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Abstract

In this diploma thesis, a sensor network for tracking an instrumented car was de-
veloped and tested. Wireless sensor networks consist of many wirelessly connected
nodes with limited computation ability that are able to sense the environment
and communicate with other nodes or a base station. The randomly distributed
nodes estimate their positions autonomously and send sensor data by means of a
event-based protocol to the base station, which displays the track of the target,
its current speed and direction. In order to fuse the events at the base station,
time synchronization is used to establish a common physical time scale among
the nodes.

Zusammenfassung'

In dieser Diplomarbeit wurde ein Sensor Netz entwickelt, das ein prepariertes
Auto verfolgen kann. Drahtlose Sensor Netze bestehen aus vielen drahtlos vernet-
zten Knoten mit limitierter Rechenleistung, welche Anderungen in der Umgebung
wahrnehmen konnen und mit anderen Knoten oder einer Base Station kommu-
nizieren. Die zufillig platzierten Knoten kénnen ihre Position autonom bestim-
men und senden die Sensordaten mittels eines ereignisbasierten Protokolls an die
Base Station, welche den Weg, die momentane Geschwindigkeit und die Richtung
des Autos anzeigt. Um die Ereignisse in der Base Station zu aggregieren, wird
mittels Zeitsynchronisation eine einheitliche Zeit unter den Knoten approximiert.

'A German summary is required by the department of computer science at ETH for a
Diploma Thesis written in English.
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Chapter 1

Introduction

Wireless sensor networks consist of very small computers (nodes) equipped with
sensing capabilities and low power wireless communication to exchange informa-
tion. The applications of wireless sensor networks range from environmental and
habitat monitoring, to home automation, medical applications, and the “smart
battlefield”. A typical application is the tracking of objects. The nodes can be
used to signal the detection of the target. These targets can be for example birds
(to observe their behavior), oil slick (to monitor environmental pollution) or cars
(to track vehicle movements on the ground).

As part of this thesis, an experimental sensor network for tracking a remote-
controlled car was developed and tested. The object tracking experiment takes
place indoor on an area not more than 10 square meters. The sensor nodes consist
of a battery pack, two small sensor boards and a BTNode. The BTNode is an
autonomous wireless communication and computing platform with a Bluetooth
radio and an Atmel micro controller, see [14] for more details. To make the
detection of the moving car easy for the nodes and the sensor cheap and low
power consuming, the car is equipped with an infrared light source and the nodes
with infrared receivers. The nodes detect the car at a distance of up to half a
meter and send respective detection events to a base station.

Nodes have to estimate their physical location (the nodes are deployed in the
environment without prior knowledge of their location). We used the Lighthouse
Location System [1] for this purpose.

The reported events are collected and fused on a base station device with
better communication and computing capabilities. To fuse the events and form
higher level information such as the track of the car, current speed and direction,
moreover, the time in a sensor network needs to be synchronized.

The remainder of this document is organized as follows: Chapter 2 gives an
overview of the foundations used in this experiment. The documentation of the
tracking experiment starts with an experiment overview (Chapter 3), followed by
detailed descriptions of the involved devices (Chapter 4-6). After listing some
related work in Chapter 7, the document will be concluded in Chapter 8.



Chapter 2

Foundations

2.1 Position Estimation

Many wireless sensor network applications like object tracking require that the
locations of the sensor nodes can be determined by means of a so-called Location
System. This typically requires to equip each node with a special positioning sen-
sor to let them know their absolute position. However, most traditional systems
are very costly in volume, money and power consumption.

In sensor networks not only a low power consumption (for a long battery life)
is important. Some system may need fast updates of the node’s position in case
the nodes are moving, or the accuracy of measurement is more important.

Various approaches can be used for location estimation, which are sketched
in the following paragraphs.

Global Positioning System (GPS)

GPS is a very common positioning system for gaining knowledge of the position
outdoors. This system uses several satellites orbiting the earth with known posi-
tions. The GPS receiver listens to the signals emitted by each satellite and can
compute its position very exactly by measuring time-of-flight of these signals.
Currently this system is not only costly in power consumption, but also in vol-
ume and money. Another disadvantage is that GPS requires line-of-sight signal
reception from the satellites and therefore does not work indoors or in the pres-
ence of dense vegetation or buildings. The position update, however, is very fast
and the accuracy high compared to the large working-area (works everywhere on
earth).

Radio Signal Strength

The increasing attenuation of radio signals with increasing distance is an impor-
tant characteristic of radio propagation. In an ideal spherical propagation model,
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the signal strength is correlated to the distance with the formula:

signalStrength ~ with n 22

distance™
Therefore, the measured signal strength of a received signal can be used to es-
timate the distance from the sender. If the distances to three or more senders
with known locations are know, the position of the receiver can be obtained by
multilateration.

The location estimation for mobile phone uses this technique. On the basis
of the antenna positions and signal strengths, the mobile phone’s location can be
estimated. Some antennas even have several small antenna segments that divide
space into sectors, allowing a more accurate estimation. The power consumption
to receive the signal is rather low. Reflections on buildings can increase the
inaccuracy. [20]

Radio Connectivity

A simplified version of the approach described in the previous section is the
following. If a receiver can “hear” a sender, then the receiver’s distance from
the sender is smaller than the communication range. Various approaches can be
used to derive a location estimate based on this observation. The algorithm in
[9] locates a receiver to the centroid of the locations of the senders it can “hear”.

Convex position estimation [5] is a more elaborate technique to derive an area
which bounds the possible locations of a receiver.

This idealized radio model approximation is not appropriate for indoor envi-
ronments because of reflections and occlusion and because the computed position
is not very accurate.|9]

Sound

A signal sent by radio travels much faster than an acoustic signal. This difference
of velocity of propagation can be used to estimated the distance between two
devices. The sender sends a signal at the same time by radio and by ultrasound.
The receiver measures the difference of the arrival time and can estimate with
the propagation speed the distance. Using the time difference of arrival as an
estimate for time of flight of the ultrasound signal, the receiver can estimate its
distance to the sender. |21, 22|

2.2 Time Synchronization

The base station collects all the detect events arriving from the nodes. To fuse
these events, the real time of this data is important to derive the ordering of these
events and to form higher level information or knowledge about the environment.
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Network Time Protocol (NTP)

NTP (keeping the Internet clocks in phase) is a hierarchical system with one
or more reference clocks at the top. The reference clocks are assumed to be
accurate. A “child” device synchronizes its clock to the “father” device according
to the hierarchy. The accuracy of a clock depends on how “close” a clock is to a
reference clock (in the hierarchy), the network latency and the claimed accuracy
of the clock.

Reference Broadcast Synchronization (RBS)

In [10] an algorithm is described that allows a set of receivers of a broadcast
message to synchronize their clocks. Nodes periodically send broadcast messages
to their neighbors. The receivers use the arrival time of the broadcast message as
a point of reference for comparing their clocks. These messages can be sent any
time and do not explicitly contain a timestamp. This design is called Reference-
Broadcast Synchronization RBS.

Hop-by-Hop Synchronization

Another approach is described in [11]. Instead of synchronizing clocks, times-
tamps contained in messages are transformed to the clock of the receiving node.
See Chapter 4.5 for details.

2.3 Object Detection

There are different ways to detect a moving object or objects. If the object is
not under the control of the tracking party, it must be detected without special
instrumentation of the object. In our task the moving object is under our control
thus, we can instrument the object with special equipment for detection.

An important goal is power-efficient object detection, since power supply is
limited. This can be achieved by low sampling rates and power saving signal
processing algorithms. However, this can result in reduced accuracy. The power
consumption can also be reduced by preprocessing the raw signal data at the
nodes in order to reduce costly communication. The communication via Blue-
tooth (the wireless communication technology we used) is very power consuming.
Keeping the number of messages low increases the battery life time.

The next step is not only to detect the target but also to classify it on the
basis of some target characteristics.

Motion Detectors

Motion detectors detect movements of objects that have a higher temperature
than the environment. Since motion detectors work in a passive way (the detector
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does not emit any signals) the moving object will not be aware of the detector.
This detectors are limited in their detection angle and range. The sensing of
“cold” moving objects will not work, since these detectors work by detecting
“body heat”. Moreover, they are sensible to the environmental temperature and
solar radiation.

Magnetometers

Magnetic materials change the earth’s magnetic field slightly, and this change
can be used for detection. Therefore, a magnetometer can be used to detect
cars or other metal objects with a certain minimum mass. The output of the
magnetometer has to be preprocessed in order to trim out the DC components
of the earth’s magnetic field. A disadvantage is the high power consumption of
such detectors [13].

Infrared Light

If the tracked object can be instrumented with IR light emitters, it can be easily
detected with IR photo diodes. However, this approach is very sensitive to day-
light and artificial light. Additionally, typical IR emitters are not omnidirectional.
See Section 4.4.3 for details.

Acoustic Signals

Every moving object produces acoustic signals (e.g engine sound of moving ve-
hicles). With a microphone this noise can be detected. Such a device is easy
to manufacture and inexpensive. The produced electrical signal can be directly
used and requires only little amplification.

Seismic Vibrations

Vibrations, produced by a moving object on the ground, can be sensed within
some meters. A piezo-electric sensor converts the seismic signal into an electric
signal. Seismic detectors are also used in high security environment to detect
vibrations of the ground. They run with an extremely low current draw.

2.4 Sensor Networks

Wireless sensor networks consist of many sensor nodes. A sensor node is a very
small computer that can communicate with other nodes and has sensor capa-
bilities to sense certain parameters of the physical environment (temperature,
acoustic signals, light, ...). An individual node is very limited in computing
capacity and the sensed data of only one node does not give useful information
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about the environment. However, by fusing data obtained from nodes throughout
the network, valuable information can be obtained. To fuse the data, the point
in time and location of a sensed phenomenon is important. The first requirement
is achieved by synchronizing the clock of all devices, the second requirement is
achieved by a location sensor attached to every node. Since the nodes are spread
in the field and difficult of access, it is important that the power consumption is
kept low to increase the lifetime of the nodes. This can be achieved by low power
consuming position estimation and sensing techniques, by low power consuming
communication techniques, and by reducing data communication, for example by
preprocessing raw sensor data in the nodes.
In the following paragraphs we describe some experimental sensor nodes.

Smart Dust [18]

Smart Dust is a project at UC Berkley. A smart dust node is a autonomous
sensing and communication node in a cubic millimeter. It has multiple sensors
such as temperature, light, vibration, etc. Because of the small architecture,
the development time and costs are very high. Nodes communicate with a base
station by using a modulated laser beam (Figure 2.1).

Irberrogating
Laser Bearn

Laser Lenz  Mirror

Mirrors

Active Transmitter
Passive Transmitter with with Beamn Steering
Corner-Cube Retrorefiector

Irucomnirng Laser
Cominunic ation

=

Sensors

Photocetector and Recsiver

Analog 1/0, DSP, Control
Poweer Capacitor

Solar Cell

Thick-Firn Battery

Figure 2.1: Smart Dust, property of [23].
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Commercial-off-the-Shelf Dust (COTS Dust) [12]

Because the time to develop a complete Smart Dust system takes too long, an
alternative node is needed to test basic behavior that can be produced in a shorter
time. Such nodes are built using commercial-off-the-shelf components with all the
basic functionalities, but the nodes are bigger in size (a cubic inch). An Atmel
micro controller with sensors and a communication unit are the basic elements of
COTS Dust. For communication a low power, low bandwidth RF transceiver is
used. Different sensors can be connected to this node, for example temperature,
light and pressure sensors (Figure 2.2).

Sensor Node Architecture

Comm

RFM H:2000 670nm SmW RFM RX2010
9165 MHz Lager Diode 916 5 WMHz

""" X &

ADEL202 Admel MCTT Tlictochip
uccelerom eters | =P 4K Flady 236K Fits

Jaxes
o R Temperature
Butr-Brown Butr-Brown, Sensar

ADETE ADETE41
4-Charmel 4-Charmnel

Exar
GMR Honoywell, Light Pressure
Magnetic Humidity Sensor

Field Sensor

Sensors

Figure 2.2: Architecture of COTS Dust, property of [12].

Bluetooth Node (BTNode) [14]

A BTNode is an autonomous wireless computing and communication platform
with a Bluetooth radio and a micro controller (Atmel ATmega 128L). The node
provides several ports to connect sensors or control elements and provides in-
system programming. The battery lifetime is not very long, since Bluetooth
communication consumes much power (Figure 2.3).

GPIO Analog IO Serial IO

RS232
Bluetooth |« »~  ATMega103L =
Module Microcontroller
e Power
t t Supply
~ Clock/Timer LEDs

Figure 2.3: BTNode with Bluetooth radio and Atmel micro controller, property
of [24].



Chapter 3

Tracking Experiment

The goal of the experiment conducted in this thesis, is to track a moving object
and estimate its speed and direction with a sensor network. The sensor network
consists of small sensor nodes randomly distributed on an area of about 10 square
meters. Each node estimates its position autonomously. A base station device
collects and fuses the data received from the nodes and displays the track of the
target, its current speed and direction.

We used a laptop with Bluetooth as base station and seven sensor nodes (see
Figure 3.1 for the experiment setting) with a microprocessor and Bluetooth chip,
called BTNodes, see Section 2.4. Attached to each node are a battery pack, a
sensor for estimating the node’s location and a sensor to detect the moving object,
shown in Figure 3.2. BTNodes and the base station communicate by means of
an event-based protocol.

The tracked target is a specially instrumented remote-controlled car as shown
in Figure 3.3. The BTNodes can estimate their position with the aid of a laser
device that defines the origin of a 2-dimensional coordinate system.

First we describe in detail the sensor nodes in Chapter 4. In Chapter 5 the
communication protocol is described, and Chapter 6 contains the details of the
base station.

11
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Figure 3.2: BTNode with sensors for location estimation and car detection.

Figure 3.3: Remote-controlled car instrumented for detection by the BTNodes.



Chapter 4

Sensor Nodes

4.1 Introduction

The task of the randomly placed sensor nodes is to detect the car and report any
detection to the base station. The raw data will be preprocessed on each node
to keep the costly communication to the base station to a minimum. To track
the car, the position of each detection and therefore the position of each node
is required. In order to fuse events originating from different nodes into a speed
estimate, a common physical time base has to be established among the nodes.
This chapter starts with a description of the location estimation procedure.
The following sections describe the target detection and time synchronization.

4.2 Architecture overview

Figure 4.1 depicts the architecture of the sensor nodes. Each node contains a
component for location estimation, which requires a high resolution clock. The
event detection component is used to detect the moving car. The BTNode gen-
erates for every new position or new detection a message in the event processing,
that will be exchanged, according to the transmission protocol. The data in the
control messages arriving from the base station will be stored in the data storage,
providing the components with control data.

14
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BTNode
high
resolution
clock

storage

| location | \ event |

' lestimation | ; | detection

Figure 4.1: Overview of the BTNode.

4.3 Node Location Estimation

4.3.1 Introduction

To determine the position of the car, each BTNode needs to know its position.
With the Lighthouse Location System, described in [1], each BTNode can esti-
mate the position autonomously with a relatively small overhead.

4.3.2 The Lighthouse Location System

Consider an observer looking at a lighthouse as shown in the left hand side of
Figure 4.2. The time tpeqm, during which the observer sees the lighthouse “flash”,
depends on the angle of beam spread «. Since « is independent of the observer’s
distance from the lighthouse rotation axis, tjeq, is independent of the distance
as well.

Now consider a lighthouse with a parallel beam as shown in the right hand
side of Figure 4.2. There the angle « (under which the observer sees the beam)
depends on the distance from the lighthouse rotation axis. Hence, tpeqm also
depends on this distance. Using basic trigonometry, the observers distance from
the lighthouse rotation axis can be easily inferred from t¢pe,,. Using two such
lighthouses, a simple 2D location system can be built as shown in Figure 4.3.
The two lighthouses are assembled such that their rotation axes are mutually
perpendicular. The distance d; and dy then equal the y and x coordinates of
the observer in the 2-dimensional coordinate system defined by the lighthouse
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lighthouse . lighthouse
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Figure 4.2: On the left a normal lighthouse, on the right a lighthouse with parallel
beam.

sensor
v _ node
y- axis

Figure 4.3: With two lighthouses, a simple 2D location system can be build.

\ parallel

LH beam

Figure 4.4: Two rotating laser beams simulate the outline of the parallel beam.
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light intensity

A

7 I »time

Figure 4.5: An observer sees the outline of the parallel beam as laser pulse se-
quences.

rotation axes.

As described in [1], a lighthouse with a parallel beam can be implemented by
two “rotating laser beams” as depicted in Figure 4.4. The observer can identify
a lighthouse by the rotation speed of its beams. An observer looking at such a
lighthouse sees a sequence of very short flashes as the lighthouse platform carrying
the rotating laser beams rotates by. %peqm can be obtained by measuring the
amount of time between two such sequences of pulses as depicted in Figure 4.5.

4.3.3 Receiver Hardware and Software

high
resolution

clock

location |%: Y
estimation

Interrupt
handler

s

hardware || software

Figure 4.6: Schema of the receiver.

In order to measure tpeq, as explained in Section 4.3.2, we use the following
hardware, depicted in Figure 4.6.

A foto diode converts the incident light into a voltage proportional to the
intensity of the light. The size of the photo diode matters for great distances
to the lighthouse, because at least two laser flashes are needed to recognize the
lighthouse [1]. The farther away, the fewer laser flashes are in a pulse sequence, see
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Figure 4.7: Receiver board with 7 photo diodes.

Figure 4.5. To increase the maximum distance to the lighthouse, several photo
diodes are used on the receiver circuit board (see Figure 4.7). The high pass
filter (HPF) removes lower frequency components resulting from artificial light
(50Hz) and daylight. After amplifying the signal, a Schmitt Trigger transforms
the voltage level into a digital signal. The output of the Schmitt Trigger is
connected to an external interrupt port of the BTNode, such that each light flash
triggers an interrupt.
We will now discuss the receiver software in more detail.

Interrupt Generation

The receiver will generate an interrupt every time the laser hits the photo diodes.
An interrupt handler processes these interrupts by generating an interrupt event
that holds the current time. The interrupt handler has to be shortrunning because
many interrupts are generated in a burst (up to 130 interrupts in less than half
a second).

In order to distinguish the two lighthouses, the rotation frequency f of the
laser beams has to be measured as explained in Section 4.3.2. Since the rotation
period T = % of the two lighthouses differs by only 1ms, the clock resolution
of 1ms of the BTNode System Software is not sufficient, since the laser rotation
times can vary (Figure 4.8).

Therefore, we implemented a clock with higher resolution. For this purpose
the ATmegal28L micro controller provides several timer/counter registers. The
value of such a timer register is increased by one upon each tick of the CPU clock
in consideration of a prescale factor. An interrupt will be generated, whenever
the counter register overflows|6].

With a CPU speed of about 8MHz and a prescaling of 256 we get:

8MHz _ 510c0m,

counterClockSpeed =

1 1

= = 0.032
counterClock  31250Hz ms

counter Resolution =



CHAPTER 4. SENSOR NODES 19

14 15 16 17 18 19

‘ ‘ ‘ ‘ i i P timecounter
a litfle bitless than5ms | , |
‘ : : =] | 5ms measured

i - - - - | 4ms measured

— ] ] I | 5ms measured

a Iiﬁﬂe bitm:ore Ihain 4ms
: : ‘ =1 i 4ms measured

I 1 1 1 1 ! 5ms measured

Figure 4.8: A time resolution of 1ms is not enough to distinguish between flashes
of e.g. 4ms and 5ms, that vary slightly.

over flowIntervall = 2'¢ x resolution = 2'° x 0.032ms ~ 2.1s

An internal variable is increased by 2'® every time the overflow interrupt
occurs. The current “clock value” can be derived by adding the current timer
register value to this internal variable.

Handling the Interrupt Event

To compute the distance to the lighthouse, the angle « is of interest (Figure 4.2).
The program measures the time that a lighthouse takes for one turn (¢,,) and
the time that it “sees” the parallel beam (tpeqm, see Figure 4.5). With these values,
« can be calculated.

Location Estimation

Using the approach described in [1], the node position (x, y) is inferred from
values a; and as for the two lighthouses. To obtain more exact measurements,
the lighthouse needs to be calibrated first, see Appendix B.

4.4 Target Detection

4.4.1 Introduction

The BTNode needs a sensor to detect the moving car. For this purpose, we
equipped the car with IR light emitters. The sensor nodes use IR photo diodes
to detect the car at a distance of up to 30cm. By measuring the incident light
intensity, the sensor nodes can estimate the distance of the car.
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4.4.2 Receiver Overview

Figure 4.9 depicts the receiver hardware and software. The infrared photo diode
converts the current intensity of the incident infrared light into a proportional
voltage that is transformed into a 10-bit number by a analog to digital converter
(ADC) every 250ms. If the current value is greater than a threshold, then the
difference to this threshold is sent to the event generator. If the value drops
under this threshold, the value 0 is sent to the event generator. According to the
reading rate value, the event generator emits a detect event containing the value
difference. This reading rate value defines, how many events should be emitted.
For example, a reading rate of 4 means every fourth time a sample is taken, a
detect event will be emitted while the car is being detected.

sampling threshold
rate value

reading rate

difference | generator |event

hardware || software

Figure 4.9: Overview of the receiver component.

4.4.3 Hardware

For reliable object detection, both the IR light emitters and the IR sensors should
have omnidirectional characteristics. However, both IR LEDs and IR photo
diodes typically have directional characteristics. Therefore we used multiple ele-

ments to emulate omnidirectional characteristics as depicted in figures 4.10 and
Figure 4.11.

LD27

[ERy

ground

Figure 4.10: Circuit drawing and picture of the IR emitter mounted on the car.
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BPW41N\} \\* \}*
output

50KOhm

ground

Figure 4.11: Circuit drawing and picture of the IR sensor attached to the BTN-
ode.

The infrared emitter LD271 has a wavelength peak at 950nm and an emission
angle of only 50°. To create a more or less omnidirectional light source, we
mounted eight infrared diodes on top of the car, under an angle of 45° each (see
Figure 4.10). A battery pack provides the diodes with power.

The IR receiver BPW41N is equipped with an IR Filter with a wavelength
peak at 940nm and has a wide radiant sensitivity of 120°. Three receivers and
mounted under 120° to cover the entire circle. A resistance divides the voltage
between GROUND and V+ (Figure 4.11). The higher the resistances, the more
sensitive the output voltage reacts to changes of the incident light intensity.

Although the used approach for object detection has clear disadvantages,
we chose it for its simplicity and low cost. Moreover, a sampling rate of 4Hz
is sufficient, which matches the limited processing power of the Atmel micro
controller.

Unfortunately the light intensity produced by the eight infrared diodes de-
pends on the angle (see Figure 4.12 on the left) and the same problem occurs
with the three infrared receivers (see Figure 4.12 on the right). Experiment on
a turning knob (the infrared source as well as the infrared receiver) showed that
the intensity of the infrared signal varies enormously at the same distance.

Another disadvantage is the dependence on daylight. It can happen that all
BTNodes generate a detection event if e.g. the sun suddenly breaks through the
clouds and lights up the room. However, this could be fixed by modulating the
emitted light and changing the receiver to detect this modulated signal.
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Emitter Receiver

Figure 4.12: Light intensity of the emitter and sensitivity of the receiver depend
on the angle.

4.4.4 Receiver Software
Variable Detection Threshold

The ambient light level (see Figure 4.13) is the value obtained from the ADC
if the car is not present. This value is usually around 20. In order to adopt to
changing daylight, this value can be dynamically changed.

The car is detected if the ADC output value raises above a certain threshold
(ambient light level + gap), see Figure 4.13. The gap is needed to filter out small
changes in ambient light intensity.

Asignal
strength

threshold level -

ambientlight -
level (~20)

0 >time
detection: no yes no

Figure 4.13: Detection depending on the signal value being higher or lower than
the threshold level.
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Reading the ADC

A timeout is used to trigger reading the ADC. Unfortunately the resolution of the
timeout is only 250ms. Every time the timeout occurs, the current ADC value is
read, compared to the threshold (ambient light level plus the gap value) and a
new timeout will be set.

If the the car is detected (Figure 4.13), a detect event containing the difference
between signal value and threshold will be sent to the base station. When the
car is no longer detected, a detect event with value 0 will be sent.

Detection Event Frequency

In order to reduce communication overhead and energy consumption, the event
generation frequency can be set to multiples of 250ms (i.e., 250ms, 500ms, 750ms,
...) by specifying a reading rate of 1, 2, 3, ... Assume for example, the car is
within detection range of a node for one second. With a reading rate of 3, the
node sends two detection events containing the difference between signal intensity
and threshold, and one detection event containing the value 0 for the car leaving
detection range. A reading rate value of 0 only generates an event if the signal
crosses the threshold (target entering range of detection, target leaving range of
detection).

Distance Estimation

To obtain the approximate distance between the car and the node, we assume
that we have an ideal spherical propagation model of IR light emitted by the car,
that correlates the signal strength to the distance as follows:

signalStrength = +5sy || ¢=const, s =const (1)

distance?

The distance can not be less than d,,;, = Scm due to the volume of the
BTNode. The signal strength s,,., (depending on the battery charge) at this
distance can be measured. The signal strength is close to 0 (we are looking at
the signal value above threshold) at a distance of about dp,.; = 30cm. Using the
two constraints, we obtain the following equation system:

0

C
+ So H Smaz = P2 + So
min

max

Solving for ¢ and so, we obtain the following values:

2 2 2
c= Smaz * dmm * dmaw H Sop = — Smaz * dmm
- 2 2 - 2 _ g2
dma:c dmin dmaw dmm

By solving formula (1) for distance and inserting ¢ and sy, we obtain the
following formula for distance in terms of IR signal strength:
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vV Smax * dmaw * dmm
\/signal Strength(d2

2 2
mar dmm) + Smaz * dmm

distance =

Corresponding graph shown in Figure 4.14 (dnin, = 5em, dpar = 30¢m,Smae =
500).
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Figure 4.14: Correlation between signal strength and distance.

4.5 Time Synchronization

4.5.1 Introduction

The base station collects detection events from all sensor nodes in order to esti-
mate speed, direction and the path of the tracked car. For this, the base station
needs to know the points in time when the car was detected by the individual
nodes. Therefore, detect events contain a time stamp. However, all time stamps
have to share a common physical time scale. This is usually achieved by syn-
chronizing the clocks of the sensor nodes. But, keeping the clocks in sync is very
costly in terms of communication and energy overhead.

Therefore we use a different approach. We do not synchronize the clocks.
Instead, timestamps are transformed from the senders clock to the receivers clock
when sent from the sensor node to the base station as part of detection events.
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4.5.2 Synchronization Algorithm

receiver's tme
base station
>

[ eventwith
translated time

senders’s time
BT Node

; elapsed, delay
1 tme 2

Figure 4.15: The timestamp in the message is transformed to the receiver’s time.

Consider Figure 4.15. The sensor node detects an event at time t¢; and sends

off the event to the base station at to (f - t1 = elapsedTime). The base station

receives the event at t3 (with respect to its own clock). If we knew the delay for

sending the message, then we could transform the timestamp ¢; to base station

time by calculating t3 —delay— (to—t;). The delay can be estimated by measuring
rtt

the round-trip-time in the sever and assuming delay ~ 7, i.e:

r
newTimestamp = arrivingTimestamp — -5 elapsedTvme

The rtt can be computed by subtracting the idle time of the sender from the
idle time of the receiver as depicted in Figure 4.16. Idle time means the elapsed
time between two Bluetooth activities (receiving/sending or sending/receiving).
To obtain the rtt, only messages generated by the nodes (position messages and
detection messages) are taken into account, although only the detect events need
to be synchronized. The position message (usually sent before any detection
message) initializes the receivers idle time with the position acknowledgment.
This approach assumes that the clock drift is negligible and that the delay can
be estimated by %t The first assumption is valid, since both rtt and elapsed
time are rather small. The latter assumption is true, since Bluetooth provides
symmetrical communication channels.
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Figure 4.16: Time stamp transformation.
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Communication protocol

BTNodes and the base station communicate by means of an event-based protocol.
The possible message types are:

| message types | node «<—base station |
POSITION
POSITION _ACK
DETECT
DETECT _ACK
THRESHOLD SET
THRESHOLD ACK
THRESHOLD NACK
READING RATE

T TITHTH

The second row shows the direction of the message. Only an overview of each
message is given in this chapter, for more details of the individual fields in each
message, please refer to Appendix A.

POSITION (BTNode — Base Station) FEach time a new position has been
computed, this message will be sent to the base station. It contains the x and y
position and the angle « of each lighthouse. The angels are used for calibration
(see Appendix B for more details).

POSITION ACK (Base Station — BTNode) The base station sends
back an acknowledgment message after receiving the position of the node. An
acknowledgment is only needed to initialize the time synchronization, see Chapter
4.5 for details.
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DETECT (BTNode — Base Station) FEach time a new detection event
occurs, the node sends this message to the base station. It contains the difference
between the current signal value (i.e., light intensity) and the threshold value. It
also contains a time stamp representing the point of time of detection of the car.

DETECT ACK (Base Station - BTNode) After receiving a detect mes-
sage, the base station sends back an acknowledgment message to the node.

THRESHOLD SET (Base Station - BTNode) This message contains
the gap value to be set, see Figure 4.13. This message can be used to change
the gap level and therefore the sensitivity to changes in ambient light intensity.
And to change the ambient light level indirectly to adjust to a higher ambient
light. Upon arrival of this message, the BT Node sets the ambient light level to
the current signal value.

THRESHOLD SET ACK (BTNode — Base Station) After resetting
the ambient light level and gap value the sum of these two values (i.e., the thresh-
old) is sent back to the base station to give the base station device information
about abnormally high ambient light intensity.

THRESHOLD SET NACK (BTNode — Base Station) The ADC trans-
forms the IR receiver output voltage into a 10-bit value (0-1024). If the ambient
light is too intense, the ADC can return a value of 1024 and car detection is not
possible anymore. If the threshold value would be greater than 1000, this message
is returned to the base station in return to a THRESHOLD SET message.

READING RATE (Base Station - BTNode) This message contains the
reading rate value that defines the frequency of detect messages. Since there will
not be any problems with setting this value, no acknowledgment is sent back.
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Base Station

6.1 Introduction

The base station collects detect events from the sensor nodes in order to com-
pute and display velocity, direction, and the track of the tracked car. Moreover,
the base station controls certain parameters of the sensor nodes like detection
sensitivity and frequency. The base station consists of a laptop equipped with
Bluetooth.

This chapter starts with an architecture overview of the base station. After-
ward, every component introduced in the architecture is described in more detail.
At the end of this chapter, the software implementation structure is sketched.

6.2 Architecture Overview

Depicted in Figure 6.1, the graphical user interface (GUI) component allows the
user to establish connections to all BTNodes, which is handled by the “BTNode
lookup” component. Information about BTNode connection and disconnection
will be forwarded to the “data storage” component that holds all the information
of a connected node. Furthermore, the GUI can be used to send control events
to connected nodes, such as setting a new detection threshold or a new reading
rate.

A new position of a node or a new threshold will be directly forwarded to
the “data storage”, whereas the detection events need to be sorted first. Due
to different transmission delays in the network, events need not arrive in order
of their time stamps. The “sorting detect events” component reorders events
according to their time stamps and forwards them to the “data storage”. The
data in the “data storage” are displayed by the GUI. To give the user an idea
about the track of the target, the “track generation” component stores the detect
events with their corresponding positions and plots a track of the car.
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Figure 6.1: Overview of the base station architecture.

6.3 BTNode Lookup

At startup, the base station has to lookup active BTNodes which are partici-
pating in the sensor network. For this purpose, Bluetooth provides an Inquiry
procedure. In order to distinguish sensor nodes for other Bluetooth devices, sen-
sor nodes are named “BTNode DETECT 2.0.x” (x is standing for the current
version loaded on the BTNode). First, the base station starts an Inquiry to find
all Bluetooth devices in range, and then checks the remote name of every found
device. Problems occurred if too many bluetooth devices are in the room, in
case of a low node battery (no 12cap connection error), or a WLAN access point
communicating on the same frequency.

6.4 Data Storage

For every connected sensor node the program stores it’s current position (x and
y), number of detections (for statistical purposes), the IR receiver output (signal
value) and timestamp of the last detection event, the threshold, and a timestamp
with corresponding signal strength that will be used for computing the speed as
explained in the next paragraph. To plot a track of the target, the position of
the detection events will be stored.

Significant Timestamp and Signal

To compute the speed of the car between two nodes, we need to know the time
that the car took from one node to the other. Imagine that a device sends
three successive detect events with timestamps %1, ¢, and ¢3 and corresponding
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Figure 6.2: Target detected by same sensor node twice, closer on the second time,
without being detected by other nodes.

signal values s1, s9, and s3. Which timestamp should we use for computing the
detection time? In any case t; < to < t3 holds (due to event sorting), but there is
no similar relationship among the signal strength values. Note that the closer the
car approaches a node, the more accurately we can estimate the actual position of
the car. Therefore, the point of closest approach (PCA) timestamp (timestamp
of the event with max(s;)) is used to calculate the velocity of the object moving
through the sensor field. This approach can lead to wrong results, if, for example,
the car is detected by a sensor node, and finally returns closer to the same node
without being detected by other nodes. In this case, the calculated speed would
be too small (Figure 6.2).

6.5 Event Sorting

Due to different network message delays, the detect events do not necessarily
arrive in order of their time stamps at the base station. Hence, a queue is used
to reorder arriving events according to their time stamps before passing them to
the “data storage” component.

The queue stores events sorted by time stamps in ascending order. Upon
arrival, events are assigned a departure time (current time plus WAITTIME ms)
before being inserted into the queue. Every CHECKTIME ms, the program goes
through the queue and checks if an event’s departure time is due. If it finds such
an event n, all events up to event n are removed from the front of the queue
and forwarded to the data storage component. If the maximum network delay is
smaller than WAITTIME, then this ensures correct ordering of events. We used
WAITTIME=200ms. (Figure 6.3).
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Figure 6.3: Sorting of the events with WAITTIME=200ms.

6.6 Data Fusion

6.6.1 Velocity and Direction

The current velocity and direction of the target are useful information for track-
ing. In a sensor network, only an approximation can be computed (lower bound
of average speed). We simplify the computation of the velocity and direction
by assuming, that the detected car has the same position as the detecting node.
Since we only know the distance to the node, this assumption is only an approx-
imation. Further it must be pointed out that the computed values represent the
average speed and direction between the last two detecting nodes.

The direction is computed as the position vector from the second last detecting
sensor node to the last detecting sensor node. As described in Section 6.4, the
time stamps of the closest car approach are used to derive the time to compute
the speed.

6.6.2 Track Generation

Knowing the position of each detection, a possible track of the target can be
computed. It is unlikely that the target moves to one sensor node, makes a sudden
turn, heading for the next sensor node in a straight line (Figure 6.4 on the left).
To show the track more realistically, a Bezier curve over each line (edge) will be
computed (Figure 6.4 on the right). To derive the Bezier curve, two additional
bases (see Figure 6.5) are needed for every edge. They are computed by using
the positions of the previous and next track points, which will be explained later
in more detail.
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Figure 6.4: On the left: the trackpoints are liked by a straight line, on the right:
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Figure 6.5: Cubic Bezier curve.

Bezier Curve

To construct a cubic curve, we need four control points (see Figure 6.5). The
Bezier curve has the property to interpolate the endpoints by and b3. The two
points b; and by, called bases, influence the derivations at the endpoints and
the shape of the curve. The resulting curve can be described by the Bernstein
polynomial':

z(t) = bo(1 — 1)® 4 3b1t(1 — t)? + 3byt*(1 — t) + bst?

t runs from 0 to 1. x(t) is the according point on the curve.

Because the curve needs to interpolate all trackpoints, the program constructs
a piecewise Bezier curve over each edge with a C'-continuity. This continuity
means that the first derivation of both Bezier curves adjacent to a sensor node,
have the same value, in other words the last two points b and b} of curve! and
the first two points b3 and b7 of curve? form a line h? (note that by = b3), see
Figure 6.6.

!The deCasteljau Algorithm can be used to draw this curve as well.
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Figure 6.6: C'- continuity of the piecewise Bezier Curve.

But what is the gradient of line h and what are the positions of the bases b}

and b? on this line? Take a look at Figure 6.7. The gradient A of line h? is the
same as the gradient A of the line through the points P; to Pj:

A (hn) =A (Pn—1Pn+1)

the end P,.; by F,.

This formula can not be used at the begin and at the end of the curve, since
there are not enough points. Therefore, at the begin P is replaced by P; and at

Now the line is defined, but the positions of the bases b and b? on h are still
unknown. The program uses the distances |P; P»| and | P, P;| and maps the ratio
to the distances |b3b}| and [b3b?|(see Figure 6.8):

657105 [P Pl
|PnPn+1|

|50 |

Figure 6.7: Line h? has the same gradient as the line through P; and P;.
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Figure 6.8: The ratio of the three trackpoints is mapped to the distance between
the bases.

Again this formula cannot be used at the end points. Knowing the ratio, we
still need to know the position of one of the bases. We use half of the distance
between the trackpoints P,_; and P, for this:

n—1n |Pn—1Pn|+|PnPn 1|
|on=107 | = - +

with k=2. The variable k changes the shape of the Bezier curve. The smaller
k, the better the curve follows the line h'. The bigger k, the more the curve
resembles the straight lines between the trackpoints, depicted in Figure 6.9.

Figure 6.9: Small k on the left side, large k on the right side.

6.6.3 Tube of Probability of Stay

The track constructed in the previous section is only a vague approximation of the
actual path the car moved along. However, the sensor nodes not only detected
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Figure 6.10: Tube construction.

the car, but know an estimate of the cars distance from the node. Using this
information, we can construct a “tube”, such that the actual track of the car
is contained in the tube with high probability. The width of the tube changes
linearly from track point to track point according to the car’s distance to the
respective nodes. One could argue that the width should be the greater, the
farther away from a node, because the farther away, the less the system knows
about the moving object’s actual position.

We will now describe, how such a tube can be constructed. Using the Bern-
stein polynomial, the track (i.e., the Bezier curve) is approximated by small line
segments as depicted in Figure 6.10. The tube is constructed of similar small
line segments parallel to the original line segments with distance d. Note, that d
is linearly interpolated between the car’s distance from the two endpoints of the
track over each edge.

6.7 Graphical user interface (GUI)

The device control elements on the GUI are: lookup button, disconnect button?,
gap slide with set button to define the gap value and rate slide with set button to
define the reading rate. A table shows various information about each connected
node. One more slide and a clear button give the user the opportunity to set the
length of the track displayed on the field on the right side and to clear all track
data. (Figure 6.11)

On this tracking field every connected node is displayed as a green square. A
node detecting the target turns red and a circle shows the approximate distance
of the target to this node. To give the user more information about the target
movements, a tube shows a likely track of the target.

2Tt is important to disconnect all devices, since quitting the program does not close the
Bluetooth connections and all nodes are still part of a piconet that does not exist anymore.
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Figure 6.11: GUI

An arrow in the left bottom corner indicates the direction of the object (rather
the average direction of the object between the last two sensor nodes) and the
speed (average speed between the last two sensor nodes). For speed computing
refer to Section Section 6.4.

To allow the user to differ between overlapping tube segments, the color fades
the more to the background color, the older the tube segment is.

Some artifacts occur at the boundary points of the Bezier segments that do
not disappear after painting the tube polygon, see Figure 6.12. A circle at each
node hides these artifacts, see Figure 6.13.
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Figure 6.12: Artifact of the tube at the boundary points in the inner curve.

Figure 6.13: A circle hides possible artifacts.
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6.8 Software Structure

Figure 6.14 shows an overview of the base station software structure. In order
to decouple interaction with the BTNodes from interaction with the user, the
base station software uses two threads. The Bluetooth thread cares for node
lookup, connection management and data communication with the BTNodes.
The main thread cares for everything else, including the user interface. Both
threads interact via a well defined interface.

This interface consists of two groups of functions. The first group - output
event handling - provides functions for controlling certain aspects of the BT Nodes.
The second group - input event handling - provides functions for dealing with
events generated by the BTNodes.

input )
S base station
,,,,,,,,,,,, . ~ .
T N \ e - . N T RN
PRI L N
; communication| 1. detect, threshold, \
‘ protocol position event ‘ event
777777777777777 sorting
‘ connection/ ;
. dsconnecton |
N T
_ Lo~ | data
handling | : storage
§ P T T T . §
BTNode | | g \‘
lookup 1\4 reading rate {
i\ register call- back //§
Bluetooth | ™ .~ fyncions |
__thread .~ ST~ main thread
U T T e T
output

Figure 6.14: Decoupled interaction of the base station software.

Output Event Handling

lookup node event(): Initiates a Bluetooth inquiry in order to look up
BTNodes participating in the sensor network and opens a connection to each
discovered node.

threshold node event(int gap): Send a THRESHOLD_SET message
(containing the new gap value) to all connected nodes.

rate_node event(int rate): Send a READING_RATE message (con-
taining the new rate value) to all connected nodes.
disconnect node event: Close all open connections to BTNodes
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Input Event Handling

device event(int number): This callback function forwards BTNode
connection and disconnection events to the main thread.
register device method(void (*device event method) (int)):
Used to register the callback function device event with the Bluetooth
thread.

data event(int type, int index, int datal, int data2): This callback
function forwards messages arriving from the BTNodes to the main thread.
Possible message types are (see Chapter 5):

1. DETECT: datal holds the IR-light intensity, data2 holds the times-
tamp.

2. POSITION: datal holds the x position, data2 holds the y position of
the node.

3. THRESHOLD _ACK: datal holds the threshold (see Figure 4.13 for
details), data2 holds 0.

4. THRESHOLD NACK: datal and data2 both hold 0.

register data method(void (*data event method) (int, int, int,
int)) : Used to register the callback function data_event with the Bluetooth
thread.



Chapter 7
Related Work

In [13], a tracking experiment similar to ours is described. Real vehicles have
been tracked with an UAV-delivered sensor network. An unmanned aerial vehicle
(UAV) deploys a sensor network along a road. The goal is to detect and track
vehicles passing through this network. The nodes on the ground establish a time-
synchronized multi-hop communication network. The vehicle track information
is transferred to the observer at the base camp via the UAV.

The advantage is, that the base station can be placed far from the tracking
area while in our experiment the base station has to be near enough to keep
connection to all nodes.

The magnetometers used to detect the vehicles, are able to detect passenger
vehicles at more than 5 meters, bigger vehicles like busses and trucks at up to 10
meters. To place the nodes on the road and collect information from the nodes
during the experiment, the UAV is equipped with GPS. The nodes are placed at
predefined positions by throwing them off the UAV at the right moment. This
is in contrast to our experiment, where nodes are placed randomly and find out
there positions using a location system.

A tiered sensor network has been used for bird monitoring in [15] and [17].
The network consists of two types of nodes, Berkley motes [12] and PDA’s. The
PDA’s act as cluster heads and collect and process data from the nodes in its
cluster in order to locate and classify the bird. Based on spectrogram pattern
matching, the target can be classified. The motes are densely deployed to increase
the probability of nodes being close to the bird to be detected. Bird localization
in [17] is based on beam forming using Time Difference Of Arrival (TDOA).
To estimate the target location with TDOA, the nodes need fine-grained time
synchronization [10]. The PDA’s are equipped with GPS and provide the motes
with location information.

|16] considers target tracking from a theoretical point of view and introduces
information-driven dynamic sensor collaboration to reduce resource consumption,
to increase detection quality, and to increase robustness against failures.
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Conclusion and Outlook

With this experiment we developed a sensor network that is able to track an
instrumented car (infrared source attached to the car). The nodes estimate their
positions by means of the Laser Localization System and detect the car with
infrared photo diodes. The Bluetooth communication between the nodes and the
base station uses an event-based protocol. With the time synchronization the
base station is able to fuse the detection events. The base station provides the
estimated track of the target, the velocity and the direction between the last two
sensor nodes.

Our experiment runs only with a limited number of nodes due to the limited
number of Bluetooth devices that can participate in a Piconet. To obtain more
accurate tracks, more nodes are needed.

There are several ways to support a larger number of nodes. Nodes could
be grouped into several Piconets with the base station switching between them.
Instead of keeping permanent connections to the node, the base station could
connect /disconnect before/after each message exchange. As a third option, Scat-
ternets could be used. This has several potential implications such as increased
network delay (nodes need to connect to the base station before sending data),
the need for sending messages along multiple hops, and more inaccurate time
synchronization along multiple hops.

The used time synchronization fits well for the experiment and allows the
base station to reorder messages which arrive in the wrong order. This time
synchronization would also work along multiple hops.

Due to interference with other Bluetooth devices, wireless access points and
low BTNode batteries, an 12cap connection could not always be established. A
less power consuming and more robust radio technology should be considered.

To obtain more accurate estimates of the distance of the tracked object from
the detecting node, other detection strategies should be considered.

Once the calibration data have been measured and computed, the position
estimation with the laser works very well (average error 6% of the node’s distance
from the base station). A high resolution clock makes the differentiation between
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the two lighthouses possible.
If the nodes are densely deployed, the tracked car can be detected by multiple
nodes at the same time. In this case a more accurate location estimation could

be obtained by using multilateration.
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Appendix A

Communication Protocol

In the following we present a detailed description of the messages used in the
communication protocol described in Chapter 5.

Bytes are numbered from left to right. Multi-byte quantities are stored in
little endian.

Byte 0 of each message contains an ID identifying the message type. The
following 6 bytes contain a timestamp as described in Chapter 4.5.

The remainder of the message depends on the message type.

Position Message

Type: POSITION (ID=0) (node to base station)

0 12 3 .6 7 8 o 10 11 12 13 14
o [chseaimel detne | e | yuawe [ae | ade
e >
e ID: 0
e clapsed time till send: time between occurrence of event and message being

sent. For more detail, refer to Chapter 4.5.

idle time of sender: time between two Bluetooth activities (send/receive or
receive/send). For more detail, refer to Chapter 4.5.

x value: node position x
y value: node position y
angle lighthouse 1: angle of lighthouse; (x axis)

angle lighthouse 2: angle of lighthouse, (y axis)
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Type: POSITION ACK (ID=1) (base station to node)

0 1 2 3 4 5 6
g \ \ \
ID glapsed s idle time of sender
till seng ‘ ‘
e ID: 1

Detection Message

Type: DETECT (ID=20) (node to base station)

0 1 2 3 4 5 6 7 8
gnp \ \ \ \
ID glapsed L idle time of sender signal value
till seng ‘ ‘ ‘
Idata ’
e ID: 20

e signal value: measured signal value

Type: DETECT ACK (ID=21) (base station to node)

0 1 2 3 4 5 6
g \ \ \
ID glapsed s idle time of sender
till seng ‘ ‘ ‘

e ID: 21

Threshold Message

Type: THRESHOLD SET (ID=10) (base station to node)
Type: THRESHOLD ACK (ID=11) (node to base station)
Type: THRESHOLD NACK (ID=12) (node to base station)

0 1 2 3 4 5 6 7 8
g \ \ \ \
ID e_lapsed time idle time of sender value
till seng ‘ ‘ ‘ ‘
_>
data

e ID: 10 / value: gap value
e ID: 11 / value: threshold
e ID: 12 / value: threshold
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Reading Rate Message

Type: READING RATE (ID=30) (base station to node)

0 1 2 3 4 5 6 7
g \ \ \
ID glapsed s idle time of sender value
till seng ‘ ‘ ‘
Idata ’
e ID: 30

e value: reading rate value



Appendix B

Lighthouse Calibration

As described in [1], the relationship between d (distance from lighthouse rotation
axis), h (height over lighthouse center) and a can be described by the following
formula for the 2D case:

2dsin(a) = C° + v/d? + h2C? + hC”

C®, CP and C7 are calibration parameters defined by the lighthouse geometry.
They can be obtained by measuring «;, d; and h; for a set of reference points i
and solving the resulting overdetermined system of equations.

Every measured point i adds the following equation to the system of equation:

2d;sin(c;) = C* + y/d? + h2CP + h,C"

by rewriting this formula as
U = C'+ViCP + WiC"

with U; = 2d;sin(oy), Vi=+/d?+h2, W;=h;

we obtain the following overdetermined equation system with n reference
points (n>3) :

1 Vi W U;

1 Ve W, Cb Us

1 Vs Ws cf | =| Us = AT =1
SRR c :

1 Vv, W, U,
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In order to solve this “least squares” problem, we have to solve ATA7T = ATT
[19].
With
1 Vi W
11 1 1 L Vi Wy
ATA=| Vi Vu V4 v, 1 Vs Wy | =
Wy Wy Wi W : :
1V, W,
Zg:l 1 27?:1 V; 2;;:1 I/Vz
SV MV S v
i Wi WiV YW
and
Ui
. 11 1 -1 Us U
ATV =V VB V- T Us | =| i Vil
Wi Wy Wi - W, : Yo Wil
Un
this results in the following equation system:
Z?:l 1 Z?:l Vi Z?:l Wi o Z?:l Ui
Z?:l Vi Z?:l Vf Z?:l Vil ok = Z?:l ViU
Z?:l Wi Z?:l WiVi Z?:l VViQ oy Z?:l WU

which can be solved by Gaussian elimination.

With the twelve reference points:

X y alpha_1 alpha_2
(100, 50) 0.24388 0.14494
(100, 150) 0.09649 0.15408
(200, 30) 0.37583 0.08796
(200, 200) 0.07171 0.09024
(100, 300) 0.05970 0.17597
(300, 130) 0.09449 0.06749
(200, 130) 0.09875 0.08852
(300, 300) 0.05096 0.07199
(400, 50) 0.22511 0.05759
( 40, 200) 0.08244 0.38549
(400, 220) 0.05708 0.05148
(400, 120) 0.09615 0.05395
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we obtain the following calibration values for the two lighthouses:

C! = 23.6532cm, CP = 0.0578964, CJ = —0.0615746

C? = 24.7447¢m, CP = 0.0578964, C = —0.0185414

To estimate the error with these_) approximated calibration values, we consider
the residue values: 7 = A@ — b. Listed bellow the residuen error of each
reference point of lighthouse; and lighthouses.

X y  LH1 LH2
(100, 50) -0.0790  0.7000
(100, 150) -0.6755 0.2568
(200, 30) 1.0662 -0.2789
(200, 200) -0.7425 -0.6108
(100, 300) 0.4285 0.1043
(300, 130) -0.3379 -1.1994
(200, 130) -0.3559 -0.7918
(400, 50) 0.0805 -1.1421
( 40, 200) 0.5549  1.0462
(400, 120) 0.2204 1.0914
(300, 300) -0.6172 -2.2488

(400, 220) 0.4575 3.0732

For small d and h values the measurement error are rather small, but with in-
creasing distance the error rapidly increases (last two reference points). We see in
the last two rows that the error with increasing distance results from lighthouses
placed on the y-axis (in other words the x position in increasing distance is not
very accurate if the y value is large as well). Computing the calibration values
without these last two points showed no big difference in the resulting calibration
parameters.

The higher error of lighthouse, is ascribed to mechanical problems (vibrations
of the rotating laser beam).



