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ARTICLE INFO ABSTRACT

Keywords: The current study aims to investigate the capability of occupants of a powerhouse simulation to
Fire evacuation sense a fire and initiate evacuation while engaged with a task. For this reason, the study involved
Safety the maintenance task of replacing the air filter of a gas-powered engine through a series of in-

Pre-movement time
3D simulation
Virtual reality
Presence

structions. The virtual reality-based accident causation model (VR-ACM) consisting of 3D model-
ing and simulation, accident causation, and safety training was adapted to address the study's
aims. Two groups of participants were immersed in the virtual realm as occupants of the power-
house to determine the pre-movement time and the evacuation duration under distinct scenarios.
The first scenario constituted the experimental group (n = 26), who were assigned to replace the
filters, while the second scenario (control n = 26) performed no task before the fire outbreak. An
independent samples t-test revealed a significant difference in the pre-movement time of the
groups, which suggested a decline in the perception of the experimental group due to the task.
Further assessment revealed a consequential transfer of the delay at the pre-movement phase to
the evacuation delay of the experimental group from the powerhouse. Secondly, the differences
in interactivity implied that the experimental group exhibited a higher level of involvement and dis-
traction in the Presence measurement than the control group. To this end, a virtual reality (VR) en-
vironment's performance and real-time functionality during a maintenance task simulation have
been experimented with in an emergency fire evacuation scenario to ascertain safety concerns.

1. Introduction

Natural gas-fired powerplants are essential power solutions that contribute to a quarter of the world's electrical power supply [1].
However, the operation and maintenance of such powerhouses are inherently hazardous due to the possibility of leaking high-
temperature gases or harmful gases that can cause a fire outbreak or asphyxiation, respectively [1,2]. Therefore, incorporating ade-
quate safety measures and standards is critical in designing powerhouses to promote safety [3]. Despite such efforts, fires still occur.
Accordingly, early recognition by occupants for evacuation is an essential component in performance-based fire safety engineering de-
signs to protect people, property, and the environment from fire [4].

Moreover, incident assessments focusing on evacuations during fires suggest a correlation between delayed evacuation and fatal-
ity rates [5,6]. Furthermore, evidence from actual fire evacuations indicates that people are often engaged in non-evacuation tasks
during fire emergencies. For example, some people gather personal belongings, talk with others, and seek information before initiat-
ing evacuation [7,8]. Other studies also affirm that the psychological reaction of evacuees before evacuation can affect the evacuation
duration [8]. For these reasons, the importance of frequent evacuation drills and risk assessments in high-risk facilities has never been
over-emphasized [1].
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Against this background, and since it is unethical and unjustifiable to directly subject humans to fire effluents for estimating the
duration of compromised tenability, the status quo of traditional fire evacuation drills do not involve actual fire emergencies. This
renders such safety evacuation sections monotonous, uninteresting, and minimally effective [2,9,10]. Secondly, it is not prudent to
measure the evacuation tenability due to an occupational task during actual fires [5]. Thirdly, information gathered from firefighters
does not consider functions that have no direct effect on the courses of the fires [6]. Therefore, the established methodology for evalu-
ating the safe time on occupant pre-movement has not been validated experimentally [9,11]. However, the enthusiasm and realism
virtual reality (VR) generates during immersion coupled to the possibility of exposing participants to a safe virtual fire encounter at
diverse locations and at multiple times provide a suitable means for measuring the time at which compromised tenability may occur
[2,12,13]. For this reason, there has been growing interest with evidential progress in applications of VR simulations for risk assess-
ments and skill enhancement in fire evacuations, awareness, and preparedness for fire emergencies. For example, Markwart et al.
(2019) [14], Cao et al. (2019) [15], and Zhou et al. (2020) [16] experimented with evacuees' behavior during way-finding in VR.
Other VR-related studies involved crowd congestion amid fire evacuations by Wang et al. (2021) [17], route turning on evacuation
performance, Zhang et al. (2021) [18], and Kwegyir-Afful et al.'s (2021) fire emergency preparedness, response, and mitigation [2].
Furthermore, measuring the level of Presence in a virtual realm for participant-related experiments is necessary to assess the simula-
tion's logical (face) validity [19]. Accordingly, various studies, for example, Zou et al. (2017) [20] and Kritikos et al. (2020) [21],
have established that engaging participants in emergency evacuations increase their perception of Presence in the virtual environ-
ment.

However, there has been no attempt to investigate the impact of an engaging occupational task before an emergency fire to assess
the pre-movement time due to the task in the context of VR simulations. This gap also explains why there has been no research on
Presence measurement while performing a maintenance task in a VR simulation before a disaster. Exploring this area can serve as a
platform for further assessment of VR for training in safety awareness and prompt evacuations during emergencies while engaged in
demanding occupational tasks. Moreover, research in this direction would also highlight the need for further VR studies regarding
emergency preparedness and egress tenability at the factory conceptual stages.

The current study thus simulates a gas powerhouse for occupants to replace air filters on an engine and firstly evaluates the effects
of a maintenance task on occupants' pre-movement time when a virtual fire emergency occurs. Additionally, we assessed the overall
evacuation duration of occupants in the powerhouse simulation to understand whether the pre-movement delay subsequently af-
fected the evacuation duration. Secondly, the research assesses Presence due to the maintenance task amidst the emergency evacua-
tion to determine the level of realism experienced by the participants in the fire simulation due to the task. The research was con-
ducted according to the virtual reality-based accident causation model (VR-ACM) to improve accidents' safety [10]. Therefore, we
seek answers to the following research questions (RQ) to satisfy the aims of the experiment.

e RQ1: What is the effect of an engaging maintenance task on the pre-movement time in a powerhouse simulation when a virtual
emergency fire occurs that necessitates evacuation in VR?
e RQ2: How does the maintenance task ahead of the evacuation increase the level of Presence experienced in the simulation?

The article is organized as follows to address our RQs. The following section presents the background, which elaborates on the re-
lated literature to the aims and objectives of the study. After that, the methodology describes the conceptual framework of the experi-
ment, data collection, and analysis methods employed. The results section follows, which reports the obtained data in answer to our
RQs. From there on, the discussion section follows with explanations of the results and the contributions and implications. Further-
more, the limitations and future works are also tackled in the discussion section. Finally, the study concludes in retrospect, emphasiz-
ing the importance of VR in assessing emergency fire evacuations at the plant conceptual stages.

2. Background

This section discusses the pertinent literature related to VR applications for fire evacuation and the concept of Presence in VR for
reality evaluation in a VR experiment. Other parts of this section also relate to the pre-movement time of a facility and the evacuation
duration during fire emergencies.

2.1. VR fire emergency evacuations

Advances in VR technology in mimicking real situations in virtual environments for real-time assessments and feedback have
proven helpful for building skills during fire safety training, fire emergency evacuations, and emergency fire preparedness [10]. For
example, while assessing human behavior during an emergency fire situation, Kinateder et al. (2014) emphasized the suitability of
VR as a laboratory tool for improving fire safety, despite the ergonomic and technical limitations acknowledged in the research [22].
Similarly, while investigating the ecological validity of a VR experiment, Zou et al. (2017) establish that emotional valence and emo-
tional arousal are necessary ingredients for determining the comprehensive level of the ecological validity of a VR evacuation experi-
ment [20]. Furthermore, in a more comprehensive VR simulation, Shaw et al. (2019) investigated human behavior in an emergency
fire scenario with the regular audio-visual VR devices compared to a multisensory condition incorporating thermal and olfactory
senses [7]. The results revealed the significance of VR in fire emergencies with emphasis on the added benefit of multisensory virtual
environments. In another study, Zhou et al. (2020) proposed a virtual environment for safety procedures (VESPRO) in a multi-
semantic fire evacuation scenario that incorporates scene-related semantics besides the building geometrics [16]. Their simulation
thus included the dynamics of the fire parameters, path accessibility, and path recognition for training. Kwegyir-Afful et al. (2021)
echoed this in a VR fire accident causation experiment of a gas power plant (GPP) simulation for fire evacuation drills and fire mitiga-
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tions and safety and ergonomics of the virtual environment. Their investigations revealed that a VR simulation environment could be
ergonomically safe with negligible cyber sicknesses for safety assessment and fire emergency preparedness and response [2]. Other
studies, for example, Wang et al. (2021) [17], analyzed the effects of several evacuation parameters in an underground commercial
building and discovered that crowd congestion affects the evacuation duration when the number of evacuees increases by 50 [17].
Furthermore, Zhang et al. (2021) [18] also investigated the effects of route turning on evacuees during a fire emergency in VR. They
detected that the turning angle during fire evacuation significantly affects evacuees' recognition and compliance to emergency signs
[18]. VR evacuation simulations have also influenced changes to the design of emergency evacuation signs on buildings. For example,
Tang et al. (2009) compared different types of emergency exit signage for evacuation duration and way-finding. They detected that
the type of signs affects the period of way-finding during a fire emergency [23].

Few studies in VR have tacked the effects of a task before an emergency fire evacuation. For example, Cao et al. (2019) designed a
VR study to examine participants' performance during a fire emergency. Their study incorporated the task of searching for the keys to
a hidden treasure when a crisis ensued. As a way findings simulation, the results indicated that the experimental group who experi-
enced the fire spent a long time finding the museum's exit than the control group who experienced no fire emergency [15]. Although
their research is relevant, the emphasis was on the effects of the fire during the evacuation and not the treasure hunting task. This bol-
sters the earlier explained importance of the current study regarding the experimentation of an occupational task on evacuation be-
fore a fire emergency.

2.2. The concept of presence in a virtual environment

Telepresence, which is the shortcut for Presence, can be defined as the experience of being in a real environment even when one is
in a virtual simulation [24]. The WS Presence questionnaire is usually cited in academic cycles for measuring the extent to which the
simulation became the dominant reality in the virtual realm [19,21]. Kritikos et al. (2020) [21] modified and categorized the Presence
questionnaire into four moderately related domains. These are interaction, visual aspects, subjective factors, and consistency with the
natural world [21]. They investigated five elements in the virtual environment, and these made up the 21-item questionnaire which
eliminated sound measurements since that was not a factor under consideration in their study. The current research adopted this ver-
sion of the WS questionnaire with these factors: Sensory fidelity, realism, involvement, control, and the distraction factor as proposed by
Kritikos et al. (2020) [21], which are explained as:

e Sensory factor: This factor measures the degree of movement in the VR environment that participants experience.

e Realism factor: Realism measures how close to reality participants perceive the scenes and structures in the VR environment.

e Involvement quality factor: This assesses the quality of the visual display and controllers on participants while performing the task
and evacuation activities.

Control factor: This factor measures the perception of participants' ability to control elements within the VR environment.

e Distraction factor: The distraction factor measures the ease of adaptation to the VR environment.

[21,24,25].

2.3. Fire evacuation preparedness

According to the FM Global property loss prevention data sheets, fire outbreaks in powerhouses costs an average of $24 million [26].
Despite these financial losses, the safety of those working in such facilities is paramount. Smoke from fires spreads quickly by reduc-
ing visibility, increasing the difficulty of finding the exit [27]. Furthermore, the natural gas that feeds the engines in powerhouses, be-
ing: Methane, 0.96%, Ethane 0.02%, and Nitrogen 0.02%, produces a highly explosive mixture [28]. These, in combination with com-
pressed air, produce fires that power the engines to have electric power. Such a system can easily ignite and burn with devastating
consequences. For example, six people lost their lives in a gas powerplant in 2010 at the Kleen Energy Systems Power Station, Con-
necticut, during a natural gas purging process [29]. Similarly, several people got injured with one casualty during a fire outbreak at
the Mytishchi gas-fired power station near Moscow in 2019 [2]. To limit and prevent these occurrences, pre-movement duration as-
sessments of gas powerplants during regular occupational tasks at the designing stages are necessary and bolsters the relevance of the
current research.

2.4. Emergency evacuation timeline

Research indicates that estimating the means of emergency egress during fires in buildings plays a critical role in evacuation pre-
paredness [2,6]. The emergency egress system performance of a facility uses two factors for evaluation. These are the available safe
egress time (ASET) and the required safe egress time (RSET) [11,30]. The ASET is the maximum time between a fire outbreak until
the conditions in the enclosed facility no longer become favorable for human occupancy. The RSET is the time interval between the
ignition of fire until the occupants of the enclosed facility have completely evacuated [6]. The RSET comprises the detection time,
premovement time and, traveling time of the most remote occupant of a building [9,30]. The fire detection time is the duration of the
ignition of a fire until the triggering of the alarming devices installed within the premises. The pre-movement time is sometimes re-
ferred to as the pre-evacuation time [9,31]. The traveling (movement) time is the duration required for occupants of a building under
threat to physically move and arrive at a place of safety [32]. The movement time depends on:

o The walking speed of occupants.
e The conditions of the occupants in the building during the fire.
e The number and width of fire exits/escape routes, and
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e The location of the escape route.

2.5. Evaluating the pre-movement time

The pre-movement time in a performance-based fire evacuation design plays a salient role for safe evacuation during fire emer-
gencies, for it is at this time when evacuees recognize the fire and respond appropriately and in time (Fig. 1). For this reason, the pre-
movement time plays a crucial role in evacuation successes, especially during fires [27,32]. It constitutes; recognition of the fire
emergency, decision to initiate evacuation or not, information to others or seeking further details of the hazard, and finally, the re-
sponse time. According to research, the majority of the people who are adversely affected during fire emergencies are those who de-
lay the pre-movement response time [27]. Fig. 1 below demonstrates the relationship of the pre-movement time in the emergency
evacuation timeline.

3. Methods

3.1. Study design and experiment setup

This section explains the study design according to the conceptual model (Fig. 2), which relies on a modified version of Dhalmaha-
patra et al.'s (2020) VR-ACM [10]. As noted earlier, this model comprises 3D modeling and simulation, accident causation, and safety
training. However, the current model substituted the safety training with evacuation drills while performing a specific task to investi-
gate the effects on the pre-movement time during the evacuation. The tenability limits for safe evacuation from the powerhouse were:

e The minimum visibility during the evacuation was to be above 18 m, which is the maximum distance from the remotest location
in the powerhouse to any of the four exits (Fig. 4).
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Fig. 1. The pre-movement time component of the evacuation timeline concept. Cited from Zhao et al. (2020) [33].

| Research questions |

Fire evacuation preparedness in the VR-ACM

'V E

PN Experimental group Control group ;
R n=26 n=26 ;
: U R Filter replacement task No task performance i
A O (Group A) (Group B)

. L N

Lo L 2 ¥ ;
5 E : " Accident |
: N | Fire accident |¢— simulator

' T ¥ ¥

| Evacuation to safe point |

innnunununnnnuuuuuun_ip ____________________________________ A

Evaluation of the pre-movement time,
evacuation duration, and Presence

Note: H» = Hypothesis

VR-ACM = virtual reality accident causation model

Fig. 2. The conceptual experiment model.

4



E. Kwegyir-Afful International Journal of Disaster Risk Reduction 67 (2022) 102681

e The maximum exposure to carbon monoxide (CO) concentration was at 1200 parts per million (ppm) of air, the average for 5 min
according to the British standard published document (BS PD) 7974-6:2019 [34], which prohibits worker exposure to any CO level
above this limit.

e The air temperature tenable limit was not to exceed 60 °C according to the BS PD 7974-6:2019 guideline for the temperature limit
that can endanger human life [34].

These criteria were factored as a time component by the accident simulator for occupants to egress before the fire effluents ex-
ceeded the limits for sustaining human life. During the fire, the simulator displayed these invisible quantities as smoke [35]. Primar-
ily because most lethal gases such as toxic fumes and flammable gases do not possess optical properties. For this reason, they are rep-
resented with the smoke visualization technique to make it visible to participants by real-time data conversion as smoke. With the
smoke traveling speed set at 1.0 [m/s] [21] and the progression speed of fire at 0.1 [m/s], the movement represented an actual fire
hazard during the impending disaster. The experiment deliberately omitted gas alarms, fire sprinklers, and automatic sirens. The in-
tention was to allow the occupants of the powerhouse in the simulation, who were participants of this study, to identify the hazard
themselves and react accordingly by initiating evacuation.

The independent variable was the experimental intervention employing the filter replacement task by group A before the fire
broke out. For group A, the accident simulator was designed to trigger while installing the new filter. According to the emergency
evacuation plan, and in line with fire safety engineering principles [34], all participants were informed to evacuate the powerhouse
through the closest exit the moment they saw the fire. Unknown to the participants, the fire simulator triggers the fire after 8 min into
the immersion. The experimental, (group A) was engaged in the maintenance work while the control, (group B) was not tasked with
any responsibility before the fire outbreak. Subsequently, we measured the pre-movement duration individually from the onset of the
fire until the movement began towards the exit. Following this, we compared the pre-movement time of both groups to establish
whether the task had any adverse effect on group A's recognition and response compared with group B to answer RQ1.

Furthermore, we compared the total evacuation duration between the groups from when the fire began until the occupant evacu-
ated the building to the safe point. This comparison determined whether any differences noted at the pre-movement stage were trans-
ferred to the total evacuation duration. The final measurement was the perception of the levels of Presence experienced in the VR by
both groups to answer RQ2, which was conducted with the WS Presence questionnaire. Furthermore, two hypotheses H1 & H2 were
formulated to address RQ1 and RQ2, respectively. Fig. 2 displays these procedures based on the VR-ACM model.

3.1.1. Experiment location and instruments

The experiment was conducted at the Technobothnia virtual reality research center in Vaasa, Finland, between February 2019
and October 2020. This laboratory is equipped with state-of-the-art VR gadgets and computing power suitable for the current immer-
sive assessment. The VR play area for participants' movement in the laboratory measures 3 m by 2.2 m. An HTC Vive VR head-
mounted display (HMD) (China) with a 3D earpiece provided the display and audio for the virtual environment. Additionally, there
were two hand-held controllers to offer interaction and intuitive response. Likewise, two sensors were positioned at two vertices of
the laboratory to track movement through the headset and touch controllers while feeding the computer as occupants of the virtual
powerhouse simulation. The powerhouse and fire effluents simulation was powered by a Windows 10 desktop computer (ASUS, Tai-
wan) with an intel core i7 dual-core processor running at 3.6 GHz. An NVIDIA GeForce GTX 1070 graphics card having a RAM of
32 GB enhanced the 3D simulations for the HMD. The model was built with the Fusion 360 version 2.0.9305 and the Unreal real-time
game engine version 4.2, designing software for creating the simulations. Additionally, we monitored the actions of each participant
who acted as an occupant in the powerhouse with the aid of a 64-inch flat-screen monitor (Fig. 3b).

3.1.2. Participants' selection

We recruited participants by emails and personal contacts in four universities in Vaasa, Finland. The inclusion criteria comprised
university students with a minimum age of 20 years and without cognitive or motor limitations and normal or corrected-to-normal vi-
sion. A total of 52 participants, consisting of 11 (21.15%) women and 41 (78.85%) men with a mean age of 24.8 + 6.1 years, were re-
cruited for the experiment. This number of participants is per Gall et al.'s (1996) recommendation for the requirement of a minimum

Fig. 3. a. The powerhouse with the three engines. b. Immersion into the powerhouse simulation.

5



E. Kwegyir-Afful International Journal of Disaster Risk Reduction 67 (2022) 102681

50m 30m
Exit_1 ,/’—_‘\\\
ssssst <
N
/ N
o N
- P~ — \
"
] , TR
- N \
N
35m . Enei IE—I—' |?l—-| Maintenance S
N nilne ngzme ng;ne task section -
Exit_4 |o \ Safe point
i l
\ /
Powerhouse \ /
/
\ ’
7~
-~
p— [ o © © © o _ - -
Ext 3~ ————"

Fig. 4. The plan elevation of the powerhouse.

of 15 participants for an experiment, which Cohen et al. (2007:102) reiterate as the minimum number appropriate for an experimen-
tal group as well as in the control group for comparison [36,37]. Participants were randomly assigned to one of the two groups.
Thence, the groupings are presumed to be fairly distributed to prevent any bias. Their educational pursuits at the time were as fol-
lows: First degree = 17 (32.7%), Master's degree = 26 (50%), and Ph.D. = 9 (17.3%). Participation was completely voluntary, and
all the participants individually signed the informed consent form after receiving explanations of the experiment procedure.

3.1.3. Features of the powerhouse

The powerhouse is a conceptual rectangular single-story building design with a simple layout classified as B1 (Fig. 4) according to
the BS PD 7974-6:2019 standard [11,34]. With a building space measuring 50 m long, 35 m wide, and 9.84 m high, the facility
mainly contained three 16 MW gas-powered engines (Fig. 3a) that run on liquefied petroleum gas (LPG) and natural gas. An optimum
lighting intensity of 400 lux was ensured in the vicinity according to the American National Standard Practice for Industrial Lighting
(ANSI:1991) [38] for large-scale visual tasks. Having an exit on each of the four sides of the building with conspicuous signs that leads
directly to the open space, the building design satisfies the exit requirements of the confederation of fire protection associations in Eu-
rope (CFPA E) [39]. This guideline is for fire safety engineering designs for evacuating safely from a building during emergencies
[39]1.

3.2. Experiment procedure

Immersion into the powerhouse began when the participants individually wore the HMD headset and, with the controllers in
hand, waited for the visual display of the interior of the powerhouse and gas-fired engines (Fig. 3b). The simulation presented every
movement of the immersed person's head and hands in real-time according to a participant's line of sight and actions via the con-
trollers. Interaction and control of equipment and machinery in the powerhouse occurred through this means. Navigation, controlling
equipment, and walking in the simulation were possible by activating the controllers' assigned teleport and control buttons. As most
of the participants lacked prior exposure to VR, we tested navigation in the simulation for a maximum of 10 min with the packing of
cubes from the plant floor onto a trolley, as displayed in Fig. 5. The purpose of this initial exercise in the virtual realm was to enable
both participating groups to become familiar with the VR gadgets for performing general tasks and evacuating from the powerhouse.
The total exposure time in the immersion did not last more than 25 min, according to the HTC factory-recommended duration of
fewer than 30 min per immersion with 10 min break if needed [40]. On average, the time for performing the entire experiment, in-
cluding data collection from the questionnaire, lasted approximately 45 min for each participant of both groups.

3.3. The engaging air filter replacement task

Fig. 4 also demonstrates the location of the 3rd engine where the filter replacement task occurred. As aforementioned, the control
group was not tasked with any responsibility, and they could freely explore and scrutinize the features of the powerhouse. Both
groups were informed to evacuate through the closest exit (Fig. 4) to the safe point immediately after seeing the fire as previously di-
rected in the emergency evacuation plan. Five phases (PH1 - PH5) were outlined for group A and four phases (PH1, PH2, PH4, and
PH5) for group B, and these are explained as:

PH1: Familiarization of the features of the HMD and controllers for navigation and interaction in the simulation while immersed.

e Survey the plant to identify all exits and possible hazards.
e Move around the powerhouse and pack cubes from the floor onto a trolley in the plant. Fig. 5.

PH2: Adherence to the following emergency procedure regarding the evacuation:

Stop all activities when a hazard is detected and move to the closest exit.
e Slide the door to open and evacuate.
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Fig. 5. A participant parks cubes from the floor onto a trolley.

e Walk to the designated safe point outside the powerhouse (Fig. 4).

PH3: The preventive maintenance procedure for the air filter replacement task.
Each participant in group A received the explanation to the following procedure, which was also visually relayed to them sequen-
tially as they performed each task in the simulation.

e Ensure that the engine is turned off.

e Push the trolley with the new filter close to the third engine, numbered 3

e Remove the filter cover and place it on the middle shelf of the trolley.

e Remove the old filter and place it on the lower shelf of the trolley.

e Pick up the new filter from the trolley and fix it in the air filter compartment of the engine.

e Pick up the filter compartment cover from the middle of the trolley and place it back to the engine.

Note: All the participants in group A were expected to identify the fire and initiate evacuation before completing this phase. As ex-
plained earlier, the accident simulator starts after 8 min into the task, and the premovement time and the time when each participant
arrived at the safe point were measured in the simulation.

e PH4: Participants finally fill out the Presence questionnaire after the experiment.

3.4. Effects of a filter replacement task on the pre-movement time

In line with the perception that participants working on the task, group A, will not recognize the hazard early enough to initiate
prompt evacuation as the control group B in the simulation, RQ1 was addressed related to this effect with the pre-movement time.
Any significant differences between the mean results of the two groups answer RQ1. The first hypothesis therefore states:

e HI: An engaging maintenance task in a powerhouse simulation before a virtual fire outbreak adversely affects the pre-movement
time in VR.

3.5. Analysis of the pre-movement time (H1)

To test H1, we analyzed the differences in the pre-movement time of the two groups by running the independent sample t-test be-
tween the mean of the associated populations. This was to evaluate whether a statistically significant difference existed between the
results of both groups, as RQ1 sought to uncover.

3.5.1. Premovement time

In factories, warehouses, and plants, where the occupants are considered alert, awake, and aware of the workplace, the standard
pre-movement time at the onset of fire is usually within 30-60 s [11,41]. This is consistent with the BS PD 7974-6:2019 standard,
suggesting this duration for the first occupant within a scenario categorized “A”: Awake and familiar to the building [34]. Our VR-
ACM eliminates alarms and expects the detection of the fire by the sight of smoke or fire. Therefore, we evaluated the recognition and
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response time that represent the pre-movement time of each participant from the time of the ignition of fire till movement towards
the exit begun in the VR.

3.6. Effects of the filter replacement task on the level of presence

Both groups answered the WS questionnaire for assessing the Presence level experienced in the immersive environment (RQ2). The
objective was to establish if a significant effect was evident on any of the five factors of the Presence questionnaire as afore explained.
We thus posit H2.

e H2: An engaging maintenance task ahead of an emergency virtual fire evacuation in VR increases the experience of Presence in the
simulation.

4. Results

This section presents the results of this study, which aimed to evaluate the effects of an engaging air filter replacement task on the
pre-movement time during a fire accident that required early recognition towards evacuation. These results answer our RQs as stated
in H1 and H2. To do this, we run the independent sample t-test in SPSS v26 to determine if a difference exists between the mean of the
results of the two groups. However, we first analyzed the sample characteristics for normality.

4.1. Sample characteristics

According to Shapiro & Wilk (1965), the t-test parametric statistical method for evaluating the differences between the means of
two groups requires that the dependent variables are approximately normally distributed for each category of the independent vari-
ables [42]. Thus, we first evaluated these by the z-values of the Skewness and Kurtosis scores for each group, tested to be between
(=1.96 and + 1.96) [42] standard deviations for normal distribution in Table 1. Secondly, the data for both groups were skewed and
kurtotic according to the eyeball test of the histogram (Appendix A and B) and the Q-Q plots (Appendix C and D). However, they do
not differ significantly from normality as all the four z-values (Table 1) were within the specified range. Therefore, this holds the as-
sumption that our data were approximately normally distributed [43].

4.2. The effect of the filter replacement task on the evacuation time

Table 2 presents the averages of the pre-movement time and the evacuation durations for both groups, the standard deviation,
and the p-value to test if these differences are extreme. A mean pre-movement time of 60.12 s was recorded for the experimental
(group A) while the control (group B) recorded 39.58 s which amounts to a 20.84-s difference between the two groups before initiat-
ing evacuation. Furthermore, the independent sample t-test was run to determine if this difference between the mean of the groups
was statistically significant. The obtained value in the table was t = 3.26 and a p-value of .002 at a significant level of p = .05. Hav-
ing a degree of freedom (df) at 25 for each group, the effect size, according to Cohen's d was measured at 0.905. Similarly, the table
presents the mean evacuation duration of the control group, which resulted in 64.58 s, while that of the experimental group trailed
behind at 82.42 s.

4.3. Presence and interactivity levels

This section presents the results of RQ2, which sought to investigate how the emergency evacuation during the maintenance task
affected participants' perception of Presence in the VR environment as H2 postulates. Table 3 presents these results according to the
WS Presence questionnaire for groups A and group B. Accordingly, this table displays the mean, standard deviation, p-value, and t-
values for the factors most affected by the maintenance task in the simulation.

Table 1
Distribution of variables.

Participants Description Statistics Std. Error z-values
Experimental group Skewness .896 .456 1.96
Kurtosis .376 .887 .42
Control group Skewness .584 .456 1.28
Kurtosis -.782 .887 .882
Table 2

Statistical differences in the pre-movement time and the total evacuation duration between the experimental (group A) and control (group B).

Groups A= 26) B = 26) A (Sec) Cohen's d t df P
M SD M SD
Pre-movement time 60.12 23.94 39.58 21.39 20.54 0.905 3.26 50 .002
Evacuation duration 82.42 18.01 64.58 18.34 17.84 0.982 3.54 50 .001
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Table 3
Results of the Presence level of experimental (group A) and control (group B) in VR.

Factor Group A Group B o = .05 t df 95% CI

M SD M SD
Sensory 5.92 0.43 5.79 0.42 P=.29 1.07 50 [-0.141, 0.306]
Realism 6.06 0.65 5.85 0.68 P = .26 1.15 50 [-0.158, 0.581]
Involvement 5.94 0.47 5.59 0.61 P =.03 2.30 50 [-0.044, 0.166]
Control 5.83 0.32 5.70 0.47 P=.25 1.17 50 [-0.093, 0.352]
Distraction 6.06 0.44 5.79 0.46 P =.04 2.16 50 [0.019, 0.519]

5. Discussions

This chapter explains the pre-movement time and the total evacuation duration results while participants were engaged in the
task when the fire erupted in a VR simulation. Analysis of the Presence and interactivity levels experienced in the VR also follows.
These results answer our RQs according to the experimental task (group A) and the control (group B). As explained earlier, the partici-
pants in group A performed the air filter task replacement by following visual instructions on a gas-powered engine. However, group
B (control) was not engaged in any maintenance tasks in the simulation when the fire broke out. Both groups evacuated the power-
house as soon as they detected the virtual fire triggered by an accident simulator. The simulator displayed the fire dynamics with the
fire effluent as smoke for both groups of the experiment who acted as occupants of the powerhouse to initiate the necessary evacua-
tion response.

5.1. The effect of the engaging maintenance task on the pre-movement time and evacuation duration

Referring to Table 2 at the results section, which addresses H1 while answering RQ1, the mean pre-movement time of
(M = 60.12, SD = 23.94) for the experimental group compared to that of the control group (M = 39.58, SD = 21.39) amounted to
51.89% difference, which is a substantial delay for the pre-movement time during a fire evacuation. From the independent sample t
(50) = 3.26, and p = .002, which is less than 0.05, suggests that the intervention was statistically significant according to Cox
(1966) [43]. Similarly, the effect size of 0.905 according to Cohen's d implies that this effect was substantial and supports our asser-
tion in H1. For this reason, we can confidently affirm H1I; that replacing the air filter in VR caused a substantial delay in the pre-
movement time. Consequently, the experimental participants did not see the fire to evacuate as early as the control group. As partici-
pants were explicitly informed in the emergency evacuation plan (PH2 of section 3.3) before the experiment to stop working and
evacuate the moment they saw a hazard, the noted delay was, therefore, largely a result of the lack of awareness due to the decline in
the perception of other occurrences in the plant. On the other hand, the obtained mean evacuation duration results of the two groups
(group A = 64.58 s) and group B (82.42 s) equally had a statistically significant difference measured at (t-test = 3.54, and
p = .001). These differences also suggest a transfer of the pre-movement delay to the evacuation delay of the experimental group.

Besides, similar fire evacuation research findings in VR support these findings. For example, Cao et al. (2019) way-finding simula-
tion while tasked with treasure hunting in a museum [15] and the experiment by Bourhim and Cherkaoui (2020) on pre-evacuation
behavior during an emergency fire in VR, who compared their results with data from actual fire conditions [5]. Notwithstanding, it is
necessary to compare the present study results to an actual powerhouse emergency fire drill consisting of a maintenance task with a
similar work environment. Furthermore, due to the causes of some evacuation delays in real life, such as evacuees collecting personal
items and making phone calls before initiating evacuation, as Bourhim and Cherkaoui (2020) explain [5], such a comparative study
would be necessary to validate the experiment ecologically.

5.2. Presence and interactivity level analysis

According to the results presented in Table 3 in answer to RQ2, which sought to address the effects of the emergency evacuation
during the maintenance tasks on participants' perception of Presence in the VR environment, the five factors of the Presence question-
naire produced mixed results. With the control factor, both the filter replacement task group and control group indicated high levels
according to the 7-point scale (M = 5.83 SD = 0.32) and (M = 5.70, SD = 0.47) respectively. These values suggest that most partic-
ipants experienced an appreciable level in controlling objects and machinery in the VR environment. Similarly, the values obtained
for the sensory factor on the same scale for the task (M = 5.92, SD 0.43) and the control (M = 5.79, SD = 0.42) imply that both
groups moved freely and thus perceived the VR environment and context to be rich and interactive. The realism factor, which repre-
sents how participants perceived the simulation to be real and meaningful, produced similar results (M = 6.06, SD = 0.65) and
(M = 5.85, SD = 0.68) for the air filter experimental group and the control group, respectively. However, both the involvement factor
and the distraction factor yielded significantly different results for the two groups. Particularly, these two factors represent how partic-
ipants felt their Presence while immersed in the simulation and how close to reality they experienced the interaction within the virtual
environment. In the involvement factor, whereas the experimental group scored (M = 5.94, SD = 0.47), the control group's score
dropped convincingly (M = 5.59, SD = 0.61). Accordingly, these differences t (50) = 2.30, p = .03 are significant in line with the t-
test at 95% confidence interval. Likewise, the results of the distraction factor (M = 6.06, SD = 0.44) for the experimental group and
(M = 5.79, SD = 0.46) for the control group signals that the differences between the two groups t (50) = 2.16, p = .04 is also signif-
icant at 95% confidence interval. These variations are because, apart from the initial task of picking boxes from the floor and placing
them on the trolley, and opening the door for evacuation as both groups experienced, the visual instructions coupled to the process of
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replacing the air filter caused a further engagement in the simulation. This is believed to result in the noted increase in the experimen-
tal groups' sense of Presence. Removing the filter cover and placing it on the trolley, picking the new filter from the trolley, and fixing
it at the correct location on the engine before covering tended to reinforce a further sense of interactivity and control for the experi-
mental group.

Consequently, this bolstered their sense of involvement and distraction according to the Presence measurement. We can thus con-
clude as H2 postulates that the maintenance task in VR contributed to a higher level of Presence. The construct reliability of the Pres-
ence results was also satisfactory since the combined constructs exhibited a Cronbach's alpha of 0.716.

5.3. Contributions and implications

The current study's findings add to VR interactive fire safety drill research by demonstrating that participants can experience real-
time emergency fire situations that necessitate evacuations in a controlled and safe virtual simulation environment. Besides, the im-
mersive environment can be suitable for assessing the pre-movement time, which is vital for safe evacuation from a building.

e Generally, the study manifests the importance of exercising adequate levels of safety awareness while executing engaging tasks,
especially in high-risk occupational settings such as in a gas-powered house.

Specifically, the study demonstrates that captivating practices in a powerhouse simulation, such as engagement in a maintenance
task, need to be undertaken with awareness of other occurrences like smoke in the vicinity that can endanger one's safety.

The pre-movement time is an essential component during fire evacuations in VR since a delay at this stage is transferable to the
entire evacuation delay, which is crucial during fire evacuations.

Performing an engaging maintenance task in VR increases the involvement and distraction factors that represent the degree of
interactivity and the sense of adaptation of participants according to the presence measurement, which is an essential ingredient for
evaluating the degree of reality in a VR simulation.

Although the evacuation speed in the immersive simulation may be synthetic, which is a general limitation of VR simulations [5],
the study however holds immense significance at the pre-movement phase to which the merits of fire safety evacuations are
exploited to further broaden VR utilization for realistic safety assessments. Other studies, for example, Cha et al. (2012) [35],
Bhide, S. (2017) [4], Feng et al. (2018), and Kwegyir-Afful et al. (2021) [2], also performed similar fire evacuation simulations in
VR, which validates the findings of the current study within VR research.

5.4. Limitations and future works

Despite this experiment's underlined contributions and benefits, the study encountered some limitations and constraints necessary
for discussion, which also serves as the basis for further research in this direction. Firstly, the simulation did not consider a crowded
fire accident evacuation situation that usually results in many casualties. This is mainly because our immersive VR setup could handle
only one user at a time. Secondly, according to Ref. [22]Kinateder et al. (2014), social influence has been shown to affect evacuation
decisions in VR [22]. Therefore, we hope to incorporate multiple users in the future for fire emergency drills simultaneously. Sec-
ondly, our setup consisted of only haptic feedback with audio-visual sensations for interactions in the simulation. In the future, we
could incorporate a multisensory interface such as olfactory and thermal sensations to increase the level of realism in the virtual
realm, as demonstrated by Shaw et al. (2019) [7].

Furthermore, the Presence measurement of the immersive encounter was recorded after the experiment, as the usual practice.
However, the limitation of such post-immersive questionnaires is that they are subject to participants' memories. Since memories are
also subject to individual retention capabilities, the consistency of the results can be affected. In the future, we hope to include ques-
tionnaires for answering while participants are immersed in the simulation. After the experiment, we also hope to conduct interviews
to understand why some participants generally delay evacuating while engaged with similar maintenance tasks. Future interviews af-
ter the task-based evacuation could also ask whether participants wanted to complete the task before initiating evacuation. Lastly,
this research also shares the same ecological validity issue, which all VR fire investigations, assessments, and training encounter due
to the differences between actual fire situations and virtual simulations [5].

6. Conclusions

The study investigated the effect of an air filter replacement task on participants' responses during a virtual fire emergency that
necessitated evacuation from a powerhouse simulation. Several records of the pre-movement duration and individual perceptions of
the evacuation drill in the simulation environment were obtained as feedback from the participants who were immersed as occupants
of the powerhouse. These participants were divided into two groups: the experimental (group A) and the control (group B). The ex-
perimental group was tasked to replace the air filters on a gas-powered engine during the fire eruption. The control group, however,
was not assigned any responsibility during the fire. Both groups were to evacuate the powerhouse as soon as they recognized the haz-
ard. The analysis of the mean pre-movement time for both groups realized that the experimental group significantly delayed recog-
nizing the fire to initiate an early evacuation. Consequently, the results indicate a transfer of this delay to the evacuation duration of
the experimental group. Moreover, the experimental group perceived the simulation environment to be more natural and interactive
than the control, suggesting that the task added a higher sense of engagement that increased their level of Presence. The significant
findings according to the hypotheses were highlighted as:

(a) An air filter replacement task in VR can affect the pre-movement time by causing substantial delays, which transcend further to
minimize the evacuation duration in the VR simulation.
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(b) Results of the Presence measurement generally imply that both participating groups experienced a high level of realism
with the extra feeling of interactivity by the experimental group due to the maintenance task in the VR simulation.
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