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Abstract—Participatory sensing projects typically rely on
time-based polling or volunteer-initiated data collection. We have
investigated the potential benefits of managed sensing, in which
requests for information are targeted at particular volunteers as
they visit locations of interest.

We performed a study comprising of 24 volunteers who were
asked to report sightings of bees whilst visiting gardens over
a 400m by 400m area. We found that compared to a baseline
periodic polling strategy, the centralised management approach
achieved 8.6% larger sampling coverage of the visited area with
4 times less wasted participant effort.

We investigated the parameter sensitivity of the results in
simulation. We show that the results are statistically significant,
and that participant response time to questions is the most influ-
ential parameter. Centralised management is more effective than
simpler approaches if participants respond within 3 minutes, and
equivalent for longer response times. Both the experimental and
simulated results are informative for parameter and management
choices for future participatory sensing studies.

I. INTRODUCTION

Participatory sensing collects data about the physical world
with human senses [1]. People can contribute observations
on phenomena that are infeasible or expensive to detect with
electronic sensors. Most participatory sensing projects to date
are unmanaged: once recruited to the study, participants have
to make their own decisions on when to contribute. Others
include various forms of management: guidance and reminders
during the sensing process (Section II).

Our framework for managed participatory sensing,
YouSense, is inspired by model-based sensing, which has
been previously used to optimise the data value and energy
use trade-off in electronic sensor networks [2]. The current
knowledge about the world, and the value of additional knowl-
edge from any location are represented as spatial models. The
mobile client continuously tracks the participants’ location, and
prompts them with questions when they are in the optimal
location to contribute data (Section III).

We evaluated the effectiveness of three management ap-
proaches in an hour-long study of mapping bees with mobile
phones in the University of Cambridge Botanical Gardens.
24 participants were split into three groups with different
management software. The timed group was prompted to
contribute every 2 minutes, the individual group was prompted
at locations where they had not yet contributed, and the
centralised group was prompted at locations where nobody
in their group had yet contributed (Section IV).

The effectiveness of the three management approaches was
measured by coverage (fraction of area with answers out of
visited area) and wasted effort (fraction of answers which were
not required to satisfy the researchers’ goals). In studies with
monetary incentives, wasted effort increases the cost of running
the study, and in other studies may lead to annoyance and
loss of good-will of the participants. The results show that the
fully centralised management approach achieves a 8.6% higher
coverage and 4 times less wasted effort compared to the timed
group, and 4.4% higher coverage and 3.1 times less wasted
effort compared to individual management (Figure 1).

It is infeasible to run controlled outdoor experiments for
every parameter in participatory sensing. We investigated the
parameter sensitivity of the results in simulation, and identified
response time of the participants (time taken to answer after
being prompted with a question) as the main factor in the
relative effectiveness of management approaches (Section V).

The main contributions of this paper are:

• Evaluation of timed, individual and centralised manage-
ment for participatory sensing in a controlled outdoor
experiment, showing a 4× reduction in wasted effort and
8.6% higher coverage area.

• Sensitivity analysis of the results in simulation, evaluating
the effects of participant response times, question intervals,
and participant group assignment. Centralised management
is more effective than other methods at participant response
times below 3 minutes.

II. RELATED WORK

Participatory sensing has been used to collect data on
phenomena that are difficult to sense with electronic sensors:
flowering of plants [3] and potholes [4] in streets, or subjective
metrics such as feelings of happiness [5]. Participatory sensing
projects differ in their approaches to management: whether and
how the participants are instructed and offered guidance or
reminders during the sensing process.

Most projects to date are unmanaged: once recruited to
the study, participants are expected to notice events of interest
and contribute observations without further guidance. Some
use time-based management to request new contributions from
participants. For example, the Mappiness study prompts par-
ticipants with question at three random times per day [5]. The
EmotionSense project uses various electronic sensor triggers
(accelerometer movement, sound, phone calls, arriving at home
location) to prompt participants to report their emotions in
different social and life contexts [6].
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(a) Timed (b) Individual (c) Centralised

Fig. 1: Grid cells visited by participants in the three control groups in the outdoor experiment. Red cells received no answers,
yellow cells were over-sampled, and green cells received the desired number of answers. Centralised management increased the
fraction of visited cells with answers, and reduced participant effort wasted on unnecessary answers.

The choice of management triggers introduces bias into
the resulting dataset. In social science studies about the partic-
ipants subjective life experience, the chosen electronic sensor
triggers determine the context that participants contribute re-
ports, and can lead to statistically significant differences in
observed moods, social interaction and opinions [7].

Volunteered geographical information (VGI) studies survey
the physical world rather than the participants themselves [8].
People spend 60-65% of their time at home, and 20-25% at
work or school [9], and time-based triggers can result in highly
non-uniform geographic distribution of the reports. Correcting
sampling bias with electronic sensor triggers is easier in
VGI compared to subjective life experience studies, as the
primary context (time and location) of the sampled phenomena
are available from a mobile phone’s GPS. Location-based
triggers have been used to sample car fuel consumption [10],
human-readable place labels [11], and noise in urban envi-
ronments [12]. Triggers can be exposed to the participants to
encourage movement towards desired locations [13].

Techniques similar to real-time management have been
used in selecting participants for participatory sensing studies.
Previously collected GPS traces of potential participants can
be used to recruit a group that is likely to visit the largest
total area [14], and analysis of reports submitted in previous
studies can be used to recruit a group that is likely to regularly
contribute accurate data [15] [16].

The choice of management approach influences the num-
ber of questions participants are asked. In some studies too
frequent prompts may merely annoy participants, but studies
giving out monetary incentives or limited experimental equip-
ment have a direct maximum budget for effort available [14].
Micro-payment incentives for each question answered increase
participant engagement and completion rate of mobile par-
ticipatory sensing studies [17], and can be even structured
as auctions [18]. Centralised management could be used to
directly trade off the cost of sensing and the real-time value
of an additional answer from a particular location.

III. CENTRALISED MANAGEMENT FOR

PARTICIPATORY SENSING

Our YouSense framework targets questions to participants
who are in the optimal location to contribute new useful data,
while minimising the effort wasted on contributions that are
not useful to the researchers running the study.

The question targeting is based on model-based sensing,
which has been previously used to optimise the data value and
energy use trade-off in electronic sensor networks [2]. The
system makes a decision to notify a participant based on three
models:

• The world model captures the current knowledge: par-
ticipants’ answers plus any prior beliefs or external data
sources.

• The value model captures the researchers’ goals: given the
current world model, how valuable is an additional answer
from a location.

• The cost model sets a limit on notifying participants. In
studies with monetary incentives, it can be based on the
rewards and budget available, in others it can be a fixed
number per day or hour.

The models in YouSense can be configured to match the
prior expectations and goals of the study organisers. In this
study, the world model was represented as a 14× 14 cell grid
of 27.8 × 28.2 meters each (Figure 1), and the value model
was set to value one answer from each cell. The cost model
was set to allow notifying participants with questions no less
than 2 minutes apart. Other studies may use different world
model representations (for example a probability field over
space) or different value models (for example answers from X
unique participants, or Y answers that agree) based on the prior
beliefs and expectations of the study organisers. YouSense uses
a continuous location tracker to match the participants’ current
location to the spatial models.

The study compared three approaches to management:
timed, individual and centralised.
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With the timed approach, participants are prompted with
a question every 2 minutes. Time-based notifications are the
base case from past studies such as Mappniess [5].

With individual management, the system tracks the current
location and previous answers from a single participant. They
are prompted with a question when entering a grid cell with
no previous answers (but not more than once every 2 minutes).

With centralised management, the system tracks the loca-
tion and previous answers from all participants. The world and
value models are synchronised between participants’ mobile
phones once per minute. They are prompted with a question
when entering a grid cell where no participant has answered
previously (but not more than once every 2 minutes).

The individual and centralised management approaches
use continuous location tracking, and the centralised approach
synchronises the models between participants over a network.
These increase energy use on participants’ phones, and require
the researchers to maintain a management server. The more
complex management methods are worthwhile only if they
result in more efficient use of the participants’ effort than
simple time-based questions.

IV. EVALUATION METHODS

A. Outdoor Experiment

The effectiveness of the three management approaches
was evaluated in an hour-long mobile participatory sensing
study in the University of Cambridge Botanical Gardens. 24
participants walked the gardens for 43 to 73 minutes, and were
asked to the question “Do you see any bees?”.

The participants were split evenly between the three ap-
proaches. They were unaware of the groups, or how and
when the system prompts them with questions. The movement
paths chosen by the participant influence the results. For an
ideal controlled study of management approaches, members
of each group would follow the exact same path in teams
of three, and respond to questions with uniform speed. As
a practical approximation, the participants were asked to walk
naturally and explore the gardens in groups of no more than
2-3 people, and participants who were likely to walk together
were assigned into different control groups.

B. Parameter Sensitivity Analysis in Simulation

The effectiveness of the management approaches is in-
fluenced by many parameters, including the participant re-
sponse time (time taken to answer after being prompted with
a question), the interval between questions, the number of
participants, and the assignment of participants to management
approaches. It is infeasible to run a controlled outdoor experi-
ment for every combination. Instead, parameter sensitivity was
evaluated with discrete event simulation.

The simulator implements the same models and manage-
ment approaches as the outdoor study (Section III). Participant
movement is simulated based on the 1Hz GPS traces collected
during the outdoor experiment, and their response time to
questions is modelled using a fixed delay. The simulator
includes the 1-minute interval for world and value model
synchronisation between participants.

TABLE I: Summary of the outdoor results. All three groups
visited a similar area in their walk in the gardens. Centralised
management increased coverage area (cells with answers nor-
malised to visited cells) by 8.6% compared to the unmanaged
timed group, and reduced the effort wasted on answers from
duplicate locations by 4 times. The per-participant values are
given as mean ± standard deviation.

Timed Individual Centralised

Total cells visited by the group 104 97 114

Mean cells visited per participant 58.3 ± 10.4 55.5 ± 12.0 61.1 ± 16.1

Covered area (cells with answers) 75 (72.1%) 74 (76.3%) 92 (80.7%)

Missed area (0 answers) 29 (27.9%) 23 (23.7%) 22 (19.3%)

Over-sampled area (2+ answers) 59 (56.7%) 51 (52.6%) 25 (21.9%)

Total answers by the group 224 188 129

Mean answers per participant 28.0 ± 2.2 23.5 ± 4.1 16.1 ± 4.2

Useful answers 75 (33.5%) 74 (39.4%) 92 (71.3%)

Wasted answers 149 (66.5%) 114 (60.6%) 37 (28.7%)

Wasted due to movement 34 (15.2%) 32 (17.0%) 33 (25.6%)

Wasted due to lack of management 115 (51.3%) 82 (43.6%) 4 (3.1%)

C. Evaluation metrics

The effectiveness of management approaches is evaluated on
two main metrics:

• Coverage area: the fraction of visited cells with answers.
Coverage is normalised to visited area to negate the bias
of different movement paths across groups.

• Wasted effort: the fraction of answers which were not
required to satisfy the value model. In this study, all
answers after the first from a cell were wasted according
to the chosen value model.

V. RESULTS

Table I summarises the results of the outdoor study. The
fully centralised management approach achieves a 8.6% higher
sampling coverage of the visited area, and 4 times less wasted
effort compared to the timed group (no location tracking),
and 4.4% higher coverage and 3.1 times less wasted effort
compared to individual approach.

A. Coverage Area

Centralised management increases the coverage area. With
centralised management, participants contributed answers from
80.7% of the visited cells, compared to 76.3% for individual
and 72.1% for timed management (Table I). As the participants
in each group walked a different path (and therefore had
different number of potential answer locations), these numbers
are normalised to the number of cells visited by the group.
Figure 1 shows the cells visited by participants of each group,
along with the number of answers from each cell.

The modest benefit of centralised management for increas-
ing coverage area is due to the chosen cost model: questions
were asked up to every 2 minutes. Participants in all groups
were prompted with questions frequently enough to still have
an opportunity to answer from most of the visited cells.

Simulation results show that for all management ap-
proaches, there is a linear relationship between the question
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interval and coverage area. More questions lead to higher
coverage, but centralised management becomes relatively more
effective at longer intervals. With 1 minute intervals, the
coverage achieved by all methods is equal, but with 5 minute
intervals centralised management covers 1.2 times more area.

B. Wasted Effort

Besides maximising coverage area, a goal of the centralised
management is to minimise participant effort. Participant effort
is classified as useful or wasted based on the value model
chosen for the study. In this study, the value model considers
the first answer from each cell as useful, and any following
answers as wasted effort. In other studies, the YouSense frame-
work can be configured with different value models. Studies
offering monetary incentives can put a direct monetary value
on a data contribution from a particular location, and measure
the wasted effort directly as economic return on investment.

Table I shows the three management approaches differ
greatly in the number of questions asked from the participants,
but the number of useful answers is similar for all groups. The
main benefit of management is preventing participant effort
wasted on answers from already sampled cells.

With centralised management, 28.7% of answers were
from a cell where data was already available and therefore
considered wasted effort, compared to 66.5% for timed ques-
tions. Individual management had 60.6% wasted effort. In
theory, centralised management should eliminate answers from
locations where the value of new contributions is zero. The
analysis of participant behaviour in Section V-D shows that
this is due to participants moving between being notified with
a question and submitting an answer.

Figure 2 shows the timeline of useful and wasted answers
for all three groups during the study. Over time, the centralised
approach prompts participants with fewer questions, as they
re-visit locations where themselves or others have already
contributed data. The rate of useful answers contributed is
expected to decrease over time as the experimental area
becomes saturated with answers, but this threshold was not
reached in the hour-long study.

Wasted effort also depends on the interval between ques-
tions. Intervals ranging from 0 to 5 minutes were evaluated in
simulation. With more frequent questions, the timed approach
is more likely to ask multiple times in the same location,
directly increasing wasted effort. The individual management
approach prevents the same participant from answering twice
from a location, but with more frequent questions, different
participants are still more likely to answer from locations
where their movement paths overlap (Figure 3).

C. Effects of participant assignment

In the outdoor study, the 24 participants were assigned
into three groups, 8 for each management approach. Each
participant walked a different path in the gardens, and the
groups visited a different total number of cells. The effects of
participant assignment were evaluated in simulation with 333
randomised group assignments. The simulation results confirm
that the increase in coverage area and decrease in wasted effort
is due to better management, not the particular participant
groups chosen in the outdoor experiment.
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Fig. 2: Cumulative useful and wasted answers over time in the
outdoor experiment. Useful answers were contributed and the
area coverage increased at the same speed for all three groups.
Centralised management reduces effort wasted on duplicate
answers by suppressing question prompts when the participant
is at a location with previous answers.
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Fig. 3: Simulation shows that centralised management is more
effective at small question intervals (more frequent questions).
The black vertical line marks the 2-minute question interval
used in the outdoor experiment. Intervals under 20.1 seconds
do not increase the number of wasted nor useful answers,
as that was the participant response time model chosen for
the simulation. The fuzzy lines are density histograms of the
results over 40 000 random participant group assignments.

The results are statistically significant: 1-way 3-group
ANOVA on 333 samples per group has F = 673.3, p < 0.001
for coverage area and F = 12377.4, p < 0.001 for the
wasted effort metrics. The Tukey HSD test also confirms with
p < 0.001 that the differences between each pair of the result
metric distributions of the three management approaches are
significant, and they are extremely unlikely to be drawn from
the same distribution. The high confidence in the benefits of
management is due to the large sample size in simulation,
which would be infeasible to achieve in outdoor experiments.

D. Effects of participant response time

Answers arrive from already sampled cells for two rea-
sons: the participants were prompted in with a question in
a cell with previous answers (insufficient management), or
participants moved to a cell with previous answer after being
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prompted. The YouSense framework for participatory sensing
management can only target questions to locations where new
answers would be most valuable, but it cannot compel the
participants to answer from there promptly.

We have identified participant response time (time taken
to answer after being prompted with a question) as the most
influential factor in the effectiveness of centralised manage-
ment. All types of management had 32−34 answers from cells
with previous answers due to participants moving between
the notification and submitting an answer (Table I). However,
centralised management almost eliminates effort wasted due
to prompts in cells with previous answers. The 4 questions
in cells with existing answers for centralised management are
a result of synchronisation delays of up to 1 minute between
participants’ mobile phones.

Table II shows the time taken and distance moved between
YouSense prompting a participant with a question, the partici-
pant opening the answer screen, and the participant submitting
an answer. Figure 4 shows the histogram of response times.
These distributions remained consistent throughout the study.

Response time varied across groups. The timed group
received most questions and answered with a mean of 16.8
seconds, the individual group 20.6 and centralised group in
25.3 seconds. The majority of the time taken to answer
was spent on reacting to a notification and opening the app.
After opening the app, all groups answered with a mean
of 4.5 seconds. Post-study interviews with the participants
revealed that the regularity of questions for the timed group
encouraged faster responses. Some participants in the timed
group kept their phone in the hand throughout the study, as
questions arrived at a regular 2 minute interval. Participants
in the individually managed and centralised groups tended
to only take the phone out of their pocket when hearing the
notification.

We investigated the effect of response time on management
effectiveness in simulation (Figure 5). With response times
over 3 minutes, both the individual and centralised methods
lose their ability to target answers to valuable locations in our
study, as the participants move too far between the question
and answer. These results indicate that knowing the expected
response time is important for deciding on the management
method for participatory sensing studies: if the delays are large,
a simple timed approach is sufficient.

E. Where are the bees?

The participatory sensing question used in the study was
“do you see any bees”, with options “No”, “Yes, one” and
“Yes, many”. Although only the location and timeliness of
the answers, not the answer itself matters for this study of
effectiveness of managed participatory sensing, the results
match the prior expectations of the pollination scientists in the
Botanical Gardens. Figure 6 shows the map of the answers,
with most bees reported near the flower beds considered
attractive to bees by the botanists.

VI. DISCUSSION AND CONCLUSION

A model-based approach to participatory sensing enables
a study organiser to provide a quantitative model for the

TABLE II: Participant response times and distance moved
between receiving a question and contributing an answer in the
outdoor experiment. The results were not normally distributed,
so standard deviations are not informative (Figure 4). For
reference, the grid cell size was 28 meters, and the average
accuracy reported by GPS 5.9± 5.1 meters.

Timed Individual Centralised All

Mean response time (s) 16.8 20.6 25.3 20.1

Median 12.8 15.6 16.7 14.6

95th percentile 36.4 37.8 93.9 45.1

Mean movement distance (m) 7.1 10.0 10.9 9.0

Median 4.8 5.3 5.0 5.0

95th percentile 19.6 28.9 40.4 26.6

0.0

0.1

0.2

0.3

0.4

C
e
n
tr
a
li
se
d

0.0

0.1

0.2

0.3

0.4

In
d
iv
id
u
a
l

0 5 10 15 20 25 30 35 40+

Seconds

0.0

0.1

0.2

0.3

0.4
T
im

e
d

Fig. 4: Distributions of response times in the outdoor experi-
ment. The timed group was the fastest to react to a notification
and submit an answer. The vertical axis is normalised to the
total number of answers contributed by the group. The final
column is the sum of all delays longer than 40 seconds.
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Fig. 5: Simulation shows that centralised management is more
effective with fast response times. If participants take over 3
minutes from being notified with a question to contribute an
answer, it is no more effective than the timed approach. The
black vertical lines marks the mean response times observed
for each group in the outdoor experiment. The fuzzy lines
are density histograms of the results over 40 000 random
participant group assignments.
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Fig. 6: Answers from all participants in the outdoor experi-
ment. Red is “many bees”, orange “one bee” and blue “no
bees”. The dark ellipses mark areas with flower beds that
pollination scientists expected to be most attractive to bees.

current knowledge about the world, the value of additional
data contributions, and the cost of human effort. The YouSense
centralised management framework uses these models together
with location tracking and real-time data synchronisation to
ensure that the participants are prompted to contribute only
when they are in the optimal situation to do so.

In the outdoor experiment, centralised management re-
duced the participant effort wasted on answers from duplicate
locations by 4 times. Analysis of the results in simulation
indicated that the most important factor in the effectiveness
of management is the participants’ response time to questions,
which in turn relates to movement between being prompted
with a question and submitting an answer. With response times
under 3 minutes, centralised management is more effective,
and over 3 minutes equivalent to the other approaches.

Centralised management increases the energy and mobile
network use on the participants phones, and requires the
researchers to maintain a management server. We hope the
results in this paper allow researchers planning studies to make
an informed decision on whether to implement centralised
management, individual location-based management, or a sim-
pler time-based notification approach.

We believe there are further participant behaviour patterns
and study parameters worth investigating for their effect on
centralised management: transport modality, movement density
and overlaps between participants, size and duration of the
study, and alternative representations of world, value and cost
models. Further work into value and cost models are particu-
larly interesting for studies involving monetary incentives. In
those studies, the framework can directly compute the return-
on-investment on prompting a participant, or run an auction for
human contributions. To ensure that centralised management is
capable of targeting questions to valuable locations, the system
could be augmented with movement path prediction [19], or
offer rewards based on time taken to answer by the participant.
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