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Abstract

Firefighting operations increasingly use digital tools for
situational awareness, yet current systems often provide
fragmented information that does not meet operational
needs. Digital Twin integration appears to be a potential
solution to address this gap. This study reports a survey of
Irish firefighters examining information needs, data
sources, Digital Twin functionality, and user readiness for
adoption. The results show demand for real-time sensing
and prediction, while operational decisions still rely
mainly on experience and direct observation. The findings
highlight the need for information prioritisation and
federated rather than centralised data integration,
contributing practical requirements for Digital Twin-
enabled firefighting support systems.

Introduction

The evolution of the built environment is reshaping the
nature of fire hazards, creating new challenges for
firefighting operations. Beyond extinguishing the fire,
first responders are often tasked with locating and
evacuating occupants before conditions deteriorate due to
heat and smoke (Khan et al., 2022). On arrival, the
Incident Commander must quickly decide whether to take
an offensive approach (entering the building to save
occupants or property when the expected benefits
outweigh risks to firefighter safety) or to remain outside
in a defensive mode. This choice is never final and must
be updated through dynamic risk assessment as the
situation evolves (Han et al., 2010).

In practice, however, fire-ground conditions are often
chaotic and unclear, making them difficult for first
responders to interpret. This contributes to continued
injuries and fatalities. The US Fire Administration
reported 72 firefighter duty deaths in 2024, with 42 linked
to stress or overexertion, and fatality numbers have
fluctuated little over the past decade (ranging from 65 in
2019 to 141 in 2021) (USFA, 2024). In the UK, 677 on-
duty injuries were recorded in 2024-2025, including 18
classified as major according to the RIDDOR
specification (MHCLG, 2024). These figures underline
the need for better situational awareness and more
informed risk assessment during incidents.

Information systems have long been used in the fire safety

domain and can be broadly grouped into: systems for fire
safety equipment inspection and management (e.g.,

Almatared et al., 2023); systems designed to support
occupant evacuation (e.g., Kim et al., 2024); and systems
targeting firefighters directly. The latter include GIS-
based systems (Tashakkori et al., 2015), sensor-driven
and simulation-coupled systems (Han et al., 2010), BIM
and IoT integration approaches (Rezaeifam et al., 2023),
Digital Twin-based systems (Zhang et al., 2022), and
immersive training environments (Chen et al., 2021). The
standards NFPA 950 and 951 distinguish software used
by firefighters into two main clusters: (1) incident
command and situational awareness software and (2)
analytical and decision support software. The standards
also specify that software should be provided with an API
or other standardised means of data exchange to enable
integration with discrete systems (NFPA, 2020, 2022).

Research on firefighter information requirements to
inform system development has led to several additional
classifications. One of the earliest was a NIST workshop
that identified approximately 100 information items
needed during building emergencies, broadly divided into
static (pre-incident building data) and dynamic (real-time
sensor data) categories (Jones et al., 2005). Later, Guyo et
al.  (2023) distinguished between building and
environmental data within each category. Tashakkori et
al. (2015) grouped requirements into indoor, outdoor, and
dynamic building information. Across these studies, the
consistent finding is that fire response requires the
integration of indoor and outdoor information from
multiple sources, with information needs evolving across
the phases of an incident and operational roles.

Emergency management activities are broadly
categorised into four phases: preparedness, mitigation,
response, and recovery (Larsson, 2008). Within fire
response, Jones et al. (2005) identified three operational
time periods: from dispatch to arrival, initial on-site
assessment, and active mitigation. On receiving an alert,
the fire team is provided with basic incident information
(type, address, and dispatched units) and consults pre-
incident plans en route to gain initial familiarity with the
building layout and likely occupancy. On arrival, the first
task is to size up the situation, covering life hazards and
rescue requirements, fire accessibility, and the equipment
needed. From that point, roles diverge. Frontline
firefighters focus on search, rescue and fire attack,
requiring information on occupancy, building hazards,
and on-scene conditions. The Incident Commander,
responsible  for overall coordination, resource



deployment, and crew safety, additionally requires
information on fire progression, resource status and
tracking, personnel accountability, and inter-agency
communication (Li et al., 2014; NIST, 2015).

To develop information systems for fire response
operations, it is therefore necessary to identify what
information matters most, when it is needed, and how it
should be presented in relation to incident phases and
operational roles. Existing research often relies on
qualitative data gathered from interviews with
firefighters, which limits the ability to prioritise
information for system design (Guyo et al., 2023;
Rezaeifam et al., 2023). This study addresses this
limitation by conducting a structured survey that captures
firefighters’ perspectives on the types and priority of
information, relevant data sources, Digital Twin scale,
and required system features. It also collects information
about users' digital skills and familiarity with relevant
technologies as a proxy to assess the acceptable
complexity of the future system.

The directly comparable prior work is the survey by Li et
al. (2014), which examined firefighter information needs
in the context of situational awareness. However, it was
conducted more than a decade ago and was not oriented
toward any specific technology. Similarly, the NIST
workshop by Jones et al. (2005), which provided one of
the first structured lists of firefighter information needs,
predates the widespread adoption of digital tools in the
fire service. The present survey revisits many of these
information categories and frames them in relation to
Digital Twin capabilities. It aims to define and prioritise
the information requirements for integrating Digital
Twins into fire response operations. The findings will
support the specification of functional and nonfunctional
system requirements and inform the design of the system
architecture.

Methodology

The respondents were recruited through email invitations
sent to the fire authorities in Ireland and the Dublin Fire
Brigade. Eligible participants included individuals who
had served as professional firefighters, regardless of their
organisational role or rank. Data were collected over
seven months, from May to December 2025. The survey
received ethical approval from the Kaunas University of
Technology Research Ethics Commission on 22 May
2025 (Approval No. M6-2025-15).

Survey design and structure

Some of the survey themes were informed by previous
studies, including Jones et al. (2005), Li et al. (2014),
Guyo et al. (2023), and Rezaeifam et al. (2023). Jones et
al. (2005) documented the outcomes of a workshop with
25 experts, mostly at the strategic level, producing the
lists of information items needed by firefighters. Li et al.
(2014) conducted a USA-wide survey in 2012 with 197
responses, predominantly from command-level officers
(69%), analysing information needs in the context of
situational awareness. Guyo et al. (2023) conducted
interviews with four experts with different operational

roles from Finland, Germany, and Norway to validate an
ontology of firefighter data requirements. Rezaeifam et al.
(2023) conducted interviews with 10 command-level
experts in Turkey to identify information requirements for
situational awareness during fire response.

The survey was organised into four thematic sections:

1. Demographics (user profile) - to capture respondents’
background and digital skills.

2. Information type - to assess the perceived importance
of different types of information for firefighting
operations. In this section, pre-arrival information items
were derived from static building data categories in Jones
et al. (2005), Li et al. (2014), and Guyo et al. (2023). On-
scene information items were adapted from Li et al.
(2014), Guyo et al. (2023) and Rezaeifam et al. (2023).

3. Information source - to identify which sources
firefighters currently use or would like to have available
during operations. In this section, source categories were
derived from Li et al. (2014), Rezaeifam et al. (2023),
Jones et al. (2005) and NIST (2015).

4. Digital Twin capabilities - to assess firefighters’
expectations of Digital Twin deployment (level of
support, scale, and preferred formats of information
delivery). This section was informed by Li et al. (2014),
Jones et al. (2005), NIST (2015) and NFPA 950.

The survey primarily used multiple-choice checklists
(e.g., identifying each information source as “In Use”,
“Desired” or “Not Relevant”) and 5-point Likert-type
scales (e.g., rating importance from ‘“Not desired” to
“Most preferred”). Open-ended questions were included
only in the demographic section; all other items were
fixed responses. The fixed-response format was adopted
for three reasons: to enable direct quantitative comparison
with the closest prior study (Li et al., 2014); to produce
quantifiable results that allow information items to be
prioritised; and to minimise the cognitive and time burden
on survey participants.

Data preparation and cleaning

Initial cleaning involved removing non-data fields (e.g.,
consent confirmations). As the survey did not require the
responses to proceed to the next question, all records were
reviewed for missing values. A small number of missing
responses were found, primarily in the optional
“Advanced digital skills” sub-section of demographics.
These were excluded from subsequent statistical analysis.

Categorical labels were coded for quantitative analysis
(e.g., “Not important” to “Critically important” coded as
1-5). Job titles were harmonised into broader role clusters:
strategic level, command level, and frontline level, based
on the organisational structure provided in the Fire &
Emergency Operations Plan 2023-2028 (Dublin City
Council, 2023), considering that all participants were
Ireland-based.

Descriptive statistical analysis

For categorical variables (e.g., gender), frequency
distribution was calculated to characterise the sample. For
the job clusters, the average years of professional



experience were also calculated to illustrate differences
between the organisational levels.

Given the small sample size (n=10), the analysis focused
on descriptive measures rather than inferential statistics
for job clusters. For all sections using Likert-type scales,
measures of central tendency (mean and mode) and
variability (standard deviation) were calculated for each
item. For non-Likert items with three categorical options
(e.g., “In Use”, “Desired”, “Not Relevant”), mode
agreement (the proportion of respondents selecting the
most frequent category, %) is reported.

Validation

Several quality control strategies were implemented to
ensure the validity of the results. First, all questionable or
incomplete entries identified during data cleaning were
cross-checked against the raw survey responses. Second,
quantitative findings (e.g., high importance ratings for
specific information types) were compared with
established domain knowledge to assess plausibility. In
particular, the NIST workshop (Jones et al., 2005) and the
NIST Research Roadmap for Smart Fire Fighting (NIST,
2015) were used, as they reflect information needs
validated with fire service practitioners. NFPA 950 and
951 provided a normative basis, as both standards address
data creation, utilisation, and exchange within the fire
service. EuroFSA statistics were used to validate data on
vulnerable occupants and high-risk buildings. Finally, the
survey by Li et al. (2014) was used as the closest
comparable study to determine where the findings align
with or contradict earlier results.

Results Analysis and Discussion

Respondent demographics

The respondents were experienced first responders with
between 10 and 39 years of professional experience
(Table 1). Most of the respondents (70%) were male. The
sample is dominated by respondents at strategic and
command levels, with only one frontline respondent.
However, when classified by organisational branch rather
than rank, seven of the ten participants belong to the
operations branch directly involved in firefighting
(Dublin City Council, 2023).

Table 1: Participants by gender and experience

Job cluster Gender Avg. experience
. Male =2
Strategic level Prefer not o say = | 35 years
Female =2
Command level Male = 4 21 years
Frontline level Male=1 10 years

Participants reported moderate self-assessed technical
skills (mean=3.5, SD=0.8), showing the highest
familiarity with data acquisition equipment and the lowest
with programming languages (Table 2). All participants
indicated at least moderate familiarity with digital
technologies, reflected in regular everyday use
(mean=3.7, SD=0.9), and working knowledge of Digital
Twins (mean=3.5, SD=1.0). However, organisational
readiness was perceived as limited, with respondents

rating their organisations’ digitalisation strategy and past
experience with new technology adoption relatively low
(mean=2.7, SD=1.0, and mean=1.9, SD=0.8,
respectively).

Table 2: Participants’ digital familiarity and skills

Statement Mean" SD  Mode
Regular digital usage 3.7 0.9 4
Digital Twin familiarity 3.5 1.0 4
Overall technical skills 3.5 0.8 3
Troubleshooting experience 3.1 1.0 3
Organisation’s digital strategy 2.7 1.0 2
Organisation’s adoption history 1.9 0.8 2
Data acquisition equipment 33 0.8 3
GIS 3.0 0.7 3
Modeling 2.9 0.9 3
Databases 3.0 1.1 2
Simulation 2.1 0.6 2
AI/ML 2.0 0.5 2
Programming languages 1.6 1.0 1

“Likert scale: 1=low to 5=high

Information type

Respondents rated information on building occupancy
and the presence of hazardous materials as critically
important before arriving on scene (mean=4.7, SD=0.5
and mean=4.6, SD=0.5, respectively) as shown in Table
3. Similarly, data on nearby water sources, the location
and size of the fire based on sensor alarms, building type
(e.g., residential, commercial), technical systems (e.g.,
HVAC), specialised sensors (e.g., chemical detectors),
and evacuation elevators were generally considered
“Very” to “Critically important”. In contrast, peripheral
data, such as information on important objects to be
saved, neighbourhood maps and underground utilities,
and building parking areas, were rated as less critical
(“Slightly” to “Moderately important™).
Table 3: Importance of information before arrival at the
emergency site

Type of information Mean" SD Mode

Occupancy 4.7 0.5 5
Hazardous materials 4.6 0.5 5
Water sources 4.4 0.8 5
Fire location (sensors) 4.4 0.5 4
Building type 43 0.6 4
Technical systems 4.2 0.6 4
Specialized sensors 4.2 0.6 4
Evacuation lifts 4.1 0.7 4
Building layout and site plan 4.0 0.6 4
Access routes 3.7 0.8 4
Owner contacts 3.6 0.7 4
Traffic data 34 0.8 4
Security system 3.3 0.9 3
Restricted zones 3.1 0.9 3
Neighbourhood and utilities map 2.9 0.7 3
Priority assets 2.9 0.7 3
Parking area 2.8 1.2 3

“Likert scale: 1=Not important to 5= Critically important

These results are consistent with the findings of previous
studies. Li et al. (2014) also identified building
occupancy, hazards, and water sources as key information
before arriving at the emergency site. However, their



study highlighted traffic data (route information) and
priority assets as highly important, while in the present
survey, these factors were rated lower (“Moderately” to
“Very important”). Similarly, Guyo et al. (2023) reported
that hazard locations, parking, and restricted areas within
buildings were important to firefighters, although in this
survey, such elements were viewed as only “Moderately”
important. The importance of building type is further
supported by the European Fire Safety Action Plan 2020-
2023 (EuroFSA, 2020), which identified priority premises
for fire safety improvements as collective housing (37%),
high-rise buildings (18%), buildings accommodating less
self-reliant individuals (17%), individual housing (13%)
and buildings where large groups of people gather (10%).

Once on scene, the respondents identified the location of
the occupants, trapped individuals, and warnings of
structural collapse as critically important information
(mean=5.0, SD=0.0 for both), as shown in Table 4. This
information was rated as maximally important across all
job clusters. Information on fire growth dynamics
(location, size, duration), the number of vulnerable
persons (elderly, children and persons with special needs)
and the current building condition (e.g., unsafe entry,
structural instability) was also rated among the most
critical. Overall, nearly 70% of the information items in
this section were rated between “Very” and “Critically”
important.

Peripheral data, such as the location and condition of
deployed or standby units, hazard perimeter, contacts of
other emergency agencies, occupancy of nearby
buildings, and local weather conditions and forecasts,
were rated slightly lower, ranging from “Moderately” to
“Very” important, with weather-related information
receiving the lowest average score (mean=3.1,SD =0.7).
Some differences were observed in communication-
related items, with strategic level respondents rating
contact information for other emergency agencies higher
(mean=4.00) than command level (mean=3.50).

Table 4: Importance of information at the emergency site

status as key informational needs. Likewise, Guyo et al.
(2023) emphasised the importance of factors such as the
building year of construction (as an indicator of structural
resilience and risk of collapse) and operational smoke
ventilation systems. They also noted the relevance of the
occupancy of nearby buildings, which in this survey was
rated as “Moderately” to “Very” important. The
importance of information on vulnerable occupants is
further supported by data from the EuroFSA (2020),
which shows that more than half of residential fire
fatalities occur among people 65 or older. EuroFSA
(2020) also identified key vulnerable groups that need
targeted fire safety improvements: elderly people (38%),
children (36%), adults with reduced independence (6%),
and socially disadvantaged populations (6%).

Information source

For predefined and location-based information sources
(Table 5), all respondents reported using and having
access to emergency preplans (100% “In use”). There was
also strong interest in expanding access to more advanced
predefined data, with 90% of respondents expressing a
desire for 3D building models and 80% indicating a need
for improved on-scene positioning and navigation
systems. The occupancy schedules were reported as “In
use” by 60% of the respondents. Geoinformation systems,
digital maps, and open data sources available via the
Internet were each cited by 50% as currently in use.

Table 5: Predefined and location-based information sources

Source of information Mode”  Mode agreement (%)
Building 3D models 3 90
Positioning and navigation 3 80
GIS 2 50
Occupancy schedules 2 60
Open data 2 50
Emergency plans 2 100

Type of information Mean" SD Mode

Occupant locations 5.0 0 5
Collapse warnings 5.0 0 5
Vulnerable persons 4.8 0.4 5
Fire dynamics 4.8 0.4 5
Building condition 4.7 0.6 5
Smoke status 4.5 0.5 5
Access openings 4.4 0.7 5
Refuge and assembly areas 43 0.6 4
Sprinkler status 4.1 0.7 4
Sprinkler coverage 4.1 0.7 4
Ventilation status 4.1 0.7 4
Hazard zone 3.8 0.6 4
Standing-by responding units 3.8 0.9 4
Other emergency agencies 3.7 0.6 4
Nearby occupancy 3.5 0.7 3
Weather data 3.1 0.7 3

“Likert scale: 1=Not important to 5= Critically important
Previous surveys have reported similar findings. Li et al.

(2014) identified occupancy information, fire dynamics
(location, growth rate, and spread of the fire), and smoke

*Multiple-choice: 1=Not Relevant, 2=In Use, 3=Desired

A previous survey by Li et al. (2014) similarly highlighted
the widespread use of emergency preplans
(approximately 95% of respondents). However, the
present study indicates a higher use of occupancy
schedules (60% compared to 25% in the survey by Li et
al.(2014)). The difference may be explained by the
increased digitalisation of building records and wider use
of occupancy management systems, with such data now
more routinely available to fire services.

The demand for 3D building models and improved
positioning and navigation also remains strong,
comparable to Li et al. (2014), where 80% and 77% of
respondents, respectively, expressed such needs. These
findings are further supported by interviews conducted by
Chou et al. (2019), which emphasised firefighters’
demand for improved navigation and path planning
capabilities during operations.

For building systems specifications as an information
source (Table 6), the level of agreement on the data
currently “In use” was slightly lower. The fire protection
and water supply systems were each identified as “In use”
by 70% of the respondents, while the electrical system



was reported by 50%. Most of the information sources in
this category were classified as “Desired” (i.e., systems
respondents would like to have available). These included
building automation and control systems, security and
access control systems (each 70%), as well as HVAC,
lighting, and elevator systems (each 60%).

Table 6: Building systems specifications

Source of information Mode" Mode
agreement (%)
Building automation and control 3 70
Security and access control 3 70
HVAC 3 60
Lighting 3 60
Elevators 3 60
Electrical 2 50
Water supply 2 70
Fire protection 2 70

*Multiple-choice: 1=Not Relevant, 2=In Use, 3=Desired

These results are consistent with previous studies. Li et al.
(2014) similarly reported high usage of fire protection
systems and a strong desire for access to HVAC, elevator,
security, and lighting systems, with response levels of
approximately 50%. Comparable findings were also
reported in interviews conducted by Rezaeifam et al.
(2023), which highlighted the frequent use of fire
protection, water supply and electrical systems in
firefighting operations.

For the real-time data sources (Table 7), all items were
classified as “Desired” by the respondents, generally
showing high levels of agreement. Occupancy and
movement tracking were identified as the most desired
data sources, with 100% agreement among the
respondents. Air quality sensors, water pressure and
sprinkler activation data, CCTV and thermal imaging
camera feeds, and electrical system monitoring were
closely followed with 90% agreement. Real-time data
from temperature sensors, HVAC system (e.g., airflow,
smoke control), lighting control system, and security
system alerts (e.g., door locks, access changes) were also
highly desired, each with 80% agreement. Specialised
sensor data (e.g., chemical or radiation detection) and fire
detection and alarm system data were rated slightly lower,
with 80% and 50% agreement, respectively.

Table 7: Real-time data sources

Source of information Mode” Mode
agreement (%)
Occupancy 3 100
Electrical 3 90
Water pressure and sprinklers 3 90
CCTV 3 90
Lighting 3 80
Air quality 3 90
HVAC 3 80
Temperature 3 80
Security 3 80
Specialized sensors 3 80
Fire alarm 3 50

“Multiple-choice: 1=Not Relevant, 2=In Use, 3=Desired

Strong interest in using real-time data for fire emergency
operations is reinforced by domain research, including the
Research Roadmap for Smart Fire Fighting (NIST, 2015)
and the earlier Workshop to Define Information Needed
by Emergency Responders During Building Emergencies
(Jones et al., 2005). Both highlight that integrating real-
time building data can significantly improve preparedness
and situational awareness during incidents. In particular,
data from HVAC systems, fire alarms, sprinklers, and
occupant sensors were envisioned to be integrated into
Smart Firefighting systems.

The cognitive and experiential information sources (Table
8) were identified as highly used by the respondents,
indicating strong reliance on personal judgment and
experience during operations. On-site observations
showed the highest mode agreement (90%), followed by
memory and experience from previous incidents (80%),
highlighting their central role in decision-making on
scene. However, 60% of the respondents identified the
need for improvement in live communications and
reporting during operations. Memory and experience
from past incidents were reported as "In Use" across all
clusters (strategic-67%, command-83%, frontline-100%).
However, given the small sample and its heavy weighting
toward strategic and command roles, these results cannot
be generalised.

Table 8: Cognitive and experiential information sources

Source of information Mode" Mode
agreement (%)
Live communications and reports 3 60
Memory and experience 2 80
On-site observations 2 90

“Multiple-choice: 1=Not Relevant, 2=In Use, 3=Desired

A strong reliance on prior experience and on-site
observation aligns with the findings of Li et al. (2014),
where 82% of respondents cited memory and experience,
and 72% cited observations as their primary information
sources. The survey also revealed that 81% of the
respondents wanted improvements in live communication
and reporting during incidents.

Digital Twin capabilities

Digital Twin functionality in this section can be divided
into two clusters: general information management and
support for operational activities (Table 9). Among
information = management functions, respondents
identified information collection (“accessing and
gathering all required information, including real-time
data”) as the area where Digital Twins could most
effectively support daily operations (mean=4.5, SD=0.5).
The prediction of information (“anticipating potential
trends, such as fire spread or structural collapse based on
real-time data”) was rated as the second most important
function (mean=4.5, SD=0.7). Among functions
supporting operational activities, communication and
coordination  (“ensuring = communication  among
firefighters, the command centre, and other emergency
services”) received the highest rating (mean=4.4,



SD=0.7), consistent with the previously expressed need to
improve live communications and reporting.

Information integration (“‘combining data from multiple
sources into a unified operational picture”) was the fourth
most desired function (mean=4.3, SD=0.6). Other key
functionalities such as information interpretation
(“extracting useful insights from available data”),
resource allocation (“optimising the deployment of
personnel, equipment, and support services”),
information revision (“detecting and correcting data
inconsistencies and errors”), post-incident analysis
(“recording and analysing emergency response actions to
improve future preparedness”), and information
representation (“presenting and visualising data in an
accessible format™), were all identified as areas where
“Significant support” is required. Navigation and
evacuation assistance (“providing dynamic routes and
safe passage recommendations”) was the only function
rated slightly lower (mean=3.7, SD=1.0), indicating a
perceived need for moderate rather than critical support.

Table 9: Required type of support expected from Digital Twin

deployment
Type of support Mean” SD Mode
Information collection 4.6 0.5 5
Information prediction 4.5 0.7 5
Information interpretation 43 1.0 5
Information integration 43 0.6 4
Information revision 4.2 0.9 4
Information representation 4.1 0.8 5
Comrrilum.catlon and 44 0.7 5
coordination
Resource allocation 4.2 0.9 4
Post-incident analysis 4.1 0.9 4
Nayl gation and evacuation 37 1.0 4
assistance

Regarding the preferred scale, Li et al. (2014) survey
found that the building floor level was most desired
(75%), followed by the room level and building level. The
component level ranked lowest (27%), which is consistent
with the results of our survey. The urban scale was not
included in the study by Li et al. (2014).

When evaluating preferred formats for information
representation (Table 11), respondents expressed a strong
preference for 3D models (mean=4.5, SD=0.8). Other
formats, such as 2D graphical representations (e.g.,
drawings, schematics), augmented reality overlays,
colour-coded indicators (e.g., heat maps or highlighted
danger zones), and virtual simulations were also rated
between “Strongly desired” and “Most preferred.”

In contrast, numerical data (e.g., tabular or sensor
readings), textual information (e.g., reports or
instructions), and haptic feedback (e.g., vibration alerts)
were viewed as “Slightly” to “Moderately” desirable.
Audio and phonetic cues (e.g., spoken instructions or
sound-based alerts) were the least preferred format
(mean=2.6, SD=0.8).

Table 11: Preferred formats of information representation

Format Mean* SD Mode
3D models 4.5 0.8 5
2D graphics 4.2 0.7 4
AR overlay 4.1 0.5 4
Virtual simulation 4.0 0.6 4
Colour-coded indicators 4.0 0.6 4
Numeric data 32 0.7 4
Text data 3.1 1.3 4
Haptic feedback 3.0 1.1 4
Audio cues 2.6 0.8 3

“Likert scale: 1=No support needed to 5= Essential support
required

Similarly, the study by Li et al. (2014) identified
information collection (87%), prediction (72%), and
reasoning (64%) as the most needed types of assistance
where firefighters sought support. These preferences were
also found to correlate with participants’ years of
experience and job position.

Regarding the operational scale at which a Digital Twin
should function to be most useful to firefighters (Table
10), respondents identified the building level as the most
important (mean=4.5, SD=0.7). This was followed by the
floor level of the building (mean=4.4, SD=0.7) and the
emergency site level (mean=4.2, SD=0.4). The building
component level received the lowest rating (mean=3.9,
SD=0.7), although it was still considered “Moderately” to
“Very important” by the respondents.

Table 10: Digital Twin operating scale

Scale Mean" SD Mode
Building 4.5 0.7 5
Building floor 4.4 0.7 5
Emergency site 4.2 0.4 4
Urban 4.0 0.8 4
Building component 3.9 0.7 4

“Likert scale: 1=Not important to 5= Critically important

“Likert scale: 1=Not desired to 5= Most preferred

These findings are also consistent with the earlier research
by Li et al. (2014), where graphical representation was
identified as the most preferred format (64%), followed
by 3D visualisation (50%), virtual reality (38%), and
augmented reality (33%). Phonetic representation ranked
lowest among the options. The NIST workshop similarly
identified a preference for 3D building display as easier to
use and interpret (Jones et al., 2005).

The survey did not explicitly address the preferred level
of detail of 3D models. However, respondents'
preferences for building-, floor-, and emergency-site-
level information suggest that geometric resolution
should reflect operational need rather than technical
capability. In practice, photogrammetry-based 3D models
are already used by firefighters for high-risk premises as
part of Predetermined Attendance strategies (O’Neill,
2025). Regarding BIM, while it is the most commonly
proposed source of 3D building representation in the fire
safety literature, the majority of existing buildings predate
it and have no such model available.

In summary, survey results show that firefighters
consistently rely heavily on available emergency preplans
and cognitive sources, such as personal observations and
prior experience, during operations. Critical information
includes occupancy data (including vulnerable
occupants), building hazards and structural integrity, fire



dynamics, and the location of water sources, all of which
are considered highly important both from dispatch to
arrival and during fire attack. Regarding information
visualisation, 3D models and 2D graphic representations
of buildings and floor layouts are the most preferred,
indicating a strong demand for better spatial awareness.
The respondents also expressed a high need for improved
general information collection, trend forecasting, and
communication support during operations. Real-time data
utilisation is highly demanded, particularly in terms of
occupancy, water systems, and air quality. However, the
survey showed moderate self-rated digital skills and low
confidence in organisational digital strategy and prior
experience with new technologies. This suggests potential
challenges in deploying highly complex digital systems.

Implications and Limitations

The survey results help identify functional and non-
functional requirements for system architecture
development. A practical next step is to prioritise
information needs based on response mode agreement
(high, medium, low) and mapping each category to
existing or required data sources. For example, occupancy
information is already used based on occupancy
schedules, while real-time occupancy tracking would
require additional sensor data.

Interest in real-time sensing is high, yet many buildings
lack the necessary infrastructure. This points out that two
scenarios should be considered: (1) buildings without
sensors or without real-time data access, where
firefighters rely on preincident plans, 3D models, and
GIS; and (2) buildings with sensor networks whose data
is accessible to firefighters. Another tension appears
between the strong demand for real-time information and
the low preference for numerical or textual formats.
Respondents lean toward visual representations (e.g., 3D
models, 2D graphics), suggesting the need for dashboards
and data abstractions.

Although building- and floor-level information was rated
most useful, the preferred granularity of data remains
unclear. Higher resolution data does not necessarily lead
to better decisions. Component-level information may
overload users and was less preferred, yet structural
collapse risk was marked as highly important on the
scene.

The reliance on several information sources suggests that
federated integration is more realistic than centralisation.
Data may stay within native systems where suitable, but
should be interoperable through shared schemas and
interfaces. In addition to the functional aspects, several
non-functional requirements also emerge. Alongside
common considerations such as performance, usability,
scalability, and security, semantic and technical
interoperability will be particularly critical. Firefighting
systems must work under uncertainty, shifting resource
availability, and dynamic coordination, closer to
distributed defence systems than standard enterprise
software.

The respondents reported moderate digital skills but low
organisational readiness, indicating likely adoption
challenges. Incremental deployment is therefore more
feasible: new functionalities should extend current
workflows and practices rather than replace them.
Solutions that require heavy onboarding or major
workflow changes may struggle to gain acceptance
(Carlson et al., 2025).

This study has several limitations. (1) The survey sample
was small and limited to first responders in Ireland, which
may reduce the generalisability of the findings to other
national contexts. (2) The small sample size and its skew
toward strategic and command levels prevented
meaningful comparisons across job clusters, and reduced
the representativeness of operational firefighter
information needs. (3) The survey did not account for
building type, treating the operational process as uniform.
Information needs may differ for high-risk facilities,
although such incidents are considerably less frequent
than typical dwelling fires (Dublin City Council, 2024).
(4) Preferences for information presentation were
assessed through text-based questions without interface
mockups, which may have influenced responses; the
preferred level of detail and granularity of data
representations were also not explored. However, user
interface design falls outside the scope of this study. (5)
Finally, advanced Digital Twin capabilities such as LLM-
based interaction or Al-driven prediction were not
explicitly addressed. While functions such as information
prediction and interpretation indirectly assume data-
driven approaches, these were not explored in depth.

Conclusions

This study examined firefighters’ information needs, data
usage and expectations for Digital Twin capabilities in
fire response. The findings confirm a persistent gap
between the available digital technologies and their
practical use during incidents. Under conditions of
uncertainty and time pressure, decision-making continues
to rely primarily on experience and direct observation,
despite the recognised value of data-driven support.

The results identify occupancy and structural integrity as
the most critical information categories, aligning with the
core operational priorities: protecting occupants and
ensuring crew safety. While some of this information can
be obtained from pre-incident data, its real-time
availability and prioritised delivery become critical
during active operations. A Digital Twin theoretically can
support these needs by linking data collection, analytics,
and representation, but its practical implementation
requires careful phasing. Not all information should be
streamed continuously; prioritizations and timing of data
will determine usability in real situations.

The main contribution of this study lies in providing
quantitative evidence on firefighter information
requirements, enabling explicit prioritisation of
information types for system design. In addition, the study
delivers a quantitative evaluation of Digital Twin
functionality, which provides a basis for defining
functional system requirements and aligning system



development with actual operational demand. The
findings also update and extend earlier surveys, which are
now partially outdated due to the increasing digitalisation
of buildings and emergency response systems.
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