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Abstract

In the past years, the use of drones has been increasingly introduced to firefighting operations. Drawing on
concrete examples from interviews with Thai firefighting professionals and recent field trials, as well as prior
research, this paper examines the challenges of integrating (partially) autonomous, Al-enhanced drones into
firefighting operations. Our findings reveal that, despite the promise of automation, on-field operators still prefer
communication via a dedicated drone pilot—a preference driven by unresolved trust issues and concerns over
information overload. We discuss challenges such as trust in automation and adaptive take-over. These inform
our proposals for design recommendations on adaptive communication, transparent take-over mechanisms, trust
calibration, physical handover and mapping of multiple data sources in human-drone teaming for firefighting.
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1. Introduction

In recent years, the incorporation of drones into firefighting activities has significantly increased, such
as utilizing their on-board cameras for area mapping [1]. Moreover, Human-Drone Interaction research
is increasingly applied to emergency contexts, including firefighting [2]. An exploratory study by
Khan and Neustaedter [3] highlighted the benefits of drones in assisting firefighters during emergency
situations, particularly in navigating dangerous environments and assessing the spread of fires. In
another study by Peschel et al. [4], a small UAV has been used to enable untrained responders to directly
control drone payloads and coordinate with pilots in emergency contexts. Beachly et al. [5] used a
UAV for a fire-aware planner that generates safe trajectories with effective ignitions for prescribed
fires. In field tests, the UAV was able to safely and effectively plan ignition lines while dynamically
adjusting to environmental changes. Roldan-Gomez et al. [6] explore the application of drone swarms
in forest firefighting. Their drones are used as remote sensors, bringing information in real-time to the
firefighters.

Prior work has also focused on the direct interaction between firefighters and drones. Alon et al.
[7] applied a co-design process with firefighters to define gestural input for communication between
firefighters and a drone. Li et al. [8] showed that a light beam projected from a drone could be used to
indicate victims to firefighters. Moreover, the use of expressive lights mounted directly on drones has
been explored to support communication between drones and victims [9].

While these applications show innovative drone uses in firefighting, they have not necessarily been
integrated into real-world operational conditions. Agrawal et al. [10] discuss the co-design of emergency
response systems with firefighters involved in the design process to design drone functionalities that
respond to real-world needs.

Prior work has highlighted challenges and limitations of drone-use in firefighting operations. Li et
al. [8] observed that drones are highly valued for providing real-time situational awareness [11], but
concerns about trust and ease of interaction remain. Our prior study on drone-assisted firefighting
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in Thailand [12] reveals that firefighters frequently prefer to receive updates through a dedicated
drone pilot rather than relying solely on information from an autonomous drone. This preference
underscores a trust gap that must be addressed through transparent take-over mechanisms and adaptive
communication systems, which are central issues in contemporary Human-Computer Interaction (HCI)
research.

2. Firefighting as a Concrete Use Case

Firefighting operations offer a rich context for examining the interplay between automation and human
expertise. The observations reported below are based on existing literature, our interviews with Thai
firefighters as reported in [12] and current ongoing focus groups and field studies.

2.1. Multiple data sources and sensors

Firefighters integrate multiple data sources, including live thermal imaging and digital maps, to build a
comprehensive operational overview. Drones can be a valuable addition, as they can be used as remote
sensors [6]. Furthermore, their use can serve to confirm or elaborate on the information received
from citizens prior to their entry into the firefighting operation. However, as we observed in our
previous interviews [12], one coordinator from Thailand explained that while drones process sensor
data autonomously, the resulting alerts can sometimes be ambiguous. In these cases, the team relies on
direct confirmation from a human pilot to verify and clarify the data before taking action..

2.2. Communication Under Pressure

In high-stakes emergencies, even small delays or unclear signals can jeopardize safety. Li et al. [8] noted
that audio-based instructions from autonomous drones can overwhelm operators in fast-paced scenarios.
During our field trials, several firefighters noted that while visual signals, such as drone lighting, were
generally effective and easy to interpret, audio messages often contributed to information overload
and ambiguity. One firefighter remarked, “I'd rather get a direct call from a human operator than rely
on an automated audio alert that might omit crucial context” This finding underscores the need to
carefully design drone communication systems to support adaptive, context-sensitive interventions
during emergency operations [13].

2.3. Trust and Decision Making

A persistent theme in human-automation teaming is the challenge of trust. Despite advances in
autonomous decision making, many firefighters remain skeptical of fully automated systems. Our
interviews reveal a strong preference for human-mediated communication [12]. Firefighters believe
that they would feel more secure when a dedicated drone pilot interprets complex data and provides
context-rich updates. This is in line with the findings of Li et al. [8]. More generally, this aligns with
models proposed by Lee and See [14] and is further supported by studies on human-autonomy teaming
[15]. Their findings suggest that transparent, context-sensitive interfaces are essential to calibrate trust
in automation.

2.4. Handover of Physical Objects

Firefighters are confronted with complex situations under time pressure for which drones can be of
invaluable help by supporting manual tasks, e.g., helping lift a load or bringing medical supplies [7]. The
handover process is a collaborative joint action in which a giver delivers an object to a receiver (who are
each either humans or robots) [16]. Research on adaptive handovers with robots [13] demonstrates that
incorporating social cues (e.g., verbal signals or spatial gestures) can smoothen the transition between
autonomous and human control. More specific design considerations for human-drone handover have
been proposed regarding the drone design, drove movement, robotic arm and the object [17] .



2.5. Take-Over Mechanisms

Automated systems may detect anomalies—such as a sudden temperature spikes—but often fail to
provide clear signals when manual control should be taken back. In firefighting, such ambiguity can
delay critical interventions. Recent work has shown that effective takeover mechanisms benefit from
multimodal feedback and adaptive cues that reduce ambiguity during control transitions [18, 19]. For
example, integrating visual, auditory, and haptic signals can provide redundant and complementary
information, ensuring that the need for manual intervention is communicated unambiguously even
under high cognitive load [19]. Additionally, adaptive takeover strategies that dynamically adjust the
urgency and presentation of cues based on real-time conditions and system confidence have been found
to enhance operator response times and reduce errors [20]. Recently, physiological computing has
been used to estimate drone operators’ future performances and consequently launch adaptive visual
alerts [21]. In the firefighting context, where every second counts, designing clear, context-sensitive
takeover cues is essential to ensure that human operators can promptly and reliably assume control
when necessary.

3. Design recommendations for Enhanced Human-Drone Teaming

Based on our empirical findings and the literature, we propose the following design recommendations:

3.1. Adaptive Communication and Data Integration

Develop systems that dynamically adjust communication channels (visual, auditory, haptic) based on
real-time conditions. For instance, in environments with high noise or poor visibility, the system might
switch from detailed audio instructions to concise, prioritized alerts or other sensory modalities (e.g.,
haptic). Moreover, integrating digital sensor data with analog inputs (e.g., hand-drawn maps, local
expertise) enhances decision making in resource-constrained settings where conventional mapping may
be incomplete. Additionally, recent multi-drone search and rescue research [22] shows that carefully
crafted user interface designs can foster trust while reducing cognitive workload, and explicit alerts
help guide operator focus in supervisory settings [23].

3.2. Transparent Take-Over and Trust Calibration

Design control systems that enable seamless switching between autonomous and human-led operations
by providing explicit, real-time feedback on system status. A visual dashboard can display dynamic
indicators, for example the “trust meter” from Lee and See [14] which reflects system confidence in
sensor data and decision making. In addition, incorporating countdown timers and adaptive feedback
loops helps operators determine when manual intervention is necessary. This level of transparency
reduces ambiguity and builds operator confidence, reinforcing findings from human-autonomy teaming
[15] and mitigating cognitive biases highlighted by He et al. [24].

3.3. Supporting Physical Handover

When designing for handover tasks, base your design on existing design considerations. Incorporating social
cues (e.g., verbal signals or spatial gestures) to clearly demarcate handover events, as demonstrated
in adaptive handover studies [13], can enhance coordination and ensure that control transitions are
smooth and intuitive. Considerations for drone design, drove movement, robotic arm and the object
itself have been proposed in prior work [17].

4. Discussion and Future Directions

Our study underscores that while autonomous, Al-integrated drones hold promise for enhancing
situational awareness in firefighting, unresolved trust issues and ambiguous take-over cues continue to



hinder full reliance on automation. The strong preference for a dedicated drone pilot—as observed in
our interviews [12]—indicates that human-drone teaming remains a critical area for exploration. Future
work should include longitudinal studies to assess how adaptive interfaces impact trust over time, field
trials comparing fully automated versus hybrid handover scenarios, and cross-domain studies in other
high-stakes environments such as emergency medical services. Furthermore, as drones become more
closely integrated with wearable personal protective equipment, considerations around sustainability
in product development also become increasingly pertinent [25].

5. Conclusion

Partial automation in high-stakes environments like firefighting presents both significant opportunities
and challenges. Although automation can enhance situational awareness and decision support, am-
biguous take-over cues and unresolved trust deficits often lead operators to favor human-mediated
communication. In this position paper we propose design recommendations to develop drone systems
that better support firefighters in critical situations. These systems will not only improve operational
efficiency and safety but also advance our understanding of human-AI teaming in the HCI field.

Declaration on Generative Al

During the preparation of this work, the authors used Generative AI (Gemini) in order to: Grammar and
spelling check, Improve readability, Paraphrase and reword. After using this tool, the authors reviewed
and edited the content as needed and take full responsibility for the publication’s content.

References

[1] DJI Enterprise, Thermal mapping drones support firefighting response to chem-
ical  factory fire in  thailand, https://enterprise-insights.dji.com/user-stories/
drone-firefighting-thailand-chemical-factory-fire, 2022. Accessed: March 6, 2025.

[2] V. Herdel, L. J. Yamin, J. R. Cauchard, Above and beyond: A scoping review of domains and
applications for human-drone interaction, in: Proceedings of the 2022 CHI Conference on Human
Factors in Computing Systems, CHI "22, Association for Computing Machinery, New York, NY,
USA, 2022. URL: https://doi.org/10.1145/3491102.3501881. doi:10.1145/3491102.3501881.

[3] M.N. H. Khan, C. Neustaedter, An exploratory study of the use of drones for assisting firefighters
during emergency situations, in: Proceedings of the 2019 CHI Conference on Human Factors in
Computing Systems, CHI ’19, Association for Computing Machinery, New York, NY, USA, 2019, p.
1-14. URL: https://doi.org/10.1145/3290605.3300502. doi:10.1145/3290605.3300502.

[4] J. M. Peschel, B. A. Duncan, R. R. Murphy, Design and field evaluation of a mission specialist
interface for small unmanned aerial systems, International Journal of Social Robotics 14 (2022)
1423-1434.

[5] E.Beachly, C. Detweiler, S. Elbaum, B. Duncan, C. Hildebrandt, D. Twidwell, C. Allen, Fire-aware
planning of aerial trajectories and ignitions, in: 2018 IEEE/RS] International Conference on
Intelligent Robots and Systems (IROS), 2018, pp. 685-692. doi:10.1109/IR0S.2018.8593568.

[6] J.J. Roldan-Gomez, E. Gonzalez-Gironda, A. Barrientos, A Survey on Robotic Technologies for
Forest Firefighting: Applying Drone Swarms to Improve Firefighters’ Efficiency and Safety, Applied
Sciences 11 (2021) 363. URL: https://doi.org/10.3390/app11010363. doi:10.3390/app11010363.

[7] O. Alon, S. Rabinovich, C. Fyodorov, J. R. Cauchard, Drones in firefighting: A user-centered design
perspective, in: Proceedings of the 23rd International Conference on Mobile Human-Computer
Interaction, MobileHCI °21, Association for Computing Machinery, New York, NY, USA, 2021. URL:
https://doi.org/10.1145/3447526.3472030. doi:10.1145/3447526.3472030.

[8] M.Li, D.Katsiuba, M. Dolata, G. Schwabe, Firefighters’ perceptions on collaboration and interaction
with autonomous drones: Results of a field trial, in: Proceedings of the 2024 CHI Conference on


https://enterprise-insights.dji.com/user-stories/drone-firefighting-thailand-chemical-factory-fire
https://enterprise-insights.dji.com/user-stories/drone-firefighting-thailand-chemical-factory-fire
https://doi.org/10.1145/3491102.3501881
http://dx.doi.org/10.1145/3491102.3501881
https://doi.org/10.1145/3290605.3300502
http://dx.doi.org/10.1145/3290605.3300502
http://dx.doi.org/10.1109/IROS.2018.8593568
https://doi.org/10.3390/app11010363
http://dx.doi.org/10.3390/app11010363
https://doi.org/10.1145/3447526.3472030
http://dx.doi.org/10.1145/3447526.3472030

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[22]

Human Factors in Computing Systems, CHI ’24, Association for Computing Machinery, New York,
NY, USA, 2024. URL: https://doi.org/10.1145/3613904.3642061. d0i:10.1145/3613904.3642061.
E. Ginosar, J. R. Cauchard, At first light: Expressive lights in support of drone-initiated com-
munication, in: Proceedings of the 2023 CHI Conference on Human Factors in Computing
Systems, CHI ’23, Association for Computing Machinery, New York, NY, USA, 2023. URL:
https://doi.org/10.1145/3544548.3581062. doi:10.1145/3544548.3581062.

A. Agrawal, S. J. Abraham, B. Burger, C. Christine, L. Fraser, J. M. Hoeksema, S. Hwang, E. Travnik,
S. Kumar, W. Scheirer, J. Cleland-Huang, M. Vierhauser, R. Bauer, S. Cox, The next generation
of human-drone partnerships: Co-designing an emergency response system, in: Proceedings
of the 2020 CHI Conference on Human Factors in Computing Systems, CHI *20, Association for
Computing Machinery, New York, NY, USA, 2020, p. 1-13. URL: https://doi.org/10.1145/3313831.
3376825. d0i:10.1145/3313831.3376825.

M. R. Endsley, Toward a Theory of Situation Awareness in Dynamic Systems, Human Factors The
Journal of the Human Factors and Ergonomics Society 37 (1995) 32-64. URL: https://doi.org/10.
1518/001872095779049543. doi:10.1518/001872095779049543.

C. Boonyard, C. Jouffrais, J. R. Cauchard, A. M. Brock, Firefighting with drone assistance: User
needs and design considerations for thailand, in: Proceedings of the 2025 CHI Conference on
Human Factors in Computing Systems, ACM, 2025, p. 18 pages. URL: https://doi.org/10.1145/
3706598.3714172. doi:10.1145/3706598.3714172.

L. Tian, K. He, S. Xu, A. Cosgun, D. Kulic, Crafting with a robot assistant: Use social cues to
inform adaptive handovers in human-robot collaboration, in: Proceedings of the 2023 ACM/IEEE
International Conference on Human-Robot Interaction, HRI ’23, Association for Computing
Machinery, New York, NY, USA, 2023, p. 252-260. URL: https://doi.org/10.1145/3568162.3576998.
doi:10.1145/3568162.3576998.

J. D. Lee, K. A. See, Trust in automation: Designing for appropriate reliance, Human Factors
46 (2004) 50—80. URL: https://doi.org/10.1518/hfes.46.1.50_30392. doi:10.1518/hfes.46.1.50\
_30392. arXiv:https://doi.org/10.1518/hfes.46.1.50_30392, pMID: 15151155.

E. K. C. Nathan J. McNeese, Mustafa Demir, N. J. Cooke, Trust and team performance in
human-autonomy teaming, International Journal of Electronic Commerce 25 (2021) 51-72.
URL: https://doi.org/10.1080/10864415.2021.1846854. d0i:10.1080/10864415.2021.1846854.
arXiv:https://doi.org/10.1080/10864415.2021.1846854.

V. Ortenzi, A. Cosgun, T. Pardi, W. P. Chan, E. Croft, D. Kuli¢, Object handovers: A review for
robotics, IEEE Transactions on Robotics 37 (2021) 1855-1873. do0i:10.1109/TR0O.2021.3075365.
J.R. Cauchard, C. Dutau, G. Corsini, M. Cognetti, D. Sidobre, S. Lacroix, A. M. Brock, Considerations
for handover and co-working with drones, in: Companion of the 2024 ACM/IEEE International
Conference on Human-Robot Interaction, HRI °24, ACM, New York, NY, USA, 2024, p. 302-306.
URL: https://doi.org/10.1145/3610978.3640590. doi:10.1145/3610978.3640590.

A. Gundappa, E. Ellsiepen, L. Schmitz, F. Wiehr, V. Demberg, The design of informative take-over re-
quests for semi-autonomous cyber-physical systems: Combining spoken language and visual icons
in a drone-controller setting, 2024. URL: https://arxiv.org/abs/2409.08253. arXiv:2409.08253.
A. Schmidt, T. Herrmann, Intervention user interfaces: a new interaction paradigm for auto-
mated systems, Interactions 24 (2017) 40—45. URL: https://doi.org/10.1145/3121357. doi:10. 1145/
3121357.

W. Morales-Alvarez, O. Sipele, R. Léberon, H. H. Tadjine, C. Olaverri-Monreal, Automated driving:
A literature review of the take over request in conditional automation, Electronics 9 (2020). URL:
https://www.mdpi.com/2079-9292/9/12/2087. d0i:10.3390/electronics9122087.

M. F. Hinss, A. M. Brock, R. N. Roy, Eeg-based adaptive visual alerts to mitigate uas operator
mental fatigue: A technical proof of concept, in: CHI EA ’25: Extended Abstracts of the CHI
Conference on Human Factors in Computing Systems, ACM, 2025.

J. Ahlskog, M.-T. Bahodi, A. Lugmayr, T. Merritt, Fostering trust through user interface design
in multi-drone search and rescue, in: Proceedings of the Second International Symposium on
Trustworthy Autonomous Systems, TAS ’24, Association for Computing Machinery, New York,


https://doi.org/10.1145/3613904.3642061
http://dx.doi.org/10.1145/3613904.3642061
https://doi.org/10.1145/3544548.3581062
http://dx.doi.org/10.1145/3544548.3581062
https://doi.org/10.1145/3313831.3376825
https://doi.org/10.1145/3313831.3376825
http://dx.doi.org/10.1145/3313831.3376825
https://doi.org/10.1518/001872095779049543
https://doi.org/10.1518/001872095779049543
http://dx.doi.org/10.1518/001872095779049543
https://doi.org/10.1145/3706598.3714172
https://doi.org/10.1145/3706598.3714172
http://dx.doi.org/10.1145/3706598.3714172
https://doi.org/10.1145/3568162.3576998
http://dx.doi.org/10.1145/3568162.3576998
https://doi.org/10.1518/hfes.46.1.50_30392
http://dx.doi.org/10.1518/hfes.46.1.50_30392
http://dx.doi.org/10.1518/hfes.46.1.50_30392
http://arxiv.org/abs/https://doi.org/10.1518/hfes.46.1.50_30392
https://doi.org/10.1080/10864415.2021.1846854
http://dx.doi.org/10.1080/10864415.2021.1846854
http://arxiv.org/abs/https://doi.org/10.1080/10864415.2021.1846854
http://dx.doi.org/10.1109/TRO.2021.3075365
https://doi.org/10.1145/3610978.3640590
http://dx.doi.org/10.1145/3610978.3640590
https://arxiv.org/abs/2409.08253
http://arxiv.org/abs/2409.08253
https://doi.org/10.1145/3121357
http://dx.doi.org/10.1145/3121357
http://dx.doi.org/10.1145/3121357
https://www.mdpi.com/2079-9292/9/12/2087
http://dx.doi.org/10.3390/electronics9122087

[23]

[24]

[25]

NY, USA, 2024. URL: https://doi.org/10.1145/3686038.3686052. doi:10.1145/3686038.3686052.
M.-T. Bahodji, N. van Berkel, M. Skov, T. Merritt, Show me what’s wrong: Impact of explicit alerts on
novice supervisors of a multi-robot monitoring system, in: Proceedings of the Second International
Symposium on Trustworthy Autonomous Systems, TAS ’24, Association for Computing Machinery,
New York, NY, USA, 2024. URL: https://doi.org/10.1145/3686038.3686069. doi:10.1145/3686038.
3686069.

G. He, L. Kuiper, U. Gadiraju, Knowing about knowing: An illusion of human competence can
hinder appropriate reliance on ai systems, in: Proceedings of the 2023 CHI Conference on Human
Factors in Computing Systems, CHI ’23, Association for Computing Machinery, New York, NY,
USA, 2023. URL: https://doi.org/10.1145/3544548.3581025. doi:10.1145/3544548 .3581025.

O. Gurova, T. R. Merritt, E. Papachristos, J. Vaajakari, Sustainable solutions for wearable
technologies: Mapping the product development life cycle, Sustainability 12 (2020). URL:
https://www.mdpi.com/2071-1050/12/20/8444. d0i:10.3390/su12208444.


https://doi.org/10.1145/3686038.3686052
http://dx.doi.org/10.1145/3686038.3686052
https://doi.org/10.1145/3686038.3686069
http://dx.doi.org/10.1145/3686038.3686069
http://dx.doi.org/10.1145/3686038.3686069
https://doi.org/10.1145/3544548.3581025
http://dx.doi.org/10.1145/3544548.3581025
https://www.mdpi.com/2071-1050/12/20/8444
http://dx.doi.org/10.3390/su12208444

	1 Introduction
	2 Firefighting as a Concrete Use Case
	2.1 Multiple data sources and sensors
	2.2 Communication Under Pressure
	2.3 Trust and Decision Making
	2.4 Handover of Physical Objects
	2.5 Take-Over Mechanisms

	3 Design recommendations for Enhanced Human-Drone Teaming
	3.1 Adaptive Communication and Data Integration
	3.2 Transparent Take-Over and Trust Calibration
	3.3 Supporting Physical Handover

	4 Discussion and Future Directions
	5 Conclusion

