of
building floors and following the modeling procedure intro-
duced. By reading the data from the database, which already
contained the monitored occupant counts per region, the
simulation model automatically and arbitrarily positioned the
specified number of occupants within the selected areas of
model geometries. Since the planned ratios of elevator and
stair evacuation users need to be considered in the simula-
tion, we attached the inhabitants’ evacuation “‘behaviors” by
positioning a specific ratio of occupants in the elevator or stair
lobby, as depicted in Figure 7. After the simulation began,
the inhabitants in the elevator lobby on each floor would
automatically move to the elevators for escape. On the other
hand, those positioned within the stair lobby on each story
would immediately evacuate via the stairs.

In addition to setting up the model environment for occu-
pant movements, elevator operation and occupant profile
parameters were also defined. The elevator movement in the
proposed simulation model followed the standard elevator
operation process, in which the elevator reaches the pickup
floor in response to occupant requests and then carries them
to the discharge floor with a sped-up motion. In addition,
the elevator answered the calls from the upper floors first,
and the elevator would not stop on any intermediate floor
after picking up passengers. Consequently, the elevator travel
time could be determined directly from characteristics such
as elevator capacity, maximum speed, accelerated speed, etc.
As for the evacuees’ speed of movement in the simulation,
we modified the value to match the mobility of elderly per-
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TABLE 5. Parameter settings of the proposed EAE simulation model.

Type Parameter Value
Elevator Number of elevators 4
operation Elevator capacity 13
Elevator door open/close 7s
time
Maximum speed 2.5m/s
Accelerated speed 1.2 m/s?
Occupant profile ~ Moving speed 1.0 m/s

TABLE 6. Conditions of the test X1 to X4.

Number of Occupants’ spatial Ratio of elevator
Test O
elevators distributions users
X1 1
X2 2 120 occupants on o
X3 3 10/F 0-100%
X4 4

400 1 —m— One elevator (X1)

—e— Two elevator (X2) .
—A— Three elevator (X3)

—w— Four elevator (X4) /

350 44—

w
S
S

250

200

7
S

Total clearance time (TCT) (s)
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100 ¥
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Ratio of elevator users (%)

FIGURE 8. Simulation results of the test X1 to X4.

sons. Normal walking speeds for healthy older individuals
living in the community range between 0.9 and 1.3 m/s [41],
[42]. Thus, we set the moving speed of evacuees to 1.0 m/s
in the simulation. The settings of all these parameters in the
case study are summarized in Table 5.

D. TEST OF THE CREDIBILITY OF THE EVACUATION
SIMULATION MODEL

1) PARAMETRIC ANALYSIS

The proposed SEABFE scheme relies on simulations to deter-
mine the appropriate EAE strategy for the building. Hence,
the credibility of the established CA-based evacuation simu-
lation model is of vital importance. Parameter analyses were
employed to examine the credibility of the model.

First, several EAE cases among a fixed occupant number
were studied. In the simulation, we investigated the evacua-
tion process based on the influencing factors of EAE, such
as the ratio of inhabitants using the methods of evacuation
and the number of elevators for EAE. Table 6 provides an
overview of the conditions of the simulation cases. The simu-
lation results using the established model to calculate the TCT
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TABLE 7. Conditions of the test Y1 to Y3.

Number of Occupants’ spatial Ratio of elevator
Test RN
elevators distributions users
Y1 60 occupants per floor
Y2 4 90 occupants per floor 0-100%
120 occupants per
Y3
floor

60 occupants per floor (Y1)

1800 ‘ 90 occupants per floor (Y2)
= 120 occupants per floor (Y3)|
1600 — M
= &
g 1400 — = _|:_ —
S 004 [ 11— i
QE) _ moa =
510004 [ T 7 .
5
51 = §
g 800+ |{= | - =
i
<
2
o 600+
S
=}
= 400
200
O T T T T T T
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Ratio of elevator users (%)

FIGURE 9. Simulation results of the test Y1 to Y3.

of the building under the prescribed conditions are shown in
Figure 8. The result reveals that the ratio of elevator users may
have a significant impact on the overall clearance time of the
building. The optimal strategy for evacuation is neither using
elevators nor stairs to evacuate all occupants. The TCT may
increase significantly if the majority of occupants utilize ele-
vators to leave. In addition, the results regarding the number
of elevators used for evacuation indicate that the shortest TCT
is achieved when all four elevators are used for evacuation and
when the ratio of elevator users is high. These findings match
well with the study of Chen ef al. [43] and Ding et al. [44],
who showed that allowing a specified proportion of occupants
to use elevators for evacuation and increasing the number of
elevators in use were the most effective means of decreasing
the evacuation time.

In addition, we examined other scenarios with varying
numbers of residents. In these cases, a fixed number of four
elevators was utilized. The influence factors of different ratios
of elevator users and different numbers of occupants per
floor were analyzed. The conditions of these situations are
summarized in Table 7. The test result is shown in Figure 9.
It indicates that the TCT of the building increases with the
number of residents, and all the simulation cases achieve the
shortest TCT when allowing almost the same proportion of
occupants to evacuate by elevators. This finding seems to
be consistent with the findings of Ding et al. [44], which
indicates that the optimal ratio of occupants using elevators
for evacuation in an EAE remains the same when the total
number of occupants exceeds a certain value.

The proposed evacuation simulation model follows the
same patterns as prior studies, as determined by parametric
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analysis tests. Therefore, it is believed that the established
simulation model can reflect some general characteristics
of EAE in high-rise buildings and is able to be utilized to
determine the optimal strategy for EAE operations.

2) COMPARISON WITH COMMERCIAL EVACUATION
SIMULATION PACKAGE

In order to further enhance the credibility of the established
evacuation simulation model, we also compared its results
to those of a commercial software package. The commer-
cial evacuation software we used is Pathfinder [45]. It is
a highly accurate agent-based egress and human movement
simulator that has been frequently utilized to simulate evacu-
ation operations in a variety of built environments [46], [47],
[48], [49]. In addition, numerous researchers have effectively
used Pathfinder to examine the EAE process in high-rise
structures based on its embedded elevator model [44], [50],
[51], [52]. Therefore, we applied Pathfinder as a benchmark
of our established CA-based evacuation simulation model.
On the basis of the layout of the case building, a scenario
of a simulation case in Pathfinder was created. As depicted
in Figure 10, the geometry of the building was simplified
to match the established CA model. By allowing only the
occupants who belong to the ratio of elevator users to evacu-
ate by elevators and the remaining occupants to evacuate by
staircases, we manage occupants’ evacuation ‘“‘behaviors” in
Pathfinder. Besides, in order to fully reproduce the simulation
in Pathfinder, all parameters related to elevator operations
and occupant profiles in Pathfinder were set as same as the
established CA model.

Using the Y1 test as an example, we reproduced the evac-
uation processes of this scenario in Pathfinder. The TCT of
this case in Pathfinder and the CA model was mapped in
Figure 11, respectively. Even if the computed TCT differs
slightly between Pathfinder and the CA model, the TCT dif-
ference between the ratio of elevator users in these two sim-
ulation models remains almost the same. The purpose of the
model is to serve as a reference for the facility management to
compare different EAE strategies and find the optimal one for
operation. Therefore, this slight difference does not impede
the objective of determining the optimal strategy for evacu-
ation. In the example, both simulations achieve the shortest
TCT at 40% elevator users, representing that allowing 40% of
floor residents to utilize elevators for evacuation is the most
efficient method. As a result, we believe that it is feasible to
apply the proposed CA-based evacuation simulation model to
enable strategic optimization in the next step.

E. AN APPLICATION EXAMPLE

1) EXAMPLE DESCRIPTION

At last, based on the developed program, an application
example was performed to demonstrate how the SEABFE
should be performed in practice. First, an assumed fire
incident was designed. Table 8 presents a timeline of the
assumed fire incident. The designed fire incident presented
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FIGURE 10. 3D view of the case building in the user interface of the
commercial software package-Pathfinder.
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FIGURE 11. Comparison of the simulation results between the
commercial software package-Pathfinder and the established CA-based
EAE simulation model.

a fire scenario where a fire occurred on the 12th floor of
the building and quickly escalated to a high level of fire
severity. In addition, we designed an initial occupants’ spatial
distribution in Table 8. The example considered a total of
1200 residents, which is assumed to be an extremely crowded
situation in the target building. Moreover, the spatial distri-
bution of occupants was designed intentionally unevenly to
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TABLE 8. Conditions of the application example.

Input parameter Value

Fire floor 12

Fire severity level ~ Low level (0s) — Medium level (120s) — High
level (420s)

Total occupants 1200

Occupant counts
on the floors (1-16
floors)

Occupant counts
in the stairwells
(segments between
2-16 floors)

30,43,89,73,81,87,90,72,79,80,63,96,90,69,78,80

0,0,0,0,0,0,0,0,0,0,0,0,0,0,0

reflect a more random position of the occupants inside the
building.

Furthermore, in order to enable the gathering of occupant
counts based on the ongoing evacuation progress, we utilized
the Pathfinder software to imitate the real movements of
occupants’ evacuation inside the case building. As a result,
the monitoring occupant count data could be collected and
kept in the database. Once the SEABFE program outputted
the optimal strategy, the Pathfinder simulation would be con-
figured to implement the determined strategy and update the
evacuation progress accordingly. Afterward, wherever there
was a need to adjust the evacuation strategy, the occupant
count data could be extracted from the Pathfinder simulation
at that time slice and imported into the SEABFE program to
determine the optimal EAE strategy. In this way, the optimal
EAE strategy could be updated accordingly based on the
latest occupants’ spatial distribution.

2) RESULTS

Based on the designed fire event and initial occupant count
data, the SEABFE program determined the possible EEDS
at the initial condition. In the application example, B1, B2,
B3, and B4 for the low fire severity level were the applicable
EEDS at this moment (T=0s). Therefore, a set of available
Bi-level EAE strategies was established from the dispatch
sequence diagram model. After that, the SEABFE program
executed the CA-based EAE simulation model to compute the
TCT for these strategies. The program outputs at this moment
are shown in Figure 12 (a). It can be seen that the optimal
strategy for the EAE at this moment is to use the EEDS of B4
for elevator dispatching and suggest that 40% of occupants
evacuate via elevators.

Pathfinder was then used to recreate the evacuation pro-
cess in the condition of the suggested EAE strategy. The
reproduced simulation ended at T=120s, and at this time,
the occupant counts in floor areas and the stairwells were
extracted because the EAE strategy had to be modified as
the fire intensified. Using the dispatch sequence diagram
model and taking into account the current fire severity
level, the applicable EEDS was upgraded to class C, and
a list of available Bi-level EAE strategies was established.
Hereafter, the SEABFE program executed the CA-based
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T=0s
Fire severity level=Low

Occupant counts

Floor F S
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3 89 0
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5 81 0
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10 80 []
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15 78 0

16 80 -
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(a)  Conditions and the TCT of the applicable EAE ies at T=0s.
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2
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1 27 13 P

2 26 18 2 o
3 53 18 "5

4 29 20 H

5 6 21 %4
6 0 23

7 50 22

8 34 20

9 39 24

10 13 23
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Floor F S
1 11 14
2 26 18
3 53 21
4 29 23
5 32 32
6 44 41
7 50 39
8 34 41
9 39 39
10 39 40
11 25 40
12 55 40
13 49 38
14 19 39
15 7 51
16 4

Sum 1032

F=0n the floors

S=In the stairwells

EEDS=C1; Ratio of elevator users=100%.

(b)  Conditions and the computed TCT of the applicable EAE strategies at T=120s.

The optimal EAE strategy:
EEDS=D2; Ratio of elevator users=100%.

(c)  Conditions and the

d TCT of the applicable EAE

ies at T=420s.

FIGURE 12. Demonstration of the dynamic strategic planning and optimization process of SEABFE in the application example.

EAE simulation model by taking the current occupants’
spatial distributions and the updated fire information as
inputs. In the same way, the TCT associated with each
potential strategy was computed. The program outputs at
T=120s are shown in Figure 12 (b). The optimal EAE
strategy at this moment is to implement the EEDS of Cl1
and all remaining inhabitants on the floor to evacuate via
elevators.

With the same logic, a new round of simulation in
Pathfinder to simulate the evacuation progress after imple-
menting the updated EAE strategy was executed. Then, the
occupant count information at T=420s was extracted as the
fire reached the high fire severity level at this moment. After
this, the newly collected occupant counts were inputted into
the SEABFE program to determine the optimal EAE strategy
for the current situation. The TCT of the available strategies
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at this moment is shown in Figure 12 (c). The result indicates
that the EAE strategy with implementing the EEDS of D2 and
that all remaining occupants evacuate via elevators achieves
the most efficiency. Accordingly, the implemented EAE strat-
egy could be adjusted again and examined in the Pathfinder
simulation to see how the evacuation goes as the new EAE
strategy performed.

Based on such a dynamic strategic planning and opti-
mization process of SEABFE, we successfully performed
the SEABFE with our proposed solution in the case build-
ing. The overall SEABFE process of this application exam-
ple was reproduced by the results visualization software
of Pathfinder. The animation of this evacuation process is
included in the supplementary materials. It is clear to see that
many occupants were helped by the elevators for evacuation.
In addition, the adjustment of evacuation strategy at each time
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FIGURE 13. Comparison of the TCT between the evacuation strategy of a
total stair evacuation, default optimal evacuation process in Pathfinder,
and the SEABFE.

slice contributed to the success of the evacuation operation
and facilitated the overall evacuation process.

VI. DISCUSSION
In the application example of the case study, the feasibility
of using the proposed SEABFE solution to enable dynamic
planning and optimization of EAE strategies was demon-
strated. The optimal EAE strategy was analyzed with the fire
safety of elevator operation and overall evacuation efficiency
in mind. Then, the most effective EAE strategy was devel-
oped. Based on the application example of the case study,
we further compared the evacuation process using the opti-
mized strategy to other possible strategies to ensure that the
planned strategy was the most effective. The other possible
strategy includes a total stair evacuation and a default optimal
evacuation strategy in Pathfinder that represents the occu-
pants’ free choice. Under the same condition as the optimized
strategy, the total stair evacuation process and the default
optimal evacuation process in Pathfinder were simulated. The
supplement includes the animation of the evacuation process
for these two other options. By mapping the histories of the
clearance time for these strategies in Figure 13, we discovered
that the strategy found by SEABFE significantly reduces
the total evacuation time. The TCT difference between the
SEABFE and total stair evacuation is approximately 616s.
The SEABFE spends 38.0% less time than the total stair
evacuation. Therefore, the proposed strategic planning and
optimization method for SEABFE appears to be effective.
Furthermore, the dynamic analytical mechanism of strat-
egy planning and optimization offers other advantages.
In addition to keeping elevator operation safe by dynamically
changing the EEDS to fit changes in on-site fire development
situations, the dynamic analyses of strategy planning and
optimization can also enable a fast correction to the ratio
of elevator and stair evacuation users. During the evacua-
tion of a high-rise building, especially if senior citizens are
involved, it is likely that they will descend several stories
before deciding to use the elevators. In this situation, dynamic
strategic planning and optimization can play a significant role
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by readjusting the ratio of elevator and stair evacuation users
based on the updated position information of the occupants.
In addition, the dynamic analysis helps reduce the mistake
introduced by evacuation models. No matter how accurately
the evacuation modeling describes the underlying patterns of
pedestrian movements, the actual evacuation situation may
differ from the simulation. The movement of residents during
a fire evacuation may be impacted by a variety of human
factors, including occupant group composition, human cul-
ture, panic, individual psychology, etc. [53], [53], [54], [55],
[56]. Due to the strong uncertainties of these factors, it is
very hard to assure that simulation results are exactly the
same as the actual situation. By monitoring the occupants’
spatial distributions in real-time and analyzing the optimal
strategy over and over, the evacuation strategy that deviates
from the actual scenario can be updated in a timely manner.
This allows for the implementation of a more effective and
feasible EAE operation.

VII. CONCLUSION AND FUTURE WORK

By facing the upcoming population aging issues around the
world, elevator-aided evacuation may be the best solution for
solving the difficulties of staircase evacuation for the elderly
in high-rise apartment buildings in the future. Despite the
fact that academic research and engineering application have
been investigated for many years, elevator evacuation has
not been widely used for many reasons. One of the greatest
concerns is the safety issue of using elevators in fire emer-
gencies. Additionally, the EAE efficiency is also a concern of
building engineers and facility managers. Implementing EAE
operations improperly may harm evacuees and significantly
delay the evacuation process. Therefore, an enabling solu-
tion for SEABFE was proposed in this paper. The SEABFE
provides a safe and efficient EAE to help a wide range of
occupants by allowing elevator groups to respond to the calls
from every floor. In order to assure a safe and efficient EAE
operation with the SEABFE, strategic planning and optimiza-
tion is enabled by using local sensors (e.g., fire detector,
visual-based camera) to collect fire ground and evacuation
progress information on-site. After that, a set of available
Bi-level EAE strategies considering elevator dispatch safety
and elevator operation efficiency is developed according to
the collected fire ground information. Finally, evacuation
simulations considering the available Bi-level EAE strategies
and the monitored occupants’ spatial distribution is con-
ducted. The optimal EAE strategy is determined by finding
the strategy with the shortest TCT. Since the fire situation
and evacuation progress might alter over time, the optimal
EAE strategy can be determined repeatedly, allowing for the
real-time modification of EAE strategies.

Based on the proposed enabling solution, a 16-story high-
rise residential care-home for the elderly was utilized as
a case study to demonstrate how the SEABFE should be
performed in practice. The case study demonstrated the suc-
cessful identification of the optimal strategy for EAE by
using the proposed enabling solution to analyze the given
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information on the fire ground and evacuation progress within
the building. Due to the consideration of the real-time fire
ground information and evacuation progress, a safer and
more efficient EAE operation could be maintained. Using a
commercial evacuation modeling software to reproduce the
evacuation process of the case using the SEABFE, we found
that the EAE strategy determined by SEABFE is obviously
better than other evacuation strategies. The SEABFE spent
38.0% less time than a total stair evacuation. Therefore, it is
believed that the proposed SEABFE can contribute to the
application of overall EAE in high-rise residential buildings.

One limitation of the current enabling solution for
SEABFE is that we allow elevators to serve each floor, so that
people on every floor can have a chance to take elevators.
Nevertheless, this arrangement may have a problem when
the story of the building is taller, as the frequent elevator
stops on each floor will certainly consume considerable time.
As a result, in order to maintain the efficiency of EAE,
the SEABFE may determine that the optimal EAE strategy
at that time is to allow only staircases for overall evacua-
tion. The occupant in need of elevator evacuation may have
no chance to take elevators at this moment. Therefore, the
current solution for SEABFE may only work for medium-
height residential high-rise buildings. The SEABFE for ultra-
high-rise residential buildings may need to be considered
by gathering occupants on the refugee floor first and then
evacuating by elevators. Moreover, the current solution for
SEABFE did not consider the influence of mobility-disabled
occupants with wheelchairs. The movements of wheelchairs
may influence the strategic planning and optimization of
SEABFE. Therefore, investigating the EAE scheme for ultra-
high-rise residential buildings and considering the movement
of mobility-disabled occupants will be the future direction of
our SEABFE development.
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