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ABSTRACT

With the increasing number of bicycle riders, there is an increased risk
of Accidents between bicycles and automobiles.Intelligent transportation
systems (ITS), which utilize information communication technology, which
have been researched and developed recently. Most of them are designed
for cars are not considered to be used for bicycles. One of the reasons why it
is difficult for bicycle to use the conventiona ITS is that mobility and motion
of a bicycle are different from a car. The purpose of the system is to
comprehend bicycle behavior by placing the smart phone containing sensor
such as tri-axial accelerometer sensor and tri-axial gyroscope sensor on the

bicycle.

Orientation angles such as pitch and roll were computed using
accelerometer and gyroscope sensor data. Orientation angle obtained from both
the sensor were combined or fused together using complementary filter.
Several test such as normal, speedbrake, hit, slide test were carried out by
placing smartphone at specific position on bicycle. Based upon the different
behavior of bicycle, threshold values are set in order to detect the crash in the
bicycle.
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CHAPTER 1

INTRODUCTION

1.1 Overview of the project

Recently, intelligent transportation systems (ITi&ve attracted considerable
notice. ITS utilizes information technology to rieal safety. There are many research
fields for ITS such as development of an advancegth bechnology car navigation
system and optimization of traffic management. Ohthem is a safety driving system,

and it has been researched actively.

HONDA has developed a system to prevent to denatically. This system is
implemented into a car navigation system. It getsalae of the speed sensor and the
gyro sensor and calculates the trajectory of the wih the obtained data. This
system gives warning to the driver if the deriveajectory crosses over standard or
Threshold value. Most of existing ITS services designed for a car, and they are not
considered to be used for bicycle. There are maffgrehces between car and bicycle

as shown in Table 1.

Compare Bicycle Car

How to Lean the Turn the

turn body steering

Roomsfor | Less Enough

devices

At an A rider The cabin

accident damages protects a
Directly Driver

Visbility Low High

Table 1 Characteristic of Car and Bicycle




The behaviors of bicycle are much different fromattlof car. For example, a
bicycle can lean its body to turn a corner whergasar does not lean. The differences
between bicycle and car are classified into the fmpects: hardware, handling way,
body behavior and mobility. From the stand pointhafrdware, a bicycle’s body is
smaller than that of a car, and a bicycle cannahdston its own. The rider on a
bicycle is in more dangerous than the driver oramaat an accident. A bicycle’s body
does not protect the rider whereas the cabin @raprotects the driver and passengers.
Due to the small body, it is not easy for otherveirs to notice the presence of a
bicycle. In addition a bicycle has less space toipdTS devices. As a result, it is
difficult for a bicycle to equip with a system whidmplements a convenient ITS

services designed for a car.

Since a bicycle cannot be self-standing, a ridestbalance during riding it. To
turn a corner, a rider needs to lean the bicyde@y. To ride a bicycle needs a different
handling method comparing to driving a car. The avatrs of a bicycle are also
different from that of a car. Since the body sigesimall, a bicycle can go through the
traffic roads which a car cannot do and only biegclcan run through between
neighboring cars. Such a bicycle’s mobility makesarder for other car drivers to
find neighboring bicycles. This is one reason affic accidents with a bicycle due to

escaping the attention of the bicycle.

Many ITS services have been developed so far, bostnof them have not
become common. One of the major reasons is thahi&le needs to equip expensive
devices to receive the benefit of services. A sphame is becoming popular in the world
and has a lot of sensors such as a GPS receivaccateration sensor and a gyro sensor.
Therefore sensors in a smartphone are used to ebemul a bicycle’s behaviors
without installing new devices. Also a smartphora de used as a platform of ITS

application.



To comprehend a bicycle’s behavior, we make oupg@sed system discriminate
the following behaviors: going forward, stoppingsrting left or right, running through
neighboring vehicles from sensed values. Firstlpfwee make oursystem to be able to
discriminate the following primitive behaviors ofdycle. The primitive behaviors consist
of the following four primitive motilities: speedpu slow down, constant velocity, and
stopping and the following three primitive attitgsdeiprightness, tilt to right, tilt to left. A
variety of the behaviors can be expressed by cadntithese two types of primitives.
Therefore, if it is possible that the system dmtishes from these primitives by the

value of the sensor, the system becomes possilciemprehend the behavior.

In order to comprehend the vehicle state of a Hecywe develop a system to
detect the behavior of a bicycle. We utilize trisgdxacceleration sensor, tri-axial gyro

sensor on a Smartphone to realize the system.

Collecting Raw Accelerometer and
Gyroscope data from Smartphone on Bicycle

'

Filtering noise from Accelerometer

.

Calculating Angle from Accelerometer and
Gyroscope

.

Sensor Fusion

'

Setting Threshold value for Crash Detection

Fig 1.1 Overview of the project



1.20bjective

The objective of the project is to determine thesration/position of a bicycle using MEMS

sensors placed on bicycle. Based on orientatioesktiold values are set to determine crash.

The key features of this module are:
e Orientation using MEMS Accelerometer sensor.

* Orientation using MEMS Gyroscope sensor.

1.3 Organisation of the report

* Chapter 2 is about the sensors.

» Chapter 3 deals about the orientation.

» Chapter 4 deals about the data acquisition.

e Chapter 5 deals about the sensor fusion.

e Chapter 6 gives the results and analysis of thé&wor

» Chapter 7 gives the conclusion of the project.



CHAPTER 2

SENSORS

2.1 MEM S Technology

Micro-Electro-Mechanical Systems, or MEMS, is echnology that in its most
general form can be defined as miniaturized medahrand electro-mechanical elements (i.e.,
devices and structures) that are made using thaitpees of micro fabrication. The critical physical
dimensions of MEMS devices can vary from well belome micron on the lower end of the
dimensional spectrum, all the way to several miliens. Likewise, the types of MEMS devices can
vary from relatively simple structures having no ving elements, to extremely complex
electromechanical systems with multiple moving eata under the control of integrated
microelectronics. The one main criterion of MEMSthat there are at least some elements having
some sort of mechanical functionality whether ot th@se elements can move. The term used to
define MEMS varies in different parts of the world. the United States they are predominantly
called MEMS, while in some other parts of the wdHdy are called “Microsystems Technology” or

“micro machined devices”.
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Fig. 2.1 MEMS Sensor



MEMS sensors are well recognized as the key imgjldblocks for implementing
disruptive applications in consumer devices. Froamg consoles to mobile phones and from
laptops to white goods, consumer devices havedrbanefited in recent years from the use of
low-g accelerometers for the implementation of wdactivated user interfaces and enhanced
protection systems. It is now the turn of MEMS gpgopes and geomagnetic sensors, as use of
these sensors is propelling a new wave of comgedipplications.

2.2 Accelerometer

One of the most common inertial sensors is dtmlerometer, a dynamic sensor
capable of a vast range of sensing. Accelerometersavailable that can measure acceleration in
one, two, or three orthogonal axes. Accelerometsgssensitive to both linear acceleration and the
local gravitational field. The former provides infioation on taps and other handset motions
allowing the development of 'gesture’ user intex$awhile the latter provides information on the
accelerometer orientation which allows a smart phon tablet display to automatically switch
between portrait and landscape settings.

AL ELZHATIM
19

IME3IAl
FICTITIOL S
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Fig. 2.2 Accelerometer sensor

This application note documents the mathematficsientation determination using a
three-axis accelerometer. The techniques are abiicto both digital accelerometers and, after

signal digitization, to analog accelerometers. ¢é@ivenience, it is assumed that the acceleroneeter i



mounted in a smart phone or tablet but the argusragoply to any product with an embedded three-

axis accelerometer. They are typically used inafitbree modes:

« As an inertial measurement of velocity and position

« As a sensor of inclination, tilt, or orientation Znor 3 dimensions, as referenced from the
acceleration of gravity (1 g = 9.8rf)s

+ As a vibration or impact (shock) sensor.

2.2.1 Principles of operation

Most accelerometers are Micro-Electro-MechaniSahsors (MEMS). The basic
principle of operation behind the MEMS accelerométethe displacement of a small proof mass
etched into the silicon surface of the integratedud¢ and suspended by small beams. Consistent
with Newton's second law of motiof € ma), as an acceleration is applied to the devicereef
develops which displaces the mass. The support eamas a spring, and the fluid (usually air)
trapped inside the IC acts as a damper, resultirgsecond order lumped physical system. This is
the source of the limited operational bandwidth amon-uniform frequency response of
accelerometers.

An accelerometer measures proper accelerationchwis the acceleration it
experiences relative to freefall and is the aceglen felt by people and objects. Put another vaay,
any point in space-time the equivalence principlargntees the existence of a local inertial frame,
and an accelerometer measures the acceleratiotiveela that frame. Such accelerations are
popularly measured in terms of g-force. An accetester at rest relative to the Earth's surface will
indicate approximately 1 gipwards, because any point on the Earth's surface is exatiig
upwards relative to the local inertial frame (thenfie of a freely falling object near the surfade).
obtain the acceleration due to motion with resgecthe Earth, this "gravity offset" must be
subtracted and corrections made for effects cabgethe Earth's rotation relative to the inertial
frame.

The reason for the appearance of a gravitatioffset is Einstein's equivalence
principle, which states that the effects of gravitm an object are indistinguishable from
acceleration. When held fixed in a gravitationaldi by, for example, applying a ground reaction
force or an equivalent upward thrust, the referdrame for an accelerometer accelerates upwards

with respect to a free-falling reference frame. €Hects of this acceleration are indistinguishable



from any other acceleration experienced by theunsent, so that an accelerometer cannot detect
the difference between sitting in a rocket on @uenth pad, and being in the same rocket in deep
space while it uses its engines to accelerategatFor similar reasons, an accelerometer will read
zero during any type of free fall. This includes useairtoasting spaceship in deep space far from
any mass, a spaceship orbiting the Earth, an aeplaa parabolic "zero-g" arc, or any free-fall in
vacuum. Another example is free-fall at a suffitigmigh altitude that atmospheric effects can be
neglected.

2.2.2 Purpose of the accelerometer

The application of accelerometers extends toipieltisciplines, both academic and
consumer-driven. For example, accelerometers itopepprotect hard drives from damage. If the
laptop were to suddenly drop while in use, the coeneter would detect the sudden free fall and
immediately turn off the hard drive to avoid higithe reading heads into the hard drive platter.
Without this, the two would strike and cause sdrescto the platter for extensive file and reading
damage. Accelerometers are likewise used in camhesndustry method way of detecting car
crashes and deploying airbags almost instantaneousl|

In another example, a dynamic accelerometer megsgravitational pull to
determine the angle at which a device is tiltechwéspect to the Earth. By sensing the amount of
acceleration, users analyze how the device is ngovihe term ‘accelerometer’ is used to designate
the entire transducer, normally comprising a meahrsensing element and conversion of the
signal from the mechanical to the electrical domain

The acceleration measurement has a variety & U$e sensor can be implemented
in a system that detects velocity, position, shodkyation, or the acceleration of gravity to
determine orientation. A system consisting of twih@gonal sensors is capable of sensing pitch and
roll. This is useful in capturing head movementsthid orthogonal sensor can be added to the
network to obtain orientation in three dimensiosyédce. This is appropriate for the detection of pen
angles, etc. The sensing capabilities of this ndéwaan be furthered to six degrees of spatial
measurement freedom by the addition of three odhalygyroscopes. As a shock detector, an
accelerometer is looking for changes in accelematibhis jerk is sensed as an over damped

vibration.



Accelerometer sensors measure the difference betampg linear acceleration in
the accelerometer’s reference frame and the egriéwstational field vector. In the absence of &ine
acceleration, the accelerometer output is a measamreof the rotated gravitational field vector and
can be used to determine the accelerometer pitdh@horientation angles. The orientation angles
are dependent on the order in which the rotaticesagpplied. The most common order is the
aerospace sequence of yaw then pitch and finalhyl aotation.

Accelerometer sensors are insensitive to rotadtoout the earth's gravitational field
vector. The equations for the roll and pitch andlesrefore have mathematical instabilities when
rotation axes happen to become aligned with graeityl point upwards or downwards. A
workaround is presented to prevent this instabditgurring. Simple vector algebra expressions are
derived for computing the tilt of the acceleromdtem vertical or the rotation angle between any
two accelerometer readings. The most common apiolicaof accelerometers in consumer
electronics is switching between portrait or laragee display modes. An algorithm is presented for

controlling a tablet PC’s display orientation.

2.2.3 Practical applications of accelerometers

By measuring the amount of static acceleratioa tugravity, we can find out the
angle the device is tilted at with respect to thgre By sensing the amount of dynamic acceleration
we can analyze the way the device is moving. Acoeteters are very useful in the sensor world
because they can sense such a wide range of mdtiey.are used in automobiles to control airbag
release when there is a sudden stop. They areedpplithe laptops to detect when the computer’s
suddenly moved or tipped, so the hard drive calodde=d up to prevent damage (If you accidentally
drop the laptop, the accelerometer detects theesuftdefall, and switches the hard drive off so the
heads don’t crash on the platters). They are usedmeras, to control image stabilization functions
They are used in pedometers, gait meters, and exeecise and physical therapy devices. They are
used in self balancing robots, tilt-mode game adlars, collision detection, human motion

monitoring, leveling sensor and inclinometer, maalgblane auto pilot, space mission rocketry etc.



2.3 Gyroscope

Gyroscopes are physical sensors that detect ama$ure the angular motion of an
object relative to an inertial frame of referenthe term "Gyroscope" is attributed to the mid-19th
century French physicist Leon Foucault who namadekperimental apparatus for Earth's rotation
observation by joining two Greek roots: gyrosotation and skopeein. Unlike rotary encoders or
other sensors of relative angular motion, the umifpature of gyroscopes is the ability to measure
the absolute motion of an object without any exdemfrastructure or reference signals. Gyroscopes
allow untethered tracking of an object's angulartiomand orientation and enable standalone
Heading Reference Systems (AHRS). Combining 3 gyess with 3 accelerometers in a complete
6-axis Inertial Measurement Unit (IMU) enables smlhtained Inertial Navigation Systems (INS)

for navigation, guidance, and dead reckoning.

All gyroscopes can be divided into two main catégs, depending on whether the
angular velocity or orientation is being measuiRdte gyroscopesieasure the angular velocity, or
the rate of rotation of an object. Angle gyroscopmdso called Whole Anglor Rate Integrating
gyroscopes, measure the angular position, or atient of an object directly. While devices
sensitive to the angular acceleration are usedimnesapplications, these sensors are typically not
referred to as gyroscopes, but rather as anguleglexometers. Essentially all existing Micro-
Electro-Mechanical-Systems (MEMS) gyroscopes aréhefrate measuring type and are typically
employed for motion detection (for example, in aongr electronics and automotive safety devices)
and motion stabilization and control (for examphesmart automotive steering and antenna/camera

stabilization systems).

10



Gyroscope Spin axis
frame

Gimbal
ot

Fig. 2.3 Gyroscope sensor

A gyroscope is a device for measuring or maintaining orieoiatibased on the
principles of angular momentum. Mechanically, aoggope is a spinning wheel or disc in which the
axle is free to assume any orientation. Althougs thientation does not remain fixed, it changes in
response to an external torque much less and iffiesetht direction than it would without the large
angular momentum associated with the disc's highafispin and moment of inertia. The device's
orientation remains nearly fixed, regardless of mingunting platform’'s motion, because mounting

the device in a gimbal minimizes external torque.

Gyroscopes based on other operating principles akist, such as the electronic,
microchip-packaged MEMS gyroscope devices founadansumer electronic devices, solid-state
ring lasers, fibre optic gyroscopes, and the exdétgraensitive quantum gyroscope. Applications of
gyroscopes include inertial navigation systems @meagnetic compasses would not work (as in the
Hubble telescope) or would not be precise enoughn(dCBMSs), or for the stabilization of flying
vehicles like radio-controlled helicopters or unmed aerial vehicles. Due to their precision,

gyroscopes are also used in gyrotheodolitres totaiai direction in tunnel mining.

11



2.3.1 Description and Diagram

Output axis

-"-

X0 )
Spin axis |
Input axis

Fig. 2.4 Gyroscope Rotation

Diagram of a gyro wheel. Reaction arrows aboatdbtput axis (blue) correspond to
forces applied about the input axis (green), awé versa. Within mechanical systems or devices, a
conventional gyroscope is a mechanism comprisimgter journaled to spin about one axis, the
journals of the rotor being mounted in an inner lgamor ring; the inner gimbal is journaled for

oscillation in an outer gimbal for a total of tworipals.

Theouter gimbal or ring, which is the gyroscope frame, is mourdedas to pivot
about an axis in its own plane determined by thppstt. This outer gimbal possesses one degree of
rotational freedom and its axis possesses nonen&kignner gimbal is mounted in the gyroscope
frame (outer gimbal) so as to pivot about an axigs own plane that is always perpendicular to the
pivotal axis of the gyroscope frame (outer gimbalis inner gimbal has two degrees of rotational
freedom.

The axle of the spinning wheel defines the spiis.arhe rotor is journaled to spin
about an axis, which is always perpendicular toakis of the inner gimbal. So the rotor possesses
three degrees of rotational freedom and its axss@sses two. The wheel responds to a force applied
about the input axis by a reaction force aboutahgput axis. The behavior of a gyroscope can be
most easily appreciated by consideration of thetfreheel of a bicycle. If the wheel is leaned away
from the vertical so that the top of the wheel nwot@ the left, the forward rim of the wheel also
turns to the left. In other words, rotation on @xés of the turning wheel produces rotation of the

third axis.

12



A gyroscope flywheel will roll or resist about the output axis depergdumpon whether the
output gimbals are of a free- or fixed- configunati Examples of some free-output-gimbal devices
would be the attitude reference gyroscopes usaseérnse or measure the pitch, roll and yaw attitude
angles in a spacecraft or aircraft. The centrera¥ity of the rotor can be in a fixed position. The
rotor simultaneously spins about one axis andpslske of oscillating about the two other axes, and,
thus, except for its inherent resistance due torrgpin, it is free to turn in any direction abdié
fixed point. Some gyroscopes have mechanical ebprta substituted for one or more of the
elements. For example, the spinning rotor may lspexuded in a fluid, instead of being pivotally
mounted in gimbals. A control moment gyroscope (QMsSan example of a fixed-output-gimbal
device that is used on spacecraft to hold or miairdadesired attitude angle or pointing direction
using the gyroscopic resistance force.

In some special cases, the outer gimbal (or itsvatent) may be omitted so that the rotor
has only two degrees of freedom. In other casescéhtre of gravity of the rotor may be offset from
the axis of oscillation, and, thus, the centreraivgy of the rotor and the centre of suspensiothef

rotor may not coincide.

2.3.2 Gyroscope-enabled navigation

In strap down inertial navigation thgoa 3-axis accelerometer and 3-axis gyroscope are
used as a 6D IMU. The purpose of the gyroscope iohstruct the direct cosine matrix (DCM)
between the handheld device body axes and the hmwa&ontal frame. Then the accelerometer
measurements on the body axes will be projectélaetdocal horizontal plane from the DCM. Single
integration of the projected acceleration will githee velocity of the handheld device and double
integration will give the distance travelled foethandheld device. This section will discuss how to
use gyroscope's measurements to construct thet dicetne matrix. Three Euler angles are
referenced to the local horizontal plane which ésppndicular to the earth's gravity. Users can
define the handheld body axes as forward-right-dbvirame.

13



CHAPTER 3

ORIENTATION

Inertial sensor can also be used to determineribkatation as a function of time. Without an
absolute reference an IMU can only be used to ttaekiges in orientation from some initial point in
time. For absolute orientation tracking you willedeto combine an IMU with an absolute reference
sensor such as magnetometer, camera, or GPS. Goghbim IMU with a magnetic sensor creates
what is known as an Absolute Heading Referencee8y$AHRS). For this case we will look at the
error caused by the accelerometer that influenlsesotientation estimate. An AHRS determines
orientation by making the assumption that the meskacceleration vector minus the known inertial
acceleration is equal to the gravity vector. Fosesawhere the actual inertial acceleration is
unknown the AHRS assumes that the measured adieher@ the accelerometer is the actual
gravity vector. Due to this assumption any errarthe accelerometer will translate into errorshia t
estimated direction of the downward direction. Tyeos will dampen out much of the time based
disturbances in the acceleration, however any eohserrors in the accelerometer calibration

parameters will directly propagate into orientatesrors.

Orientation Sensors combine information from acoefeters, rate gyros, and (in some
cases) GPS to produce reliable attitude and headeagsurements that are resistant to vibration and

immune to long-term angular drift.

Part of what makes reliable orientation estimatessiple is the complementary nature of the
different kinds of sensors used for estimation.eRgyros provide good short-term stability and
resistance to vibration, accelerometers can proattieude information that does not become less
reliable over time, and magnetic sensors providalimg information in addition to limited attitude
information (pitch and roll). By combining data fnoeach type of sensor using a filter such as an

Extended Kalman Filter, accurate orientation esimaan be computed.

14



3.1 Accelerometer in orientation detection

Accelerometer sensor is used to measure ther laezeleration along x-axis, y-axis
and z-axis. In the reference frame, three axesatrgyht angles to each other. Accelerometer
output gives X, y and z values, which represergspibsition in respective axes. By computing
these values, the orientation angles are determiRell, Pitch and Yaw are the orientation
angles of the accelerometer.

Z

Fig. 3.1 3- axisrepresentation

3.1.1 Rall, Pitch, Yaw

An aircraft in flight is free to rotate in thre@nensionspitch, nose up or down about
an axis running from wing to wingaw, nose left or right about an axis running up aodm and
roll, rotation about an axis running from nose to e axes are alternatively designatetbhssal,
vertical, andlongitudinal. These axes move with the vehicle, and rotatdiveléao the Earth along
with the craft.

These rotations are produced by torques (or mtshabout the principal axes. On an
aircraft, these are produced by means of movingrabsurfaces, which vary the distribution of the
net aerodynamic force about the vehicle's centegralvity. Elevators (moving flaps on the
horizontal tail) produce pitch, a rudder on thetieat tail produces yaw, and ailerons (moving flaps

15



on the wings) produce roll. On a spacecraft, thenertts are usually produced by a reaction control
system consisting of small rocket thrusters usexpfdy asymmetrical thrust on the vehicle.
« Normal axis, or yaw axis — an axis drawn from tofpottom, and perpendicular to the other
two axes. Parallel to the fuselage station.
« Lateral axis, transverse axis, or pitch axis — @8 aunning from the pilot's left to right in
piloted aircraft, and parallel to the wings of anged aircraft. Parallel to the buttock line.
« Longitudinal axis, or roll axis — an axis drawndhgh the body of the vehicle from tail to
nose in the normal direction of flight, or the diien the pilot faces. Parallel to the waterline.
Normally these axes are represented by the lettesand Z in order to compare them with some
reference frame, usually named x, y, z. Normally thmade in such a way that the X is used for the
longitudinal axis, but there are other possib#itie do it.

Yaw

Yaw axisis a vertical axis through an aircraft, rocketswnilar body, about which the body yaws; it
may be a body, wind, or stability axis. Also knoagyawing axis.

The yaw axis is defined to be perpendicular toltbey of the wings with its origin at the center of
gravity and directed towards the bottom of theraitc A yaw motion is a movement of the nose of
the aircraft from side to side. The pitch axis &pendicular to the yaw axis and is parallel to the
body of the wings with its origin at the centergsfvity and directed towards the right wing tip. A
pitch motion is an up or down movement of the nafsthe aircraft. The roll axis is perpendicular to
the other two axes with its origin at the centergadvity, and is directed towards the nose of the
aircraft. A rolling motion is an up and down moverhef the wing tips of the aircraft. The rudder is

the primary control of yaw.

Pitch

The lateral axis (also called transverse axis) gmsisrough the plane from wingtip to wingtips.
Rotation about this axis is callgdtch. Pitch changes the vertical direction the airsafiose is

pointing. The elevators are the primary contropioch.
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Roll

The longitudinal axis passes through the plane frmse to tail. Rotation about this axis is called

bank orroll. Bank changes the orientation of the aircraftisgsiwith respect to the downward force

of gravity. The pilot changes bank angle by inciggashe lift on one wing and decreasing it on the
other. This differential lift causes bank rotatiaround the longitudinal axis. The ailerons are the

primary control of bank. The rudder also has a sdany effect on bank.

As per the right hand rule,
-- X-axis refers to forward/ backward direction,
-- y-axis refers to left/right movement,
-- z-axis refers to up/down movement.
* Roll angle is the rotation along x-axis.
« Pitch angle is the rotation along y-axis.

* Yaw angle is the rotation along z-axis.

3.1.2 Yaw, Pitch, and Roll Rotations

A 3D body can be rotated about three orthogonad,ea®shown in Figure 3.1. Borrowing aviation
terminology, these rotations will be referred toyaw, pitch, and roll:

1. Avyaw is a counterclockwise rotation efabout the z-axis. The rotation matrix is given by
cosa —sina 0

R.(a)=|sina cosa 0

0 0 1

2. A pitch is a counterclockwise rotationfobout the y-axis. The rotation matrix is given by

cosd 0 sinfj
(3) = 0 1 0
—sin G 0 cosfg
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3. Arroll is a counterclockwise rotation of about th@xis. The rotation matrix is given by

1 0 0
R.(y)= 1|0 cosy —sinvy
0 sinv cosn

The yaw, pitch, and roll rotations can be used laxg a 3D body in any orientation. A single

rotation matrix can be formed by multiplying theayapitch, and roll rotation matrices to obtain

R(c,8,7) = Ru(a) By(3) Ru(7) =
(Coﬁ.a cos 7 cosasin Fsiny — sinacosy  cosasin [ cosy -+ sina sin 1-\
sinavcos § sinasin Fsin 4 + cosacosy SN a sin [J cos Y — COS ( SIY
\ — sin 3 cos (3 sy cos 3 cosy

Roll angleg) is given a$ = arc tan(ay/az)
Pitch angle) is given asb =arc tan(ax/(ay?+az?))
We cannot compute Yaw anglg(for accelerometer data, because there is notvarsain x and

y-axes.y = O(always).
3.2 Orientation anglesin gyroscope

1. Yaw is defined as the angle between the Xb axdsthe initial orientation of the object on
the horizontal plane, measured in clockwise diogctvhen viewing from the top of the

device.
2. Pitch is defined as the angle between the X& axd the horizontal plane. When rotating

the device around the Yb axis with the Xb axis mguipwards, pitch is positive and increasing.

3. Roll is defined as the angle between the YIs axid the horizontal plane. When rotating

the device around the Xb axis with the Yb axis mgwlownwards, roll is positive and increasing.
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When the device having accelerometer sensor istedé static, then Z = +1g and X=Y=0.
This is due to the gravitational force acting om ttevice. When the device is moved, then the 1g
value is equally distributed along 3-axes. The cataon of roll and pitch angles follows the
aerospace rotation sequence used in aerospacérindis per the aerospace rotation sequence, the

roll angle ranges from -180° to +180°, the pitchlamanges from -90° to +90°.

Users also can define a local horizontal n-framiéh he X- and Y-axis leveled and the Z-
axis pointing down. Assuming that at the beginniihg, handheld device body axes’ b-frame is the
same as the local horizontal n-frame. When the ngldddevice is at any arbitrary position in 3D
space, three rotations can be applied to rotatdoited horizontal n-frame to the handheld body

current axes as shown below.

Firstly, rotate the handheld device around theaXis clockwise at an angle with view from
the origin to downwards. Then rotate the devicauadoYb at an angle with Xb moving upwards.
Then rotate the device around Xb at an angle withmoving downwards. The new device body
axes become X'b, Y'b and Z'b as shown in figure.yds probably remember from you physics
class, position, velocity and acceleration areteeldo each other: deriving the position, gives us
velocity:

dx=vy
with x being the position on the x-axis ang being the velocity along the x-axis.
Maybe less obvious, the same holds for angles. &\glocity is the speed at which the position is
changingangular rate is nothing more than the speed the angle is chgngdihat’s right:

d alpha = angular rate = gyroscope output

with alpha being the angle. It's starting to look pretty gb&showing that the inverse of deriving

(d) is integrating[j, we change our formula’s into:

[ angular rate = [ gyroscope output = alpha
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The relation between angle (attitude) and our gyope’s output is obtained by integrating
the gyroscope’s output, gives us our attitude-anfliscrete integration is nothing more than
summing up all the values. Basically, integratitonf O to the i'th value:

integration(i) = integration (i-1) + val;

This is the simplest possible integrator. A moreasmted one, which also flattens out possible jitter

in the data, is the runge-kutta integrator:

integration(i) = integration(i-1) + Y (valiz + 2valj, + 2vali; +val))

3.2.1 Drift problem

In reality, gyroscopes are suffering from an efieaiteddrift. This means that over time, the

value a gyroscope has when in steady positione@hi&s), drifts away from its initial steady value.

150 ! ! ! 5 ! i !
100

a0

degrees
=

-50

] ] i ] | ] i |
a00 1000 1500 2000 2600 3000 3500 4000 4500
time

-100
a

Fig. 3.2 Drift in Gyro
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The blue line gives you an idea about the driftriby 4500 samples, the bias drifted about
30 degrees. Remember that we need the bias to hoenoar data. We can integrate the drift about
the correct bias and need to find a way to gefdtife out. The drift problem is resolved when the
gyro data is filtered through the appropriate filtEhe filter characteristics should meet the gyata
signal properties in order to eliminate the drifarh the signal. The orientation data is evaluated
along with the time stamp when the data has acduire
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CHAPTER 4

DATA ACQUISITION

To detect the behaviors of bicycles, several mosensors need to be considered as
accessories attached to the bicycle. However, hattgcand detaching such sensors on the
bicycle may be inconvenient for daily use. Moreguke use of specialized devices for this
purpose has limitations in terms of distributioor Ehese reasons, we propose the use of a
smartphone instead of a specialized sensor. Snoan#yghare commonly used in daily life,
and several models already possess motion senstrsas accelerometers and gyrometers.
Owing to the lightweight and high portability feegs of smartphones, it is easily attached to
the body of the bicycle.

Even though smartphones have high portabilityntle¢hod used to install the device
on the bicycle is important because the usabilitthe system depends on the installation
method, such as its mounting position and the uns&nt used. As expected, the device
should collect sufficient motion data to preciselgtect behaviors of bicycle. Therefore,
satisfying the constraints of daily usability ance@se data collection is crucial for the

system.

Before implementing the system, we decided to igate the conditions regarding
the mounting position that would satisfy the ab@emstraints. The detection of bicycle
behavior is particularly difficult relative to matrycle behavior owing to the instability

caused by the pedaling action and lack of suspemsgchanisms.

To determine the feasible mount position of the ripm@ne on a bicycle, several
experiments were conducted. The purpose of thegeriexents was to examine the
relationship between the mount position and acatter data and to determine the best

position for mounting.
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The smart-phone is mounted on bicycle’s handle ditect sensing data of the
acceleration sensor, the gyro sensor on it. A xialaacceleration sensor gets three
dimensional acceleration values (X, Y, Z). By thiceleration sensor, it will be possible
to get back and forth, side to side and up and dawgeleration. The smartphone are
placed on a bicycle turning up the smartphone’pldis as shown in Fig 1, when the
bicycle is speeding up, the acceleration sensos gegative Y value, and when the

bicycle is slowing down, the acceleration sensas gesitive Y value.

(Gravity)

Fig4 Axesof acceleration and gyro sensors

Similarly, a tri-axial gyro sensor gets three disienal angular velocities (X, Y, Z)
as shown in Fig 4. By this gyro sensor, it will pessible to get pitching, rolling and
yawing motion. The pitching motion is obtained &smge of X-axis value and clockwise
rotation leads positive value. Also, the rolling toa and the yawing motion are

obtained from Y-axis value and Z-axis value, retipely.

There are several researches such as recognizmgrhactivity with acceleration
sensors and driving analysis based on car mobgigdiction. These method cannot
directly used to bicycles because bicycles behavawe some different from human or
car. In order to comprehend a bicycle’s behavieyetbping a system to discriminate
the following primitive behaviors of bicycle: goinfgprward, stopping, turning left or
right. The system should be able to discriminate fillowing primitive behaviors of
bicycle. A variety of the behaviors can be exprdsbg combining these types of
primitives. Therefore, if it is possible that thgsgeem distinguishes from these primitives

by the value of the sensor, the system becomesbpmss comprehend the behavior.
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the tri-axial acceleration sensor, the tri-ax@glro sensor were utilized on a smartphone to

realize the system.

In this research, Samsung Galaxy tab smartphone uszd to collect outputs
CSV-data with the acceleration sensor’s value, giyeo sensor’s value and time.
Setting the sampling rate of 100Hz for stabilityheT application stores the data
within Samsung Galaxy tab. After collecting datanfrsmartphone, data were examined

and analyzed.

4.1 Processing the data

In this section, Sensing data from the smartphamea dicycle were analysed.
Data collected by a smartphone includes the behlawabriding operation as well as
noise. A smartphone on a bicycle gets vibratiomsnfithe road during riding. These
vibrations make large amounts of noise for the lacagon and gyro sensors values. It
is difficult to comprehend the behavior of a bigyelith such noises. Therefore noise
has to be removed to get the right signals of teabior. Such noises consist of road
noise and noise from wind. Road noise is from thation of tire hitting the road’s
bumps. The frequencies of road noise and wind nargeproportional to the speed of a
bicycle. The frequencies of these noises are highan the signal of the bicycle’s
behavior handled by human. Given th@ndling frequency of a bicycle asé&havior

and the noise frequency aadise the following equality hold§inoise>> Hbehavior

Exponentially weighted moving average filter wagd to remove the noises from
the acquired sensing raw data. The exponentiar fik a weighted combination of the
previous estimate (output) with the newest inpuadaith the sum of the weights equal to

1 so that the output matches the input at steadg.st
y(k) = a* y(k-1) + (1-a) * x(k)
where,  x(k) is Raw input.
y(k) is filter output.

a is constant between 0 and 1.

24



CHAPTER 5
SENSOR FUSION

Several crash detection techniques were proposethfs cannot be implemented
for bicycle because of two reasons: (1) due toesgacnplexity, it is impossible to place
several accelerometer sensors. (2) Behavior otlaag different from that of the car. In
car, several accelerometer sensors are placedfénedit position of car. Each sensor are
capable of communicating with each other. In ceasle can be detected if the data from
several accelerometer sensor placed in variousigosixceeds pre-determined threshold
value. In car, accelerometer sensors are enougletermine whether crash has been
occurred or not. But whereas in bicycle, crash oaiwe detect using only accelerometer
sensor. So both accelerometer and gyroscope sesr@r®mbined or fused together to

detect crash in bicycle.

Sensor fusion is the combining of sensory dataatat derived from sensory data from
disparate sources such that the resulting infoonas in some sendgetter than would be
possible when these sources were used individuBlilg. termbetter in this case can mean
more accurate. Complementary filter is used in ortte combine or fuse both the

accelerometer and gyroscope angles.

The complementary filter obtain angle by filteritige signal through complementary
network, Which means that if one of the signaldisturbed by high frequency noise, then it
is appropriate to choose a low pass filter and eguently obtaining a high pass filter for the

other signal.
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Accelerometer

Gyroscope

Angle >
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Angular /ff
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Mumeric
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High-pass filter

Fig 5 Complementary Filter

Angle

Accelerometer gives a good indicator of orientatiorstatic conditions. Gyroscope

gives a good indicator of tilt in dynamic condit®rso the idea behind complementary filter

shown in Fig 5 is to pass the accelerometer sigtialsugh a low-pass filter and the

gyroscope signals through a high-pass filter amdline them to give the final rate.
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CHAPTER 6

RESULT AND ANALYSIS

In this section, the results for comprehending eydle behavior were presented and
discussed. Several experiments were performed rarestigated which sensor value is suitable to
discriminate each behavior. Raw accelerometer di#tered data and angle of a speed brake, hit,
slide and normal readings are shown below. It issjibe to discriminate slow down or speed up
using y-axis acceleration value. The y and z-akigyooscope can be used to detect turns at a corner
and direction left or right.

6.1 Speed Brake Readings
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6.2 Hit Reading
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6.3 Slide Reading
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6.4 Normal Reading
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CHAPTER 7
CONCLUSION

The Accelerometer and Gyroscope data are acqunad the respective
sensors. The noise and the drift in the sensoratateemoved through some filtering
techniques and the error-less data is obtained.ofieatation angles roll, pitch are
computed using mathematical equations involvingotmometry. Accelerometer is
supposed to provide the roll and pitch angles boit yaw angle because the
rotational movement about the z-axis determinedewation in x and y-axis. Then
the drift problem of gyroscope leads to incorreetad which in turn produce
erroneous orientation angles. The accelerometeiosamd the gyroscope sensor are

needs to be fused together to get the noise fresoseata.

Based upon analysis of various results obtained faccelerometer and
gyroscope sensor. It is clear that, variation ilteried x-axis acceleration and
complementary pitch angle are more during crashpi®edefined threshold value
were set for both filtered x-axis acceleration anthplementary pitch angle in order
to determine crash in bicycle. If the x-axis accgien and complementary pitch

angle exceeds predefined threshold value, thein ¢vas been occurred.
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