A DYNAMIC AND RELIABLE LOCATION TRACKING APPROACH FOR
MOBILE ENVIRONMENTS
by

Pavan K. Nallamothu

A Thesis Presented in Partial Fulfillment
of the Requirements for the Degree
Master of Science

ARIZONA STATE UNIVERSITY

August 2004



A DYNAMIC AND RELIABLE LOCATION TRACKING APPROACH FOR
MOBILE ENVIRONMENTS
by

Pavan K. Nallamothu

has been approved

August 2004

APPROVED:

Chair

Supervisory Committee

ACCEPTED:

Department Chair

Dean, Division of Graduate Studies



ABSTRACT

Localization is a key feature for any context aware application. Most of the
existing localization approaches use a fixed infrastructure and don’t support ad-hoc
architecture. The need for localization for a mobile environment which is ad-hoc,
reliable, and cost efficient simultaneously has led to the idea of mobile localization
approach. This approach consists first of an approximate localization, and second of
a precise localization, to ensure accurate location information even in environments in
which nodes cannot triangulate because of a lack of infrastructure. With the ad-hoc
nature of mobile localization, nodes dynamically identify neighbors and triangulate
their own node position using their neighbors. The proposed protocol is robust against
signal collision and multi-path effects. It is also energy efficient to prolong battery
lifetime. Mobile localization is implemented in a static environment using TinyOS,
and the obtained data is used to simulate a mobile environment. The performance of
the protocol is evaluated with respect to node mobility, radio range, the number of

nodes in the environment, and the time interval for refreshing location information.
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CHAPTER 1

INTRODUCTION

In today’s world, our environment is being made context aware to serve
mankind more efficiently [1,2]. The need for a user to be aware of his own loca-
tion is very important. Researchers are trying to find newer and more efficient [21]
types of localization techniques [3, 6, 11, 12, 13, 14, 15] every year. This is an ongo-
ing process, as localization method for a particular scenario [4, 6, 20] may not work
for other scenarios. Imagine a forest fire in an inhospitable terrain where a group
of monitoring nodes have been dropped at random. These nodes should be able to
localize themselves from their neighbors positions as they move. For these kinds of
scenarios, existing localization approaches like Active badge [5], RADAR [12], and
Cricket [11, 13] cannot be used, as they depend on a fixed infrastructure. GPS [19,
8] cannot be used, because of the difficulty in monitoring a large number of nodes
through satellite. Therefore, the need to accommodate node mobility has led to a
localization approach in which mobile nodes are able to localize themselves with re-
spect to their neighbors. This localization technique is dynamic, reliable, robust and

doesn’t need a fixed infrastructure.



The basic assumptions of this architecture are as follows: All nodes present
in the environment have computation and communicational capabilities. They each
have unique ID’s, know their start point and move at a standard pace with direction
information. In the proposed mobile localization approach, there are two kinds of
localization: approximate localization and actual localization. During approximate
localization, nodes have an approximate idea of their coordinates. In actual localiza-
tion, nodes update their approximate location information from neighboring depen-
dent nodes. The subject node uses time-of-flight of an acoustic signal for distance
estimation, using an RF signal for communication.

Localization accounting for mobility adds even greater complexity to existing
localization approaches. The mobile nodes should continuously be able to determine
their position. Assuming no fixed infrastructure nodes are forced to localize them-
selves from neighboring nodes that are mobile, too. Nodes should be sequenced [16]
properly to obtain localization, as two nodes cannot localize at the same time because
of the problem of sharing the same neighbors or each other. The problem of signal
collision, corruption [9], and the difficulty in sequencing for localization increases with
the number of nodes. Also, as the protocol relies on neighbors, the converge-cast [28]
problem from dependent to subject occurs. The other challenging aspect is that the
protocol should be made energy efficient to help ensure a long lifetime of the nodes.

This mobile localization approach also applies to real world situations, like
office environments, shopping malls etc, where people will be moving and some sta-

tic objects are available [4, 5, 6, 7, 8]. The existence of static objects capable of



communicating with other nodes improves the performance of the protocol further.
They help quantify location more reliably compared to mobile nodes. Chapter three
presents the algorithm for the proposed localization approach, a description of the
kinds of problems arising from it and ways to tackle them. The implementation and
simulation results and aspects of real world problems are explained in chapters four
and five. The reliability and performance of the protocol with respect to parameters
such as the number of mobile nodes, the location refresh interval, the radio range and
power level of the nodes and the mobility of the environment are carefully evaluated
in chapter six. In chapter seven, comparison with a similar localization approach is
done. The thesis concludes with a presentation of the advantages of the proposed

localization approach and future research.



CHAPTER 2

RELATED RESEARCH

Localization is an issue researchers have been working on for a long time.
This chapter briefly outlines existing localization approaches. These can be broadly
classified as either tagged or un-tagged location tracking methods. In tagged methods,
the user carries a smart device which helps in location identification. Factors like
environmental noise and users line-of-sight determine the reliability of the protocols.
Un-tagged methods, although providing precise location information, are costly to
implement. Different kinds of tagged and un-tagged methods and their corresponding

advantages are described in sections 2.1 to 2.5.

2.1. Electro Motive Force Method

Electromagnetic [8] sensing is a classic position-tracking method for fine lo-
cation tracking to an accuracy of Imm and 0.1 degree orientation. A Motion Star
DC magnetic tracker generates axial DC magnetic-field pulses from a transmitting
antenna in a fixed location. The system computes the position and orientation of the

receiving antennas by measuring the response in three orthogonal axes to the trans-



mitted field pulse, combined with the constant effect of the earth’s magnetic field.
This method has the disadvantages of high implementation cost, complex setup and

poor performance in the presence of metallic objects.

2.2. GPS System

GPS uses satellites to track user location. This method is not feasible for
indoor environment, as signals from satellites degrade in indoor environments. It is
also costly and requires a very fine granularity in the system clock. Inspite of all these
disadvantages, there were some implementation of GPS [6] in indoor environments

which provide an accuracy of about 5 meters.

2.3. Laser Range Finder

This method is developed by the MIT media laboratory [31]. The users have
smart receivers placed in their shoes. The shoe position is found by a laser range
finder working on the principle of SONAR. This method provides a good precision

but is costly to implement and needs a large infrastructure deployment.

2.4. Active Badge

Active Badge is a smart device capable of transmitting and receiving beacons
used for location tracking. Users in the environment are assumed to wear active

badges. There are 3 kinds of technologies used in active badge tracking.



2.4.1. Infrared Tracking

Active Badge, developed by AT&T laboratories [5], is capable of radiating
infrared signals every 10 s. These infrared pulses are captured by infrared sensors,
and the data is sent to a centralized server to calculate position. The system has poor
performance in the presence of fluorescent lighting and sunlight. It is also sensitive

to reflected infrared signals.

2.4.2. Lateration by Signals Strength

The RADAR [12] project, developed by Microsoft Research Group, tracks 2D
user position within a building based on IEEE 802.11 wireless networking technology.
The signal strength and signal-to-noise ratio of user’s wireless devices are measured
at the base station. This data is used to compute the location of the user. It provides
an accuracy of 4 to 5 m, but requires multiple base stations. Also, the signal strength

measurement is not consistent because of signal loss in the indoor environment.

2.4.3. Lateration by Time of Flight

AT&T researchers came up with an Active Bat location system [30], which
uses the time-of-fight of ultrasonic pulse for lateration. The nodes to be localized
send ultrasonic pulses. These pulses are received by wall-mounted receivers, and the
distance is computed at a centralized server system.

MIT laboratories proposed a decentralized location system called Cricket [11,

13]. In this system, the wall-mounted transmitters transmit active beacon message



around a building. The Mobile receivers calibrate their distance from the transmitters
time of flight difference between RF and ultrasonic pulses. A series of these distance
values from different beacon sources are used to estimate position. The advantage of

this method is user privacy the disadvantage is a lack of centralized management.

2.5. AD-HOC Localization

In this kind of localization, nodes dynamically discover neighboring nodes and
triangulate their location from them. Multi-lateration [22, 23, 24| is performed to
acquire fine-grained location information. This method requires the availability of
fixed nodes for localizing ad-hoc nodes. The ad-hoc nodes loose location information
if they cannot find fixed nodes in range with which to triangulate.

The other kind of tracking method, classified as the untagged method, has
accurate location determination, no attenuation losses in indoor environments, no

complex calculation, and the user need not be tagged.

2.6. Video Recognition Method

In this method [32], images are captured at different instances of time. The
difference in the successive images with respect to a particular object to be tracked is
used to estimate location. Although this method is robust, it requires a complicated
setup. It is expensive to implement, and the object to be tracked should always be

in the systems line of sight.



2.7. Active Floor Method

In this approach smart pressure sensors [33] capture footfalls, and the system
uses this data for position tracking. Location tracking using this method is accurate,
but user identification is a complicated problem in this approach.

All the above-mentioned research is reliable for static environments.Though
the user keeps moving, he get localized by a fixed infrastructure.

Mobile localization is a step ahead of these existing localization techniques. It
is infrastructure free, cost efficient, dynamic, and robust to signal collision, corruption

and multi-path effects.



CHAPTER 3

MOBILE LOCALIZATION ALGORITHM

Mobile localization algorithm is designed for localizing mobile users in an
infrastructure-free dynamic mobile environment. The algorithm can typically be
used in scenarios such as localizing mobile monitoring nodes in hazardous regions
like forest fires, nuclear dumps, and scenarios like underwater aquatic monitoring.
The algorithm can also be extended to localizing mobile users in a typical office en-
vironment, shopping malls etc. The assumptions for mobile localization algorithm
are that nodes have computational and communicational capabilities. They have a
unique id, are time synchronized and time multiplexed. Nodes know their initial lo-
cation as they enter the environment, and their mobility is constant. With all these
conditions seemingly attained, every node updates it location during its multiplexed
slot. When a node gets its turn to update its location information, it becomes the
Subject, and the nodes it chooses to triangulate its position with are Dependant1 and
Dependant2, based on the order of participating in location estimation. Subject and
Dependant1, Dependant2 each have a unique protocol. The algorithms they follow,

state diagram of the algorithm (figure 1), and message beacons for communicating
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are described below.

State 4

abject Pings D1

Dependant (D1)

D1 sends ject its x,
State 1 T,=Ts dbj y

State 2

Identify nearest
dependents

Listening State:
Approximate localizatio

Subject broadcast
beacons

&
Localize from D1,
D2

D2 sends.subject its x,y

Dependant D2.

T=T, or After Localizing
State 5

T= System Time;

Ts,= Time slot of N'th Node;

T= Internal time during actual localization;

T = Time interval to seek potential dependents;
P4= Number of potential dependents;

T,= Time interval for localization;

Figure 1. Mobile localization state diagram

3.1. Mobile Localization State Diagram

Mobile localization algorithm can be explained by the five states of the mobile
localization state diagram. The state value and condition for state transition are as
described.

State 1: Nodes are initially in the listening mode during which they continu-
ously update their approximate location information as they move. They use their

previous location coordinates, their mobility (speed), time difference, and direction
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movement node to calculate their approximate location. When the node gets its turn
to update its location, it becomes Subject.

Approximate Location estimate =
previous(x,y) + ((ps x* AT)cos(Ds), (us * AT)sin(Dy)); (3.1)

Where,

1s= Mobility of the node

AT= Time difference between previous location calibration and present time

D,= Direction of motion of mobile node

State 2: The Subject, on getting its chance to update its location, broadcasts
for the nodes (mobile or static) around it to participate in its location calculation

(figure 2). The broadcast message is:

Subject id | 1 | Time out value

where 1 signifies that the subject is broadcasting for potential dependants;

Figure 2. Subject beaconing to dependents

After the neighboring nodes receive these beacons, they respond (following a

collision avoidance principle) with a beacon message to the subject:



Subject id

Potential dependants id

distance

Time out value

12

State 3: The Subject stacks all potential dependants and selects two reliable

dependants based on the criteria of either being a nearest neighbor or being a static

node. The subject then sends a uni-cast beacon to each of its reliable dependents

(Dependant1 and Dependant2), one after the other, for their own location coordinates:

Best Dependants Id(D1)

Subject 1d

Time out value

State 4 and 5: Dependants (D1/D2) when receiving this beacon message, send

their corresponding (x, y) coordinates:

Subid

D1ld

Xco

Yco

Time out

The Subject calculates its position from the D1 and D2 distance and location

coordinates and its own previous location information.

The subject then returns

to the listening mode. In case the Subject did not hear from any or both of the

Dependents, the Subject relies on its approximate location information.

Figure 3. Location calculation of subject

Subject location calculation:

(X; — X1)* + (Yo — Y1)* = R

(3.2)
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From the data provided by the Dependents, the Subject can potentially be
in two locations, A or B as shown in figure 3. The exact location is identified from
previous location information stored in memory.

The algorithm is made efficient for further location updates by the use of
previously-existing Dependants. The Subject in this case need not broadcast for
dependants, it only has to check if it could use one or both of the previous dependants.

This scenarios is outlined in figure 4.

N
Case 1: subject moving NV, ? AE
towardsW then it has to N ' 3
identify new D2 . ;
Case 2: subject moving E
intowards E, it has
toidentify new D1. L Al e S N

Case3: subject movingin
towards N, it hastoidentify new
D1 & D2.

Figure 4. Possible mobility of the subject

3.2. Mobile Localization Problems

3.2.1. Signal Collision

Since there are multiple mobile nodes which have to be localized, there arises
the problem of signal collision when multiple nodes transmit beacons for location

information at the same time. This problem can be solved through a time multiplexing
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method, in which each and every mobile node is given a time slot to update their

location information. The time slot for each mobile node is calculated as:

Ts = TRsn + TRdn + TDln + TDQn + MG7 (33)

Where,

T,= Time slot in which individual mobile node calibrate location.

Trs,= Time taken for subject to broadcast beacon to all nodes within its range
asking them to participate in location tracking.

Tran= Time taken for all neighboring nodes (which are potential dependants)
to respond.

Tp1,= Time taken for subject to receive distance, location information of D1.

Tpon= Time taken for subject to receive distance, location information of D2.

M= Margin for error to avoid signal overlapping.

The time after which each node gets a chance to update its location information

depends on the number of mobile nodes. This is calculated as:

where,

Tr= Time interval after which a mobile node gets its chance to update its
location information.

Npyr= Number of mobile nodes present in the environment.

The time interval for location refreshing is directly proportional to the number

of mobile nodes; it should not be too long, because a mobile node may lose its



15

location information as it is constantly moving. This can be solved by partitioning

the environment in to different regions, each region operating at a different frequency.

T[m = T’[/]\/YR7 (35)

where,
T, = Time interval improved because of partitioning the environment into
different regions

Ngr= Number of regions in the environment

3.2.2. Vast Beacon Messages Spread in the Environment

As the number of mobile nodes increases, the number of message beacons
increases, which increases the possibility of jeopardizing beacon signals. This problem
can be addressed by giving a timeout value for each beacon, after which beacons die

down.

3.2.3. Wrong Location Estimate

Each node calibrates its location at an instance of time and then waits for
its turn to update its location information. In the mean time, there might arise a
situation in which all its neighbors have been mobile and don’t know their own new
locations. This leads to a wrong location estimate. This can be rectified by updating
node location information periodically by calculating distance using speed, time and

direction information.



16

Approximate location estimate =

previous(z,y) + ((us * AT)cos(Dy), (ps * AT)sin(Dy)); (3.6)

3.2.4. Multi-path and Fading Effects of Signals

As the beacon signals travels in air, they undergo reflection, refraction, and dif-
fraction because of different obstacles present in the signal path. The signals therefore
undergo multi-path and fading effects. This issue is overcome by ignoring duplicates
of the same signal, as beacons have unique ids. Also, TOF differences between Ultra-

sonic and RF signals reduce the error caused because of multi-path and fading effects

[10].



CHAPTER 4

IMPLEMENTATION

For the implementation of a mobile localization protocol, each and every node
in the environment should have communication and calculation capability. Typical
node hardware consists of an ultrasonic transceiver, an RF transceiver, a magnetic
compass, an internal clock of fine granularity, a microprocessor, and memory to store
temporary data.

Implementation of the protocol is done in Tinyos [29]. Tinyos is component
based runtime environment developed by the University of California, Berkeley. The
TinyOS system, libraries and applications are written in nesC [26], a language for
programming structured component based applications. It has C-like syntax. Nesc
supports the tinyos concurrency model, structuring and naming. For any application
in tinyos, a component and an implementation module have to be defined. Imple-
mentation modules have tasks, hardware event interrupts, standard commands and

events to drive hardware nodes called motes.
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4.1. Motes Hardware Overview

Standard motes, usually called mica motes (mica2), are second-generation mote
modules used for research and development of low power wireless sensor networks.
Motes are equipped with ATmega 1281, a low power microcontroller which runs tinyos
from its internal flash memory. It uses a CC1000 ISM band radio transceiver module
for wireless communication. It has 128kb of onboard flash memory, operates at AMHz
speed, and has UART serial communication with a 10 bit ADC. The CC1000 radio
operates at 916 MHz radio frequency and is capable of 100 foot radio range. The
mote has a 51 pin external connector and draws 0.75 mW when fully operational. It
provides a node interface through 3 onboard LEDs and can be driven through a 3V
external power supply or by 2 AA batteries. A typical mote block diagram is shown

in figure 5.

51 Fin Expansicn Connectar —|

Y

5P Serial
EZFmm
k

Antenna

¥
Processar
Analog [/O »
Digatal 110 - e
h

¥
216 MHz
Radia

Figure 5. Typical Mica Mote block diagram

Motes have detachable sensor boards mounted through the 51 pin connector.
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The sensor board supports analog inputs, 12C, SPI, UART, and a multiplexed ad-
dress/data bus. Sensor boards have a photo diode, thermistor, microphone, sounder,
and a magnetic and acceleration sensor. The block diagram of a mica mote with

sensor board and direction signaling is shown in figure 6.

‘ a A a MlCa PINS VN a A
L Z v Yong
“ PHOTO SOUNDER | |'['
id
v vighal
TEMP MICROPHONE
Y Axi _ _ Y Axis
X Axid l Gain|Adjustment 1 Idaxis
MAGNETOMETER ACCELEROMETER
ADC Signals (ADC1ADCE6)
On/Off Control
12C Bus
Interrupt

Figure 6. Typical Sensor board block diagram

These mica motes are programmed via a mica interface board, which has a
parallel port for programming motes and a serial port to read data from motes.
Interface boards are powered by 3 V external power supply or by the 2 AA batteries
of the mote, when plugged on top of the interface board. A typical mica sensor board

and programming board are shown in figure 7.
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Figure 7. Sensor board micasb and interface board.

4.2. Tinyos Programming Overview

An application in nesC consists of one or more components, which are linked
together to provide and use interfaces. An interface consists of a set of commands
that the provider must implement and a set of events that the node must provide.
A single component may provide or use multiple interfaces. For any application
in nesC, there are two types of components: modules and configurations. Modules
provide application code, implementation and interfaces, while configuration are used
to assemble other components, and to connect interfaces to other interfaces.

Since tinyos provides a concurrency model, there are tasks and hardware event
handlers running in parallel (figure 8). Tasks are like functions. They should be
extremely light weight. The hardware event handlers are executed in response to
hardware interrupts, and are run to completion. Commands and events that are part
of hardware event handlers are declared with ’Async’. There are atomic statements

to perform small operations and 'norace’ keyword used to avoid race condition.
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Component2

150 conmumand
Signal .

Component3

Figure 8. Tinyos signaling model.

4.3. Implementation Idea

The proposed protocol can be implemented with a group of 10 motes equipped
with sensor boards. The Mobile localization algorithm is programmed into every node,
which are placed at random on the floor. The acoustic ranging method described in
next section is used for distance estimation. The localization values of each node are

updated to the PC through the UART.

4.4. Acoustic Ranging

This is an acoustic distance approximation method [27] provided by tinyos and
developed by the Institute for Software Integration Systems, Vanderbilt University.
It uses standard mica motes and sensor boards to obtain promising results with a 1
percent distance error. In acoustic ranging, a mote emits symultanious RF signals

and a series of acoustic chirps. All other motes on receiving the RF pulse, sample
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chirps one by one and process them as a single sampled signal. The typical plot at

the sender and receiver end is shown in figure 9.

Si |1a|a’[be-acon
"—r—’*f**i!'d.ﬁb!u e

[Signal at sensor
| | |
| | |
N I |
[Sampling int
_‘ﬂamplng ija ol e N\H—H

s =, T Geihrd;

<7

Figure 9. Multiple signal Sampling. Ls- Length of signals, (d1, d2,, dN) - delays
between the consecutive chirps (known to the sensor).

With both the length of signals and the delay between chirps known, the
start times of the sampling intervals can be easily computed. A digital band pass
filter is employed to improve SNR. Since environmental disturbances are Gaussian in
nature and are independent of the chirp, the useful signal content would be identical.
By adding signal samples together, SNR improves by 10log(N) dB. Therefore for
16 chirps, SNR improves by 12 dB. Ranging is calibrated from the power of local
maximas of filtered samples at receiver. The error plot over the range of 10 m and
the histogram acoustic of the range error are shown in figure 10, figure 11.

The only problem with using this system is that it is only reliable outdoors.

Multi-path effects disrupt the signal indoors
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Acoustic Ranging Measurements vs. Actual Distances
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Figure 10. Range Error Plot.

4.5. Implementation Design of Mobile Localization

Implementation of mobile localization specifically involves 2 modules - the
subject module and the dependent module. Both subject and dependent modules are
present in the motes. They are activated upon specific requirements. Care should be
taken that no two motes become subject at the same time. Subject and dependent
state machines programmed in motes share an idle state as the common starting point.
The state machines are Moore state machines, i.e., the output of a state depends only
on the present state. The start of the state machine is the idle state, when it checks
if other nodes, are a subject. Then it tries to be a potential dependant and assists

the Subject in its localization. Otherwise it would itself become the Subject.
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Figure 11. Histogram of Acoustic ranging error.

4.5.1. Subject State Diagram

The subject, depending on the tasks it should perform, is divided into 5 states,
and makes transitions from one state to the other upon corresponding events. The
five states, their state values and their transitions are shown in figure 12. The onboard
leds are configured to display the state of subject and dependent motes. The subject

state diagram is described below:

e STATE IDLE: This is a transition state to become either a Subject or a Depen-
dent. In this state, all leds are turned off. The node remains in the idle state till
Buzy Backoff turns to zero, during which it checks to see if it could become a
potential dependent. If not, it becomes a subject. When Buzy Backoff becomes

zero, the state becomes STATE ACUATING.

e STATE ACTUATING: In this state, the mote transmits simultaneous RF and

acoustic pulses as described in the acoustic ranging method (section 4.4). In this
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state red led is turned on. The node remains in this state till it has transmitted

all 16 acoustic pulses, after which it moves to STATE BCASTRCV.

STATE BCASTRCV: After the subject node broadcasts acoustic pulses seeking
potential dependents, it waits to hear from them, changing its state to either
STATE SENDDI1 or to STATE IDLE. On timeout, it resets back to STATE
IDLE when it does not hear from any the potential dependents, In this case
there are no potential dependents in range of the subject. It would move to
STATE SENDD1 when it hears from at least two potential dependents. The
format of packets received is [receive(TID, RID, Distance)] with message id of

114.

STATE SENDDI1: After the subject hears from its potential dependents, it
stacks ups the dependents, selects the best dependents (the nodes closest to
it or a static node), and sends a message to two dependents (D1, D2). The
message format is: [send(TID, RID)] with a message id of 115. The subject

moves to STATE RCVD1D2 on send done.

STATE RCVD1D2: In this state, the subject waits to hear from dependents
D1 and D2. The x, y coordinates that both these dependents sent and the
distance information from the previously stored stack is used to calculate the
current coordinates of the subject. The message that the subject would hear
from the two dependents is [receive(TID, RID, XCO, YCO)] with message id of
117. After hearing from two dependents, the subject turns the red led off and

moves to STATE IDLE.
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WAITS TO HEAR FROM

MSGID: 114
RCV(TID,RID,DIST)

STATE_ACTUATIN
G
LEDS.REDON

STATE_BCASTRCV

BUZY_BACKOFF=0

STATE_IDLE
LEDS.REDOFF
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LEDS.YELLOWOFF

VISGID: 115
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BUZY_BACKQ

AFTER HEARING

FROM DEPB , STATE_RCVD1D2
D2 AND LEDS.REDOff
TRIANGULATION

RCV(TID,RID,X,Y)

WAITS TOHEAR FROM 2
DEPDS

Figure 12. Subject State Diagram.

4.5.2. Dependent State Diagram

The dependent has 5 states. During transitions nodes become dependents and
assist the subject in localization. The dependent state diagram is shown in figure 13.

The description of each state and its transition are shown below:

e STATE IDLE: This is the start state - in this state the nodes wait for RF pulses
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from the subject. Once the pulse is received, it changes to STATE SENSING.

In the STATE IDLE all leds are turned off.

STATE SENSING: In this state, the potential dependents receive a series of
chirps sent by the subject, filters out noise, runs a peak detection algorithm,
and calibrates its distance from the subject node to itself as described in acoustic
ranging method. When the dependent is in this state, it would turn on the green

led. After obtaining the distance information, the dependent changes its state

to STATE INTIMATESUB.

STATE INTIMATESUB: The calculated distance information is stored and is
sent to the subject in the form of message: [send(TID, RID, DIST)] with a
message id of 114. The important aspect that has to be taken care of in this
state is that the message sent to the subject should not be lost because of colli-
sion. Potential dependents process chirps at approximately the same time and
the send distance information to the subject. There is a great possibility that
the message is lost because of collision. There fore, each and every potential
dependent should follow a collision avoidance principle. This is achieved by set-
ting a small time delay, unique to each dependent, before they contact subject.
After the message send to the subject is done, the dependent moves to STATE

RCVD1 state.

STATE RCVD1: In this state the dependent waits for the message from the
subject of the form [receive(TID, RID, D2ID, D3ID)] with a message id of 115.

On receiving the message, the dependent turns the red led on and moves to state
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SEND SUB. In case the potential dependent did not hear from the Subject, it

resets back to STATE IDLE.

e STATE SENDSUB: In this state, dependents D1 and D2 send messages to
the subject in the format: [send(TID, RID, Xco, Yco)] with an id of 114.
Again, there is a potential danger of signal collision. This is overcome by careful
queuing of dependents. At the send done event, the dependent would be reset

to STATE IDLE.

AFTER
SENSING
ACOU
RANGING

STATE_SENSING
LEDS.GREENON

STATE_INTIMATES MSGID: 114

END(TID,RID,DIST)

WHEN SEND DONE

STATE_RCVD1
LEDS.REDON

STATE_IDLE
LEDS.REDOFF
LEDS.GREENOFF

LEDS.YELLOWOFF

WHEN SEND. DONE
TO SUBJE
STATE_SENDSUB

SEND(TID,RID,X,Y)

Figure 13. Dependents State Diagram.
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Typically at an instance of mobile localization, when the subject is triangu-

lating its position from dependents, the led’s configuration is as shown in figure 14.

e
5

&

P

:
:

Figure 14. Leds configuration in an instance of mobile localization.

The complete state diagram running on each node is as shown in figure 15.

Since it is difficult to implement mobility and simultaneous localization, mobile
localization is simulated using a Visual C++. Application GUI interface is provided
to simultaneously change the number of nodes, the subject position, mobility, time

refresh interval, and radio range and thereby to study the reliability of the protocol.
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4.5.3. Acoustic Ranging Statistical Analysis for Indoor Environment.

In order to simulate close to an implementation of mobile localization, the
obtained distance error and package loss error are statistically analyzed and incor-
porated into simulation. The reliability of motes and the acoustic ranging method
is evaluated by conducting a series of experiments.The plot of distance error against
number of errors occurred for acoustic ranging when separated by 100 c¢m, 200 cm,
300 cm and 400 cm is shown in figure 16, 71, 18, 19. The gaussian curve of the dis-
tance error helps in determining the confidence level of the acoustic ranging method.
As observed from the figures, for a 90 percent confidence interval, the error varies
from 5 to 25 cms for 100 c¢m; -5 to 15 c¢ms for 200 cms; -1 to 20 cms for 300 cms; and
-5 to 15 cms for 400 cms.

The reliability of motes is also evaluated for a test separation of 100 cms. The
standard deviation of 3.873 cm is observed for 30 motes.

The statistical data described above is incorporated into the simulation envi-
ronment to make it more closely approximate realistic values. The simulation envi-

ronment and its features are as described in chapter 5.
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Figure 16. Acoustic ranging Gaussian error plot for 100 cms separation.
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Figure 17. Acoustic ranging Gaussian error plot for 200 cms separation.
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Figure 18. Acoustic ranging Gaussian error plot for 300 cms separation.
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Figure 19. Acoustic ranging Gaussian error plot for 400 cms separation.




CHAPTER 5

SIMULATION

The simulation environment [17] for mobile localization consists of mobile and
static nodes placed at random. As the mobile nodes move, their position is cali-
brated by the mobile localization protocol as proposed in chapter 3. The statistical
data from the implementation is incorporated in the simulation to exactly emulate
implementation.

The key features of the simulation environment are:

e Mobhility of the environment, the radio range, and the time interval for location

refreshing can be given as input parameters.

e [t has the ability to randomly change direction of motion of the mobile nodes.

e The directional error due to the magnetic compass is incorporated by a random

error parameter.

e Actual and calibrated node locations are simultaneously stacked into the data

sheet.

e Above all, the environment is reusable.
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In order to make the simulation easily understandable and more reliable, it is
designed to randomly pick a mobile node as subject.

The simulation environment is built using MFC’s in Visual C++ with excel
as the backend database. The reason for choosing VC++ to develop the simulation
environment is its well defined classes for GUI development, good object structuring,
and easy data base connectivity.

The main functionality of the simulation environment (figure 20) is distributed
in two frames: SnapCursorDemoView and SceneView. The SnapCursorDemoView is
the form view which takes input parameters and SceneView is the active floor where

static and mobile nodes are placed.

2| Untitled - SnapCursorDemo
File Edit View Help

Ded =22 S8 %

(B

This Buttan is to start the

lcrosoft P, Untided - 5. @ e B2 12i43PM

Figure 20. Typical simulation environment.
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A typical localization scenario is shown in figure 21. The subject mobility plot

obtained from a simulation of a 10 m by 10 m environment is shown in figure 22.
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Figure 21. Scene view active floor plot.
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Plot Of Mobile Location Tracking Approach with about 40 mobile users, Radio Range 0f 1m, and
environmental mobility of 30 cm per 2 seconds

Room Dimensions: 10*10 m

= Subject Path
—— Subject Tracked Path

Note: Errors in Wireless
units to calculate distance
is considered.

Figure 22. Subject mobility plot.




CHAPTER 6

RESULTS

This chapter describes different error evaluation methods to determine the
reliability of the mobile localization approach. Below are the different kinds of tests

performed, their plots, and comments on their behavior.

6.1. Euclidian Distance Error Calculation

This is calculated by a two-point distance error between the original and the
tracked location. It is a technique adapted by many researchers [5, 11] to verify their
localization approaches. Figure 23 shows the Euclidean distance error plot of the
subject with respect to its mobility.

The maximum error in localization occurred when the subject was not able
to find mobile nodes in range for a long time. The error is limited by approximate
localization. The error is not a constant value because it depends on the number of

mobile users in range.



Subject Error Plot
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Figure 23. Euclidian distance error plot for mobile localization.

6.2. Mean, Median, Mode of Error

The mean of the ideal mobile localization approach is 3.924 c¢m, the median is

3.5681 cm and mode is 2.9755 cm.

6.3. Standard Deviation

This is the root mean square of the deviation. It gives the measure of how

variables move over time away from the mean value.
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Standard deviation

V(1/(n = 1)) % 5(Xa — Xa) (6.1)

The standard deviation for mobile localization is 2.459 cm.

6.4. Average Deviation

This is the mean of all deviations of distance measurements. Theoretically, the
ratio of standard deviation to average deviation (s/a) is 1.25 when N tends to infinity.

Average deviation:
> (Xa)/n; (6.2)

The average deviation for mobile localization is 1.888686 cm.

The ratio of standard deviation to average deviation is 1.280043.

6.5. Gaussian Error

This is represented by a symmetrical curve of normal distributions with dis-
tance error as the X-axis, and the number of times the error occurs as the Y-axis. An
ideal Gaussian curve looks as shown in figure 24.

Most of the points lie within the bell-shaped curve. It is equally likely that
points may lie on either side of the perpendicular within the curve.

The plot of distance error vs. times the error occurred as shown in figure 25 is
in the form of a Gaussian distribution. The error is gaussian for the subject mobility

from one end to the opposite end of a 10m by 10m area.
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Figure 24. Ideal Gaussian curve

6.6. Parameter affecting Protocols Performance

Since mobile localization depends on node mobilty, the time interval for loca-
tion refresh, the radio range and the number of mobile nodes, these determine the

performance of the protocol.

6.6.1. Number of Mobile Nodes

Even though an increase in the number of nodes in the environment increases
the complexity in terms of time multiplexing and beacons spread in space; it also
aids in improving the performance of the location tracking approach. As the number
of mobile nodes increases, the probability of the Subject finding reliable dependants
increases. The performance of the protocol increases with the increase in the number
of mobile nodes. The plot of performance with respect to the mobile node count is

shown in figure 26.
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Figure 25. Error recurrence histogram

Observe that as the number of nodes increases, the error value decreases dras-
tically and eventually comes to a constant value. The drastic decrease in error is
because mobile localization need not depend on approximate localization with an in-
crease in the number of mobile nodes. The reason for error saturation is because of

a constant hardware calibration error.

6.6.2. Time Interval for Location Refresh

The Location Refresh Interval is the time interval after which the subjects gets
a chance to triangulate its position from its nearest neighbors. This is an important

factor which depends on the number of mobile nodes present in environment. An
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Performance WRT Mobile Users Count

Error cm
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Number of Mobile Users

Figure 26. Performance plot wrt mobile node count

increase in the number of nodes increases the time gap for location refreshing. This
leads to the mobile nodes depending on an approximate location estimate for most
of the time. The plot of time refresh against the error it causes is shown in figure 27.

Observe the increase in error with the increase in refresh time as explained in
section 6.7.2. The saturation of the graph after 4 sec is because the subject depends
on approximate location most of the time, and the error averages to a constant value

over the long subject track.
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Performance WRT Time Refresh

Error cm
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Figure 27. Performance plot wrt Time refresh

6.6.3. Mobility of the Environment

The mobility of a normal person when walking varies from 15 cm to 50 cm
per sec. Mobility is an important parameter to be considered for mobile localization.
As the mobility increases, the subjects probability of finding reliable dependents de-
creases thereby increasing the localization error. The plot of mobility against error is

shown in figure 28.
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Performance WRT Mobility cm/sec

Error cm
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Figure 28. Performance plot wrt environment mobility

6.6.4. Nodes Radio Range

Radio range is also an important metric which affects the performance of the
protocol. As the radio range increases, the scope of the nodes decreases, which in
turn increases the localization error. The performance plot of error with respect to
radio range is shown in figure 29.

An increase in radio range also increases the energy efficiency of the protocol
as the subject can rely on the same dependents for multiple localizations. The error

saturates after 100 cm.
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Figure 29. Performance plot wrt radio range
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CHAPTER 7

COMPARISON

Though there are many locations tracking approaches available [11, 12, 13, 14],
most of them rely on static sources to calibrate location. None of them explored the

idea of calibrating location information from neighbors which may not be static.

Figure 30. Mobile agent approach plot

The closest location approach similar to the mobile localization approach is 7 A

Mobile-Agent Approach for Location Tracking in a wireless sensor network” [14]. In
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mobile agent paradigm, once a new object is sensed, a mobile agent will be initiated
to track the roaming path of the object. The agent is mobile since it will choose the
sensor closest to the object to stay. That is, the agent actually follows the object by
hopping from sensor to sensor. The agent may invite some nearby slave sensors to
cooperatively locate the object and inhibit other irrelevant (i.e., farther) sensors from
tracking the object. The simulation environment is shown in figure 30.

Plot Of Mobile Agent Approach with about 70 static element, Radio Range Of 100 units,
and environmental mobility of 10 units per 2 seconds.
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Figure 31. Mobile agent plot

As you observe, the mobile agent looks for three dependants to track location,
which decreases its chance compared to a mobile localization approach which requires
only two dependents. The mobile agent approach is not able to track multiple mobile

agents. The agents motion and its corresponding tracked locations are shown in figure
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31.

In the Mobile agent approach, the node often runs into blind spots where it
cannot find reliable dependents to triangulate its position. This leads to a high error
value, as you would observe from the graph in figure 32.

Also, the mobile agent approach demands a good infrastructure placed at acces-
sible locations for the nodes to triangulate. It is more costly to implement compared

to the Mobile localization algorithm.
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Figure 32. Mobile agent error plot

The average error value of the mobile agent approach over the entire path is
19.48775 cm, average deviation is 17.78172 cm, and the standard deviation is 27.12515

cm, almost four to five time the error of the mobile localization approach.



CHAPTER 8

CONCLUSIONS AND FUTURE WORK

Every application has different goals, and every problem domain imposes new
constraints on system design. Localization is unfortunately a tough problem to ad-
dress, as different scenarios demand different localization systems. The Mobile local-
ization algorithm is specifically designed for localization in an environment without a
static infrastructure. It has constraints as other localization approaches, apart from
which, it promises reliability, scalability and energy efficiency.

Mobile localization is a simple system. It is targeted for both indoor and
outdoor applications. It is implemented with off-the-shelf hardware. All nodes in the
environment run the identical algorithm and does not require costly infrastructure
set up.

The algorithm is dynamic in the sense that it localizes from neighboring nodes.
Because the mobile localization algorithm requires only 2 dependents, it is energy effi-
cient compared to other systems. It is reliable in situations where a node is deprived
of reliable dependents. It is robust against signal collision, corruption, and multi-

path effects. The proposed protocol is successfully verified by both implementation
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and simulation. The performance of the protocol can be improved by incorporating
doppler effects in calculating the distance between mobile nodes. The approach can
be extended to any number of nodes with frequency hopping along with time multi-
plexing for node localization. But a trade off has to be made with respect to design
complexity and cost. The Mobile localization approach can be extended for scenarios

like navigating blind, assisting customers in shopping malls etc.



APPENDIX A

APPENDIX



95

Table 1. Notation for approximate and precise localization proof

Notation | Definition

X Correct X coordinate

X Calibrated X coordinate

0 Node speed

€ Error in speed

t Time

AT Time interval

d distance

fle] Approximate localization error
gl Triangulation (precise localization) error
m mean

o’ Variance

Variance due to Approximate localization method:
From the assumptions made in mobile localization approach, the initial location of
each node is known. The proof makes use of notations shown in table 1.
ieatt =0,
Xo = Xo; (A1)
For simplicity of the derivation assume direction of motion is constant and

error occurs only because of nodes speed, whose m, is 0;

at t = AT,
X = Xo+ px AT; (A.2)
X = Xo+ (u+¢) % AT; (A.3)
fld =X — X = —ex AT}, (A.4)
O'j%[e] = AT? % 02; (A.5)

Variance because of precise localization:

From fig. 33, The distance between two edges of the triangle is:
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A(X.Y)

d2 d3

B (X2,¥2) C (X3,Y3)

Figure 33. Node localization by Triangulation

(X = Xo)* 4+ (Y = Y3)? = dj; (A.6)
(X — X5)* + (Y — Y3)* = dj; (A7)
(X3 — Xo)2 + (Y3 — Y5)? = d% (A.8)

Let Y5 = Y3, dy = d3, and error in distance measurement is neglected. Also X5
be a static node.
On solving equations A.6, A.7, A.8.

at t = AT,

X = [(d; — d3) — (X5 — X3)]/2 % (X2 — Xs); (A.9)

~

X

[(d2 — d2) — (X2 — X2)]/2 % (X5 — X3); (A.10)

gl = X - X; (A.11)
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on substituting X, X and dy = ds:
glel = —(X3 — X3)/2 % (X — X3) + (X3 — X3)/2 % (Xy — Xa); (A.12)
Since X5 is a static node, Xy — X'Q = 0; Therefore
glel = (X5 — X3)/2 = —e x AT/2; (A13)

O'g[e] = (AT)*/4 % 0% (A.14)

Thus proving that variance due to precise localization is less compared to

variance due to approximate localization method.
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