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ARTICLE INFO ABSTRACT

Keywords: Firefighters often need to digest complex spatial information within a short period of time for search and rescue.

F‘ref}ghter Previous wayfinding literature has documented evidence about how the general population in normal situations

‘SAI;a“f"i‘l é‘_no‘”ledge leverage different forms of spatial information, including landmarks, routes and survey (maps), to develop spatial
ayfinding

knowledge and guide wayfinding. However, little is known about how the arbitrarily given spatial information
affects firefighter wayfinding behavior and performance when the time is limited and there is no privilege for
them to develop complete spatial knowledge in an evolving manner. To narrow the knowledge gap, we con-
ducted a wayfinding experiment with firefighters (n = 40) using Virtual Reality (VR). In the experiment, fire-
fighters were required to find three victims in a simulated office maze. Each firefighter randomly experienced
four experimental conditions in this study including control condition, landmark condition, route condition, and
survey (map) condition. For each experimental condition, firefighters had 3 min to memorize the different
layouts of the virtual office mazes using one of three spatial information including landmarks, routes, and survey
(map), and then went to the virtual office maze to find the victims. The number of victims found, time, and
navigation patterns were used to evaluate firefighters’ wayfinding performance. The results indicated that the
route and survey spatial information was more efficient in facilitating firefighter to memorize the layout, leading
to a better wayfinding performance. We also found that although the survey information provided more com-
plete information about the layout, it also burdened firefighters in a way that they had to plan the path with
limited time. Since survey information may induce different path planning strategies, survey information did not
result in a better performance than the route information as suggested by previous studies. This research helps
explain the relationship between different forms of spatial information and the wayfinding performance of
firefighters. The findings will help professionals design better training protocols and technologies for firefighters.

Virtual reality

1. Introduction of the major causes of firefighter injuries and fatalities according to

Federal Emergency Management Agency (FEMA) (FEMA, 2018). Fire-

Firefighters are emergency responders who specialize in extin-
guishing the fire, rescuing people from dangerous situations, and per-
forming medical assistance. They are often involved in intensive
physical activities while making difficult decisions under dynamically
changing conditions (Pendleton et al., 1989), which makes firefighting
one of the most dangerous professions in the United States (US) (Bryant
and Harvey, 1996; Nydegger et al., 2011). In 2018, 64 firefighters lost
their lives and 58,250 firefighters were reported to be injured in the line
of duty (Campbell and Molis, 2019; FEMA, 2018). Disorientation is one
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fighters are usually required to develop spatial understanding of unfa-
miliar environments (e.g., a building) in a short period of time, with
imperfect or little information at hand. Time pressure and incomplete
information together lead to an insufficient development of the spatial
knowledge that is critical to firefighters’ search and rescue operations
(Morganti et al., 2007). There is a critical need to better understand how
firefighters develop spatial understanding and spatial memory in the
line of duty.

According to Siegel and White’s Landmark-Route-Survey (LRS)
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model (Siegel and White, 1975), a person’s spatial knowledge of the
unfamiliar building environment is developed based on the acquisition
of spatial information in three main forms including landmarks (i.e.,
distinctive objects), routes (i.e., sequences of landmarks or locations),
and survey (i.e., cognitive maps). In a normal situation, humans rely on
a systematic and comprehensive strategy to leverage all three forms of
spatial information to develop spatial knowledge and memory. Ac-
cording to the LRS model, most people demonstrate a learning process of
switching from a simple symbolic memory anchor (e.g., landmarks) to a
more advanced cognitive mapping (e.g., survey knowledge), and this
spatial learning process usually takes a significant amount of time. In
most cases, spatial knowledge acquisition can be more complex - people
may reply on a combination of all three forms of spatial information all
together in some manner, drawing the boundary of spatial knowledge
acquisition strategies less clear (Moeser, 1988). This process of spatial
knowledge acquisition in normal conditions usually happens in an
evolving and natural way, without the need for intervention (Siegel and
White, 1975). However, in most cases firefighters do not have the time
needed for leveraging all the three forms of spatial information or the
privilege of engaging in a natural way of spatial learning. Instead, fire-
fighters are often given whatever information that is available in the line
of duty, and thus they often acquire only limited spatial knowledge. For
decision makers and front-line firefighters, it remains an under-explored
and critical question as to what forms of spatial information are more apt
to the need for a more effective spatial memory development. There is
still a pressing need to understand the impact of an arbitrarily given
form of spatial information on firefighter’s wayfinding performance.
Indeed, this is a particularly unique challenge to firefighters as they
don’t have the freedom to choose the instructions they receive and thus,
the lessons learned from the classic LRS model may not apply to the
situations faced by the firefighters.

This study aims to investigate how different spatial information per
the LRS model affects firefighters’ wayfinding performance in emer-
gency search and rescue. Owing to the difficulty of reproducing emer-
gency scenarios in the real world, we developed a Virtual Reality (VR)
system to simulate the emergency wayfinding scenarios in an office
maze. The task was designed to let firefighters find three trapped victims
with each provided wayfinding information in a fixed time period in the
virtual environment. The remainder of this paper introduces the point of
departure of this study, the research method and the experiment, and
the findings and recommendations.

2. Related studies
2.1. Spatial knowledge development

Acquiring spatial knowledge from the surrounding environment is a
critical process of creating spatial memory (Werner et al., 1997). Ac-
cording to Siegel and White (1975)’s study, the spatial knowledge can be
hierarchically categorized into three main forms, which are landmark
knowledge, route knowledge, and survey knowledge. The landmarks are
defined as unique and distinctive objects at fixed locations in the envi-
ronment (Werner et al., 1997). Landmark knowledge pertains to iden-
tifying and memorizing landmarks based on their shapes, sizes, colors,
and contextual information (Elvins, 1997). People can incidentally
recognize the landmarks and unconsciously build their landmark
knowledge through the navigation in the environment (van Asselen
et al., 2006). The process of acquiring landmark knowledge usually does
not need much mental efforts. Siegel and White (1975) found that even
very young children were able to identify and make use of landmarks in
spatial understanding. Route knowledge is a more advanced strategy for
spatial knowledge acquisition. Route knowledge is encoded as the
knowledge of memorizing the sequences of landmarks or locations from
one location to the other location (Siegel and White, 1975). People can
gain route knowledge either from a map or from a navigation experience
(Taylor et al., 1999). The process of developing route knowledge
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requires a higher mental effort, and thus practices are helpful for the
acquisition of route knowledge such as navigating in the environment
(Lindberg and Garling, 1983). Lastly, survey knowledge is the process to
mentally abstract the configurational information as a map-like repre-
sentation of the environment (Werner et al., 1997). It is the last and the
most mentally demanding spatial knowledge acquisition method. Peo-
ple can gain survey knowledge either from a map study or from real-
world exposure to the environment (Elvins, 1997). van Asselen et al.
(2006) found that route knowledge and survey knowledge coexisted in
the process of spatial memory development. They further found that the
spatial information representation methods of the environment could
significantly affect the process of spatial knowledge acquisition. Subjects
who learnt from a map outperformed others in developing the survey
knowledge. On the other hand, subjects who learnt by navigating in the
environment performed better than others in developing the route
knowledge (Taylor et al., 1999; van Asselen et al., 2006).

It has been found that people usually reply on one or several spatial
information combinations in navigation. The selection of spatial infor-
mation, according to the LRS framework, represents a personal spatial
knowledge acquisition strategy that plays a critical role in daily life.
Cognitive science literature has found a substantial relationship between
spatial knowledge acquisition strategies and spatial memory develop-
ment effectiveness in navigation tasks (Devlin, 1976; Golledge et al.,
1985; Ishikawa and Montello, 2006; Jansen et al., 2009; Richardson
et al., 1999; Thorndyke and Hayes-Roth, 1982; Verghote et al., 2019).
However, little attention has been given to elucidate situations when the
choices of spatial information are limited. In addition, in normal situa-
tions, the spatial knowledge acquisition involves a process of building
upon the previously anchored information and hence is shown as a
sequential process. For example, a person may rely on landmarks for
spatial orientation at the very beginning, then slightly switch to con-
nected evidence of route knowledge, which ultimately lead to the
cognitive mapping of the environment, or survey knowledge. This pro-
cess is broken into pieces for firefighters as they either do not have the
time to develop a comprehensive spatial knowledge, or do not have
access to the complete information. A deeper understanding of the
spatial knowledge acquisition and its impacts on wayfinding task for
firefighters is needed. This study will help narrow the knowledge gap
with a controlled VR-based experiment.

2.2. VR for wayfinding and fire safety studies

VR has been widely used to investigate human navigation and
wayfinding behaviors (Bosco et al., 2008; Lin et al., 2020b; Zhu et al.,
2020). VR can provide a high-fidelity virtual environment to evoke
participants’ mental and behavioral responses to the simulated emer-
gencies with a high ecological validity (Lin et al., 2019, 2020a; Meng
and Zhang, 2014). For example, Lin et al. (2019) explored the influence
of repeated exposures and mental stress on human wayfinding perfor-
mance using VR. They found that the simulated hazardous environments
of a fire emergency in VR could trigger a similar negative impact on
wayfinding performance. In another study, Lin et al. (2020b) used VR to
investigate the influence of crowd flows on human evacuation behavior
during a building fire emergency. They created a virtual metro station
and Non-player characters (NPC) to simulate crowd evacuation in a fire
emergency. Their finding confirms the effectiveness of VR-based ex-
periments for studying human evacuation behavior, even with the
complex social influence. Bliss et al. (1997)compared the benefits of
using 2D blueprints and VR models in an indoor navigation task. They
found that firefighters trained with VR models outperformed those
without training in both navigation speed and accuracy. Rare scenarios
in real world can be simulated in VR to enrich scientific investigation.
For example, Lin et al. (2020b) simulated the uneven splits of crowd
flow in VR, and found that the patterns of crowd flow motivated
experiment participants to follow the majority of the crowd during
evacuation. Because of the flexibility of VR experiment, they repeated
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the experiment in different locations including the US, UK and China,
providing further cross-cultural evidence. Feng et al. (2020) successfully
applied VR to study the earthquake drill. They developed an immersive
earthquake emergency scenario in a hospital and used Verbal Protocol
Analysis (VPA) to investigate individual’s decision-making process.
They found that participants tended to be influenced by other people
and wanted to accompany with others during an evacuation. Lovreglio
et al. (2018) also used VR serious games to explore how building oc-
cupants behaved during earthquake evacuations and to train building
occupants to cope with earthquake evacuations emergencies. They
pointed out several key design components such as building types,
damage to the building, interaction between non-player characters
(NPC) and human participants for developing effective virtual training
scenarios for the users.

VR has also been used to investigate human behavior in fire-related
incidents and for fire safety training. For instance, Lovreglio et al. (2020)
compared the effectiveness of fire extinguisher training between the use
of VR and of traditional video training. They found that VR trainees
scored better than video trainees in terms of knowledge acquisition. At
the same time, the participants in the VR group had maintained the same
level of self-efficacy for long-term retention compared to the partici-
pants in the video training group. Ronchi et al. (2016) conducted a VR
experiment with 96 participants to explore the design of flashing lights
at emergency exit portals for road tunnel emergency evacuation. They
found that green or white flashing lights led to a better performance
compared to blue lights. In addition, they also found that the flashing
rate of 1 and 4 Hz were more effective than a flashing rate of 0.25 Hz,
and a light emitting diode light source encouraged a better performance
than the single and double strobe light. VR has also been used for
investigating exit choice behavior in fire incidents. For example, Song
and Lovreglio (2020) used VR to study individual-specific taste prefer-
ences for exit choice behavior. They implemented Hierarchical Bayes
estimation approach, which allows the estimation of individual-specific
parameters. They found that there were two distinct groups of people for
exit choice behavior: “followers” and “non-followers”. Individuals’ age,
nationality, and education have great impact on exit choice behavior
during the fire evacuation. In summary, the previous studies reveal that
the VR-based experiment is an effective approach to investigate in-
dividual’'s evacuation and wayfinding behavior in the indoor
environment.

3. Points of departure

According to the LRS model, the process of spatial knowledge
acquisition in normal conditions usually happens in an evolving and
natural way, without the need for intervention (Siegel and White, 1975).
However, the major issue of firefighters’ search and rescue operations in
real-world practice is the insufficient development of the spatial
knowledge of unfamiliar environments (e.g., a building) in a short
period of time, with imperfect or little information at hand (Morganti
et al., 2007). For decision makers and front-line firefighters, it remains
an under-explored and critical question as to what forms of spatial in-
formation are more apt to the need for a more effective spatial memory
development. There is still a pressing need to understand the impact of
an arbitrarily given form of spatial information on firefighter’s way-
finding performance. Therefore, the central question to be answered is:

Based on the LRS model, what spatial information format (landmarks,
routes and survey) leads to the best wayfinding performance in target
searching?

Owing to the difficulty of reproducing emergency scenarios in the
real world, we developed a Virtual Reality (VR) system to simulate the
emergency wayfinding scenarios in an office maze. The experimental
task was designed to find three victims in the virtual office within given
time (3 min). Depending on what spatial information was provided to
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the firefighters prior to the wayfinding task, four spatial knowledge
conditions were tested in this experiment including the control condi-
tion, landmark condition, route condition, and survey condition. Each
firefighter randomly experienced each spatial information condition. To
avoid the influence of the previous spatial knowledge trials on their
wayfinding performance, we used an incomplete randomized block
design. The findings will help professionals design better training pro-
tocols and technologies for firefighters.

4. Methodology
4.1. VR system with trajectory tracking function

We developed a VR system with the navigation trajectory analysis
function as the testbed for human-subject experiment based on our
previously validated VR systems (Du et al., 2017; Du et al., 2018; Shi
et al., 2019; Shi et al., 2016). To provide a high fidelity virtual envi-
ronment, the HTC VIVE Head Mounted Display (HMD) integrated with
the Tobii Pro eye tracker (Tobii, 2019b) was used in this study. The
locomotion method used in this study was ArmSwinger technique
(Keller, 2016). The user could swing their left and right arms holding the
HTC VIVE controllers to navigate in the virtual environment. We created
a separate virtual training scenario for firefighters to learn the loco-
motion technique in the virtual environment. To achieve the trajectory
tracking and playback functions in the virtual environment, we devel-
oped several C# scripts based on the Tobii Pro Software Development
Kit (SDK) (Tobii, 2019a) and the application programming interface
(API) in Unity. In the virtual environment, the system could collect
firefighters’ navigation trajectory data, hand movement data, and head
movement data at the frequency of 90 Hz. After each experiment trial,
the VR system automatically generated a CSV file with raw data. Fig. 1
(a) shows the first-person view of the participating firefighters in the
virtual environment with our VR system. To better control the

Fig. 1. The proposed VR system. (a) The first-person view of the firefighter in
the virtual environment (with limited visibility). The visibility level was set to a
level that it would not affect the view of major landmarks when the test subject
approaches them. In the virtual environment, the user could easily see the
landmarks in each room; (b) the perspective view of the firefighter’s walking
trajectory (yellow lines). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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environmental variables in this experiment, the smoke level and the
visibility of the smoke were set to be constant (smoke was not propa-
gated in the virtual environment) for each experimental condition
(control, landmark, route, and survey conditions). The visibility level of
the smoke in the landmark condition was set to be the baseline as same
as other conditions. In addtion, the visibility level was set to a level that
it would not affect the view of major landmarks when the test subject
approaches them. In the virtual environment, the user could easily see
the landmarks in each room as illustrated in Fig. 1 (a). Fig. 1 (b) shows
the playback of the firefighter’s navigation trajectory (yellow lines) in
the virtual environment.

4.2. Virtual office maze design

In order to test the impacts of spatial information on firefighters’
wayfinding performance, a repeated measures approach was under-
taken, where participants performed all the different experiment tasks.
In order to rule out learning effects due to the repeated measures design,
the layout of the space in each trial was different. We developed a
workflow to randomly generate different virtual office maze layouts
with the same level of difficulty (total travel distance and number of
turns) using the SDK in Unity 3D and external libraries (Unity, 2019;
Vazgriz, 2019) as illustrated in Fig. 2: First of all, we created several
building components as the pre-defined prefabs in the building gener-
ation pool including different types of rooms, start room, end room, and
different types of corridors. The system randomly picked each building
components without overlaying in each generation as shown in Fig. 2
(a). Second, the workflow used the Bowyer-Watson algorithm (Rebay,
1993) to perform Delaunay Triangulation for all the picked building
components. The purpose was to fully connect all the picked building
components without intersecting lines as shown in Fig. 2 (b). Third, the
workflow constructed a minimum spanning tree for the fully connected
building components using A Prim Algorithm as shown in Fig. 2 (c).
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Forth, this pipeline applied a 15% possibility to connect the leaf for the
minimum spanning tree, and then the A* algorithm was applied to find
the shortest path from the start room to the end room as shown in Fig. 2
(d). Fifth, the system fully connected all the building components with
the corridor components as shown in Fig. 2 (e). At last, all the building
components were generated and rendered in the Unity 3D as shown in
Fig. 2 (f). Before each virtual office environment generation, the authors
validated the shortest distance from the start room to the end room to
ensure each office maze model maintains the same level of difficulty as
illustrated in Fig. 3. Fig. 3 also shows the four office mazes in this
experiment. We also added several simulated environmental cues
including simulated smoke gradually occluding the vision, virtual smoke
propagation, sudden structural collapse sound, and fire burning sound in
the distance to make the virtual wayfinding experience as realistic as
possible for the participating firefighters.

4.3. Experimental task

The experimental task was designed to find three victims in the
virtual office within given time (3 min). Depending on what spatial in-
formation was provided to the firefighters prior to the wayfinding task,
four spatial knowledge conditions were tested in this experiment
including the control condition, landmark condition, route condition,
and survey condition. In the control condition, no information about the
virtual environment was provided to the firefighters. In the landmark
condition, the firefighters were given important landmarks as illustrated
in Fig. 4 (a) to help them find the three victims. For the route condition,
firefighters were provided with the sequences (turning left, right, or
moving forward) as illustrated in Fig. 4 (b). The firefighters were told
that one sequence was designed for only one room. For the survey
condition, firefighters were given a map of the building as illustrated in
Fig. 4 (c). The positions of the start point, and three victims were marked
clearly on the map. All firefighters were given 3 min to memorize the

Fig. 2. The workflow of generating different building layouts. (a) The system randomly generates several building components (red blocks) from pre-defined
building generation pool; (b) the system uses the Bowyer-Watson algorithm to perform Delaunay Triangulation for all the picked building components. The
green lines link each building components; (c) the system constructs a minimum spanning tree for the fully connected building components using A Prim Algorithm.
The remaining green lines show the minimum spanning tree; (d) this system connects the leaf for the minimum spanning tree with a 15% possibility, and then the A*
algorithm is applied to find the shortest path from the start room to the end room; (e) the system fully connects all the building components with the corridor
components (blue blocks); (f) all the building components are generated and rendered in the Unity 3D. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 3. The virtual office mazes. (a) Control condition; (b) landmark condition (the red arrows indicated the landmarks in the maze); (c) route condition; (d) survey
condition. All the three victims (A, B, and C) were located in different positions in the office maze for each condition. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. The spatial information provided to firefighters. (a) Landmark condition; (b) route condition; (c) survey condition. The words of “Forward” in Start point to
Target A, “Turn around and forward” in Target A to Target B, and “Turn around and forward” in Target B to Target C are instruction words for the firefighters to know

that they need to turn around after they found the victims.

spatial knowledge information provided for each condition. We applied
the within participation design where all firefighters participated in all
four conditions. To avoid the influence of the previous spatial knowl-
edge trials on their wayfinding performance, we used an incomplete
randomized block design as illustrated in Fig. 5. Firefighters were
randomly assigned to one of the three condition blocks (order) as
between-subject factor, which are landmark-route-survey, survey-land-
mark-route, and route-survey-landmark. The spatial knowledge virtual
conditions are same across different blocks. The firefighters were also
instructed that their task performance would be documented towards
their training credits. The purpose of this experimental design was to
motivate firefighters to find the victims as many as possible.

4.4. Experiment procedure

The experiment consisted of five sessions: (1) preparation session, (2)
device calibration and VR training session, (3) review session, (4)
wayfinding session, and (5) questionnaire and interview session. The
preparation session (15-20 min) was designed to allow firefighters to
familiarize with the procedure and potential benefits or risks of the
experiment. Firefighters’ demographical information including age,
gender, Body Mass Index (BMI), work experience, and previous game
and VR experience were collected in this session. At the same time,
firefighters’ baseline spatial ability was also collected using the paper-

based cube test provided by the Educational Testing Service (ETS)
(Dadi et al., 2014). The device calibration and VR training session
(10-20 min) were designed for firefighters to familiarize themselves
with the VR system and body tracking system. We created a training
virtual scenario and all the firefighters were also given instructions
about how to use the two controllers to navigate in the virtual office
building. The review session (3 min) was used for firefighters to review
and memorize the spatial information for searching the missing victims.
The firefighters were informed to sit quite in a chair and memorize as
much information as possible in the review session. After the review
session, firefighters were immediately asked to perform the wayfinding
task in the virtual environment with a 3-minute time limit. At the end of
each condition, firefighters were asked to report their cognitive load
using the NASA-TLX questionnaire. At the end of the whole experiment,
we collected firefithers’s comments and feedbacks about the VR system.
All experiments were done at the same location with the same devices.

4.5. Data collection

4.5.1. Wayfinding task performance

We evaluated firefighters” wayfinding task performance using two
metrics: the number of victims found and the time of finding the victims
(seconds). The number of victims found directly represents how well the
firefighters memorized the spatial information and finished the
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Fig. 5. The incomplete randomized block design and experiment procedure.
The firefighters were randomly assigned to one of the three blocks. Block order
#1; landmark - route — survey; Block order #2; route — survey — landmark;
Block order #3; survey — landmark - route.

wayfinding task. The number of victims found is ranged from 0 to 3. On
the other hand, the time of finding the victims was defined as the time
that firefighters found each victim in the virtual environment. The time
of finding the victims represents how efficiently the firefighters finished
the task. To better evaluate firefighters’ wayfinding performance, we
developed a task performance indicator called the wayfinding score based
on the number of victims found and the time of finding the victims as
shown in Eq. (1). Wayfinding score is also ranged from 0 to 3 and
participant who performed better means a higher score. This indicator
represents how effectively and efficiently the firefighters finished the
wayfinding task. The higher value of the wayfinding score indicated that
firefighter found more victims with less time.
total — T] Tmm[ — TZ Tmml — T3

T,
Wayfinding Score = + + (€8}
yf 8 Tlutal Trotal Tloral

where Tyyq is the fixed 3 min of finding the victims in each experiment
condition. Tj, T2, and T3 are the time of finding the 1st, 2nd and 3rd
victims in the virtual environment respectively. If the firefighter did not
find any of the victims, the values of T;, T2, or T3 would be set to Tiyqr.
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4.5.2. Navigation trajectory

We were also interested in assessing the navigation trajectories under
different spatial information conditions, as they show how firefighters
planned out their navigations leading to the search for the victims. The
darkness of the lines indicates the density of the overlapped trajectories.
To better quantify aggregated walking trajectory, we also evaluated
firefighters’ total travel distance for each experimental condition.

To better understand how spatial information forms affected each
firefighter’s path planning, we used an indicator called Percentage Above
Optimal (PAO) as demonstrated in Eq. (2).

yaiked = Ashores
PAQ = —aked —_ Tshoriest 1) )

d:hurle:l

where dygreq is the actual travel distance of firefighter in the virtual
environment for each experiment condition. dgores: is the optimized
waking trajectory for each condition. Fig. 6 shows the optimized
walking trajectory for each condition. According to Buecher et al.
(2009)’s study, PAO standardizes individual’s traveled distance over the
optimized distance. This indicator provides a quantitative measure of
the efficiency of path planning pertaining to the closeness to the shortest
possible path. PAO has been used in previous studies to benchmark
wayfinding performance (Buecher et al., 2009; Ruddle et al., 1997;
Wiener et al., 2004).

Previous literature has suggested that as the latest and the most
advanced spatial knowledge, survey information (cognitive map) is
usually more effective in guiding wayfinding (Blacker et al., 2017; De
Goede and Postma, 2015). However, in our experiment we did not find a
substantial advantage of providing the map to the firefighters. As a
result, we further analyzed the survey condition in order to gain a deeper
insight into the behavioral splits given the survey information.

5. Results
5.1. Participants

We recruited 40 male firefighters from the Bryan Fire Department in
College Station, Texas. Among all, eight firefighters were unable to
finish the experiment task due to the VR sickness during the experiment
and their incomplete data was removed. Firefighters’ ages ranged from
23 to 41 with a mean (M) age of 30.74 and the standard deviation (SD) of
4.19. Firefighters’ work experiences ranged from 8 months to 17 years
(M = 6.9, SD = 3.99). Firefighters’ average Body Mass Index (BMI) was
29.43 with a SD of 4.16. The study was approved by the Institutional
Review Board (IRB) of the University of Florida and Texas A&M
University.

5.2. Wayfinding task performance

Our experiment follows a mixed experiment design with between-
subject factor (block) and within-subject factor (condition). In addi-
tion, our data met the normality assumption of Analysis of variance
(ANOVA). As a result, we used a two-way mixed ANOVA to compare the
differences in wayfinding with a significant (a) of 0.05. According to our
experiment results, none of the firefighters could find all three victims
with the given time. We used the ggpubr package (Kassambara, 2020) in
the R to illustrate the experiment results. For the number of victims
found, the two-way mixed ANOVA found a significant difference in
within-subject factor (condition) of wayfinding score (F (3, 87) =
20.241, p < 0.001, 12 = 0.342) as illustrated in Fig. 7. There was no
between-subject effect (block) (p = 0.818 > 0.05) and interaction effect
(block *condition) (p = 0.364 > 0.05). Based on the post-hoc paired t-
test (Bonferroni corrected), we found significant differences between the
control condition and the route condition (p < 0.001), between the
control condition and the survey condition (p < 0.001), between the
landmark condition and the route condition (p < 0.001), and between
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Fig. 6. The optimized walking trajectory for each condition. (a) Control group; (b) landmark group; (c) route group; (d) survey group.
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Fig. 7. The result of the number of victims found in the experiment.

the landmark condition and the survey condition (p < 0.001). There
were no significant differences in the wayfinding score between the
control condition and the landmark condition, or between the route
condition and the survey condition.

For the wayfinding score, the two-way mixed ANOVA found a sig-
nificant difference in within-subject factor (condition) of wayfinding
score (F (3, 87) = 33.819, p < 0.001, n2 = 0.452) as illustrated in Fig. 8.
There was no between-subject effect (block) (p = 0.987 > 0.05) and
interaction effect (block *condition) (p = 0.187 > 0.05). Based on the
post-hoc paired t-test (Bonferroni corrected), we found significant dif-
ferences between the control condition and the route condition (p <
0.001), between the control condition and the survey condition (p <
0.001), between the landmark condition and the route condition (p <
0.001), and between the landmark condition and the survey condition

(p < 0.001). There were no significant differences in the wayfinding
score between the control condition and the landmark condition, or
between the route condition and the survey condition. The results of the
wayfinding score indicated that firefighters performed better (in terms
of finding the victims) in route and survey conditions than in control and
landmark conditions. Meanwhile, the order of the forms of spatial in-
formation provided to the firefighters did not affect their wayfinding
performance.

5.3. Results of navigation trajectory

5.3.1. Aggregated walking trajectory
We were also interested in assessing the navigation trajectories under
different spatial information conditions, as they show how firefighters
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Fig. 8. The result of the wayfinding score. NS means no significant difference.

planned out their navigations leading to the search for the victims. Fig. 9
illustrates the aggregated navigation trajectories of all firefighters for
each condition. The darkness of the lines indicates the density of the
overlapped trajectories. We found that the control condition had lighter
aggregated trajectories but larger coverage areas than other conditions.
Based on the interview feedback from the firefighters, since there was no
spatial information provided for the firefighters under the control con-
dition, all firefighters had to use “right-hand search” or “left-hand
search” strategies per their previous trainings. The “right-hand search”
and “left-hand search” strategies are common methods for firefighters to
search an unfamiliar building environment according to their training
protocol. These search methods require firefighters to frequently raise
their right or left arm and rub the hands along the surface of the wall,
searching for doors, hallways, or a change of direction in the room walls

(Davis and Gallagher, 2014). Fig. 7 (a) clearly show that some fire-
fighters used “right-hand search” method while others used “left-hand
search” method in the control condition, showing a split of search paths
in the space. To be noted, the left-hand-search or right-hand-search is
primarily a safety-based approach for firefighters, rather than an
optimal search technique.

One of the ways to quantify the effectiveness of aggregated walking
trajectory under each condition is calculating the total travel distance.
For each firefighter’s total travel distance, the two-way mixed ANOVA
found a significantly difference in within-subject factor (condition) of
total travel distance (F (3, 87) = 4.489, p = 0.006 < 0.05, nz = 0.064)
and there was also an interaction effect (block *condition) (F (6, 87) =
3.362, p =0.005 < 0.05, nz = 0.093) as illustrated in Fig. 10. There was
no between-subject effect (block) (p = 0.082 > 0.05). Based on the post-

Fig. 9. The result of walking trajectories in the virtual environment. (a) Control group; (b) landmark group; (c) route group; (d) survey group.
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Fig. 10. The result of total travel distance.

hoc paired t-test, we found significant differences in each firefighter’s
total travel distance between the control condition and the survey
condition (p = 0.008 < 0.05) and between the route condition and the
survey condition (p = 0.047 < 0.05). The results suggest that the forms
of spatial information affected the effectiveness of the paths selected by
the firefighters and conditions that led to better wayfinding task per-
formance (i.e., finding more victims) correlated with shorter travel
distances. In addition, we found that the traditional search methods
were clearly less efficient than the conditions with provided spatial in-
formation in terms of both the navigation trajectory and wayfinding task
performance.

5.3.2. Percentage Above Optimal (PAO)
The two-way mixed ANOVA found a significantly difference in
within-subject factor (condition) of PAO (F (3, 87) = 4.222, p = 0.008 <

0.05, 1> = 0.095) as illustrated in Fig. 9. There was no between-subject
effect (block) (p = 0.487 > 0.05) or interaction effect (block *condition)
(p = 0.388 > 0.05). Based on the post-hoc paired t-test, we found sig-
nificant differences in PAO between the landmark condition and the
survey condition (p = 0.003 < 0.05). The result of PAO revealed that the
order of providing spatial information did not affect firefighter’s PAO.
The results of PAO also indicated that firefighters were having a hard
time of identifying the optimal path in the landmark condition
compared to other conditions.

5.4. Different path planning strategies for survey condition

Based on the results of PAO and observation, we clustered the
planned paths in survey condition. We found that there were three path
planning strategies across all the firefighters in the survey condition as
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Fig. 11. The result of percentage above optimal (PAO).
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illustrated in Fig. 13: type #1 as demonstrated in Fig. 13 (a), type #2 as
demonstrated in Fig. 13 (b), and type #3 as demonstrated in Fig. 13 (c).
The type #1 path planning strategy led to a path very close the optimal
path (the shortest path) for this building environment. In contrast, the
type #2 path planning strategy would lead to a lot of unnecessary travels
to find the victims, which ultimately lead to a longer distance to find
three victims. The other path planning strategies were grouped into the
type #3 path planning strategy. The clustering result shows that 13 out
of 32 firefighters (40.63%) used type #1 path planning strategy and the
average number of victims found was 2.38.;12 out of 32 firefighters
(37.5%) were using type #2 strategy and with the average number of
victims found of 1.83; and 7 out of 32 firefighters (21.87%) fell into the
type #3 path planning strategy with the average number of victims
found of 0.86. It clearly indicates that there was an obvious behavioral
split in the survey condition, in terms of how firefighters planed their
search and selected the path.

We also quantified the impact of the path planning strategies on the
wayfinding task performance. Since the wayfinding scores for each path
planning strategy type were not normally distributed based on a
Shapiro-Wilk test of normality, we used a non-parametric Kruskal-Wallis
test (a = 0.05) for this analysis. We found a significant difference (X2 (@3]
= 14.8, p < 0.001) in wayfinding score across the three path planning
types as illustrated in Fig. 11. A post-hoc nonparametric comparison of
Wilcoxon test (Bonferroni corrected) found significant differences be-
tween type #1 path planning type and type #2 path planning type (p =
0.021 < 0.05), and between type #1 path planning type and type #4
path planning type (p = 0.003 < 0 0.05). We did not find any significant
difference between type #2 path planning type and type #3 path
planning type (p = 0.075 > 0.05). This result indicated that type #2 and
type #3 path planning type could greatly reduce firefighters’ wayfinding
performance in the survey condition. Because the time given to the
freighters to digest the spatial information and plan out their search path
was limited (3 min), survey information burdened their mental pro-
cesses in addition to the regular benefits. Certain firefighters could not
identify the optimal path for their task even though the complete spatial
information was provided. In contrast, the route information, although
less complete in reflecting the overall spatial configuration of the space,
eased the process of path planning. The reality faced by firefighters
complicated the impact of providing a more complete survey
information.

5.5. Results of the NASA-TLX questionnaire

Finally, we evaluated firefighters’ cognitive load using the NASA-
TLX questionnaire after they finished the wayfinding task for each
condition. The purpose is to examine if there is any correlation between
any of the wayfinding performance and the perceived difficulty of the
task. The two-way mixed ANOVA found a significant difference in
within-subject factor (condition) of NASA-TLX score (F (3, 87) = 21.947,
p < 0.001, 12 = 0.114) as illustrated in Fig. 12. There was no between-
subject effect (block) (p = 0.23 > 0.05) and interaction effect (block
*condition) (p = 0.702 > 0.05). Based on the post-hoc paired t-test, we
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Fig. 13. The result of wayfinding score related to path planning strategies.

found significant differences in NASA-TLX score between the control
condition and the landmark condition (p < 0.001), between the control
condition and the route condition (p < 0.001), and between landmark
condition and survey condition (p < 0.001), between the landmark
condition and the route condition (p = 0.009 < 0.05), and between route
condition and survey condition (p < 0.001). There were no significant
differences in the NASA-TLX score between the control condition and
the survey condition (p = 0.726 > 0.05). The result indicated that the
order of spatial information did not affect firefighters’ subjective
cognitive load. The result also indicated that firefighters had higher
cognitive load in landmark condition than other conditions, corre-
sponding to the worse performance in all aspects (see Fig. 14).

6. Discussion

The experimental results reveal several important implications
regarding how different spatial information forms (based on the LRS
model) affect firefighters’ path planning behavior and wayfinding per-
formance. First, given the same amount of time for memorizing the
layout of an unfamiliar building environment, the route and survey in-
formation could help firefighter better memorize the layout than other
methods. This result echoes the findings of previous wayfinding litera-
ture (Taylor et al., 1999; van Asselen et al., 2006). The result of the
NASA-TLX questionnaire also reveal that firefighters had a higher
cognitive load with landmark information than other conditions. This
result conflicts with most studies using the LRS model. According to the
LRS model, landmark knowledge is the fundamental process for forming
spatial knowledge (Siegel and White, 1975). People can incidentally
recognize the landmarks and unconsciously build their landmark
knowledge (van Asselen et al., 2006). As a result, it is usually believed
that the process of acquiring landmark knowledge does not need much
mental efforts. To be noticed, firefighters’ cognitive load was assessed
after they finished the wayfinding task. The cognitive load measured

Fig. 12. Three types of path planning strategies. (a) Type #1; (b) type #2; (c) type #3.
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Fig. 14. The result of the NASA-TLX Score.

reflected their overall evaluation of the perceived difficulty of the tasks
including memorizing information and using it in the search task. Ac-
cording to Wicken’s model of human information processing (Wickens,
2008; Wickens and Flach, 1988) and our previous study (Shi et al.,
2020), the cognitive load may show complete different patterns in the
memory development (information encoding) and memory retrieval
(information retrieval) phases. The higher cognitive load reported for
the landmark condition may be affected by how efficiently the memo-
rized landmark information could be retrieved and used in the search
task. A further investigation is needed.

Second, we did not find any significant difference between the route
condition and the survey condition. This result echoes the findings of
several previous wayfinding studies (Latini-Corazzini et al., 2010; van
Asselen et al., 2006) that route knowledge and survey knowledge coexist
in the process of spatial memory development. Previous literature ex-
plains it as a “mixed strategy” that is likely to be involved when both
types of encoding (route and survey) at the same time (Latini-Corazzini
et al., 2010). However, our explanation is different. First, we changed
the layout of the building for the route and survey conditions, and the
spatial information was provided to the firefighters separately. As a
result, it was impossible for the firefighters to leverage the mixed use of
both the route and survey knowledge. Instead, we found that there were
three path planning strategies in the survey condition among all the
firefighters. With limited time (3 min) to memorize the survey spatial
information and plan out the path for the search task, 59.37% of the
firefighters used a less optimal path planning strategies (type #2 and
type #3) that had significantly worsened their wayfinding performance.
For those who could selected a close-to-optimal path, their performance
with survey information was better than that with the route information.
The reason that survey information did not differentiate performance
was likely because of the behavioral splits due to the lack of time for
path planning with excessive spatial information. When the optimal
path is hard to identify in the building environment, the route infor-
mation seems to be more effective and efficient for the firefighters than
the survey information (map).

7. Conclusions

Firefighters always need to make difficult decisions and process a
significant amount of spatial information in the line of duty, such as
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search and rescue. Nonetheless, firefighters can only access limited
spatial information in most cases, and often under extremely limited
time. The classic LRS model that explains how people develop spatial
knowledge in an evolving way is not applicable to explaining how
firefighters use limited information in a rapid path planning and way-
finding. There is still an apparent knowledge gap regarding how
different forms of spatial information affect firefighters’ wayfinding
performance. The motivation of this study is to find out which types of
spatial information are more effective for firefighters to memorize the
unfamiliarized building environments in a limited time. With that said,
the scope is more on the planning of route based on the given infor-
mation than on the safety concerns in search and rescue navigation. To
narrow the knowledge gap, we conducted a wayfinding experiment with
40 firefighters. The participating firefighters were asked to find three
missing victims using one of three spatial information, including land-
marks, routes and survey (map) for each trail. For the control condition,
they were provided with no information at all and they had to rely on
their established search strategies (such as the right-hand search
method) to finish the task. The number of victims found and search time
were used to evaluate firefighters’ wayfinding task performance. We
also evaluated the travel distance, PAOs and analyzed individual dif-
ferences in path planning. The results indicate that the route and survey
information could help firefighter better memorize the layout of the
building than other spatial information given the limited time. They also
represented shorter total travel distances in the task. As for perceived
cognitive load, the landmark information caused a higher cognitive load
than other conditions. However, we did not find a significant better
performance with the survey information as suggested by the previous
literature. We found that firefighters tended to behave differently in
identifying the optimal path with the survey information (map),
partially because of the limited time to process the survey information
and make good decisions. Therefore, although survey information is
usually considered superior to other information as it provides a more
complete view of the space, it may not suit for the situations faced by
firefighters as it further burdens them in path planning. Compared to the
traditional search and rescue training that firefighters can easily
memorize the layout of the physical maze after several training trials,
our proposed VR training system can generate a big number of building
mazes for firefighters’ search and rescue training. Our VR search and
rescue training system can be added to firefighters’ existing training
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curriculum more as “mental training” that allow firefighters to experi-
ence the feeling of disorientation in an unfamiliarized building envi-
ronment and train firefighters to use their existing training knowledge to
find victims and get out of the maze in limited time. The findings will
help professionals design better training protocols and technologies for
firefighters.

Several research limitations still need to be addressed in the future.
First, this study was conducted in a well-controlled laboratory envi-
ronment. In the real-world scenario, firefighters’ wayfinding tasks are
more unpredictable due to the complexity of the environment. Although
we simulated the hazardous environments in VR, such as the low visi-
bility and fire, more evidence is still needed to compare the findings with
data collected from real missions. Second, there was a gender bias in this
study (40 males, O female). According to previous literature (Cherney
et al., 2008; Lawton and Kallai, 2002; Lin et al., 2012), the gender dif-
ference is known as a factor to influence individual’s wayfinding per-
formance. Chen et al. (2009) also found that males exhibited better
wayfinding performance than females. Previous literature also has
found gender differences strongly affect strategies used in path planning
and the spatial knowledge development (Coluccia and Louse, 2004;
Lawton, 2010; Lawton and Kallai, 2002). We admit that gender bias to
be one of the limitations in this study. We will investigate the effects of
diverse subjects including discipline, background, age, and gender in
our future studies. At the same time, we only recruited firefighters in our
study. This is because we wanted to focus on examining the impacts of
spatial information on the professionally trained group of people, i.e.,
firefighters. It may be interesting to collect an additional convenience
sample of non-firefighters, such as students, as control group to compare
the differences between firefighters and non-firefighter groups in our
future study. At last, in our future research, more physiological data
such as Electrocardiogram (ECG) data, eye-tracking data, and functional
near-infrared spectroscopy (fNIRS) data will be analyzed to explain the
neurophysiological basis of path planning and wayfinding performance.
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