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• American Control Conference 2020 (ACC'20) - Best Student Paper Award Finalist

• Links:

– Link to IEEE Xplore: [to be added]

– Link to arXiv: https://arxiv.org/pdf/2006.07969.pdf

– Link to Robot Experiment Video: https://www.youtube.com/watch?v=j3YdIO5u_fE

Information and Links

Abstract - Fighting wildfires is a precarious task, imperiling the lives of engaging firefighters and those who reside in the fire's path. Firefighters need online and dynamic 
observation of the firefront to anticipate a wildfire's unknown characteristics, such as size, scale, and propagation velocity, and to plan accordingly. In this paper, we 

propose a distributed control framework to coordinate a team of unmanned aerial vehicles (UAVs) for a human-centered active sensing of wildfires. We develop a dual-
criterion objective function based on Kalman uncertainty residual propagation and weighted multi-agent consensus protocol, which enables the UAVs to actively infer 

the wildfire dynamics and parameters, track and monitor the fire transition, and safely manage human firefighters on the ground using acquired information. We 
evaluate our approach relative to prior work, showing significant improvements by reducing the environment’s cumulative uncertainty residual in firefront coverage 

performance to support human-robot teaming for firefighting. We also demonstrate our method on physical robots in a mock firefighting exercise.

https://www.youtube.com/redirect?q=https%3A%2F%2Farxiv.org%2Fpdf%2F2006.07969.pdf&v=UQsWPh9c3eM&redir_token=iQCsIU_t1FTJO1UfhlOTV0ztuYZ8MTU5MzkwODAwN0AxNTkzODIxNjA3&event=video_description
https://www.youtube.com/watch?v=j3YdIO5u_fE
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• According to I.I.I and USFA (U.S., 2016-2019):

– More than 245,634 wildfires

– More than 30.9 million acres burned

– More than 30,000 structures destroyed, and 
hundreds of people killed

– More than $53 billion in damage

Motivation - Wildfires facts and Statistics

• I.I.I. – Insurance Information Institute 
• USFA – United States Fire Administration
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Motivation – UAVs for Wildfire Monitoring

• UAVs for Wildfire Monitoring:

– Firefighters need frequent, high-quality images to 
monitor the fire propagation and plan accordingly

– Due to their agility and hovering capability, UAVs are 
good candidates to provide firefighters with real-
time fire monitoring information
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Motivation – Human-Centered Active Sensing

Human Teams

Autonomous Robot Teams

Vision-Based

F De Vivo et al. 2018

Intensity-Based

Pham et al. 2017

Learning-Based

Ravi et al. 2019

Human-defined 

Vicinity of Priority

Team #1 Team #2

Areas of Human Activity
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Motivation – Human-Centered Active Sensing

Human Teams

Autonomous Robot Teams

Human-defined 

Vicinity of Priority

Team #1 Team #2

Areas of Human Activity

Distributedly Cover the 

Wildfire

Provide Firefighters with 

Safety Information 

4



Esmaeil Seraj and Matthew Gombolay, Coordinated Control of UAVs for Human-Centered Active Sensing of Wildfires, American Control Conference (ACC’20)

Denver, Colorado (2020)

Method – Overview
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• 𝑞𝑡
𝑖 ∈ 𝑄 location of firespot 𝑖 in fire map 𝑄 at time 𝑡

• 𝑝𝑡
𝑑 ∈ 𝑁 position of UAV 𝑑 at time 𝑡

• 𝒰𝑡
𝑡𝑜𝑡 total uncertainty map • ℰ𝑑𝑗 total displacement energy among all UAVs

• 𝑝𝑡
𝑗/𝑑

represents all UAVs in 𝑁 except 𝑑
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• 𝑞𝑡
𝑖 ∈ 𝑄 location of firespot 𝑖 in fire map 𝑄 at time 𝑡

• 𝑝𝑡
𝑑 ∈ 𝑁 position of UAV 𝑑 at time 𝑡

• 𝒰𝑡
𝑡𝑜𝑡 total uncertainty map • ℰ𝑑𝑗 total displacement energy among all UAVs

• 𝑝𝑡
𝑗/𝑑

represents all UAVs in 𝑁 except 𝑑
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Fire Dynamics Along X-Y Axes

Numerical Motion model

Preliminaries – Wildfire Propagation Model

𝑞𝑡
𝑖 = 𝑞𝑡−1

𝑖 + ሶ𝑞𝑡−1
𝑖 𝛿𝑡

ሶ𝑞𝑡
𝑥 = 𝐶 𝑅𝑡, 𝑈𝑡 𝑠𝑖𝑛 𝜃𝑡

ሶ𝑞𝑡
𝑦
= 𝐶 𝑅𝑡, 𝑈𝑡 𝑐𝑜𝑠 𝜃𝑡

𝒙𝒕 𝒙𝒕+𝜹𝒕

𝒚𝒕

𝒚𝒕+𝜹𝒕

Full simulation for 50 initial fire points

• FARSITE (Finney et al. 1998):

• 𝑞𝑡
𝑖 ∈ 𝑄 location of firespot 𝑖 at time 𝑡

• 𝑅𝑡 is the fuel/vegetation coefficient
• 𝑈𝑡 is the mid-flame wind speed
• 𝜃𝑡 is wind-azimuth
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Method – Uncertainty Control Component
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• Criteria 1 – Uncertainty-based Controller:

– Firefront Uncertainty Map:

EKF State Estimation and Uncertainty Propagation

෡𝓢𝒕 𝟖×𝟏
=

𝝏𝓜𝒕

𝝏𝓢𝒊
ቚ
෡𝓢𝒕|𝒕−𝟏 𝟖×𝟖
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=
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ቚ
෡𝓩𝒕|𝒕 𝟖×𝟖

. ෡𝓢𝒕 𝟖×𝟏
+ 𝝂𝒕

• 𝒮𝑡−1 = Ԧ𝑞𝑡−1, Ԧ𝑝𝑡−1, 𝑅𝑡−1, 𝑈𝑡−1, 𝜃𝑡−1
𝑇 is the state vector

• ℳ𝑡 is the FARSITE model and 
𝜕ℳ𝑡

𝜕𝒮𝑖
is the transition Jacobian matrix

• 𝜔𝑡 is the process noise modeled as a white noise 

• 𝒪𝑡 is a flying UAV’s observation model and 
𝜕𝒪𝑡

𝜕𝒵𝑖
is the observation Jacobian matrix

• 𝜈𝑡 is the observation noise modeled as a white noise 
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• Observation noise covariance
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The Firefront Uncertainty Minimization Objective Function
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Method – Uncertainty Control Component

Uncertainty Control 
Component

Formation Control 
Component

+
+

-

Path Planning 
Controller

𝒑𝒕+𝜹𝒕
𝒗

𝒖𝒅
𝒖𝒄𝒄

𝒖𝒅
𝒇𝒄𝒄

𝑼𝑨𝑽𝒅

𝒖𝒅,𝒕

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

൝
𝒒𝒕
𝒊

𝒑𝒕
𝒉

minℋ = argmax
𝑞𝑡
𝑖 ,𝑝𝑡

𝑑
න
𝑖∈𝑄

𝒰𝑡
𝑡𝑜𝑡 𝑞𝑡

𝑖 𝑑𝑞 − න
𝑑∈𝑁

ℰ𝑑𝑗 𝑝𝑡
𝑑 − 𝑝𝑡

𝑗/𝑑
𝑑𝑝

• Criteria 1 – Uncertainty-based Controller:

– Firefront Uncertainty Map:

EKF State Estimation and Uncertainty Propagation

෡𝓢𝒕 𝟖×𝟏
=

𝝏𝓜𝒕

𝝏𝓢𝒊
ቚ
෡𝓢𝒕|𝒕−𝟏 𝟖×𝟖

. 𝓢𝒕−𝟏 𝟖×𝟏 +𝝎𝒕

෡𝓩𝒕 𝟖×𝟏
=

𝝏𝓞𝒕

𝝏𝓩𝒊
ቚ
෡𝓩𝒕|𝒕 𝟖×𝟖

. ෡𝓢𝒕 𝟖×𝟏
+ 𝝂𝒕

𝑷𝒕|𝒕−𝟏 = 𝑭𝒕 𝑷𝒕−𝟏|𝒕−𝟏 𝑭𝒕
𝑻 + 𝑸𝒕 𝑺𝒕 = 𝑯𝒕 𝑷𝒕|𝒕_𝟏 𝑯𝒕

𝑻 + 𝜞𝒕

min𝒰𝑡
𝑓
= argmax

𝑞𝑡
𝑖∈𝑓𝑜𝑣𝑡

𝑑
Tr 𝑆𝑡 = argmax

𝑞𝑡
𝑖∈𝑓𝑜𝑣𝑡

𝑑
Tr 𝐻𝑡 𝐹𝑡𝑃𝑡−1|𝑡−1𝐹𝑡

𝑇 + 𝑄𝑡 𝐻𝑡
𝑇 + 𝛤𝑡

The Firefront Uncertainty Minimization Objective Function

ACC 2020
(Denver - CO)

virtual

V.S.

ACC 2020
(Denver - CO)

Virtual
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Method – Uncertainty Control Component

Uncertainty Control 
Component

Formation Control 
Component

+
+

-

Path Planning 
Controller

𝒑𝒕+𝜹𝒕
𝒗

𝒖𝒅
𝒖𝒄𝒄

𝒖𝒅
𝒇𝒄𝒄

𝑼𝑨𝑽𝒅

𝒖𝒅,𝒕

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

൝
𝒒𝒕
𝒊

𝒑𝒕
𝒉

minℋ = argmax
𝑞𝑡
𝑖 ,𝑝𝑡

𝑑
න
𝑖∈𝑄

𝒰𝑡
𝑡𝑜𝑡 𝑞𝑡

𝑖 𝑑𝑞 − න
𝑑∈𝑁

ℰ𝑑𝑗 𝑝𝑡
𝑑 − 𝑝𝑡

𝑗/𝑑
𝑑𝑝

• Criteria 1 – Uncertainty-based Controller:

– Firefront Uncertainty Map:

EKF State Estimation and Uncertainty Propagation

෡𝓢𝒕 𝟖×𝟏
=

𝝏𝓜𝒕

𝝏𝓢𝒊
ቚ
෡𝓢𝒕|𝒕−𝟏 𝟖×𝟖

. 𝓢𝒕−𝟏 𝟖×𝟏 +𝝎𝒕

෡𝓩𝒕 𝟖×𝟏
=

𝝏𝓞𝒕

𝝏𝓩𝒊
ቚ
෡𝓩𝒕|𝒕 𝟖×𝟖

. ෡𝓢𝒕 𝟖×𝟏
+ 𝝂𝒕

𝑷𝒕|𝒕−𝟏 = 𝑭𝒕 𝑷𝒕−𝟏|𝒕−𝟏 𝑭𝒕
𝑻 + 𝑸𝒕 𝑺𝒕 = 𝑯𝒕 𝑷𝒕|𝒕_𝟏 𝑯𝒕

𝑻 + 𝜞𝒕

min𝒰𝑡
𝑓
= argmax

𝑞𝑡
𝑖∈𝑓𝑜𝑣𝑡

𝑑
Tr 𝑆𝑡 = argmax

𝑞𝑡
𝑖∈𝑓𝑜𝑣𝑡

𝑑
Tr 𝐻𝑡 𝐹𝑡𝑃𝑡−1|𝑡−1𝐹𝑡

𝑇 + 𝑄𝑡 𝐻𝑡
𝑇 + 𝛤𝑡

The Firefront Uncertainty Minimization Objective Function

𝑧𝑡
𝑑

𝜑𝜖

𝑝𝑡
𝑑 𝑞𝑡1

𝑖 ො𝑞𝑡1
𝑖 𝑞𝑡2

𝑖 ො𝑞𝑡2
𝑖

Δො𝑞𝑡1 Δො𝑞𝑡2

𝑞𝑡1
𝑖 < 𝑞𝑡2

𝑖 & 𝜑𝜖 = 𝜑𝜖

then

Δො𝑞𝑡1 < Δො𝑞𝑡2
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Method – Uncertainty Control Component

Uncertainty Control 
Component

Formation Control 
Component

+
+

-

Path Planning 
Controller

𝒑𝒕+𝜹𝒕
𝒗

𝒖𝒅
𝒖𝒄𝒄

𝒖𝒅
𝒇𝒄𝒄

𝑼𝑨𝑽𝒅

𝒖𝒅,𝒕

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

൝
𝒒𝒕
𝒊

𝒑𝒕
𝒉

minℋ = argmax
𝑞𝑡
𝑖 ,𝑝𝑡

𝑑
න
𝑖∈𝑄

𝒰𝑡
𝑡𝑜𝑡 𝑞𝑡

𝑖 𝑑𝑞 − න
𝑑∈𝑁

ℰ𝑑𝑗 𝑝𝑡
𝑑 − 𝑝𝑡

𝑗/𝑑
𝑑𝑝

• Criteria 1 – Uncertainty-based Controller:

– Firefront Uncertainty Map:

EKF State Estimation and Uncertainty Propagation

෡𝓢𝒕 𝟖×𝟏
=

𝝏𝓜𝒕

𝝏𝓢𝒊
ቚ
෡𝓢𝒕|𝒕−𝟏 𝟖×𝟖

. 𝓢𝒕−𝟏 𝟖×𝟏 +𝝎𝒕

෡𝓩𝒕 𝟖×𝟏
=

𝝏𝓞𝒕

𝝏𝓩𝒊
ቚ
෡𝓩𝒕|𝒕 𝟖×𝟖

. ෡𝓢𝒕 𝟖×𝟏
+ 𝝂𝒕

𝑷𝒕|𝒕−𝟏 = 𝑭𝒕 𝑷𝒕−𝟏|𝒕−𝟏 𝑭𝒕
𝑻 + 𝑸𝒕 𝑺𝒕 = 𝑯𝒕 𝑷𝒕|𝒕_𝟏 𝑯𝒕

𝑻 + 𝜞𝒕

min𝒰𝑡
𝑓
= argmax

𝑞𝑡
𝑖∈𝑓𝑜𝑣𝑡

𝑑
Tr 𝑆𝑡 = argmax

𝑞𝑡
𝑖∈𝑓𝑜𝑣𝑡

𝑑
Tr 𝐻𝑡 𝐹𝑡𝑃𝑡−1|𝑡−1𝐹𝑡

𝑇 + 𝑄𝑡 𝐻𝑡
𝑇 + 𝛤𝑡

The Firefront Uncertainty Minimization Objective Function

𝑧𝑡1
𝑑

𝑝𝑡1
𝑑 𝑞𝑡

𝑖 = 𝑝𝑡2
𝑑

C
lo

s
e

 D
is

ta
n

c
e

𝑧𝑡2
𝑑
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Method – Uncertainty Control Component

Uncertainty Control 
Component

Formation Control 
Component

+
+

-

Path Planning 
Controller

𝒑𝒕+𝜹𝒕
𝒗

𝒖𝒅
𝒖𝒄𝒄

𝒖𝒅
𝒇𝒄𝒄

𝑼𝑨𝑽𝒅

𝒖𝒅,𝒕

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

൝
𝒒𝒕
𝒊

𝒑𝒕
𝒉

minℋ = argmax
𝑞𝑡
𝑖 ,𝑝𝑡

𝑑
න
𝑖∈𝑄

𝒰𝑡
𝑡𝑜𝑡 𝑞𝑡

𝑖 𝑑𝑞 − න
𝑑∈𝑁

ℰ𝑑𝑗 𝑝𝑡
𝑑 − 𝑝𝑡

𝑗/𝑑
𝑑𝑝

• Criteria 1 – Uncertainty-based Controller:

– Firefront Uncertainty Map:

– Human Uncertainty Map:

min𝒰𝑡
𝑓
= argmax

𝑞𝑡
𝑖∈𝑓𝑜𝑣𝑡

𝑑
Tr 𝑆𝑡 = argmax

𝑞𝑡
𝑖∈𝑓𝑜𝑣𝑡

𝑑
Tr 𝐻𝑡 𝐹𝑡𝑃𝑡−1|𝑡−1𝐹𝑡

𝑇 + 𝑄𝑡 𝐻𝑡
𝑇 + 𝛤𝑡
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Method – Formation Control Component

Uncertainty Control 
Component

Formation Control 
Component

+
+

-

Path Planning 
Controller

𝒑𝒕+𝜹𝒕
𝒗

𝒖𝒅
𝒖𝒄𝒄

𝒖𝒅
𝒇𝒄𝒄

𝑼𝑨𝑽𝒅

𝒖𝒅,𝒕

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

൝
𝒒𝒕
𝒊

𝒑𝒕
𝒉

minℋ = argmax
𝑞𝑡
𝑖 ,𝑝𝑡

𝑑
න
𝑖∈𝑄

𝒰𝑡
𝑡𝑜𝑡 𝑞𝑡

𝑖 𝑑𝑞 − න
𝑑∈𝑁

ℰ𝑑𝑗 𝑝𝑡
𝑑 − 𝑝𝑡

𝑗/𝑑
𝑑𝑝

• Criteria 2 – Formation Control Component:

– Weighted Multi-agent Consensus Protocol (Cortes & Egerstedt 2017):

𝑝𝑡
𝑑 − 𝑝𝑡

𝑗

minℰ = argmin
𝑝𝑡

ℰ𝑑𝑗 𝑝𝑡
𝑑 − 𝑝𝑡

𝑗

= argmin
𝑝𝑡

෍

𝑑=1

𝑁

෍

𝑗∈𝑉𝑑

1

2 Δ − 𝛿

𝑝𝑡
𝑑 − 𝑝𝑡

𝑗
− 𝛿

Δ − 𝑝𝑡
𝑑 − 𝑝𝑡

𝑗

2

• 𝛿 is the minimum distance allowed between UAVs

• Δ is the maximum distance allowed between UAVs (communication range)
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Method – Formation Control Component

Uncertainty Control 
Component

Formation Control 
Component

+
+

-

Path Planning 
Controller

𝒑𝒕+𝜹𝒕
𝒗

𝒖𝒅
𝒖𝒄𝒄

𝒖𝒅
𝒇𝒄𝒄

𝑼𝑨𝑽𝒅

𝒖𝒅,𝒕

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

൝
𝒒𝒕
𝒊

𝒑𝒕
𝒉

minℋ = argmax
𝑞𝑡
𝑖 ,𝑝𝑡

𝑑
න
𝑖∈𝑄

𝒰𝑡
𝑡𝑜𝑡 𝑞𝑡

𝑖 𝑑𝑞 − න
𝑑∈𝑁

ℰ𝑑𝑗 𝑝𝑡
𝑑 − 𝑝𝑡

𝑗/𝑑
𝑑𝑝

• Criteria 2 – Formation Control Component:

– Weighted Multi-agent Consensus Protocol (Cortes & Egerstedt 2017):

minℰ = argmin
𝑝𝑡

ℰ𝑑𝑗 𝑝𝑡
𝑑 − 𝑝𝑡

𝑗

= argmin
𝑝𝑡

෍

𝑑=1

𝑁

෍

𝑗∈𝑉𝑑

1

2 Δ − 𝛿

𝑝𝑡
𝑑 − 𝑝𝑡

𝑗
− 𝛿

Δ − 𝑝𝑡
𝑑 − 𝑝𝑡

𝑗

2

• 𝛿 is the minimum distance allowed between UAVs

• Δ is the maximum distance allowed between UAVs (communication range)
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Method – Controller Design

Uncertainty Control 
Component

Formation Control 
Component

+
+

-

Path Planning 
Controller

𝒑𝒕+𝜹𝒕
𝒗

𝒖𝒅
𝒖𝒄𝒄

𝒖𝒅
𝒇𝒄𝒄

𝑼𝑨𝑽𝒅

𝒖𝒅,𝒕

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

൝
𝒒𝒕
𝒊

𝒑𝒕
𝒉

• Uncertainty Controller Component:

– Total Uncertainty Map:
𝒰𝑡
𝑡𝑜𝑡 = 𝒰𝑡

𝑓
+ 𝒰𝑡

ℎ

– Uncertainty Controller Input 𝑢𝑑
𝑢𝑐𝑐 :

𝑢𝑑,𝑡
𝑢𝑐𝑐 = −𝜅1

𝜕𝒰𝑡
𝑡𝑜𝑡

𝜕𝑝𝑑
= − 𝜅𝑥1

𝜕𝒰𝑡
𝑡𝑜𝑡

𝜕𝑝𝑑
𝑥 , 𝜅𝑦1

𝜕𝒰𝑡
𝑡𝑜𝑡

𝜕𝑝𝑑
𝑦 , 𝜅𝑧1

𝜕𝒰𝑡
𝑡𝑜𝑡

𝜕𝑝𝑑
𝑧

• Formation Controller Component:

– Formation Controller Input 𝑢𝑑
𝑓𝑐𝑐

:

𝑢𝑑
𝑓𝑐𝑐

= −𝜅2
𝜕ℰ𝑡
𝜕𝑝𝑑

= − 𝜅𝑥2
𝜕ℰ𝑡
𝜕𝑝𝑑

𝑥 , 𝜅𝑦2
𝜕ℰ𝑡

𝜕𝑝𝑑
𝑦 , 𝜅𝑧2

𝜕ℰ𝑡
𝜕𝑝𝑑

𝑧

• Combining the Two Forces:
𝑝𝑡+𝛿𝑡
𝑣 = 𝑝𝑡

𝑣 − 𝑢𝑑
𝑢𝑐𝑐 − 𝑢𝑑

𝑓𝑐𝑐
𝛿𝑡

• Path Planning Controller:

𝑢𝑑,𝑡 =෍

𝑖

𝑢𝑑,𝑡
𝑎𝑡𝑡 + 𝑢𝑑,𝑡

𝑟𝑒𝑝
, ∀𝑖 ∈ {ℱ𝑡}

• Final UAV Position Update:

𝑝𝑡+𝛿𝑡
𝑑 = 𝑝𝑡

𝑑 + 𝑢𝑑,𝑡𝛿𝑡
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Empirical Evaluation – Simulation 

𝒕 = 𝟐𝟎𝒔

𝒕 = 𝟑𝟎𝟎𝒔

World size # initial 
firespots

Initial firespots 
location range

FARSITE Model Parameters
(e.g., 𝑅𝑡, 𝑈𝑡, 𝜃𝑡)

# drones Initial UAV 
location range

UAV’s initial 
altitude

UAV’s allowable 
altitude range

UAV’s camera 
half-angles

𝛿 and Δ

500 × 500 20 50, 100 According to Pham et al. (2017) 5 50, 300 0 15, 45 𝜋

4
,
𝜋

6
50 and 500
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Empirical Evaluation – Coverage Performance 

World size # initial 
firespots

Initial firespots 
location range

FARSITE Model Parameters
(e.g., 𝑅𝑡, 𝑈𝑡, 𝜃𝑡)

# drones Initial UAV 
location range

UAV’s initial 
altitude

UAV’s allowable 
altitude range

UAV’s camera 
half-angles

𝛿 and Δ

500 × 500 20 50, 100 According to Pham et al. (2017) 5 50, 300 0 15, 45 𝜋

4
,
𝜋

6
50 and 500

• Benchmarks:
1. Model-based Distributed Controller (Pham et al. 2017)

• Incorporates the FARSITE model and a model for heat-intensity
• Artificial Potential Field Based Distributed Controller

2. Deep Reinforcement Learning (RL) Baseline
• Policy network with 4 convolutional layers and 3 fully-connected layers
• Image of fire-area as an input and direction for UAVs as output
• Reward is the negative sum of all uncertainty residuals across entire map
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Empirical Evaluation – Coverage Performance 

World size # initial 
firespots

Initial firespots 
location range

FARSITE Model Parameters
(e.g., 𝑅𝑡, 𝑈𝑡, 𝜃𝑡)

# drones Initial UAV 
location range

UAV’s initial 
altitude

UAV’s allowable 
altitude range

UAV’s camera 
half-angles

𝛿 and Δ

500 × 500 20 50, 100 According to Pham et al. (2017) 5 50, 300 0 15, 45 𝜋

4
,
𝜋

6
50 and 500

• Benchmarks:
1. Model-based Distributed Controller (Pham et al. 2017)

• Incorporates the FARSITE model and a model for heat-intensity
• Artificial Potential Field Based Distributed Controller

2. Deep Reinforcement Learning (RL) Baseline
• Policy network with 4 convolutional layers and 3 fully-connected layers
• Image of fire-area as an input and direction for UAVs as output
• Reward is the negative sum of all uncertainty residuals across entire map

3. Deep RL Wildfire Coverage Benchmark (Haksar et al. 2018)
(not included in this paper)
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Empirical Evaluation – Safety Index

• Individualized Temporal Human Safety-Index:

𝑺𝑰𝒕
𝒉 = ෑ

𝒊∈𝒗𝒉

𝑷𝒊𝒉 ሶ𝒒𝒕
𝒊
𝒑𝒕
𝒉 − 𝒒𝒕

𝒊

𝒑𝒕
𝒉 − 𝒒𝒕

𝒊

−𝟏

• ሶ𝑞𝑡
𝑖 is the firespot velocity

• Ratio is the direction unit vector
• 𝑃𝑖ℎ is a cumulative distribution

𝑃𝑖ℎ = න
𝜏=𝑟𝑠

∞

𝒩 𝜇𝑞𝑡𝑖
− 𝑝𝑡

ℎ, 𝜎𝑡,𝑖
2 𝑑𝜏 = 1 − 𝐶𝐷𝐹 𝑟𝑠 𝜇𝑞𝑡𝑖

− 𝑝𝑡
ℎ, 𝜎𝑡,𝑖

2

Total Uncertainty Map:

𝒰𝑡
𝑡𝑜𝑡 = 𝒰𝑡

𝑓
+ 𝐶 ∗ 𝒰𝑡

ℎ

• 𝑅𝑡 is the fuel/vegetation coefficient
• 𝑈𝑡 is the mid-flame wind speed
• 𝜃𝑡 is wind-azimuth
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Empirical Evaluation – Safety Index

• Individualized Human Safety-Index:

𝑺𝑰𝒕
𝒉 = ෑ

𝒊∈𝒗𝒉

𝑷𝒊𝒉 ሶ𝒒𝒕
𝒊
𝒑𝒕
𝒉 − 𝒒𝒕

𝒊

𝒑𝒕
𝒉 − 𝒒𝒕

𝒊

−𝟏

• ሶ𝑞𝑡
𝑖 is the firespot velocity

• Ratio is the direction unit vector
• 𝑃𝑖ℎ is a cumulative distribution

𝑃𝑖ℎ = න
𝜏=𝑟𝑠

∞

𝒩 𝜇𝑞𝑡𝑖
− 𝑝𝑡

ℎ, 𝜎𝑡,𝑖
2 𝑑𝜏 = 1 − 𝐶𝐷𝐹 𝑟𝑠 𝜇𝑞𝑡𝑖

− 𝑝𝑡
ℎ, 𝜎𝑡,𝑖

2
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Empirical Evaluation – Robot Implementation
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Fire Dynamics Along X-Y Axes

Numerical Motion model

Appendix – Wildfire Propagation Model

𝑞𝑡
𝑖 = 𝑞𝑡−1

𝑖 + ሶ𝑞𝑡−1
𝑖 𝛿𝑡

ሶ𝑞𝑡
𝑥 = 𝐶 𝑅𝑡, 𝑈𝑡 𝑠𝑖𝑛 𝜃𝑡

ሶ𝑞𝑡
𝑦
= 𝐶 𝑅𝑡, 𝑈𝑡 𝑐𝑜𝑠 𝜃𝑡

𝐶 𝑅𝑡, 𝑈𝑡 = 𝑅𝑡 ቍቌ
1 − 𝐿𝐵 𝑈𝑡

𝐿𝐵 𝑈𝑡 + 𝐺𝐵 𝑈𝑡

𝐿𝐵 𝑈𝑡 = 0.936𝑒0.256𝑈𝑡 + 0.461𝑒−0.154𝑈𝑡 − 0.397 & 𝐺𝐵 𝑈𝑡 = 𝐿𝐵 𝑈𝑡
2 − 1

𝒙𝒕 𝒙𝒕+𝜹𝒕

𝒚𝒕

𝒚𝒕+𝜹𝒕

Full simulation for 50 initial fire points

𝑅𝑡, 𝑈𝑡 and 𝜃𝑡 are fuel coefficient, wind-speed and wind-azimuth, respectively

• FARSITE (Finney et al. 1998):
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Appendix – Uncertainty Control Component

Uncertainty Control 
Component

Formation Control 
Component

+
+

-

Path Planning 
Controller

𝒑𝒕+𝜹𝒕
𝒗

𝒖𝒅
𝒖𝒄𝒄

𝒖𝒅
𝒇𝒄𝒄

𝑼𝑨𝑽𝒅

𝒖𝒅,𝒕

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

൝
𝒒𝒕
𝒊

𝒑𝒕
𝒉

minℋ = argmax
𝑞𝑡
𝑖 ,𝑝𝑡

𝑑
න
𝑖∈𝑄

𝒰𝑡
𝑡𝑜𝑡 𝑞𝑡

𝑖 𝑑𝑞 − න
𝑑∈𝑁

ℰ𝑑𝑗 𝑝𝑡
𝑑 − 𝑝𝑡

𝑗/𝑑
𝑑𝑝

• Criteria 1 – Uncertainty-based Controller:

– Firefront Uncertainty Map:
ො𝑞𝑡 = 𝑎𝑟𝑔𝑚𝑎𝑥

𝑞𝑡

𝜌(𝑞𝑡−1, 𝑝𝑡−1,ℳ𝑡 , 𝒪𝑡 , 𝑞𝑡)

Transition Jacobian Matrix:

𝜕𝑞𝑡
𝜕𝜃𝑡−1

= 𝑅𝑡−1 ቍቌ
1 − 𝐿𝐵 𝑈𝑡−1

𝐿𝐵 𝑈𝑡−1 + 𝐺𝐵 𝑈𝑡−1

𝜕𝐷 𝜃

𝜕𝜃
𝛿𝑡

𝜕𝑞𝑡
𝜕𝑅𝑡−1

= 1 −
𝐿𝐵 𝑈𝑡−1

𝐿𝐵 𝑈𝑡−1 + 𝐺𝐵 𝑈𝑡−1
𝐷 𝜃 𝛿 𝑡

𝜕𝑞𝑡
𝜕𝑈𝑡−1

=
𝑅𝑡−1 𝐿𝐵 𝑈𝑡−1

𝜕𝐺𝐵 𝑈𝑡−1
𝜕𝑈𝑡−1

− 𝐺𝐵 𝑈𝑡−1
𝜕𝐿𝐵 𝑈𝑡−1
𝜕𝑈𝑡−1

𝐿𝐵 𝑈𝑡−1 + 𝐺𝐵 𝑈𝑡−1
2 𝐷 𝜃 𝛿𝑡
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Appendix – Uncertainty Control Component

Uncertainty Control 
Component

Formation Control 
Component

+
+

-

Path Planning 
Controller

𝒑𝒕+𝜹𝒕
𝒗

𝒖𝒅
𝒖𝒄𝒄

𝒖𝒅
𝒇𝒄𝒄

𝑼𝑨𝑽𝒅

𝒖𝒅,𝒕

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

൝
𝒒𝒕
𝒊

𝒑𝒕
𝒉

minℋ = argmax
𝑞𝑡
𝑖 ,𝑝𝑡

𝑑
න
𝑖∈𝑄

𝒰𝑡
𝑡𝑜𝑡 𝑞𝑡

𝑖 𝑑𝑞 − න
𝑑∈𝑁

ℰ𝑑𝑗 𝑝𝑡
𝑑 − 𝑝𝑡

𝑗/𝑑
𝑑𝑝

• Criteria 1 – Uncertainty-based Controller:

– Firefront Uncertainty Map:
ො𝑞𝑡 = 𝑎𝑟𝑔𝑚𝑎𝑥

𝑞𝑡

𝜌(𝑞𝑡−1, 𝑝𝑡−1,ℳ𝑡 , 𝒪𝑡 , 𝑞𝑡)

Observation Jacobian Matrix:

𝜑𝑡
𝑥

𝜑𝑡
𝑦

𝑝𝑡
𝑧

[𝑝𝑡
𝑥, 𝑝𝑡

𝑦
]

[𝑞𝑡
𝑥, 𝑞𝑡

𝑦
]

𝑋-axis

𝑍
-a

x
is
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Appendix – Controller Design

Uncertainty Control 
Component

Formation Control 
Component

+
+

-

Path Planning 
Controller

𝒑𝒕+𝜹𝒕
𝒗

𝒖𝒅
𝒖𝒄𝒄

𝒖𝒅
𝒇𝒄𝒄

𝑼𝑨𝑽𝒅

𝒖𝒅,𝒕

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

ቐ
𝒑𝒕
𝒅

𝒑𝒕
𝒊/𝒅

൝
𝒒𝒕
𝒊

𝒑𝒕
𝒉

• Uncertainty Controller Component:

– Total Uncertainty Map:
𝒰𝑡
𝑡𝑜𝑡 = 𝒰𝑡

𝑓
+ 𝒰𝑡

ℎ

– Uncertainty Controller Input 𝑢𝑑
𝑢𝑐𝑐 :

𝑢𝑑,𝑡
𝑢𝑐𝑐 = −𝜅1

𝜕𝒰𝑡
𝑡𝑜𝑡

𝜕𝑝𝑑
= − 𝜅𝑥1

𝜕𝒰𝑡
𝑡𝑜𝑡

𝜕𝑝𝑑
𝑥 , 𝜅𝑦1

𝜕𝒰𝑡
𝑡𝑜𝑡

𝜕𝑝𝑑
𝑦 , 𝜅𝑧1

𝜕𝒰𝑡
𝑡𝑜𝑡

𝜕𝑝𝑑
𝑧

• Formation Controller Component:

– Formation Controller Input 𝑢𝑑
𝑓𝑐𝑐

:

𝑢𝑑
𝑓𝑐𝑐

= −𝜅2
𝜕ℰ𝑡
𝜕𝑝𝑑

= − 𝜅𝑥2
𝜕ℰ𝑡
𝜕𝑝𝑑

𝑥 , 𝜅𝑦2
𝜕ℰ𝑡

𝜕𝑝𝑑
𝑦 , 𝜅𝑧2

𝜕ℰ𝑡
𝜕𝑝𝑑

𝑧

• Combining the Two Forces:
𝑝𝑡+𝛿𝑡
𝑣 = 𝑝𝑡

𝑣 − 𝑢𝑑
𝑢𝑐𝑐 − 𝑢𝑑

𝑓𝑐𝑐
𝛿𝑡

• Path Planning Controller:

𝑢𝑑,𝑡 =෍

𝑖

𝑢𝑑,𝑡
𝑎𝑡𝑡 + 𝑢𝑑,𝑡

𝑟𝑒𝑝
, ∀𝑖 ∈ {ℱ𝑡}

Final UAV Position Update:

𝑝𝑡+𝛿𝑡
𝑑 = 𝑝𝑡

𝑑 + 𝑢𝑑,𝑡𝛿𝑡
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