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Aspects of “Odour Space”:

• Physical space: odour filaments 
in turbulent airflow.

• Chemical space: odorants.

• Sensors, Computation, 
Perception:
• receptors and receptive fields.
• neural computation for odour 

identification
• hedonic odour quality
• sensory integration and 

context-dependent odour 

• Ecological space: Chemical 
ecology.



Odor spaces: Physical space
How to navigate in odorant plumes?



Stimulus propagation

Touch:

Vision: 

Sound:

Olfaction:



Courtesy John Crimaldi, Ecological Fluid Dynamics Lab, CU Boulder; NeuroNex Odor to Action NSF Award #2014217



Lymantria dispar L.

female male

male 
antennae

General w
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Moth start
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on 1cm2 filter paper)

“odour-modulated 
anemotaxis:”

Fly upwind upon odour encounters;
Fly crosswind otherwise.
-> Low-latency detection is essential

Thick trace: Moth is within 
odour plume

Thin trace: outside odour plume
Arrows: local wind direction



Two sources

Plume image source: Celani et al. Odor Landscapes in Turbulent Environments. Physical Review X 2014.

flow

Spatial resolution ≈ temporal resolution

See also Hopfield, J. J. Olfactory computation and object perception. 
Proc National Acad Sci 88, 6462–6466 (1991). 



Intermittency vs. distance in a wind tunnel
Wind tunnel experiments:
• Most salient difference is the change 

in intermittency.
• Max. concentration is also affected.
• Average concentration would be 

influenced by both factors.

Justus, K. A., Murlis, J., Jones, C., and Cardé, R. T. (2002). Environ. Fluid Mech. 2, 115–142.
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Figure 7. Representative traces from the axial center of the continuous plume using a minia-
ture photoionization detector (miniPID) at four distances downstream of the odor source: (a)
50 mm, (b) 100 mm, (c) 200 mm, and (d) 400 mm. Each trace is 15 s.

between mean concentrations at 200 mm and 400 mm. The concentrations at 200
and 400 mm are approximately 20% of the concentration 50 mm from source.

The standard deviation of the fluctuating component of the concentration signal
is a measure of the ‘intensity’ of the concentration fluctuations and is shown here
as a ratio to the local mean concentration. We have estimated this ratio for each ‘x’
position by plotting the standard deviation of the fluctuating concentration against
the mean taken from each of the records for each of the (12 by 12 mm) cross sec-
tions and calculating the slope of a linearized approximation to the relationships.
This enabled us to combine data from across the whole core regions of the plumes.

d = 50 mm

d = 100 mm

d = 200 mm

d = 400 mm

PLUME STRUCTURE IN A WIND TUNNEL 119

Figure 2. A 3-m long wind tunnel typical of entomological studies, constructed with
Lexan! and Plexiglas!. The upwind end has a 150-mm deep block of aluminum Hexcel! to
laminize airflow. Window screening covers both the upwind (not shown) and downwind ends
of the tunnel. A cowling of polyvinyl sheeting attaches the downwind end to an exhaust duct
(not shown). Openings in the side of the tunnel are sealed with polyvinyl sheeting to minimize
the disturbance in airflow during experiments.

meaningful conclusions about changes in plume characteristics over a region of
plume that, in terms of distances in the field, is close to the source. Our eventual
aim is to understand how moment-to-moment contact with filaments of pheromone
influences the moth’s flight maneuvers.

The system we have developed is not optimized for the study of fluid mechanics
of dispersing plumes but rather is a practical system to determine fine-scale features
of airborne odor plumes that have been commonly used in insect investigations for
several decades. In such highly complex arrangements optimized for the study of
insect flight, there remains no substitute for an empirical approach in characterizing
the stimulus that insects receive.

2. Materials and Methods

2.1. WIND TUNNEL

The wind tunnel used in these trials was a typical insect flight tunnel similar to
that used by Mafra-Neto and Cardé [1, 14, 15] and Cardé and Knols [21]. It was
constructed from three sheets of 3 mm thick clear polyacrylic Lexan!. To make the
tunnel, each sheet was bent into an arch-shape and connected to a 1-m-wide frame
to create a symmetrical semi-cylinder 3-m in length with a center height of 1.5 m
(Figure 2). The floor was constructed from 10 mm thick clear Plexiglas! sheets. A
push-pull airflow system was used with variable speed motors operating an upwind
pusher fan and downwind exhaust fan.

Turbulence in the tunnel, as indicated by flow visualization, was greatly reduced
by drawing air into the tunnel through a 150-mm-thick aluminum honeycomb,
(Hexcel®, 15 mm diameter cells), 200 mm downstream of the upstream fan. Two
oblong openings were cut into one side of the tunnel, 270 mm from the upstream



Low latency High temporal resolution 
& gas discrimination

Intermittent signal

The ideal sensor?



Gas sensing technology
Gas chromatography + Mass spectrometry (GC-MS), 
or Proton transfer reaction (PTR-MS)

• Precise gas recognition
• Bulky & power hungry
• Slow (GC-MS)

Photo-ionisation detection (PID)
• Fast but weak discrimination

Polymer Sensors
• Tunable to many compounds but require lab

Metal-oxide sensors (MOX)
• Good gas discrimination
• Small & commercially available
• Slow

• But, hang on….

PTR-MS

GC-MS

PID

MOX

10 mm



Practical issue: Slow recovery of MOx sensors

PID: Photo-ionisation detector. 

Very fast, but cannot 
discriminate gases well. 

MOx trace is a low-
pass/integrated version 
of true gas 
concentration. 

Burgues & Marco, IEEE Access, 2020.



Speeding up MOx sensors with signal processing

Kalman filtered

Gas puff

Pulse response

Drix & Schmuker, ACS Sensors 2021.

• 24-bit ADCs at 180Hz 
increase resolution of 
amplitude and 
temporal dynamics
• Denoising via a 

constant-acceleration 
Kalman filter.
• Modifications to the KF 

system equations 
counteract the slow 
impulse response 
recovery 

A.
U.



Application: Direction sensing

Drix & Schmuker, ACS Sensors 2021. IPA = Iso-Propyl-Alcohol (not 🍺!!!)

10 mm

Damien Drix



Fast event-based odor
direction detection 
with slow MOx sensors
• Odor comes from the right.
• Signal processing accelerates sensor response.
• Event representation indicates faster onset.

unprocessed

Drix & Schmuker, ACS Sensors 2021. 

processed

right 
left



Sub-second resolution of time differences

Drix & Schmuker, ACS Sensors 2021. 



Navigation experiments (preliminary)

§ Omnidirectional robot with stereo-osmic 
electronic nose.

§ Event-based direction decoding on Neuromorphic 
hardware (That’s a separate talk ;) ). 

§ Event-driven reactive odour search algorithm:
§ If odour is detected from left:

§ Turn left
§ Move forward

§ Vice versa for odour from right.

§ Experiment: Robot must find a 
pulsed odour source.



Navigation experiments (preliminary)

• Robot locates 
pulsed gas source.

• Reactive navigation 
creates casting & 
surging pattern

• One-off, last 
experiment before 
lockdown in March 
2020 (more 
experiments 
planned)

Sam Sutton Damien Drix



Observation: The robot trajectory 
resembles a typical “casting and 
surging” trace, as observed in 
insects.

Future work: use clues from bout 
statistics for navigation and assess 
goal finding performance. 



Gas sensor recordings in a wind tunnel

• Public wind tunnel data set (Vergara et al 2013).
• Sensors at varying down-wind and cross-wind distance from the odour source.

A. Vergara et al. / Sensors and Actuators B 185 (2013) 462– 477 465

Fig. 1. The custom-designed block diagram used as the chemical detection platform, containing nine portable chemosensory modules (top). Front and rear view of the
custom-designed portable metal oxide based chemical sensory module (bottom, left and right, respectively). Each chemosensory module is endowed with eight metal oxide
based  gas sensors and the necessary signal conditioning electronics and can be placed in different locations of the wind tunnel. In the board, the operating temperature of
the  MOX  sensors is controlled by means of a PWM  whereas the sensor resistance response is indirectly measured from a standard measuring circuit for an optimal signal
conditioning (10 k! load resistor) before the signals are acquired with a 12-bit resolution ADC.

Fig. 2. Wind tunnel test bed facility used to collect time series data from sensor arrays for the problem of gas identification. The red point in the schema indicates the location
of  the chemical source. The displacements of the six training lines (or positions) are labeled in the schema as P1–P6. Each training line includes nine landmarks evenly
distributed along the line to complete a grid of 54 evaluation landmarks. Notice also that the smoke distribution shown in the wind tunnel is a dramatization that illustrates
the  dispersion mechanisms of the gas emissions within the wind tunnel. An actual distribution map of the chemical analytes being released is graphically illustrated in Fig. 5.
Finally, to measure the ambient temperature and humidity during the entire experiment in the wind tunnel we utilized a sensor tagged by the manufacturer, Sensirion, as
SHT15.

Gas sensor board



Bout statisticsairflow

We detect odor “bout” encounters in the gas sensor signal in three 
steps
1) Differentiate
2) Detect “Bouts”: monotonously rising portions of the signal

Signal processing:
• remove slow drift & noise 
• differentiate

Schmuker et al., Sens Act Chem B, 2016.

Bout detection: Find 
monotonously rising 
portions of the signals



Bout counts encode down-wind distanceairflow

Re-analysis of the Vergara dataset using “bout statistics”
revealed that the temporal structure of odorant plumes encodes source distance.

Schmuker et al., Sens Act Chem B, 2016.



Decoding Cross-wind distance

• Variance of bout counts encodes 
cross-wind distance.  

Schmuker et al., Sens Act Chem B, 2016.



Clues for gas-based navigation

Schmuker et al., Sens Act Chem B, 2016.



Re-interpret: What’s the timescale?
Free-flow

Near-bed



• Physical space: odour 
filaments in turbulent 
airflow.

• Chemical space: odorants.

• Sensory space: receptors and 
receptive fields.

• Computational space: 
neuronal networks.

BioMachineLearning @



Anatomy of olfaction



Number of odorant receptors across species
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MOSQUITOES
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SOME ANTS
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DOG

MOUSE 

COW 

ELEPHANT

NO. OF OLFACTORY RECEPTORS

• Number of olfactory 
receptors varies widely 
across species

• Correlates roughly with 
olfactory ability

But open questions remain…

• High olfactory 
performance with low 
receptor count –
Mosquitoes, honeybees

• Cows?!?

Adapted from Niimura et al., Genome Res (2014) with data from Zhou et al., PLoS Genetics (2012).



Odorant receptors are 
found in most tissues

• Suggests functions beyond olfaction

• High expression levels in cancer cells 
highlight role as potential therapeutic 
targets.

• What do they sense?

Human tissues and corresponding cell lines 
in which OR functionality has been demonstrated.

From Maßberg & Hatt, Phys Rev 98 (2018). 
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Targeting a genetically labeled glomerulus

0.1 mm

Medial

Anterior

Collaboration with Hartwig Spors
MPI for Biophysics, Frankfurt/Main, within DFG SPP1392

Hartwig Spors
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Iterative exploration of physiological space

Biological 
screening

Virtual screening 
of odorant 
database

Image 
processing

Odorant spectrum

Model building

Intrinsic signal
imaging
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Ligand profile

“Fresh fruits, with exactly the right degree of ripeness, of the like that would go to KaDeWe, 
not Lidl or Aldi.” – Christophe Laudamiel, Perfumer and Chemist.
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Ligand profile

“Fresh fruits, with exactly the right degree of ripeness, of the like that would go to KaDeWe, 
not Lidl or Aldi.” – Christophe Laudamiel, Perfumer and Chemist.



Modelling molecular receptive fields with 
machine learning

¡ Encode molecules in a numerical 
representation of chemical space.

¡ In this space, multivariate 
statistics can be applied, e.g.:
¡ Chemical similarity searching
¡ Regression models
¡ ML classifiers

¡Goals:
¡ Predict activity of odorants
¡ Understand molecular receptive field

descriptor 2

descriptor 1

odorant 3

odorant 1
odorant 2

descriptor(s)

property 

Gabler et al., Molecular Informatics, 2013.
Chen et al., Chemical Senses, 2011.
Eschbach et al., Chemical Senses, 2011. 

Schmuker et al., Chemistry Central Journal, 2007.



Which representation works best for 
odorants?

…. Ongoing research (not for sharing)



Summary

• Temporal dynamics of odorant plumes carry 
information about the olfactory scene. 
• Gas sensors need high temporal resolution in 

order to be effective in natural, uncontrolled 
environments.
• Odour-based robot navigation benefits from 

fast sensors.
• Research into molecular representations for

computational olfaction
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