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Ethanol

=> No clear gradient!!

[Lilienthal et al., ICRA, 2001]
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Ethanol

=> No clear gradient!!

[Lilienthal et al., ICRA, 2001]

Also, driving slower and slower 
(down to 0.5cm/s) did not help!
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=> Sensing strategy is important!
=> Spatial and temporal interpolation of instantaneous

measurements may be a good idea!
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 => ... but often the trajectories do not look efficient.
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[Lilienthal and Duckett, Advanced Robotics, 2004;
Lilienthal and Duckett, ICAR, 2003]
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SMELLING BRAITENBERG VEHICLES

 Gas Source Tracing Braitenberg Vehicles
 Uncrossed sensor-motor connection <= vehicle 3a ("love")

 => ... and some trials are particularly hard to explain!
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 Gas Source Tracing Braitenberg Vehicles
 Uncrossed sensor-motor connection <= vehicle 3a ("love")

 => ... and some trials are particularly hard to explain!
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Lots of runs needed to reach significant results 
BUT just a few days left during the research visit!
Lots of runs needed to reach significant results 

BUT just a few days left during the research visit!
=> What to do?
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SMELLING BRAITENBERG VEHICLES

 Gas Source Tracing Braitenberg Vehicles
 Crossed sensor-motor connection <= vehicle 3b ("explorer")

 => Strategy turns out to be better than expected at avoiding the gas source!
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[Lilienthal and Duckett, Advanced Robotics, 2004;
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 Gas Source Tracing Braitenberg Vehicles
 Crossed sensor-motor connection <= vehicle 3b ("explorer")

 => Strategy turns out to be better than expected at avoiding the gas source!
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SMELLING BRAITENBERG VEHICLES

 Gas Source Tracing Braitenberg Vehicles
 Gradient Following

 Path length to "hit" gas source decreased
 ≈ x0.5 compared to random search

 Exploration + Concentration Peak Avoidance
 Path length to "hit" gas source increased (≈ x8)

 High concentration peak frequency seems to indicate 
proximity to a gas source

 This feature may be useful for the problem of gas source 
declaration
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[6] KERNEL DM+V FOR GDM

EARLY RESEARCH WORK

#75
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KERNEL DM+V FOR GDM

 Importance of spatial interpolation
 Kernel DM – 1D Example (σ = 1.0)
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KERNEL DM+V FOR GDM

 Importance of spatial interpolation
 Kernel DM – 1D Example (σ = 1.0)
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 Importance of spatial interpolation
 Kernel DM – 1D Example (σ = 1.0)
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KERNEL DM+V FOR GDM
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 Importance of spatial interpolation
 Kernel DM – 1D Example (σ = 1.0)
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KERNEL DM+V FOR GDM
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[Lilienthal et al., IROS 2009]

 Importance of spatial interpolation
 Kernel DM+V – Two intertwined estimation processes (1D Example)
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KERNEL DM+V FOR GDM
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 Importance of spatial interpolation
 Kernel DM+V – Two intertwined estimation processes (1D Example)

maxmax.var

[Lilienthal et al., IROS 2009]
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 Importance of spatial interpolation
 Kernel DM+V – Two intertwined estimation processes (1D Example)

maxmax.var

[Lilienthal et al., IROS 2009]
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 Importance of spatial interpolation
 Kernel DM+V – Computed on a grid (1D Example)

[Lilienthal et al., IROS 2009]
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 Importance of spatial interpolation
 Kernel DM+V – Computed on a grid (1D Example)

[Lilienthal et al., IROS 2009]
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 Importance of spatial interpolation
 Kernel DM+V – Computed on a grid (1D Example)

[Lilienthal et al., IROS 2009]
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[7] WHY MOBILE ROBOT OLFACTION IS HARD
& HOW WE MAY ADDRESS THE CHALLENGES

SUMMARY & OUTLOOK

#88
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 Turbulent Gas Dispersal in Natural Environments
 Diffusion
 Advective transport
 Turbulent transport
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 Turbulent Gas Dispersal in Natural Environments
 Diffusion
 Advective transport
 Turbulent transport

Jan 18, 2023 / MRO@ISOCS WS / ajl©2023 / #93

[SMYTH AND MOUM, 2001]
[ROBERTS/WEBSTER, 2002]



toc

[1]

[2]

[3]

[4]

[5]

[6]

[ref]

[7]

end

Jan 18, 2023 / MRO@ISOCS WS / ajl©2023 / #95
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 Key challenge: Complex structure of gas plumes
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MRO – GAS SOURCE LOCALIZATION

 Key challenge: Complex structure of gas plumes
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 Key challenge: Complex structure of gas plumes
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 Turbulent Gas Dispersal in Natural Environments
 Sampling is Always Sparse!

 => Use domain knowledge for estimation!
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INTEGRATING PDE KNOWLEDGE FROM PHYSICS INTO GSL
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 Motivation
 Hypothesis: Making PDE Domain Knowledge about gas dispersion 

available to AI reasoning helps in MRO tasks ("Beyond Blind AI")

[MANSS ET AL., ECMR 2015] [WIEDEMANN ET AL., ISOEN 2017] 
[WIEDEMANN ET AL., SENSORS 2019] [WIEDEMANN ET AL., RAS 2019]
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INTEGRATING PDE KNOWLEDGE FROM PHYSICS INTO GSL

 Motivation
 Hypothesis: Making PDE Domain Knowledge about gas dispersion 

available to AI reasoning helps in MRO tasks ("Beyond Blind AI")
 Motivation for a probabilistic approach?

 => Handling incorrect model assumptions or incomplete knowledge
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[WIEDEMANN ET AL., SENSORS 2019] [WIEDEMANN ET AL., RAS 2019]

PDE approximation real world

model mismatch
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 Motivation
 Hypothesis: Making PDE Domain Knowledge about gas dispersion 

available to AI reasoning helps in MRO tasks ("Beyond Blind AI")
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 Simulation Results: GSL & GDM & Exploration

ground truth (simulation)
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 Simulation Results: GSL & GDM & Exploration

ground truth (simulation) physics-unaware (n = 50)
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 Simulation Results: GSL & GDM <= Exploration

ground truth (simulation) physics-unaware (n = 50) physics-aware (n = 50)
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 Airflow Mapping <= Exploration 
Incompressible Navier-Stokes equations
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 Airflow Mapping <= Exploration 
Incompressible Navier-Stokes equations
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 Airflow Mapping <= Exploration 
Incompressible Navier-Stokes equations
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 Airflow Mapping <= Exploration 
Incompressible Navier-Stokes equations

Exploration: 2 min Exploration: 10 min 
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 Turbulent Gas Dispersal & Sparse Sampling
 Broad-spectrum gas sensors (e-nose) have disadvantages

 Often long response/recovery time => Steady state never reached!
 Individual sensor characteristics
 Cross-sensitivity, e.g., to temperature and humidity
 Drift
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 Turbulent Gas Dispersal & Sparse Sampling
 Broad-spectrum gas sensors (e-nose) have disadvantages

 Often long response/recovery time => Steady state never reached!
 Individual sensor characteristics
 Cross-sensitivity, e.g., to temperature and humidity
 Drift

CHALLENGES
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MRO – GAS SOURCE LOCALIZATION

 Key challenge: Complex structure of gas plumes
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MRO – GAS SOURCE LOCALIZATION

 Key challenge: Complex structure of gas plumes

#145

[SCHMUKER ET AL., SENS. ACT. B 2016]



toc

[1]

[2]

[3]

[4]

[5]

[6]

[ref]

[7]

end

toc

Jan 18, 2023 / MRO@ISOCS WS / ajl©2023 / #146

MOBILE ROBOT OLFACTION, ONGOING WORK

 Presence of A Priori Unknown Gases (APUG), Gas Detection
 Ensemble Learning Based Approach for gas detection (ELBA)

 Initialization with clean air
 Learns the ensemble online with self-labeled data compensating for 

possible sensor drift

#146

[FAN ET AL., ISOEN 2019]

ELBA model

Online Prediction

Online learning

Initialization
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MOBILE ROBOT OLFACTION, ONGOING WORK

 Presence of A Priori Unknown Gases, Gas Discrimination
 KmP algorithm for unsupervised gas discrimination

 Clustering approach that can infer the number 
of chemical compounds K, and learn a 
probabilistic representation of the class labels P 
for the a given environment

#147

[FAN ET AL., S&A:B 2018]
[FAN ET AL., IEEE SENSORS 2016]
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MOBILE ROBOT OLFACTION, ONGOING WORK

 Presence of A Priori Unknown Gases, Gas Discrimination
 KmP algorithm for unsupervised gas discrimination

 Clustering approach that can infer the number 
of chemical compounds K, and learn a 
probabilistic representation of the class labels P 
for the a given environment
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MOBILE ROBOT OLFACTION, ONGOING WORK

 Presence of APUG, Gas Distribution Mapping
 Gas Distribution Mapping in the presence of unknown components
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[FAN ET AL., SENSORS 2019]
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CHALLENGES
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 Turbulent Gas Dispersal & Sparse Sampling
 Broad-spectrum gas sensors (e-nose) have disadvantages
 Presence of A Priori Unknown Gases
 Gas sensing with UAVs

 Superior mobility and deployability comes at a price …
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CHALLENGES – GAS SENSING WIT UAVS
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 Turbulent Gas Dispersal & Sparse Sampling
 Broad-spectrum gas sensors (e-nose) have disadvantages
 Presence of A Priori Unknown Gases
 Gas sensing with UAVs

 Superior mobility and deployability comes at a price …
 => Use smaller drones
 => Use remote sensing on drones
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09:30-10:30 Agustín Gutiérrez-Gálvez (University of Barcelona)
Aerial monitoring of pollution and odour

11:30-10:30 Patrick P. Neumann (BAM)
Aerial-based Gas Tomography
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 Turbulent Gas Dispersal & Sparse Sampling
 Broad-spectrum gas sensors (e-nose) have disadvantages
 Presence of A Priori Unknown Gases
 Gas sensing with UAVs
 Hard to measure ground truth independently
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MOBILE ROBOT OLFACTION, ONGOING WORK

 Gas Dispersal Simulator GADEN
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MOBILE ROBOT OLFACTION, ONGOING WORK

 Optical Plume Reconstruction

#166

Video courtesy of 
Thomas Wiedemann (DLR)



toc

[1]

[2]

[3]

[4]

[5]

[6]

[ref]

[7]

end

toc

[1]

[2]

[3]

[4]

[5]

[6]

[ref]

[7]

end

MODELLING AND SENSOR PLANNING
FOR ENVIRONMENTAL MONITORING

WITH GAS-SENSITIVE MOBILE ROBOTS

Achim J. Lilienthal et al.
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Thank you for your attention!
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