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Abstract. Mobile sensing has become a growing area of research in pervasive
healthcare. In this paper we present mk-sense, an open framework for mobile sensing
on smartphones. mk-sense is an initiative to reduce the efforts of researchers involved
in multi-institutional sensing campaign. It is designed to facilitate the collaboration
of researchers that run simultaneous data collection efforts in different locations.
We illustrate the use of mk-sense with two cross-cultural studies conducted in four
different countries (Turkey, Mexico, Switzerland, and Spain) with a total of 77
participants. In this paper, we describe the challenges and experience of conducting
research in the wild by using mk-sense as sensing platform. Finally, we present how
the conducted studies influenced the design decisions of mk-sense, including
features, and tools to monitor data gathering in real-time.
Keywords: Mobile devices · Smartphones · Sensing campaign · Data
management application
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Introduction

Mobile phones are becoming pervasive worldwide. It has been estimated that there is
an average of almost 2 mobile devices per user. Mobile phones have become the fastestselling gadgets, outselling computers four to one [1]. Moreover, Google announced it
had hit over 1.4 billion monthly active users on the Android platform [2], with a tendency
to further increase.
The proliferation of smartphones enables the gathering of user information from
devices that are geographically scattered. This phenomenon gives researchers the oppor‐
tunity to expand their understanding in many ﬁelds. For instance, Silva, T.H. et al.,
explored the potential of participatory sensing derived from location sharing systems
(e.g., Foursquare) to understand human dynamics of cities [3]. Eagle, N. et al., used
smartphones’ Bluetooth as a proximity sensor, frequency of applications, and call
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records to recognize social patterns in the daily-life user activity, to infer relationships,
and to identify socially signiﬁcant locations [4].
Extracting collective information holds the potential to help us understand the
dynamics of society, as well as to predict collective phenomena such the spread of an
infectious disease. Examples are the observation of the spatiotemporal movements of
millions of people during disease outbreaks [5], and the rapid detection of an unusual
respiratory illness in a remote village [6].
There already exist sensing platforms to support data collection using smartphones.
For instance, PRISM (Platform for Remote Sensing using Smartphones) allows to
personalize a sensing application by its ﬂexible use of pre-deﬁned modules [7];
PHONELAB provides a manageable interface to initiate a sensing campaign with no
coding involved [8]; MyExperience combines sensor and questionnaire collection of
data among other functions [9]; FUNF consists of an open source framework to collect
sensor data remotely and it provides services to deﬁne technical conﬁguration at low
level [10]. However, these studies have already tackled important aspects on a sensing
campaign (i.e., scalability, no technical knowledge required, and variety on features such
as sensor collection and surveys), few eﬀorts have focused on providing a monitor
service to supervise completeness of data along sensing campaigns, which is important
in terms of quality and quantity of samples being collected.

2

The Concept of mk-Sense as a Platform

mk-sense is an initiative to reduce the eﬀorts of researchers involved in multi-institu‐
tional sensing campaign. As a general view, mk-sense implements a client-side appli‐
cation able to setup automatically based on server-side requests. It allows researchers
to conduct simultaneous campaigns with minimal conﬁguration eﬀort. Thus, researchers
could focus on their studies and gather data instead of investing resources in developing
speciﬁc software.
In this paper, we describe mk-sense, an extension of the open source framework Funf
to collect data through mobile devices, and to manage the collaboration of multiple
researchers involved in studies with the same approach. We present overviews of two
studies conducted in naturalistic conditions in which we used our earliest version of the
mk-sense. We elaborate on how previous experiences inﬂuence the design of our ﬁnal
version of mk-sense. We conclude with lessons learned, challenges, experience, and
future work.

3

mk-Sense

3.1 Principles
mk-sense was designed based on the following principles:
– Approach centered. It is aimed at allowing researchers to focus on the analysis of
the data rather than investing eﬀort and resources on developing the sensing system.
Thus, operating mk-sense requires minimal technical knowledge.
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– Modular study-packages. It is based on the concept of packing, allowing
researchers to create several studies simultaneously. Each package is treated inde‐
pendently, but managed with the same Graphical User Interface (GUI) environment.
– Creation of mobile phone campaign. Due to the purpose of the platform, after
installing mk-sense on a smartphone, participants are allowed to register themselves
to any study-package available, as well as receive updates automatically, remotely
and eﬀortlessly.
3.2 Architecture
mk-sense consists of a three-layer client-server architecture. The data-layer stores infor‐
mation about user devices, survey questions and responses, and sensor data in a relational
database. The presentation-layer consists of a Graphical User Interface (GUI) that
enables required services to create study-packages and to monitor data completeness.
These two layers are executed in the server. Finally, the business-layer manages surveys
and sensors, and temporarily keeps data in the client (i.e., smartphone) before it can be
sent to the server.
As shown in Fig. 1, once the sensing application is installed on the smartphone, the
user receives a sequence of surveys per day set up at random times (Fig. 1-a), while the
smartphone constantly collects data through the sensors using Funf (Fig. 1-b). Both
sensor and survey data are temporarily stored on the smartphone, waiting to be sent
opportunistically by a wireless connection to the server. Batches of data are sent peri‐
odically to the server-side (Fig. 1-c). The server collects data and stores them in data‐
bases in a way that allows researchers to have an overview about the current study by
providing a view of data completeness in real time (Fig. 1-d).
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Fig. 1. mk-sense data collection architecture.

Client. The client consists of an Android-based extensible framework designed to
collect smartphone probes. It ﬂexibility allows devices to be conﬁgured via server
synchronization of all supported sensors from 3 diﬀerent categories: (1) Sensor: accel‐
erometer, Bluetooth devices, proximity and light sensor, gyroscope, WiFi scan, location,
(2) Mobile phone: OS information, browser search history, cell towers, contact list,
hardware information, on/oﬀ screen-event, phone-call logs, applications used, battery
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information, SMS history, running applications, and (3) Voluntary input: survey answers
as self-report information, audio recording, and photo images.
Once mk-sense is installed on the smartphone, data probes are collected in the back‐
ground. Data is temporarily stored on the device as SQLite1 ﬁles, waiting to be sent
periodically to the server; opportunistically and unobtrusively by WiFi connections.
Server. The server consists of a web system developed using the Laravel2 framework
and MVC (Model View Controller) architecture. The server constantly listens to
requests from the smartphones to store data remotely. When data are successfully sent
to the server, these ﬁles are deleted from the smartphone in order to release memory
space on the mobile device. Meanwhile, the data received on the server are parsed and
stored into a MySQL3 database. This is done by two diﬀerent processes, so data are
available to be monitored in real-time once received.
3.3 Additional Features
mk-sense provides four additional features that distinguishes it from most sensing plat‐
forms: (1) audio recording is privacy-preserving, (2) photo collection, (3) questionnaires
as surveys and its triggering function, and (4) dashboard.
– Audio recording. Audio data are a rich source of information, which allows, for
example, to detect whether someone is having a conversation. On the other hand,
most people do not accept audio recordings due to privacy reasons. In order to over‐
come this tradeoﬀ, a privacy preserving way of audio recording was implemented.
For each audio recording, the user can decide whether the recording is uploaded for
further processing or deleted.
– Photo collection. Photographs are another rich source of information that allows a
better understanding of the participant’s context through a graphic representation.
– Surveys. mk-sense supports two survey mechanisms: (1) experience sampling for
gathering responses at random time intervals during a day, and (2) daily reconstruc‐
tion survey for collecting responses at the end of the day after the last survey from
the ﬁrst category. Both types of surveys can consist of a mixture of input types: check
boxes, sliders, free text entry and audio message.
– Dashboard. It is implemented in order to track the smartphones participating in a
speciﬁc campaign. Sensor data are monitored through diﬀerent visualization mech‐
anisms, for instance to supervise accelerometer functionality and location data, as
shown in Fig. 2.
To recognize data collection problems in a timely manner, a data completeness
visualization is available. For instance, Fig. 3 shows accelerometer data collected for 9
days, segmented by hours; where the brightest intensity represents less data and the
darkest intensity represents the highest amount of data collected in a period of time. It
1
2
3
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Fig. 2. Accelerometer (left) and location (right) visualizations available through dashboard.

Fig. 3. Data completeness visualization of accelerometer data. Each line corresponds to one day
and each square corresponds to one hour. Color-coding indicates the amount of data collected:
bright color indicates no/less data; dark color stands for high amount of data. (Color ﬁgure online)

can be observed that data collection started in the evening of March 7th. In the afternoon
of March 15th, no location data was collected for 3 h. Afterwards, the data connection
problem was solved and data collection resumed. Similarly, on March 13rd and 14th data
was missed for one hour each day.
If the researcher detects a problem with data collection during the sensing campaign,
he or she can inform the participant by sending a message. Messages are sent as notiﬁ‐
cations directly to the participants’ smartphone. Alternatively, the system can be conﬁg‐
ured to send these messages automatically once a condition is detected.
3.4 Study-Package Structure
A study package follows the idea consists of the idea of enclosing a resource in a single
virtual location to keep information well organized and easy to handle when performing
any maintenance operation to respective data.
A package can be created by deﬁning a list of sensors to be enabled in the study, a
set of rules to deﬁne duty cycles, and triggering conditions. Study packages are auto‐
matically updated in every smartphone that has previously installed mk-sense, reducing
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the time and eﬀort to distribute any study campaigns to the participants. Thus, partici‐
pants have the option to subscribe or unsubscribe from a set of available campaigns.

4

Conducting Multi-site Sensing Campaigns

As a proof of concept of the mk-sense framework, we present multi-institutional sensing
campaigns: (1) Thought and Life Logging (Tholilo) [11], and (2) a 21-day sensing
campaign on walkability. Both projects were deployed in several sites using the betaversion of the mk-sense platform.
4.1 Thought and Life Logging (Tholilo)
Tholilo is a collaborative research study that involves computer engineers and psychol‐
ogists. The aim is to better interpret how daily life environments inﬂuence our mood
and temporal thinking. Data were collected in two diﬀerent locations: Turkey and Swit‐
zerland. Table 1 shows some basic characteristics of both samples. In order to keep the
battery consumption low, sensor data were not collected continuously, but in periodic
time intervals. The following sensor conﬁguration was employed:
• Bluetooth (scans for devices every 5 min),
• GPS (every 30 min),
• Accelerometer (sample with a frequency according to user’s device conﬁguration on
intervals of 10 s every 5 min),
• Running apps,
• Screen on/oﬀ states.
Table 1. Sample characteristics.
No. of participants
City, Country
Size of the city
Density of population
Gender
Average age (S.D)

Group A
6
Zürich, Switzerland
Medium (396 k)

Group B
6
Istanbul, Turkey
Large (14 M)

4.5 k/km2
(1 male; 5 female)
33.16 (14.40)

2.6 k/km2
(1 male; 5 female)
23.33 (1.5)

Each participant was asked to complete a survey 7 times a day at random time points.
Right before each notiﬁcation, a one-minute audio sample was recorded in the privacypreserving format explained earlier. Surveys focused on collecting data on momentary
feelings and thoughts based on an already standardized protocol. Data were collected
during a 10-day period.
The users carried their smartphones as usual, no special instructions were given to
operate the system. We conducted the study with two diﬀerent groups of participants.
A total of 12 volunteers participated. The inclusion criteria were that the user had to own
an Android smartphone and to know how to operate it. A total of 265 surveys were
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collected during 10 days of the study (105 from Group A and 160 from Group B). Please
refer to [11] for a more detailed description of data analysis.
4.2 21-Day Sensing Campaign on Walkability
The Walkability study is an initiative to explore the possibility of automatically evalu‐
ating how friendly an area is for walking. The concept of walkability includes issues
such as infrastructure and physical access (e.g., sidewalks, street layout), the existence
of places of interest to visit (e.g., market, schools, retail, recreation spaces, transit stops),
and proximity to home.
The study was conducted with people who work or study at a university and thus
recorded data in the surroundings of their campus. The study was replicated in three
diﬀerent countries. Table 2 shows some basic characteristics of the participants. In order
to keep battery consumption low, sensor data were collected in periodic time intervals
similar to the Tholilo study. Unlike the Tholilo study, in this sensing campaign we
increased accelerometer’s sample intervals, so we have a more detailed data to infer if
the person is walking. The following sensor conﬁguration was employed:
• GPS (every 30 min),
• Accelerometer (sample with a frequency according to user’s device conﬁguration on
intervals of 20 s every 5 min).
Table 2. Sample characteristics.
No. of participants
City, Country

Group AA
29
Ensenada, Mexico

Group BB
21
Istanbul, Turkey

Size of the city

Medium (500 k)

Large (14 M)

Density of population 9/km2
Gender
(15 male; 14 female)
Average age (S.D.)
28.48 (5.79)

2.6 k/km2
(17 male; 4 female)
23.24 (3.62)

Group CC
15
Toledo & Castille-La
Mancha, Spain
Small (84 k) & Large
(2 M)
362/km2 & 27/km2
(4 male; 9 female)
28.42 (9.08)

Each participant received a survey under two conditions: (1) automatically triggered
by detecting that the participant had walked for 5 min continuously, or (2) on demand.
Surveys focused on evaluating walkable areas and pedestrian experience. Data were
collected during a 21-day period with an optional extension of 7 days.
Participants carried their smartphones as usual. We replicated the study by providing
the same training protocol and directions to three diﬀerent groups of participants. A total
of 65 volunteers participated in the study. Each user owned and regularly used an
Android smartphone. A total of approximately 500 surveys were completed during the
study.
At the time of this writing, the collected data from the study “Walkability: a 21-day
sensing camping”, has not been yet analyzed in full detail.
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Lessons Learned and Discussion

Over the course of 10 to 21 days, with 77 users participating in two diﬀerent studies, we
have observed four main aspects related to the following issues: User-experience, tech‐
nical mobile phone aspects, monitoring data, and replication of studies.
User-experience: Our main challenges developing a platform to be deployed on the
user’s personal mobile phone were the heterogeneity of OS version and library/services
available. Across the studies, we deployed several updates to ﬁx on-the-ﬂy issues that
did not show in our pilot test. This aspect is challenging when talking about mobile
phones because users tend to rely on mobile phones for critical communication func‐
tions, such as emergency calls. Thus, we should guarantee that participants enable auto‐
matic updates-mechanism in their smartphones, so we could provide them unexpected
updates along the study.
Technical mobile phone aspects: Several cases showed heterogeneous software
resources and functionalities available on participants’ mobiles devices due to either OS
version or device model/brand. A few common examples are:
• Google Cloud Messaging (GCM): not all devices had enabled this service which
oﬀers to send messages to users through push notiﬁcations function.
• Acceleration frequency: devices have a diﬀerent acceleration frequency limited by
hardware sensor or set up by the user through conﬁguration preferences.
• Linear acceleration: not all devices might provide this service due sensor requirements.
• Timestamp issue: timestamp values seems to be retrieved diﬀerently from device
to device. For instance, some devices populate timestamp with nanoseconds while
other use seconds (Unix time). Some sensor’s model/brands include an oﬀset to all
timestamp. Others, use boot time as base for their timestamp.
We found this aspect to be important since one of the motivations of the sensing
campaigns was to create open datasets accessible to the research community in an eﬀort
to provide a resource for the analysis on behavior recognition. Thus, there is a need to
address the issue of data quality in heterogeneous datasets.
Monitoring data: To supervise data completeness during the campaigns, we assigned
a single researcher to monitor data completeness. If a lack of data was identiﬁed, he
communicated with the remote collaborator to establish communication with respective
participants. In order to facilitate eﬀort and coordination among researchers involved in
multi-institutional campaigns, a controlled access to monitor data completeness is
required for each collaborator. Thus, we considered expanding mk-sense with a multi‐
level privilege section.
Replication of studies: We prepared a study protocol and closely provided support to
the collaborators. Due to the eﬀort invested when supervising campaigns remotely, we
have considered to extend the current platform version with a protocol module, so we
are able to tackle two main aspects: sequence of tasks and feedback among collaborators
to share experiences and unexpected participant reactions that might vary from country
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to country. In addition, two aspects we had to deal with were the diﬀerences in time
zones (among countries and when traveling within the country) and the diﬀerent survey
languages for the diﬀerent samples (i.e., Spanish, Turkish, English). Thus, we collect
time zone data from participant’s smartphones, as well as based on geographic location.
Finally, the respective client-side GUI resource was validated for 3 native speakers from
each country involved in the study. The common language we used to coordinate was
English.

6

Conclusion and Future Work

We introduced mk-sense, a research initiative to facilitate the deployment and supervi‐
sion of multi-institutional sensing campaigns. Principles of the platform were based on
an approach-centered design, modulation by study-package, and creation of mobile
phone campaigns. The architecture consists of a three-layer client-server model. The
main contributions of mk-sense consisted of (1) the package-study feature, (2) data
completeness monitor in real-time, and (3) a graphical interface to manage sensing
campaigns. Altogether, contributions focused on reducing the barrier of technical
concepts for non-technical researchers, so that they could focus on analyzing data rather
than investing time developing a sensing platform from scratch.
We conducted two multicultural sensing campaigns in four diﬀerent countries (i.e.,
Turkey, Mexico, Switzerland, and Spain): (1) Thought and Life Logging, and (2) a 21day sensing campaign on walkability. A total of 12 and 65 participants collaborated in
the studies. Along these campaigns we faced four relevant aspects:
• User-experience: users tend to rely on mobile phones for critical communication
functions, like emergency calls, thus, a mechanism to guarantee uninterrupted
support during sensing campaigns was included in the protocol, nevertheless, we
would like to guarantee it programmatically into the mk-sense application.
• Technical mobile phone aspects: due the heterogeneity and diversity of smart‐
phones among participants, we will address a new mechanism when collecting data
to guarantee high quality in heterogeneous datasets.
• Monitoring data: to improve coordination among multiple collaborators involved
in a sensing campaign, we consider it important to include a multilevel privilege
section in further versions.
• Replication of study: to ensure that a campaign’s protocol is appropriately attended,
we consider it is important to extend the current version with a new module to keep
control of times and sequence of tasks, in which collaborators are able to create a
personal schedule of activities, as well as provide/get feedback in real-time from the
experience from collaborators in diﬀerent locations.
Regarding technical aspects, we will consider migrating our current database core
to MongoDB4 since in recent years it has shown a high reliability and better performance
when working with largest amount of data.
4
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Additionally we aim at developing an iOS5 version of the client-side to facilitate
recruitment process when designing a sensing platform. Thus, we would aim to cover a
broader sample of potential participation of smartphone users and increase the sample
of data collected.
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