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Abstract
Air quality and its influence on health and quality of life are
one of the important topics of our time. Nevertheless, it is
often still very difficult (1) for individuals to assess their per-
sonal exposure and (2) for cities and other stakeholders to
develop appropriate measures that are both effective and
incorporate today’s needs regarding mobility, housing and
work. The reason is that consistent, fine-granular data is
missing. This paper presents an overview of an ongoing
doctoral thesis that attempts to address open questions
in the field of distributed mobile fine dust sensing. This in-
cludes suitable sensing technology (sensors/devices; sig-
nal processing techniques), human-computer interaction
aspects (measures that enable non-expert users to con-
ceptualize and correctly execute the measurement process)
and questions concerning participatory sensing systems
(scenarios, calibration, incentivization).
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Introduction
Atmospheric aerosol particles present a serious problem
for human health on the global scale, contributing to car-
diovascular disease and early death [17]. Up to now air
quality is almost exclusively based on data from relatively
few large, static and expensive measuring stations, of which
the representativeness for the nationwide exposure of the
population remains uncertain [14]. This lack of environmen-
tal data conflicts with the need of the citizens for informa-
tion as well as the need of political decision-makers to take
appropriate action. Distributed networks for ambient fine
dust monitoring have the potential to deliver readings with
a high temporal and spatial resolution and low latency. This
enables novel modern environmental sensing, in which tra-
ditional fixed stations are augmented by different classes
of cheaper, less accurate sensors, potentially carried by
citizens or integrated in their personal devices. However,
such systems entail a number of challenges that need to be
addressed, chief among them the need for suitable instru-
mentation, appropriate user interfaces and system aspects
such as calibration and incentivization.

Field of Research and Methodology
The doctoral thesis is being supervised by Prof. Dr.-Ing.
Michael Beigl, who heads the Chair for Pervasive Comput-
ing Systems and the research lab TECO at Karlsruhe Insti-
tute of Technology (KIT), Germany. The group has a long
tradition in Mobile, Pervasive and Ubiquitous Computing,
with research in the intersection of the three areas Sensing
& Analytics, Human-Computer-Interaction (HCI) and Sys-
tems. The topic of the doctoral thesis – mobile participa-
tory aerosol measurement in citizen science and distributed
sensing scenarios – touches these three areas as well.

Research Questions
The questions driving the doctoral research are:

• Which technologies for mobile, distributed measure-
ment of particulate matter exist?

• Which scenarios exist or can be envisioned for this
kind of sensing?

• How do the requirements for future end-user mea-
surement of fine dust differ from the ones for current
environmental measurement grids?

• Is it possible to create affordable yet still relatively
precise sensing systems that ideally integrate closely
with personal mobile devices?

• Can many noisy low-cost devices together shape a
better understanding of an areas’ air pollution that
few highly accurate ones?

• Which forms of user interfaces are needed in future
participatory environmental sensing scenarios to
guide non-expert users to gather high-quality data?

• Which other measures and/or organizational struc-
tures and architectures are needed in future dis-
tributed sensing to ensure high levels of participation
and data quality?

Research Methodology
In order to investigate these questions, a smartphone-
based sensing system will be designed (or rather the de-
sign will be continued) and implemented to demonstrate
the technical feasibility. Also, to investigate the interplay
between non-expert users and data quality, a series of
user studies (ethnographic/fornmative as well as evalua-
tive/summative) has been conducted to explore the design
space of mobile non-expert sensing systems. Overall, con-
tributions are theoretical (scenarios, power requirements,
optical system, etc.), empirical (user behavior) as well as
practical (citizen science tool development).



Related Research
Since starting the research on low-cost environmental
sensing systems, other authors have explored adjacent
or partially overlapping fields of research: In 2014, David
Holstius published his doctoral dissertation on monitoring
particulate matter with commodity hardware [16]. Among
other aspects, it explores the capabilities of low-cost dust
sensors in measuring PM2.5, in a similar way as previous
research by the author of this work [4, 3, 6]. The 2015 doc-
toral thesis of David Hasenfratz deals with large-scale air
quality sensing as well, but focuses more on infrastructure-
and vehicular-based sensing with low-cost gas sensors and
according algorithms for calibration [15]. A clip-on fine dust
sensing approach using smartphone cameras was pre-
sented in 2014 by Frans Snik et al.: Other than the research
of this work’s author [1], the iSPEX system does not directly
measure dust but instead analyzes the spectrum of the day-
light under blue sky conditions [20].

Doctoral Thesis: Preliminary Results
Research so far covers several general areas: scenarios for
low-cost fine dust sensing, affordable technology, obtaining
high-quality data from non-expert users, and incentivization.

Low-Cost Air Quality Sensing with Commodity Sensors
In early work, we showed that commercial off-the-shelf
(COTS) dust sensors can be used to collect meaningful
data on particulate matter pollution levels [4]. We designed
and built a handheld multi-sensor platform equipped with
one of these low-cost sensors, the Envboard [3]. Subse-
quently, this platform and the sensor performance was
evaluated in the field. Based on data from a one-week
co-location measurement with an official state-operated
measurement station we showed that with frequent re-
calibration, meaningful distributed fine dust measurements
are in principle possible at a price at least one order of

magnitude lower than that of semi-professional hand-held
solutions [6]. In continuation of this work, we compiled sce-
narios, challenges and approaches for distributed low-cost
dust sensing [13]. As a result, we concluded that a holistic
approach seems promising, in which current high-quality
measurement architectures are augmented by motivated
citizens, who operate cheap mobile instrumentation, tra-
verse the city they live in, and feed their readings into a sys-
tem that centrally combines them with other sources and
ensures stable re-calibration as well as high data quality
and coverage.

Clip-on Approach for Camera Smartphones
As the sketched participatory sensing scenario requires
a certain number of nodes to be feasible, widely available
low-cost instrumentation is paramount as an enabler. Ide-
ally, this could e.g. mean fine dust sensors that are inte-
grated into smartphones. Since miniaturization of existing
measurement approaches entails some problems (chief
among them the reduction of the air volume that is being
sampled) we developed an approach which combines the
previously shown performance of cheap light-scattering
dust sensors and the advantages of the smartphone inte-
gration. We retrofitted camera phones with a clip-on module
that uses the measurement chamber and light-trap design
of an optical dust sensor and replaces the active compo-
nents (photodiode and LED) with the smartphone’s cam-
era and LED flash respectively [1]. The presented design
was tested and showed the principle soundness of the ap-
proach. However, the sensitivity was not sufficient to mea-
sure typical fine dust levels in ambient air at the time.

Dealing with Noise and Non-Expert Users
Before, we had observed the need for relatively frequent
calibration of low-cost COTS sensors. Since in the under-
lying scenarios, non-expert users collect sensor readings



to an increasing degree, performing this calibration is in-
tricate and correct execution of the measurement process
is not guaranteed. In [9], we presented an elegant signal
reconstruction scheme to compensate for dynamic and sys-
tematic errors in environmental sensing of phenomena,
which can be modeled as Poisson process (e.g. aerosol
particles, gases, etc.). The idea is to derive the true signal
solely from the Poisson noise of the recorded data, which
increases with concentration levels. Our technique is ro-
bust to a variety of error sources, including classes of er-
rors caused by low-cost sensors, limited parameter control
and untrained, non-expert users. While addressing user
errors on a signal-processing level is certainly interesting,
there are many ways in which users can negatively affect
the quality of the collected data. Further work therefore in-
cludes systematically addressing common user errors in the
system and especially interaction (see below).

Figure 1: The 3rd generation
prototype features a mirror instead
of optical fibres and a changed
light trap layout [8]. A prototype
was designed for a Galaxy S6
smartphone.

Other open research questions related to user behavior in-
cludes proper incentivization of users to achieve sufficient
participation. Pursuing this, we recently presented the no-
tion of Sensified Gaming, which proposes to embed Partic-
ipatory Sensing tasks into pervasive games that can sup-
port them [11]. Further related research during the doctoral
studies includes interactive systems and automatic filtering
of reports in participatory sensing systems [5], as well as
private distributed sensor calibration [18].

Side Projects and Other Research
Unrelated research conducted during the PhD studies in-
clude using a 2DST sheet [10] and audio [19] for usable
out-of-band Wi-Fi authentication and studying their usability
[12], as well contributions to work on interaction in intel-
ligent environments [2]. Aside from working on concrete
research questions, efforts to better integrate research and
university teaching at KIT have been made [7].

Ongoing and Future Work
Currently, the clip-on sensor approach for smartphones is
further developed [8] and an evaluation both against gold
standard equipment in the lab, as well as in an actual par-
ticipatory sensing setting is pursued. Furthermore, a series
of ethnographic studies has been conducted to explore the
design space of mobile citizen science sensing tools and
applications and to develop a taxonomy of common user
errors and technical measures that can be implemented
to counteract them. This research is currently undergoing
review.
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