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Abstract.
The fact that most drivers these days carry their smartphones with them presents a great
opportunity to develop a new type of applications that harvest and interpret the
tremendous amount of data smartphones’ sensors collect. Smart-in-car sensing presents
smart solutions to several today’s problems faced by drivers. One of the problems
smartphones can help solve is traffic congestion. Fuel economy driving is another goal
smartphone can help drivers achieve. Combining that with a solution to traffic
congestion can contribute to low carbon dioxide emissions. A smooth and comfortable
drive is something else smartphones sensors can help the drivers achieve. Moreover,
smart-in-car sensing can prevent drowsy driving, which is a major cause of accidents.
Furthermore, context-aware data provided by smart-in-car sensing is a gold mine of
information that stakeholders can use to make better plans and to further the transition
to smart cities. The proposed android application uses smartphones’ accelerometer
sensor to detect major events the car driver encounters during his daily drive. The
application has to deal with many challenges, one of these is the fact that sensors’ data,
especially the accelerometer, produces too much noise, and to make use of the sensor’s
data there must be a way to filter out unwanted components of the data. Moreover, even
low power sensors, like the accelerometer, in the fastest mode, can put considerable
power demands on the smartphone’s battery. Interpreting sensors’ data and putting it
into context is also a great challenge. The application was able to detect road bumps,
driving behavior, and the effect of aggressive driving on the fuel consumption of the
car. Moreover, the application can detect when a car enters a traffic jam, geotagging
the location of the traffic jam, and share it with other drivers or simply upload it to the
cloud.
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1. Introduction
The widespread use of smartphones with their huge processing capabilities and
the array of sensors they are shipped with, in addition to their mobility feature, have all
opened the door for a multitude of applications in an unprecedented way. The fact that
most drivers these days carry their smartphones with them, presents a great opportunity
to develop a new type of applications that harvest and interpret the tremendous amount
of data smartphones’ sensors collect. Smart-in-car sensing uses smartphones’ sensors
to collect car movement data and puts it into context in a smart way that helps the driver.
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Smart-in-car sensing presents smart solutions to a number of today’s problems
faced by drivers. One of the problems smartphones can help solve is traffic congestion.
Fuel economy driving is another goal smartphone can help drivers achieve. Combining
that with a solution to traffic congestion can contribute to low carbon dioxide emissions.
A smooth and comfortable drive is something else smartphone sensors can help the
drivers achieve. Moreover, smart-in-car sensing can prevent drowsy driving, which is
a major cause of accidents. Furthermore, context-aware data provided by smart-in-car
sensing is a gold mine of information that stakeholders can use to make better plans
and to further the transition to smart cities.
For all these kinds of applications to work we need a framework that collects
smartphones' sensors data, which we can then analyze, interpret, predict, and share with
other drivers and stakeholders. The research will try to answer the following research
questions: How to harvest sensors data efficiently? How to measure the accuracy of the
sensors' data? How to isolate noise in sensors' readings? How to infer the context using
data collected from sensors? How to address the privacy concerns of the user? How to
measure the integrity of the collected sensors’ data? The framework must provide an
abstraction layer for all these issues to facilitate the development of this kind of
application and more importantly many other applications.

2. Research Motivation
It is estimated that more than 30 hours are wasted annually per driver in the UK
through traffic congestion [7]. According to the US Department of Energy [8], in 2014
alone 3.1 billion gallons of fuel were wasted because of traffic congestion. This equates
to approximately 19 gallons per commuter. Given these figures, we can estimate how
large an amount of carbon dioxide emissions resulted from the wasted fuel. A common
problem in motorways is the lack of coordination between drivers. For example, on a
motorway with cars flowing freely if some animal crosses the road, the driver who sees
it brakes a little, the driver behind him may not notice it immediately and hits the brakes
a little harder than necessary, the driver behind him then does the same, until someone
behind comes to a complete stop. Now all the cars behind the hold-up the motorway
must stop as well. While the animal is long gone its effect is still there. This chain
reaction of events will create what is called a phantom (ghost) intersection [9][12]. It is
exactly what happens when you are stuck in traffic for hours thinking there must be a
fatal accident ahead and suddenly the traffic starts to move again with no wreckage
sight.
The chain reaction of events described above can be avoided through
knowledge of the road conditions ahead. Anticipating road conditions is one thing that
smart-in-car sensing can do. Instead of relying on drivers manually reporting road
conditions to some App, using smartphone built-in sensors, an App can collect data
about changes in speed and direction of the car [4], upload it to the cloud, analyze it,
and then share the results with other drivers driving on the same road. Smartphone’s
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accelerometer and gyroscope sensors are capable of detecting both acceleration and
angular speed.
According to [10], aggressive driving can greatly affect the fuel economy of a
car. Maintaining a constant speed on a journey, as opposed to frequent accelerating and
decelerating, avoids fuel wastage. For example, hitting the brakes too often takes useful
kinetic energy and turns it into waste heat. Cars' carbon dioxide emissions can be
greatly lowered if drivers monitor their driving style. By using a smartphone’s
accelerometer and gyroscope sensors, it is possible to detect and keep track of a driver's
driving patterns, which can be used to estimate the fuel savings he can make by
changing his driving style, and thus ties the driver’s carbon footprint to his wallet. The
EPA estimates that aggressive driving can reduce gas mileage by up to 33% [10].
Insurance companies can also benefit from smart-in-car sensing by knowing
more about a driver’s behavior to assess the value of the insurance policy [3]. Smartin-car sensing can also detect when a driver falls asleep and can alert him to the danger.
The American Automobile Association (AAA) estimates that one out of every six
(16.5%) deadly traffic accidents, and one out of eight (12.5%) crashes requiring
hospitalization of car drivers or passengers, is due to drowsy driving [11]. While smartin-car sensing can detect if the car is moving it can ask the driver to confirm he is awake
on a regular basis using voice commands, and the driver must give a specific answer to
a question in order to evaluate his mental concentration. Moreover, if the car is detected
to be moving for a long time, the driver is instructed to stop the car and get some rest.
Smart-in-car sensing can also help drivers avoid bumpy roads. When a driver
wants to avoid bumpy roads, like lots of speed bumps or cobbles or just plain old
potholes, with all the data collected by the smartphone sensors, it is possible to
determine if a road is bumpy or not and have an "avoid bumpy roads" option on the
driving directions. Additionally, this kind of data can be sent to the city council or
whatever party is responsible for the maintenance of the roads. Another way smart-incar sensing can be useful is in the case of accidents. Smartphone sensors can detect
sudden and sharp movement changes, which is usually associated with car accidents.
The smartphone can report the accident location to the authorities or even make a phone
call for help.

3. Related Work
Recently, several interesting attempts to use smartphones' sensing capabilities
to offer added-value service to the driver have emerged, e.g., [1][2][3][4][5][18][19].
In [1][2] authors mostly focus on car and smartphone interfacing, utilizing some builtin capabilities in the car, or in some cases, a specialized hardware. Although these
approaches manage to offer some added-value service to the driver, the tight coupling
with the car equipment restricts the use of such services to some car models only. In
[3][4], authors discussed the potential of using smartphone sensors in building very
useful Apps that aid the driver in their daily drive. Nevertheless, they did not provide a
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general implementation to build on for similar applications. Other approaches, as
presented in [5], for their ‘CarSafe App’, required intensive image processing to be
done on the smartphone in order to detect hazards and alert the driver to dangerous
driving conditions inside and outside the car. While the ‘CarSafe App’ idea was
original, the authors ignored the fact that intensive image processing on smartphones
can quickly drain the battery [6]. In [18] the authors used smartphone sensors for road
condition monitoring and alert application. In [19] the authors used the smartphone as
a sensors platform for driving behavior recognition. Neither of these latter studies,
however, has shown any concern about the security and privacy of the collected data.
Although all the aforementioned attempts help the development of some
interesting applications, concrete abstractions and mechanisms to enable efficient, more
accurate, context-aware, privacy-aware, and cloud-enabled, smart-in-car sensing
applications still remain under development.

4. Challenges
Despite the fact that the main focus of smart-in-car sensing is to use low power
sensors, i.e. motion sensors, the sampling rate of these sensors can affect power
consumption. In particular, in the fastest mode, low power sensors' energy consumption
can reach 80% of that of a GPS sensor [4]. Hence a compromise has to be made between
increasing the harvesting of sensors' data in favor of accuracy and making do with a
low sampling rate in favor of low power consumption. Moreover, raw sensors' data,
especially the accelerometer and gyroscope, contains too much noise and needs filtering
and processing before it can be used to extract any useful information. Furthermore,
inferring the context using sensors' data has many complications and offers a big
challenge.
Another important issue to consider is user privacy. Drivers who are willing to
give their sensors' raw data to the system need to make sure their privacy is preserved,
e.g., their location information can’t be shared without their consent. In some cases,
restricted context information can be inferred from other available context information
[17]; for example in [4], authors used the accelerometer and gyroscope sensors’ data to
identify and recognize the repeated journey routes the driver made. How can we
anonymize the collected data? What kind of information can be used to infer a user’s
location, habits, or identity? For what extent the user is willing to trade privacy for
application functionality?
Sensed data integrity is another important issue; any application based on
sensors' data will be useless if the collected sensors data can’t be trusted in terms of
accuracy and timeliness [16]. Unlike wireless sensors' networks, where the system
consists of stationary sensors distributed in an environment, smart-in-car sensing relies
totally on the driver’s smartphone sensors. In which case the owner of the smartphone
– the driver - can manipulate and interfere with sensors' data. E.g., many Apps are
available today that can mock the sensors' data to give fake readings [13][14][17]. How
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is it possible to measure the accuracy of the data? Does looking for patterns help? If the
driver is not interested in giving accurate or true data, what can be done?
Another concern is that smart-in-car sensing relies on the driver voluntarily
giving his smartphone’s sensor's data to the system. How can we incentivize the driver?
Is the driver willing to sacrifice some of his privacy in exchange for some services?
What kind of added-value services can really incentivize the driver to use the smart-incar sensing? Can a sense of social responsibility alone be enough?
Moreover, smart-in-car sensing, unlike most available mobiles Apps, which
depends on drivers voluntarily entering data, will automatically collect sensors' data.
The resulting huge quantity of data will need to be processed; some of the data
processing can be done more efficiently on the cloud. This adds yet another challenge
to this research, namely, building a cloud service capable of processing, analyzing, and
interpreting the huge amount of sensors' data, and sharing it with community drivers
and stakeholders.
As seen from the aforementioned challenges above, each one of them alone
requires intensive research, thus, the main focus of this research will be on how to
harvest sensors’ data efficiently, isolate the noise, analyze and interpret to put in
context, and share with other drivers and stockholders.

5. Approach Overview
This section contains a description of the approach used to detect significant
driving events using smartphone’s sensors. The focus of this research is to use low
power sensors to detect car movements, mainly, the accelerometer. The accelerometer
sensor is able to detect the acceleration forces applied to the three axes, namely,
(X,Y,Z). Fig (1) shows the sensor coordinate system. When the smartphone’s
orientation is portrait and the device is standing upright, axes run: X – right to left, Y –
top to bottom, Z – Down to up, the coordinate system does not change when the device
orientation changes [20]. In practice, the driver can put the device in any orientation he
wishes, requiring extra work of the system to align the coordinate system with the car
movement. For the simplicity of the research, it’s assumed the device is aligned with
the car’s coordinate system as shown in fig (2). The car’s coordinate system is defined
by three orthogonal axes, X, Y, and Z. X points to the right of the car, Y points toward
the sky, and Z points toward traveling direction.
Fig (1) Smartphone Coordinate System

Fig (2) Car Coordinate System
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The smartphone will be mounted on the windscreen of the car using a special
hanger as shown in fig (3), this arrangement, which requires little effort from the driver,
ensures the smartphone’s coordinate system is aligned with the car's coordinate system.
Fig (3) mounting of the smartphone

6. Collecting Accelerometer Sensor Data
The sampling rate of the accelerometer can affect energy consumption. In the fastest
mode, low power sensors', i.e. accelerometer, energy consumption can reach 80% of
that of a GPS sensor [4]. Hence a compromise must be made between increasing the
harvesting of sensors' data in favor of accuracy and making do with a low sampling rate
in favor of low power consumption. After doing several experiments, android’s
SENSOR_DELAY_GAME mode was used; in this mode, the accelerometer’s
sampling rate was about 50 samples per second [20], which offers accepted accuracy
with suitable power demands. An Android app was developed to record and log
accelerometer sensor data. The smartphone used was Samsung Galaxy S4 running
Android 5.2. The experiment was done on a sedan car, three journeys on the same route
were done, and each journey took about 5 minutes. Part of the sample-collected data is
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shown in fig (4). It’s worth noting from fig (4) that the reading of the accelerometer is
fluctuating very rapidly, it’s due to the fact that the accelerometer is very sensitive to
small movements, even if the car is not moving at all, the accelerometer still shows
some variations in the readings. To overcome this problem and to only account for car
major movements changes, which is the aim of this research, a low-pass filter is applied
to filter out noisy unwanted components of the data. A low-pass filter is usually used
when we want to filter out high-frequency readings and only account for more
persistent changes, in which case, the major changes in the acceleration of the car [21].
Fig (4) Accelerometer’s sensor data for the car journey (not filtered)

The moving average is used as a simple and efficient low-pass filter [21], the
moving average can be applied for n values of the accelerometer, for example: Y0, Y1,
Y2…Yn-1, where Y is the acceleration in the Y direction (Sky). For these values the
average formula will be:

𝑎𝑣𝑔 =

1
𝑛

∑𝑛−1
𝑖=0

𝑌𝑖

To account for the new coming values and to calculate the moving average, a new value
is added to the sum and the old value dropped out. So, the equation becomes:
𝑀𝑎𝑣𝑔 = 𝑀𝑎𝑣𝑔, 𝑝𝑟𝑒𝑣 +

𝑌𝑛
𝑛

−

𝑌𝑖−1
𝑛

,

Where Yn is the new value and Yi-1 is the old value. Fig (5) shows the sample data
after applying the moving average.
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Fig (5) Accelerometer’s sensor data for the car journey (filtered)

7. Interpreting the Data
Raw sensors' data, especially the accelerometer and gyroscope, contains too
much noise and needs filtering and processing before it can be used to extract any useful
information. Furthermore, inferring the context using sensors' data has many
complications and offers a big challenge. Several methods were employed in order to
distinguish and detect different events the car went through using sensor’s data. It’s
worth noting that the experiments were performed with the intention to detect specific
events, and no time or effort was enough to account for all kind of different events.

7.1. Detecting Road Condition:
Detecting the road conditions, which includes road bumps and holes, requires
special attention to the accelerometer readings in the Y direction (Sky) as shown in fig
(2). The kind of forces that will be exerted on the car in such cases will be more obvious
in the Y direction, fig (6) shows the change in the acceleration value for Y in case the
car just passed a road bump. The change in the values is clear, which resembles two
peaks sinusoidal signal, the first peak is formed when the car’s front wheels pass the
bump, the second, when the car’s rear wheels pass. Detecting such a signal in real time
on a smart device by passing the data to a sinusoidal approximation equation can be
used. However, considering the fact that the accelerometer sample rate is about 50
samples per second, performing such calculation on a smartphone for every value
coming from the accelerometer requires intensive processing which will cause the
whole application to run slow.
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Fig (6) The change of acceleration in Y direction in case of road bump

Another simpler and more efficient approach is to look for two successive peak
values in a specific time period. After performing several experiments on different
kinds of road bumps with different passing speeds, it was found that the time period
between the two peaks was neither less than 500 milliseconds nor greater than 2000
milliseconds, and the peak value was more than 10.2 m/s2. The following shows part
of the algorithm used to detect a road bump.

if(Y>=10.2){
trigger = true;
timestamp = currentTime;
}
if(trigger){
timeDifference = currenttime - timestamp;
if(Y>=10.2&&timedifference>=500&&timedifference <=2000){
Bumpcount++;
Trigger = false;
}
}

In the above algorithm, Y is the acceleration value coming from the accelerometer
sensor; timestamp is the time the first peak value appears. Applying this algorithm to
the data collected from the three journeys the application was able to detect 5 road
bumps each time.
7.2. Detecting Driving Behavior
Driving behavior can be categorized as normal or aggressive, aggressive driving
is characterized by frequent acceleration and deceleration in a short period of time, the
accelerometer sensor can detect the acceleration and deceleration of the car in the
driving direction. Fig (7) shows the accelerometer sensor data for the acceleration of
the car in the driving direction (Z). For this data, the car driver, on purpose, tried to be
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aggressive in driving, as shown from the figure, there are sharp changes in the
accelerometer data, specifically, when the car was decelerating and accelerating. When
the car moves at almost a steady speed, no significant changes to Z values can be
detected. It’s only when the car is accelerating or decelerating. The data collected from
the experiment shows that aggressive driving is considered aggressive if a sharp change
in acceleration is detected in less than a second (1 second). As shown in fig (7) there is
a significant change in the acceleration in the Z direction in less than a second. In order
to be able to detect these changes, every value from the previous second is compared
to the new arriving value coming from the sensor. If the difference between the two
values is bigger than a specific threshold it’s considered an event of aggressive driving
as shown from the following equation
𝐴𝑐𝑐𝐷𝑖𝑓𝑓 = 𝑍𝑛 – 𝑍𝑛−𝑘
Where AccDiff is the difference of acceleration between Zn and Zn-k, where Zn is the
acceleration at time n and Zn-k is the acceleration at time n-k. K =1.

Fig (7) Accelerometer’ data for aggressive driving

7.3. Driving Behavior and Fuel Economy
According to [10], driving behavior can significantly affect fuel economy of the
car. Frequent acceleration and deceleration of the car can take useful kinetic energy and
convert it into heat. In order to evaluate the effect of aggressive driving on the fuel
economy of the car, two journeys on a 3 km route were done. To avoid traffic jams and
for safety reasons, the two journeys were done after midnight. For both journeys, the
car’s fuel tank was pumped out and its volume was recorded and then the fuel was put
back to the car’s tank, the same was done after each journey. The first journey was
smooth and normal driven while the second journey the car was driven in an aggressive
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way. Table (1) shows the results of the experiment, fig (8) shows the accelerometer
data for the first, smooth journey, fig (9) shows the accelerometer data for the second,
aggressive journey.
Table (1) Fuel consumption for the smooth and aggressive journeys
Journey
Fuel in tank before
Fuel in tank after
Fuel Consumed
Smooth
Aggressive

9.4 Liters
6.3 Liters

9.0 Liters
5.6 Liters

0.4 Liters
0.7 Liters

As shown from table (1), it’s clear and evident the effect, aggressive driving can
impose on the consumption of fuel, for only 3km journey, the driver can save up to 0.3
liters of fuel if he drives in a smooth way. The Application enables the driver to monitor
his driving habits and as a result, act when aggressive driving behavior is detected if he
wants to save fuel and lower his carbon dioxide footprint.
Fig (8) Smooth Journey

Fig (9) Aggressive Journey

7.4. Detecting Traffic Jams
Whenever a car enters a traffic jam, it’s either, at a full stop, or moving very
slowly. The car will alternate between these two states until it exits the traffic jam. If
the car encountered a full stop more than n times in a short period of time t, then we
can assume the car just entered a traffic jam. Smart-in-car sensing, using the
accelerometer, can detect the change of states between moving and stopping, by
counting the number of stops within a period of time, if it matches a certain threshold
then the system can safely assume it’s a traffic jam. GPS in the smartphone can be used
to geotag the location as a traffic jam location. Unlike most smartphone’s applications
today, which relies on the driver manually reporting traffic jams to some system, smartin-car sensing can automatically share this information with other drivers driving on
the same road or even, send it to a cloud service where it can be used by whatever party
is responsible for the planning of the roads.
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Figure (10) shows the acceleration value for Z (the driving direction), it’s
obvious the alternate change in its value when the car changes state from moving slowly
to full stop.
Fig (10) Accelerometer data for frequent car stops

8. Conclusion and Future Work
Smartphones today are equipped with an array of sensors, specifically an
accelerometer and gyroscope; these sensors can be used to detect the changes in
movement of a car. The fact that most people carry with them their smartphones when
driving opens the door for the possibility for the use of these smartphones’ sensors to
detect and record major driving events. Road conditions, aggressive driving and fuel
economy in addition to traffic jams, all can be detected and recorded using today’s
smartphones’ sensors.
The proposed application, Smart-in-Car sensing, was able to record and interpret
different events the driver encountered during his daily drive. Smart-in-car sensing was
able to detect road bumps, driving behavior, and the effect of aggressive driving on the
fuel consumption of the car. Moreover, smart-in-car sensing can detect when a car
enters a traffic jam, geotagging the location of the traffic jam, and share it with other
drivers or simply upload it to the cloud.
Still, many questions regarding the use of smartphones’ sensors in aiding the driver
in his daily drive need to be answered. Drivers who are willing to give their sensors'
raw data to the system need to make sure their privacy is preserved, e.g., their location
information can’t be shared without their consent. In some cases, restricted context
information can be inferred from other available context information. How can we
anonymize the collected data? What kind of information can be used to infer a user’s
location, habits, or identity? For what extent the user is willing to trade privacy for
application functionality?
Sensed data integrity is another important issue; any application based on sensors'
data will be useless if the collected sensors data can’t be trusted in terms of accuracy
and timeliness. Unlike wireless sensors' networks, where the system consists of
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stationary sensors distributed in an environment, smart-in-car sensing relies totally on
the driver’s smartphone sensors. In which case the owner of the smartphone – the driver
- can manipulate and interfere with sensors' data. How is it possible to measure the
accuracy of the data? Does looking for patterns help? If the driver is not interested in
giving accurate or true data, what can be done?
Furthermore, the proposed application requires a special arrangement for the
smartphone in the car to be aligned with the car’s coordinate system. This arrangement,
which requires little effort from the driver, can be annoying to the driver, and sometimes
the driver may forget to do it. Yet, this adds another challenge, i.e. how to align the
smartphone’s coordinate system with the car’s coordinate system without any effort or
intervention from the driver?
Moreover, smart-in-car sensing, unlike most available mobiles Apps, which
depends on drivers voluntarily entering data, will automatically collect sensors' data.
The resulting huge quantity of data will need to be processed; some of the data
processing can be done more efficiently on the cloud. This adds yet another challenge
to this research, namely, building a cloud service capable of processing, analyzing, and
interpreting the huge amount of sensors' data, and sharing it with community drivers
and stakeholders.
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