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a b s t r a c t

Detecting user context with high accuracy using smartphone sensors is a difficult task. A
key challenge is dealing with the impact of different smartphone positions on sensor val-
ues. Users carry their smartphones in different positions such as holding in their hand or
keeping inside their pants or jacket pocket, and each of these smartphone positions affects
various sensor values in different ways. This paper addresses the issue of poor accuracy in
detecting user context due to varying smartphone positions. It describes the design and
prototype development of a smartphone position discovery service that accurately detects
a smartphone position, and then demonstrates that the accuracy of an existing context
aware application is significantly enhanced when run in conjunction with this proposed
smartphone position discovery service.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Modern smartphones embody a large set of sensors that can be utilized to learn a wealth of information about a user’s
surrounding environment. Researchers view the availability of such sensors as an opportunity for developing context-aware
applications that can provide services tailored for each user’s context. Context-aware mobile computing is not a new
research topic, for example, a survey paper [1] covering advances in this field was published more than a decade ago. Despite
the concept being there for a while, a breakthrough for the number of context-aware applications offered in smartphones
application markets (e.g., App Store for Apple iOS or Google Play for Android OS) is yet to happen. For the most part, the cur-
rent context-aware applications do not meet users’ high expectations from technology.

A key problem with current context aware applications is that they typically provide low level of accuracy, particularly
when used in an environment different from what was conceived at the application development stage. A major reason lead-
ing to low accuracy is the wide variety of ways a user may carry his/her smartphone, henceforth referred to as smartphone
position. Users carry their smartphones in different positions, e.g. in hand, in purse, in pants pocket, in shirt pocket, etc.
Sometimes, their smartphones are in covered positions, in purse or pockets, while uncovered at other times, watching a
video or talking on the phone. Sensor values of different sensors naturally vary based on smartphone position, which in turn
impacts the accuracy of the context derived from these values.
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This article takes a bottom-up approach to derive a generic solution to the smartphone position problem. First, in this
Introduction Section, we reflect to the reader the severity of the problem by providing motivating examples from the liter-
ature for context-aware applications that behave poorly when dealing with varying smartphone positions. Next, we analyze
the impact of the smartphone position on raw sensor data. This is important since context derivation algorithms start from
raw sensor data collected from smartphone sensors. To do this, we conducted a range of experiments that involved collecting
sensor data from several different users carrying their smartphones in several different positions. Analysis of the raw sensor
values collected from different smartphone position shows that the level of smartphone position impact on raw sensor data
ranges from no impact at all for the case of GPS to a considerably high impact as in the case of gyroscope and accelerometer.
The details of the analysis can be found in Section 3 of the article.

Based on the analysis of the impact of smartphone position on raw sensors data, we have designed, implemented and
evaluated a smartphone position discovery service. This service utilizes the sensor values collected from some carefully cho-
sen sensors and detects the smartphone position with very high accuracy. It runs orthogonal to any other context aware ser-
vice or application. The article describe the design, implementation and a detailed evaluation of this service. The utility of the
service was demonstrated by showing that the accuracy of an existing context-aware application is significantly improved
when it following the two-stage classification technique.

To summarize, our contributions are as follows:

1. We present a detailed study for the impact of smartphone positions on raw data for sensors that are common in current
commercially available smartphones.

2. Based on this study, we built a smartphone position discovery service that detects the smartphone position with high
accuracy. This service can run in conjunction with context-aware applications to provide them with the current smart-
phone position.

3. We integrated the service with an existing context-aware application for fall classification and demonstrated improve-
ment in accuracy for this application when using the service.

Before we indulge into the details of our solution, it is important to reflect to the reader the severity of the smartphone
position problem by giving examples of context-aware applications that suffers from low accuracy when dealing with arbi-
trary carry positions.

Consider three different context-aware applications each utilizing different sensor(s). SurroundSense [2] performs logical
localization such as detecting if the user is currently having coffee at Starbucks, partying and shopping at Wal-Mart. The
application is able to achieve logical localization by harnessing online sensor data from camera, microphone, and accelerom-
eter sensors and comparing them with previous knowledge about the place. Smartphone position is a major obstacle for Sur-
roundSense. For instance, if the smartphone is in a covered position, e.g. Hip Pocket, Pants Pocket, or Jacket Pocket, the
system will not be able to take the required image to perform the color fingerprinting for the location. We believe that appli-
cations like SurroundSense can consult the smartphone position discovery service in order to take the required image when
the phone is in reliable positions. We also believe that the sensor data from microphone and accelerometer would benefit
from smartphone position by excluding the disadvantageous positions for the corresponding measured context.

Next, lets consider an application that uses the microphone sensor. Researchers in [3] have developed an audio-based
cough counting system running on a smartphone to monitor the health of patients with respiratory diseases. The application
requires the patient to place the smartphone either in the shirt pocket or attached to a neck strap. In fact, the authors
acknowledge that the chosen two positions do not represent an optimum choice in terms of patient comfort. However,
the application needed to stick to these positions to achieve acceptable accuracy. We believe that smartphone position dis-
covery service can play an important role if integrated with the cough counting system. Users can be given the chance to
carry their smartphones freely and coughs will only be counted in suitable positions, i.e. when the smartphone is in the
upper body region. In the data usage statistics of smartphones reported in [4], it was shown that user-smartphone interac-
tion durations can be as high as 500 min a day. We believe that with such long interaction durations between the user and
the smartphone, the cough system would still have enough opportunity to capture audio in favored positions without
restricting the users to place their smartphones in specific positions.

Finally, we take an example for a context-aware application that is based on the accelerometer sensor. Here the benefit of
smartphone position knowledge is not just bound to taking a go/no-go decision to capture contexts as in the previous two
examples. Some applications provide better accuracy if trained for a single position. The fall classification application in [5]
detects the type of fall from four different fall categories namely forward trips, backward slips, left lateral falls, and right
lateral falls. The output of this application can be used by experts in the field of elderly care to develop fall prevention mech-
anisms and to assist first responders in providing more customized emergency procedures. In order to detect the type of fall,
the application uses supervised machine-learning classifier with training data collected beforehand. Despite the fact that the
experiment used a smartphone for data collection, users were not given the chance to carry the smartphone freely. Rather,
the used smartphone was attached to the backside of a belt and users were asked to wear this belt and simulate the different
categories of falls. Restricting the smartphone position in the experiment surely results in higher accuracy since the unifi-
cation of position in both training and test data reduces the variability in the data, thereby, putting fewer burdens on the
classifier. Nevertheless, we believe that such restriction in terms of smartphone position limits the practicality of the
application.
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