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ABSTRACT

Firefighters rely on visual information to make tactical decisions
during structure fire events. Consequently, user interface design
for public safety requires a comprehensive understanding of how
these visual cues impact performance in terms of expertise and do-
main knowledge, as well as cognitive load. However, very few
studies have captured baseline measures (e.g., subjective workload)
associated with the use of pre-incident planning, the phase prior to
deciding how to extinguish the fire. Virtual environments and 3D
modeling have been suggested as a tool that can better support the
exploration of emerging technology to better support pre-incident
planning practices. Sixty-four (n = 64) North American firefighters
participated in this study. Our work focuses on providing baseline
data to define effective ways to present building and hazard infor-
mation to incident commanders using both current systems (e.g.,
2D diagrams) and emerging technologies (e.g., 3D models, virtual
reality, augmented reality).

Index Terms: Human-centered computing [Human computer inter-
action (HCI)]: HCI design and evaluation methods—User Studies

1 INTRODUCTION

To successfully employ fire suppression tactics, firefighters need a
detailed understanding of the structure, including the location of im-
portant hazard information. However, often the information provided
to firefighters, particularly incident command is lacking [1, 2]. Vir-
tual environments and simulation have been suggested as a method
to capture and measure human factors issues without interfering
at the scene of an emergency. Additionally, virtyal environments
can also be potentially leveraged to support firefighters training on
large structures within their response areas due to the increasing
availability of commercial-of-the-shelf (COTS) tools and the ability
to prevent exposure to unnecessary hazardous materials [3]. This is
an important concern given the health implications associated with
the occupational cancer in the fire service [4]. Firefighters are more
likely to be diagnosed with several different types of cancer when
compared to the general population as a result of repeated exposure
to carcinogens in their work environment [5]. As a result, there is
an increasing interest in the use of virtual environments beyond task
and procedural training, since there are broader health and safety
benefits associated with the use of augmented and virtual reality for
the fire service.
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Virtual environments have been used to train firefighters in navi-
gation, wayfinding, and decision-making tasks for decades [6–13].
Although these virtual environments have been explored to train
these core job tasks, there is a paucity of research investigating how
virtual environments could be used to support emergency prepared-
ness efforts [14]. For example, pre-incident planning is a process in
the fire service where firefighters or other relevant risk assessment
personnel (e.g., inspectors, fire marshals, etc.) assess and document
building information, including building construction, layout, and
hazards [14]. The purpose of this pre-incident phase is to help sup-
port first responders who must make decisions within a few seconds
to a few minutes by providing enough information and detail about
potential hazards or building components that could impact success-
ful response. Consequently, this phase of emergency response is
a critical phase, but as previous research has demonstrated, due to
sociotechnical constraints, pre-incident planning is often not pri-
oritized enough to effectively support first responders, particularly
firefighters, in the event of an emergency [14].

Sixty-four (n = 64) North American firefighters participated in
the study. Our research is centered at the intersection of several
fields, including computer science and human factors. Therefore,
our work focuses on answering the following question: What is
the optimal way to present this data to incident commanders using
both current systems (e.g., 2D diagrams) and in future emerging
technologies (e.g., 3D models, virtual reality, augmented reality)?

2 RELATED WORK

Pre-incident planning developed from a need for firefighters and
first responders to understand the critical elements of a structure and
to develop incident or tactical decisions based upon anticipated or
forecasted fire conditions. Thus, pre-incident planning transitioned
from a recommended practice to a National Fire Protection Associa-
tion (NFPA) standard, requiring departments to identify elements in
the environment to assist in forecasting future problems or hazards,
ultimately preventing fatalities and property loss [15]. Currently,
there is no recommended format or standard interface design for dig-
ital pre-incident plans; rather, each fire department is independently
responsible for compliance with the NFPA 1620 standard. Because
this work is multidisciplinary it involves a need to understand the
problem from multiple domains and sources. Therefore, a limited
discussion of the relevant constructs is posed below to emphasize
the importance of this work from both a theoretical and practical
perspective.

2.1 3D Modeling
Due to the increasing availability and benefits of 3D modeling, many
safety-critical fields adopted 3D visualization to increase efficiency,
effectiveness, and to reduce cost [16]. For example, the architecture,
engineering, and construction (AEC) fields have leveraged 3D mod-
eling for visualizing complex construction projects, like bridges or
highways, leading to reductions in project time and creating fiscally
responsible projects [17]. The oil and gas industries have leveraged



3D visualization for pipeline monitoring and for managing emer-
gency scenarios. Additionally, in healthcare and medicine, students
can leverage 3D models for more context when learning anatomy or
interacting with healthcare data.

More importantly, 3D modeling provides certain advantages that
2D does not. 3D models and related simulation-based technologies
can help us complete tasks that are impractical or impossible. For
instance, researchers in England were able to reconstruct the Grenfell
tower and demonstrate how the tragedy unfolded, which would
otherwise be impossible to recreate ethically and safely 1.

2.2 The State of Pre-Incident Planning
Historically, pre-incident plans were paper-based (2D) plans con-
tained in three-ring binders [14, 18]. As technology continues to
evolve, more departments are transitioning to electronic plans, but
there are currently no existing, evidence-based standards for the pre-
sentation and display of pre-incident planning information in terms
of 3D modeling. Consequently, the fire service faces challenges
associated with the management, retrieval, storage, and maintenance
of pre-incident planning documents and information.

Due to the integration of technology and information systems,
firefighters typically rely on GIS-based information to navigate to
the incident scene and for information that connects different tech-
nologies like the computer-aided dispatch (CAD) system to the
individual interfaces firefighters use in their vehicles [18]. Nadal-
Serrano demonstrated how to leverage GIS-based technology for
pre-incident planning in Madrid, Spain [19]. Additional work in
this area has focused on understanding how to create templates and
scalable systems for more effective digital pre-planning using ad-
ditional sensors and information [2], but these efforts have largely
focused on the operational aspects of the system and have not neces-
sarily addressed the importance of collecting human performance
data to demonstrate the efficacy of pre-incident plans. There have
been many cases where an incorrect or incomplete PIP led to tragedy,
most notably the Charleston warehouse fire in which nine firefighters
were lost in the line of duty [20].

2.3 Naturalistic Decision Making
Taken together, the extant literature has important implications for
this work. Namely, firefighters rely on visual information to make
tactical decisions. User interface design for public safety requires a
comprehensive understanding of how these visual cues impact per-
formance in terms of expertise and domain knowledge. Therefore,
studies on naturalistic decision making (NDM) lay the groundwork
for research on how to develop more effective training tools and user
interfaces to scaffold a firefighter’s ability to identify critical cues and
leverage those cues to make better decisions on the fireground, given
the complexity of the operational environment [21–23]. These stud-
ies provide the background knowledge needed to support decision-
making of fireground incident commanders. Since incident comman-
ders are the ones in charge of the scene, the quality of information
provided to them is critical [24]. Gasaway demonstrated through
human factors methods (e.g., card sorting tasks), that situation aware-
ness is one of the highest ranked factors in understanding successful
incident management [24]. However, due to the challenges asso-
ciated with information capture and dissemination during a fire
incident, often times the incident commander is not able to gather
enough detailed information [1, 18, 25]. Therefore, AR/VR tech-
nologies could potentially bridge this gap in information quality and
availability [2, 26].

2.4 Cognitive Load and Working Memory
While there has been research focused on understanding firefighter
mental workload more broadly, the majority of these studies were

1https://forensic-architecture.org/investigation/the-grenfell-tower-fire,
2020

focused on mostly on the user interfaces and multi-modal informa-
tion and did not necessarily incorporate existing building informa-
tion [27]. There is hardly any research that measures subjective
cognitive load associated with specific interface design to better
support fireground command decision-making. To address this issue,
one of the leading studies in this area measured spatial working
memory [28]. By focusing on working memory, these researchers
were able to demonstrate that virtual reality and 3D representa-
tions of buildings were helpful for attenuating to visual building
features [29]. This work demonstrates the critical need to study
how firefighters perceive spatial relationships and how AR/VR could
potentially support reductions in cognitive load if firefighters are
trained to understand building layouts prior to their arrival on scene.

Despite this important work, there are few studies that have cap-
tured the subjective workload from firefighter populations during a
pre-incident planning task. This has resulted in a lack of existing
baseline measures to determine the efficacy of different pre-incident
planning formats [14]. Currently, not enough empirical research
shows that pre-incident plans are effective and consequently, the
use of technologies such as AR/VR is not fully supported due to a
lack of existing data related to pre-incident planning use-cases [30].
This paucity of research represents a need for more empirical data
to better support fireground incident commanders.

3 METHOD

The following sections outline the study participants, the study de-
sign, the specific simulated structure fire scenario, and the study
deployment. We report on each of these areas to provide details
regarding how the participants were able to complete the study in
the height of the COVID-19 pandemic.

3.1 Participants

64 firefighters (n = 64) from North America (the U.S. and Canada
participated in this survey). IRB approval was obtained, and data
was collected from August 2020 to October 2020. Inclusion criteria
required that the participant must be 18 years of age or older and
all participants were required to be a current or retired firefighter.
Demographic variables collected included age, years of experience,
type of department, type of agency, state, and some initial questions
regarding thoughts on pre-incident planning practices were captured.
Data was collected across North America (including Canada) to
capture the challenges and opportunities associated with pre-incident
planning Participants were representative of almost all United States
FEMA regions 1. Because the fire service is so diverse, one specific
region’s needs may not necessarily directly correlate to another.
The goal of collecting this information was to better understand the
current landscape of PIP practices within the fire service.

Table 1: Participant Age (years) by Study Condition

Condition M Age Std Dev Age Md Age

2D 50.73 10.01 51.00
3D 49.40 10.27 48.00

3.2 Study Design

The following sections outline the study task and the experimental
procedure. Our study consisted of a 2 x 1 between-subjects design
with one independent variable, dimension of the PIP. Dimension –
consisted of two levels, 2D and 3D. We measured cognitive load
through the NASA-TLX, a validated questionnaire [31]. This test
was chosen for its ease of deployment post-trial and because there
have been few studies to date that have captured perceived workload
during pre-incident planning tasks.



Figure 1: Participants by state (Note: Canadian participants not depicted here)

3.3 Scenario Design
The scenario for the study was developed with the support of a sub-
ject matter expert and tactical best practices. The scenario included a
structure fire at a “big box,” a large retail open floor plan retail store.
A big box store was chosen due to some of the critical fireground
factors that would influence tactical decisions. For example, the
floor plan of a retail superstore such as the one in this study poses
several risks to firefighters. One of the more severe challenges is air
management. Because big box store floorplans are often massive,
fires can be challenging to put out, and firefighters are limited in
how far they can enter a structure due to the constraints of a typical
self-contained breathing apparatus (SCBA). Additionally, the sprin-
kler system activation can cause the building to rapidly fill with cold
smoke. To make the scenario realistic, we modified an existing 3D
model available in the Unity Asset Store.

The scenario employed a pre-incident plan that is currently used
in a large fire department located within the Southeastern region of
the U.S., see Figure 2. The 3D model was customized from existing
assets available in the Unity3D store 2.The goal in choosing this
scenario was to compare the 2D plan (e.g., current state of PIPs)
against the 3D plan. All the features present on the 2D plan were
also available in 3D. Regardless of condition, participants received
the same instructions and scenario details. Additionally, 3D PIP
we provided in the paper can be displayed to the user akin to a
world-in-miniature (WIM), which is a technique found in both AR
and VR. The model also represents a scan of a building, and can be
explored using egocentric AR technologies in the real word (e.g., if
the incident commander was onsite) [32, 33].

In addition to the use of a current pre-incident plan, we also lever-
aged Blue Card 3, an internationally accredited incident command
training system to ensure that the scenario met criteria that is rel-

2assetstore.unity.com/packages/3d/environments/small-town-america-
super-store-57064

3https://www.bshifter.com/about01.aspx

evant to the fire service and represents industry standards for best
practices. In addition to Blue Card, approximately five company
and command officers (n = 5) from the U.S. piloted the study and
provided feedback prior to its deployment, to ensure that the design
of the study was relevant to fire service members.

3.4 Survey Deployment
We leveraged Amazon Web Services to host a WebGL build of
our Unity3D project, and Qualtrics to distribute our survey. We
used an iframe to embed the Unity3D application into the Qualtrics
survey and used client-side scripting to log which random condition
(e.g., 2D or 3D) a participant received, allowing us to capture all
participant clicks on the GUI for analysis. For the two conditions, the
interaction method was held constant. There were several reasons
for this. First, we did not intend to measure interaction methods such
as gestures or touch-screen interfaces, as we specifically focused on
visualization. Second, because of diversity in fire service budgets,
administration, etc., each department may or may not have access to
Mobile Data Terminals or Mobile Data Computers (MDTs/MDCs)
that are both affordable and functional enough to retrieve electronic
PIPs (e.g., tablets). Therefore, we could not hold this constant across
departments, so we asked participants to complete the scenario on
only a desktop or laptop computer. Finally, we could not ensure that
all participants were working with the same computing equipment.
Therefore, it was not possible to institute a touchscreen or a 3D user
interface in this study design. We intentionally designed this GUI to
be the simplest GUI that did not require extensive training to use or
extra equipment to install.

3.5 Experimental Procedure
Study participants were randomly assigned to one of the two study
conditions (2D or 3D). They were given a written radio report to
read and a small description of the structure. These descriptions
were the same regardless of study condition. Based on the radio
report and the structural information, firefighters were then asked to



Figure 2: The 2D condition (an actual pre-incident plan)

Figure 3: The 3D condition (modeled from 2D plan)

role play and complete tasks, such as correctly identifying hazards
correctly in the structure, and developing an incident action plan
(i.e., the tactical strategy that should be communicated out to the
team). This information was collected as part of the Qualtrics survey
form.

4 RESULTS

4.1 NASA-TLX Questionnaire Results

Our data violated assumptions of normality. Therefore, non-
parametric tests were used to analyze the data. A Mann-Whitney U
Test revealed no significant differences in NASA-TLX overall scores



across the two conditions, 2D (Md = 46.67, n = 30) and 3D (Md =
45.83 , n =34), U = 9.18.50, z = -0.096, p = 0.924. Raw scores for
all subscales and the overall unweighted scores are presented in the
table below.

Table 2: NASA TLX Scores by Study Condition

Condition TLX-Subscale Raw/Unweighted

2D Mental 55.34
Physical 29.78
Temporal 52.03
Performance 62.67
Effort 47.59
Frustration 50.43
Overall 25.83

3D Mental 55.08
Physical 26.04
Temporal 52.86
Performance 59.31
Effort 49.69
Frustration 45.19
Overall 48.33

4.2 Qualitative Participant Feedback
In addition to the objective data, we solicited participant feedback
on their overall perception of the plan and scenario. We found that
most participants expressed that the 3D model helped them to better
understand the fireground and the incident. For example, this is
captured in the participant quote below:

“I’m a visual learner and I’ve found that many folks in the
fire service also seem to be. Giving firefighters ”remote”
eyes on the building would be a very beneficial tool in
the fire service (especially for a smaller suburban area
like mine where we don’t often have big-box fires).” -LT,
IL

In addition to comments about the 3D models, we also received
some feedback on the interface design. For example, one Chief
expressed frustration with the navigation tool.

“The system provided enough information to create an
IAP. The navigation buttons are a big issue.”-Chief, Re-
tired, OR

5 DISCUSSION

Overall, we found no significant differences in perceived workload
between the 2D and 3D plans. Based on qualitative participant
feedback, we found that firefighters overall preferred the ability to
visualize the structure in 3D. This is consistent with the findings of
studies in other domains such as medicine, architecture, construc-
tion, and engineering. From our data, we found that although the
3D interface did not significantly differ from 2D plans in terms of
subjective workload, we were unable to draw conclusive evidence
that it outperformed the standard 2D plan type that most departments
currently use. It is possible that neither 2D nor 3D visualization
alone can best support FGCs.

Based on the results presented in Tory et al.’s seminal work on
information visualization, it may be true that 3D is best for only
approximate navigation and relative positioning [34]. For measure-
ment tasks and tasks that require the judgment of distances like
apparatus placement or hose lays, 2D displays may perform better.
We believe that a combination of 2D and 3D views may be more
or less advantageous depending upon the occupancy type (building
type) or layout of the structure [14, 30]. Future work should focus

on incorporating both 2D and 3D displays to test the effectiveness
of a combined approach.

5.1 Limitations

Consistent with previous research in the human factors literature,
some studies suggest that raw scores are more representative of the
actual workload and that the weighted subscales add confusion and
frustration to the study [35, 36]. This confusion associated with the
format and design of the NASA-TLX was captured in the participant
quote below:

“I was confused by your matching pairs. After reading
and re reading exactly what you were asking, I still didn’t
have a clear idea of what I was supposed to match up or
select based upon those pairs. I answered as diligently as
possible but have low confidence my answers represent
my true answer.”-Chief, Retired, FL

We also note that there were limitations due to the ongoing
COVID-19 pandemic and in-person user studies. Additionally, we
had stronger responses from several states (e.g., Florida), but we did
not have representation in this sample from every state. This could
potentially bias the results and efforts to recruit a more representative
sample are necessary. Because this study is one of the first to capture
both objective data and subjective feedback specifically related to
pre-incident planning, we found that cross-sectional research alone
could not capture all of the nuances associated with the data.

5.2 Future Work

In future iterations of this study, we plan to extend the work and
compare different types of structures and combination 2D/3D in-
terfaces to better understand how information should be presented
and displayed to FGCs. More importantly, it will be critical to add
supplemental features like distances, measurements, and other rela-
tive positioning data to see if this better supports FGCs in making
tactical decisions upon arrival at the incident scene. Future work
should focus on streamlining the subjective measures to better sup-
port the end-users in completing the study. This study provided
preliminary results that capture some of the challenges associated
with measuring workload. In future work, we plan to explore more
objective measures of workload, that could be triangulated to under-
stand whether there are differences between perceived workload and
actual workload. Additionally, more objective measures can help
to decipher whether participants tend to conflate cognitive work-
load with situation awareness, a common problem in the aviation
literature [35].

6 CONCLUSION

The present study provides preliminary data and measures to better
address the existing research gaps related to the use 3D models
for decision-making on the fireground. To date, there have been
very few studies that have examined firefighters’ perceived sense
of cognitive load while using 3D models of a structure. Therefore,
the goal of this work is to provide some baseline findings that can
be leveraged to better understand how to design more effective user
interfaces for firefighters operating in dangerous and unpredictable
environments.
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