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Though often overlooked, odors play an important role in our complex multi-sensory interactions in everyday life. We present work
examining the possibilities opened up by delivering temporally and spatially dynamic olfactory stimuli into virtual environments,
e.g., virtual reality. After highlighting core developments in delivery of olfactory cues in virtual reality, we outline development of
an approach that parameterizes attributes for molecular odorants, i.e., diffusion constants and molecular concentrations to allow
developers to define rich scenes with virtual odor spaces. From these spaces, our Smell Engine system calculates duty cycled valve
schedules and flow rate controls of an olfactometer to deliver dynamically mixed odors representative of the spatially propagated
odors in the virtual space. We then discuss the societal implication and possibilities of such a smell interface.
CCS Concepts: • Computer systems organization → Embedded systems; Redundancy; Robotics; • Networks → Network reliability.
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INTRODUCTION

Everyday life involves a complex series of sensory interactions. Successful replication or augmentation of these complex
interactions in virtual environments, researchers often argue, opens up new possibilities in how humans interact
with each other and their environments. We here present work examining the possibilities opened up by delivering
temporally and spatially dynamic olfactory stimuli into a virtual reality environment. We see development of such
interfaces as extending well beyond entertainment opportunities. For example, neighbors’ reports of disturbing odors
from local industries or fishermen’s reports of tainted fish flesh are often stymied by the inability to bring those forms of
perceptual information to bear in the legal system, as well as by the inability of people to agree upon shared descriptors
for their experiences (e.g., “I smelled banana, you smelled nail polish”). Indeed, legal evidentiary requirements for
standardized, reproducible, and often instrumental evidence have put in place a sensory politics [15] that shape whose
forms of sensory knowledge are allowed to matter. What if, however, a virtual reality system could be paired with
on-the-fly delivery of olfactory cues–cues that change in response to how someone moves through an environment?
How might such a system open up new opportunities for producing sensory evidence? Similarly, could such a system
be used to bypass the questions of naming experiences altogether?
However, successfully answering questions like these requires olfactory modeling and delivery systems capable
of delivering complex sensory cues on the fly within a virtual environment. In this position paper, we outline the
theoretical and practical approach we are currently using to build out a system capable of doing this. We suggest that
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creating virtual-olfactory interfaces capable of delivering dynamic sensory cues open up new scientific and societal
opportunities, and highlight steps forward to further test this hypothesis.
2

RELATED WORK

2.1

Olfactory Display Technologies

Technological approaches for integrating olfactory stimuli, known as Olfactory Display Systems, fall under two
categories: desktop and wearable. Driving the evolution of desktop-based olfactory displays, a variety of works explored
the atomization of liquid/oil based odorants using multi-component systems such as: Surface Acoustic Wave (SAW)
devices [4], Piezoelectric sensors [4, 11, 12, 17, 18], Ink-jet printers [13], and multi-component devices [2, 7–10]. One of
the first multicomponent olfactory displays was developed by Nakamoto et al [9], providing a modular system with
controllable odorant mixing at varying concentration strengths via rapidly switching solenoid valves. Building on this,
OSpace [2] included such improvements as parametric adjustments of timing, relative intensity of component odorants,
and flow rates to influence the user’s perceivability of digitized odors. This system allowed for an exploration of how
scent detection/lingering times can be influenced by scent type, dilution, intensity, and toggled air extraction.
Towards wearable olfactory displays [3, 4, 17, 19], On-Face Olfactory Interfaces [17] investigates various form factors
(eyeglasses, piercing, necklace) for wearable olfactory displays that shorten the length/travel-time of delivering scents to
the user’s nose. In commercial realms, FeelReal attempted to build a hardware extension for Virtual Reality headsets to
provide swappable scent cartridges that can be controlled via software plugins. FeelReal provides a palette of pre-mixed
scents at fixed concentrations, triggered by events.
2.2

Spatially Mapped Olfactory Cues within Virtual Environments

Olfactory stimuli varies in user perceived strength based on the user’s location within an olfactory space. To date,
there are two approaches to emulate this with olfactory display systems: approximation of odorant concentrations
using atmospheric diffusion models [19] and Computational Fluid Dynamics (CFD) to calculate the airflow field along
with odor dispersal [5–7]. In [19], T. Tamada et al proposed, constructed, and evaluated a Wearable Olfactory Display
system that spatiotemporally models diffusion of a single odor using a spherical coordinate space, operated under
the presumption that the virtually-defined odor field had no disturbances, e.g., laminar-air flow. CFD simulation can
improve accuracy by modeling how odorant concentrations evolve in time and space [5, 6]. With a CFD solver, a
matrix-like lookup table can be pre-calculated for instant lookup of airflow and dispersal of a particular odorant at
precise concentration strengths (c.f. Nakamoto). Although this system models smells accurately, it limits the experience
to fixed, static virtual environments because of the intensive pre-calculation period (iterating over every object and its
position in virtual space) resulting in a lack of odor variety and, in turn, a lack of expressibility.
2.3

Multi-sensory VR

To study the impact and challenges of integrating and creating multisensory stimuli for VR experiences, researchers in
Season Traveller [12] added olfactory and tactile (thermal and wind) stimuli to audio-visual stimuli. This work raises
the question of how critical it is that olfactory stimuli in virtual environments precisely replicate olfactory stimuli in
real life for users to perceive the stimuli as “real”. Novel research directions become available if stimuli experienced
in virtual worlds can be mixed and used to reflect other stimuli sensations. For example, recent work [1] developed a
thermal device that tricked users into perceiving smells by stimulating the users’ trigeminal nerve, providing a better
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understanding of the relationships between thermal and olfactory stimuli. This and other works highlight how mixing
and matching sensory stimuli in VR can push multisensory olfactory display technologies in new directions.
3

ODOR APPROXIMATION AND DISTANCE-BASED CONCENTRATION MIXING

It has been shown that perceptual similarity between two odorant mixtures is inversely related to their distance in a
high-dimensional state space formed by physico-chemical features of their components [14]. The relative concentration
of 𝑁 constituent features are computed using computational chemistry software on each molecule in the mixture recipe,
resulting in 𝑁 -dimensional vectors for each molecule. As molecules are mixed, these vectors are summed to produce a
single N-dimensional vector for the mixture. The angular distance between two mixtures’ vectors is closely related to
their perceptual distance, i.e. the inverse of their perceptual similarity.
Olfactometers, which produce measured synthesized odors, must operate with a fixed and limited set of odorants.
As such, the odor approximation problem for such olfaction is equivalent to finding the set of odorants whose vector
space–all possible vectors that could be formed by mixing them in any proportions – includes all possible (or as many as
possible) vectors that could result from the virtual scene. At runtime, the olfactometer dynamically combines the fixed
set of real odorants to minimize angle distance with the virtual odorant mixture for the current position of the user.
To spatially present odors in a virtual environment, we also emulate the aggregation of spa tially-varying concentration profiles of the 𝑁 molecular odorants, which are indexed by 𝑖 ∈ {1, 𝑁 }, as they present themselves through 𝑀 virtual
odor sources, indexed by 𝑗 ∈ {1, 𝑀 }. Each odor source in the scene presents a source concentration profile 𝑐 𝑗 , a vector
of odorant concentrations 𝑐𝑖,𝑗 experienced at the source of the odor. As the user moves farther from the odor source,
modeled by their distance 𝑥 𝑗 from the source, the concentration profile diminishes through atmospheric diffusion along
a Gaussian relationship with odorant-specific 𝜎𝑖 dispersion coefficients. Based on such modeling, our odor synthesis
2
2
Í
system aggregates perceived concentration of each odorant as a sum across all odor sources: 𝑚𝑖 = 𝑗 𝑐𝑖,𝑗 𝑒 𝑥 𝑗 /𝜎𝑖 .
Together, these concentrations form a feature vector 𝑚 of target odorant concentrations.

Fig. 1. The Smell Engine, consisting of Smell Composer, Smell Controller, and Valve Driver.

4

DESIGN

To provide a system capable of delivering a dynamic selection of arbitrary scents, we developed an approach that: i)
integrates parameterized attributes for any molecular odorant, i.e., diffusion constants and molecular concentrations,
ii) spatiotemporally pressurizes odor delivery, and iii) varies valve duty cycles to blend and synthesize odors. Our
olfactometer hardware uses this approach to direct a stream of air over odorants in jar vessels, using a manifold of
controllable solenoid valves to coordinate the combination of the odorants, and programmable mass flow controllers
to provide precise flow rate control. This olfactometer directs odors into a mask, dynamically synthesizing odors as
the user moves around the space. To control the olfactometer, our Smell Engine has three primary components, a
Smell Composer, Smell Controller, and Valve Driver, as illustrated in Figure 1, and described below. We integrate our
3
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Smell Engine in the Unity Engine, and control the manifold of valves with a National Instruments Data Acquisition
(NIDAQ) system. This links the olfactometer’s odor synthesis to virtually navigable programmable environments of
odor-enriched virtual spaces.
The Smell Composer provides odor components for users to specify and place odor sources throughout their virtual
scene in the Unity Engine, programmably indicating odor compositions as a vector of odorant concentrations and their
diffusion constants at each odor source. As a user navigates through the virtual environment, the Smell Composer
calculates and aggregates a feature vector of odorant concentration targets, as per Section 3.
The Smell Composer passes its calculated odorant concentration target to the Smell Controller, a subsystem
process that produces the dynamic schedule of olfactometer airflow towards producing the feature vector of odorant
concentrations at the mask of the user. Through a combination of linear and constraint-based solvers, the controller
produces a duty cycle of valve states to control odorant exposure times and Mass Flow Controller (MFC) flow rates that
regulate airflow through the valves. Altogether, this aims to produce desired odors into the mask with constant airflow.
To execute the Smell Controller’s valve duty cycles and airflow rates, the Valve Driver runtime interfaces with the
olfactometer manifold assembly through a NIDAQ controller, issuing a digital duty cycle schedule of solenoid valve
states and an analog control of MFC voltage setpoints. Within the driver, the Valve driver executes its multi-channel
digital and analog commands in parallel. The Valve Driver also uses a configurable clocking mechanism to ensure that
the assigned ratio of each odorant’s high/low/off valve activation states and defined flow rates of the MFCs are executed
synchronously through the manifold assembly.
Planned Evaluation: To evaluate our effectiveness at delivering dynamic odor profiles that change as a subject
moves throughout virtual space, we plan to: 1) validate using photoionization detectors (PIDs) whether the output
from odorants mixed on-the-fly in gas phase by the device is identical to output pre-mixed outside the system in liquid
phase; 2) determine whether olfactory detection thresholds within the system differ from those outside of the system; 3)
evaluate perception of odor compositions delivered within the virtual interface. To test olfactory resolution between
system-mixed and pre-mixed odorants we will present subjects with a variety of “strawberry” samples mixed either
by the Smell Composer or pre-mixed. Subjects will be presented with three visually identical virtual strawberries at
a table and asked to sniff each strawberry in a pre-determined sequence. Each strawberry will be accompanied by a
system-mixed or pre-mixed odor stimulus. Subjects will also "physically" perform a stepwise threshold test at various
distances from the virtual object within the virtual space. This will allow us to determine at what virtual distance from
a virtual strawberry a subject perceives the strawberry odor. This test will be performed with and without a visual cue.
5

DISCUSSION

The ability to deliver complex olfactory experiences that respond to how a subject moves within a virtual environment
offers a range of new research and training opportunities. These might include context-dependent screening for memory
loss (an advancement on the Sniff-n-sticks approach), PTSD prevention through simulation training, and citizen-science
certification training opportunities. This ability also offers exciting new humanistic and social possibilities; exposure
to novel olfactory experiences before travel or as part of social work training, for example, could increase people’s
capacity to move beyond cultural practices of labeling odors as pleasant or disgusting [16].
Recent research indicates that insect and animal olfactory systems may function based on statistical co-occurrence
of odorants [20]. Testing this requires significant sampling of multiple olfactory signals under a controlled environment
something real-world environments render challenging at best. Looking forward, we anticipate a VR-olfaction system
capable of delivering a selection of dynamically mixed scents that can enable evaluation of whether humans use
4
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statistical co-occurrence of odorants to identify and classify an olfactory signal. If so, this not only opens insights into
how human olfaction works,but also opens up additional possibilities to identify odorants that may be overlooked,
especially for speculative flavorists/perfumers interested in creating fantastical sensory worlds.
6

CONCLUSION

Virtual augmentation with dynamic, temporally- and spatially- delivered olfactory cues offers novel opportunities for
examining how human olfaction works. A Smell System such as what we propose here—one capable of computing
and delivering olfactory cues on the fly in a virtual reality environment—offers significant opportunities for a range of
needs. These include basic scientific research, such as investigating whether humans identify and classify odors based
on statistical co-occurrence of odorants, as well as more complex societal and cultural questions.
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