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Abstract—
Environmental scientists, city planners, park administrators,
and similar others, need to base their decisions on up-todate, accurate and high resolution measurement data. However,
acquiring such data by hand or by deploying sensor networks is
expensive and time consuming. People without proper scientific
training want to take part in the scientific process and assist
with the needs of their respective communities. Crowdsensing is a
technology-driven area where ICT platforms are being developed
which permit anyone to participate in processes that help expand
our understanding and improve our surroundings. Crowdsensing
refers to the process in which crowds (large number of people)
measure specific features and share the resulting data or send it
to a central location in which it can be used by the people that
need it.
There have been many crowdsensing applications. Since the
increase in popularity of smartphones, which are now ubiquitous,
crowdsensing is more popular than ever. Smartphones have all
the basic requirements for the deployment of a crowdsensing
application: a vast number of sensors, WiFi and LTE connectivity
to transfer the data, and powerful, easy to program processors,
as well as Bluetooth which permits the addition of specialized
sensors.
A lot of people can now participate to crowdsensing but we still
don’t know how many are needed for a crowdsensing campaign
to be successful. In order to answer this question, we built a
simulator that mimics the characteristics of a crowdsensing campaign. We showcase three different scenarios in which we estimate
the required number of participants and offer a discussion on
the plausibility of having that many participants by taking into
account factors such as accessibility to the area of interest (the
area from which the measurements are needed).
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I. I NTRODUCTION
There is a need for up to date, detailed data on different
metrics that characterize the environments we live in. A few
examples are: air quality, noise pollution, traffic density and
even WiFi access. This data is significant to environmental
scientists, city managers and even citizens which can make
better, informed, decisions. Data is the first step in enabling
smart cities.
Standard solutions for gathering environmental data on
a large geographical scale are expensive and difficult to
implement. Even community driven projects such as the
978-1-5090-3899-2/16/$31.00 c 2016 IEEE

Air Quality Egg1 come at a high price and have moderate
usage (in the order of thousands for the entire planet). A
recent alternative that is growing in popularity is crowdsensing
(Section II). Crowdsensing [1] proposes the distribution of the
data gathering task to a large number of people. Any person
carrying a device capable of measuring a certain characteristic
of the environment and transmitting this data to a central
database can participate in a crowdsensing campaign.
Smartphones represent the most convenient tool for a crowd
sensing campaign. First of all, smartphones are now ubiquitous, meaning the cost of deploying a crowdsensing campaign
is lowered because most people already own the hardware
needed for such a campaign. According to [2], in United
States the penetration of smartphones has reach a percentage
of 72% and even in less developed countries the percentage
of smartphone penetration is rising fast. They have a large
variety of sensors, such as accelerometers, microphones and
video cameras and can easily be extended with more through
the use of Bluetooth. They have more and more powerful
processors, which permit complex data processing, as well as
clear methods of developing and deploying new applications
that can run on a very large number of devices. Lastly all
smartphones have WiFi and LTE modules which permit the
transmission of the sensed data.
For crowdsensing, to be effective, it still has to deal with a
number of pitfalls. Crowdsensing campaigns require a significant number of participants in order to permit the extraction
of valid conclusions (a.k.a., a critical mass of people is needed
in order to validate the measurements). These campaigns are
either volunteer-based or offer special incentives, such as
monetary compensation [3]. In either case, it is not clear how
many participants are needed in order to have a successful
crowdsensing campaign, where enough data is gathered to
permit the organizers to draw valid conclusions. To our
knowledge, there are no studies that offer a methodology for
determining a threshold for an optimal number of participants
of a crowdsensing campaign. The optimal number is the
minimal number of participants for which enough data is
gathered. The number of participants needs to be minimal in
order to minimize resource usage and incentives costs.
1 http://airqualityegg.com/

In this paper we propose a methodology for computing
the optimal number of participants for a crowdsensing campaign depending on the campaign characteristics. Having this
number is vital for the organizers of any campaign that uses
crowdsensing techniques. First of all, it offers an idea of the
possible success (as in, how representative is the measurement
data to describe a particular environment) of the campaign.
Secondly, a relation between the number of participants and
the effectiveness of the measurement sensing campaign, can
in fact help the organizers plan the use of incentives to either
motivate participation, or keep the costs under control.
Determining an optimal number of participants in real life
is difficult. Starting a crowd sensing application is currently
based on the willingness of people to participate. It is unlikely
and extremely time consuming to repeat the same crowdsensing campaign with varying number of participants.
No trivial solutions for determining the optimal number
of participants are available. An obvious one would be to
divide the size of the area of interest, by the size of the
sensing area of a single sensor. The solution is appropriate for
static sensors. However, it does not take into account overlaps
between multiple sensors or movements of the sensors, as they
are carry around by people, during a time period. When we
take movement into account a single sensor can cover a far
larger area then it is expected from its specification.
Our approach for determining the optimal number of participants is to simulate crowdsensing campaigns that take into
account crowd movement (Section III). We choose an interest
area, Herastrau park in Bucharest, and simulate crowdsensing
campaigns for air quality, WiFi access as well as people
density as crowd sensing applications (Section IV).
We take a further look into the problem of the number of
participants by offering a discussion on the number of possible
candidates for a crowd sensing campaign. Possible candidates
represent people for which taking part in the campaign is
reasonable. To offer a clear example, it is wrong to assume
that a crowd sensing campaign could have more participants
than the number of citizens of the respective city the campaign
takes place in (Section V).
II. R ELATED W ORK
Crowdsensing is still a young scientific area but it has
already gathered a lot of interest and support, as we show
below. There are a great number of studies that show the
diversity of scenarios in which crowdsensing can be applied.
As stated in [4] and [5], crowdsensing can provide micro
and macroscopic analysis of cities, communities and persons.
It can be applied in social networking, health, energy, monitoring human behavior and many others.
In terms of environmental analysis, the authors of [6] show
that by using crowdsensing in urban areas one can collect traffic data or generate noise maps. A similar solution, regarding
noise pollution in urban areas is presented in [7]. Air quality
analysis represents another interesting use for crowdsensing.
Authors in [8] claim that crowdsensing is the optimal solution
for capturing data for large areas, although it is only feasible

for CO2 emissions, because of the complexity and cost of other
sensors. [9] adds road surface monitoring and street parking
availability. The former article also presents two categories of
sensing: participatory, in which users have to get involved and
be active in the measurement and data acquisition process,
and opportunistic, where the user has a more limited role in
the sensing. In fact, the second sensing approach tends to also
be more visible in the literature and existing platforms for
crowdsensing, because the user is relieved of much of the
burdens associated with taking decisions where and how to
collect measurement data. Our work focuses on the second
approach, opportunistic sensing.
Without the use of crowdsensing the cost of implementing
a similarly capable sensor system would be significantly
higher. In [10] the authors show that to cover an area of
approximatively 1km2 , 100 sensors and 1096 relays need to
be used. This method cannot scale for larger area of studies,
so crowd sensing is a better alternative.
As described in [3], crowd sensing generally implies a
requester, a campaign starter, which requires users willing to
capture sensor data that is used directly or at a later time for
various experiments. The authors acknowledge that in terms of
user engagement, it is sometimes difficult to convince users to
participate in a crowdsensing analysis. Incentives are proposed
as a solution to this problem. They take the form of payments
or gamification. Incentives are also used in [11]. The authors
use micro-payments and gamification to attract enough users
so that they can cover the area of a university campus. The
scope was to measure WiFi signal strength across the entire
campus. However, the authors make no analysis on what is the
optimal number of participants to a crowd sensing campaign
or how to manage incentives to reach that value. The use of
payments for crowd sensing participation without a previous
analysis of possible number of participants could lead to high
costs and little control over the results.
Access to a space of interest. It is not enough to determine the optimal number of participants for a crowd sensing
campaign. One also needs to take into account the plausibility
of achieving this number. Probably one of the factors that is
most relevant is the accessibility of individuals to the area
of interest. In the literature there are different approaches to
determine the number of people that have access to an area,
such as a park, some of which are presented below.
The authors of [12] present the travel cost approach. They
show two methods of measuring the accessibility to a park
using geographical information. In the first, the service area
of the park is considered a circle, with the radius equal to
the maximum desired distance between the center of the park
and locations of visitors. The disadvantage of this method is
that park visitors are assumed to be able to reach the park
by using a straight line, which is not usually the case. The
second method is based on the shortest path algorithm using
the boundary of the park area and the streets and paths that
the visitors can walk on. Their work takes into account both
neighborhood parks (2 - 4 ha) and mini neighborhood and
community parks (0.4 - 2 ha). The total distance accepted is

less than 0.8 km of walking.
The main problem with this approach is that visitors do not
always use the closest park and tend to travel more for a park
that has a bigger area or more facilities compared to the ones
offered by a closer park. An alternative would be consider the
distance cost to all parks in the studied area, or a predefined
set. Using this method, a set of 3 parks and limited number
of people it has been demonstrated [13] that visitors prefer
parks that offer more attractiveness even if they are not in
close proximity.
The authors of [14] use the container approach to determine
the equity and accessibility to public playground. An extension
of this method is the kernel algorithm presented in [15]. The
Kernel density estimation method can give an accessibility
rating for every point in the studied area. The idea behind
this method is to rate every acre that is studied as belonging
to a park or not and using kernel density algorithm, the area
is converted to a statistical surface. The problem with this
method is that depending on the kernel bandwidth taken into
consideration, there could be areas that have no accessibility,
which is incorrect.
The attractiveness of a park can be modeled by using as
little as only the size of a park. The assumption is that larger
parks have more facilities and respectively are more attractive.
In [16] the authors propose the population-weighted distance,
which should be a more precise method of determining the
accessibility to a park. This is the method we chose for our
analysis and discussion.
III. S IMULATING A CROWD SENSING CAMPAIGN
In order to simulate a crowd sensing campaign, we require
a set of characteristics for the campaign. A campaign can be
characterized by the area of interest, the zone from which the
data needs to be gathered, the range at which a sensor can
measure data and the time the campaign is expected to take
place.
A WiFi sensor can detect hotspots at ranges of about 100m,
according to the WiFi 802.11 standards2 . In contrast, an air
quality sensor can take measurements of the air that directly
touches it. For the later one we assume the measurements are
relevant for a distance of 3m.
The area of interest can have highly irregular shapes.
Consider a park, not only is the outer perimeter of the park
often irregular, but a park may contain features that are not
accessible to pedestrians such as small lakes. In order to have
an accurate representation we extract the zone of interest from
Open Street Maps3 . The simulator takes the given area and
the number of participants and generates their movement. We
use random walk in order to simulate the movement of the
individuals over a period of time.
In order to verify the correctness of our simulator we built a
small visualization tool. A NodeJS server offers the simulation
data to a JavaScript tool that makes use of the Google Maps4
2 http://standards.ieee.org/about/get/802/802.11.html
3 https://www.openstreetmap.org
4 https://www.google.ro/maps

Fig. 1: Simulation, 100 persons, sensing area radius of 50m
library in order to display the locations of individuals inside
the area of interest. An example of the visualization can be
observed in Figures 1. The area of park Herastrau, as described
in Open Street Maps, is represented with red and the small
white discs represent pedestrians.
Because the shape of the interest space can be bounded by
an irregular polygon, in order to calculate its area, we use
grid sampling. We take an outer rectangle that encapsulates
the entire area and split it in a grid of 1000 by 1000 cells.
We then count the total number of cells that are inside the
polygon. Finally, we multiply the total number of cells inside
the area of interest with the area of a cell.
To determine if a cell is inside the polygon describing the
interest space we use a ray casting algorithm [17]. In ray
casting a set of parallel lines are drawn over the rectangle.
We start in the upper left corner and use vertical lines.
The intersections between these lines and the polygon are
calculated. For each cell, if the number of intersections is even,
it means the cell is inside the polygon and thus inside the area
of interest, otherwise it means the cell is outside.
In order to simulate pedestrians, we randomly choose their
starting location as points inside the area of the park. We
generate random locations inside the outer rectangle and keep
only those that are inside the polygon. In order to determine
if the location is inside the space of interest we used the same
ray casting method.
To have a more realistic simulation we added movement.
Crowdsensing campaigns use pedestrians or even vehicles. In
our experiments we focused on spaces such as parks through
which only pedestrians can move. We set the same speed of
5km/h for all simulated individuals. The speed was chosen
according to [18]. The movement was simulated using the
Random Walk [19] algorithm. In random walk, pedestrians
move in a randomly chosen direction until they reach the edge
of the interest space. In our case we consider collisions with
any element of the polygons. Because we focus on parks, there
can be multiple polygons. As we stated earlier, parks can have
features that are not accessible by pedestrians, such as small
lakes. Each of these are bounded by a polygon. When we

The final goal of the simulation is, given a sensing radius, an
area of interest and a time period, to determine the percentage
of the area of interest that is covered by sensors. After we
count the number of cells covered by the sensors and the
number of cells inside the area of interest we use equation
2 in order to determine the percentage of the area covered by
sensors. For a cell to be considered covered it needs to have
been inside the disc of a sensor at any point in time during
the simulation.
coveredPercentage =

countcoveredCells
∗ 100
countspaceO f InterestCells

(2)

IV. E XPERIMENTAL R ESULTS
We used our simulator in order to determine the results of
multiple crowdsensing campaign located inside a city park. We
used park Herastrau5 , in Bucharest, Romania as a case study.
The geographical data, that describes the spatial mapping of
the park was obtained from Open Street Maps. To be more
precise the area consists of three polygons, that describe the
shape of the park and the lake that spans across the park area.
To offer an idea on the difficulty of determining the number
of required pedestrians to cover the entire area of the park, take
the air quality campaign. It has a sensing radius of 3m. This
means that a pedestrian is able to cover approximatively 28m2
at a moment of time. We calculated the area of Herastrau park
to be 1404409m2 . This is consistent with the area calculated
5 http://www.herastrauparc.ro/
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detect a collision for a pedestrian another direction is chosen
randomly and the pedestrian continues its movement in the
new direction with the same speed.
In order to simulate the data gathering process we use discs
of a set radius centered on each of the pedestrians. In reality
the shape of the detection area for a sensor is highly irregular.
Take WiFi, where the shape of the area in which frames can
be correctly received varies with irregularities of the antenna,
features of the environment and even weather. Because the
shape varies from sensor to sensor and there is no model that
describes the irregularities found in nature a disc can be used
as an acceptable approximation.
In order to calculate the area of the surface of the interest
space covered by at least one of the sensors carried by the
pedestrians we use the same grid sampling method. In this
case, a cell represents an area that we consider to be covered
by a sensor if there exist at least one sensor whose disc covers
at least half of the cell. In order to determine if a cell is
inside a disc we calculated the Euclidean distance [20] from
the center of the cell to the position of any pedestrian. If, for
any pedestrian, this distance is smaller than the sensing radius
we consider the cell to be covered by the sensors. This is
described in equation 1, where xc and yc represent the location
of the center of the cell and x p and y p represent the location
of a pedestrian.
q
(1)
∀i; (xc − x pi )2 + (yc − y pi )2 < sensingRadius
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Fig. 2: Percentage of area of interest covered for different
scenarios and different number of participants
by the park managers. The result includes errors from the grid
sampling method and from transformation from geographic
coordinate system (GPS coordinates) to the metric system.
Simply dividing the two values 1, 404, 409/28 shows that we
would need over 50, 000 participants. As we show later in this
section, because in this solution mobility is not considered, the
resulting number is far higher compared to the value obtained
through simulations.
We run our simulator using three different scenarios. These
scenarios pertain to three distinct crowdsensing campaigns.
For all scenarios we simulated an hour of movement. We varied the number of pedestrians from 1 to 3,000 (the results did
not differ much after this value) and calculated the percentage
of the covered area for each value. We chose one hour as this
is an appropriate time period for which a participant would
be willing to visit a park. The results for all simulations are
presented in Figure 2.
a) Air quality - with a sensing radius of 3m: This is one
of the most difficult crowd sensing campaigns to implement.
While the other two examples only require special software on
the smartphones of regular pedestrians, this one also requires
a specialized device. The smartphone still serves the purpose
of communication and data processing. This has been done
before [21] in Zagreb.
For air quality the range is the smallest, technically the
sensor can only measure air that directly touches the device,
however, it is safe to assume that the air in the surrounding
area has the same quality, so the radius was approximated to
3m. In order to reach a percentage of 98% covered area, we
require around 3000 persons.
b) Pedestrian density - with a sensing radius of 10m:
In order to estimate pedestrian density, we can take advantage
of the fact that smartphones are ubiquitous. All smartphones
have Bluetooth modules and a lot of users simply leave
them active. This module regularly sends frames that can be
detected. Based on these frames we can estimate the number
of pedestrian around a sensor. We estimate an appropriate
sensing distance to be of 10m, according to the Bluetooth
specifications. We can see that a coverage of almost 100%
is reached at about 1000 participants.
c) WiFi access - with a sensing radius of 100m: In order
to determine WiFi access we need to identify the number of

Optimal # of pedestrians * 103

3
2.5
2
1.5
1
0.5
0

Air quality

Pedestrian density

WiFi access

Fig. 3: Comparison of scenarios, required number of participants in order to cover 95% of the interest space
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requirements, but it does not offer a clear view on what to
expect. In order to set correct expectations, one would need to
determine how many people can take part in a crowdsensing
campaign. This also enables the organizers to set appropriate
incentives.
The willingness of people to take part to a crowdsensing
campaign is primarily influenced by the ease of access to the
area of interest. People are unlikely to come from a different
city just to participate in such an event. In order to determine
the number of people that have access to the interest space we
used a spatial interaction model.
We used an ArcGis6 service in order to determine demographic information. From it, we extracted the number
of people living in a specific area, in our case, the city of
Bucharest. The map was split in a grid of 5 by 5 cells. The
size and number of cells were chosen based on the minimum
area accepted by the ArcGis service for demographics. Every
cell was given an accessibility rating (A) using the model in
equation 3.
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available, open hotspots in the area. Any device with a WiFi
module can receive beacon frames in order to determine what
hotspots are around it and what WiFi networks it can connect
to. The sensing radius, set according to the WiFi specifications,
is of 100m and covers an area of 31415m2 . We can see that
approximatively 300 participants are needed to cover the area
of the park in one hour.
To conclude we estimate that a successful crowd sensing
campaign would require a coverage of at least 95% of the
interest area. This is not always the case as some campaigns
may only require an estimate on the measured values. When
the goals are as high as 95% of the covered area, for the three
case studies we proposed we obtain values for the optimal
number of individuals in the order of hundreds or thousands
of people. Figure 3 shows these results in more detail.
The number of individuals and sensing radius are not the
only factors that affect the percentage of the covered area.
The duration of the campaign also needs to be considered.
In order to show the effect time has on a crowd sensing
campaign we choose to exemplify it on the air quality scenario
with 2000 participants. The results are presented in Figure
4. Here, time is varied in 10 minute steps, from zero to
two hours. This shows the importance of the duration of the
campaign. However, the duration of a campaign cannot be
easily controlled.
V. D ISCUSSION
In the previous section we showed how many people are
required in order to have a successful crowdsensing campaign.
Having this data, gives one a clear idea on what are the

β

(3)

dcell−park

Time [min]

Fig. 4: Duration of campaign, Air quality, 2000 participants

Sαpark

where
• S park - the total area of the park,
• dcell−park - Hamiltonian distance between the centroids
of the cell and park,
• α - represents the effect that the dimension of the park
has on the parks attractiveness,
• β - describes the will of a person to travel to a destination.
We chose α = 0.85 and β = 1.91 according to a study [16]
that modeled the spatial accessibility to parks.
In the grid with the maximum rating, it is considered that all
the people living in that area have access to the park. Further,
the percentage of the total population that lives in a zone and
has access to the park is calculated relatively to the maximum
rating. Figure 5 represents the results for the accessibility
rating of the cells that compose the map of Bucharest.
Considering the area of Park Herastrau, the results suggest
that the estimated maximum number of possible participants
to a crowd sensing study could be around 158,312 people.
By taking into account the penetration of smartphones in
Romania, of 27.9% as stated in [2], the number of possible
participants is lowered to 44169.
This number is further decreased when we consider the
willingness of people to partake in a crowdsensing campaign.
However, the value can be used as a maximal boundary. If a
crowdsensing campaign for park Herastrau requires a number
of individuals larger than the 44,169 value, it is certain that the
campaign will not successfully generate a complete data set.
Even when incentives are used it is unlikely that they would
be significant enough in order to reach this value.
In park Herastrau the scenarios we propose require different
numbers of participants. These numbers represent between
6 https://www.arcgis.com/
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Fig. 5: Accessibility ratings to park Herastrau
1% and 7% (these percentages are obtained by comparing
the results presented in Figure 3 to the value obtained in
the previous paragraph) of the number of people that have
access to the park and own a smartphone. We believe it is
reasonable to assume that with proper incentives campaigns
that require fewer participants can be successful (In our case
the crowdsensing campaign for determining WiFi access).
Campaigns that require a larger number of participants require
stronger incentives.
VI. C ONCLUSION AND FUTURE WORK
We proposed a method to estimate the optimal number of
participants to a crowd sensing campaign, on an area of interest, through the use of simulations. We used three scenarios for
three different crowdsensing campaigns: air quality analysis,
pedestrian density and WiFi access. The three crowd sensing
campaigns were simulated over the same space of interest,
Herastrau park, in order to show how the differences in the
crowdsensing campaign, mainly the sensor type, affect the
results. We extended our analysis by taking a look at how
the duration of the campaign affects the results.
To show the relevance of the results we added a method
to determine the number of people that have access to a
crowdsensing area of interest, own a smartphone and may be
willing to participate. We know that incentives can be used in
order to increase the willingness of people to participate, but
this is outside the scope of the article and can be considered
future work.
As future work we need to offer more detailed simulations
that better match specific crowdsensing campaigns. People do
not normally move according to a random walk algorithm,
but take specific paths, they also travel in groups and their
behavior can be influenced by the campaign. The sensors can
be modeled with higher precision, moving away from a disc
radius. The simulation can take the environment into account
as well as its effect on the sensors and the area that they
cover. Finally, real life crowdsensing campaigns can be used
to further improve the simulations.
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