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Recent developments at Fukushima Nuclear Powert Rlafapan have created
urgency in the scientist community to come up wsthiutions for hostile industrial

environment in case of a breakdown or natural thsas

There are many hazardous scenarios in an indoosindl environment such as
risk of fire, failure of high speed rotary machinesemical leaks, etc. Fire is one of the
leading causes for workplace injuries and fatajti¢ The current fire protection systems
available in the market mainly consist of a sprmkdystems and personnel on duty. In
the case of a sprinkler system there could be aktlengs that could go wrong, such as
spraying water on a fire created by an oil leak reagn spread it, the water from the
sprinkler system may harm the machinery in useithabt under the fire threat and the
water could potentially destroy expensive raw makeffinished goods and valuable
electronic and printed data.

There is a dire need of an inexpensive autonomgsi®rs that can detect and
approach the source of these hazardous scenarlus. thiesis focuses mainly on
industrial fires but, using same or similar teclugg on different sensors, may allow it to
detect and approach other hostile situations instréhl workplace.

Autonomous robots can be equipped to detect patehteats of fire and find out
the source while avoiding the obstacles during getion. The proposed system uses
Modified Voting Logic Fusion to approach and deelaa potential fire source
autonomously. The robot follows the increasing gmadof light and heat intensity to

identify the threat and approach the source.
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An industrial environment is full of hazards forethvorkers. There are safety and
security system guidelines in place but therevugags room for improvement. After the
Fukushima Nuclear Power Plant disaster in Japandbd of monitoring whole industrial
environment has caught the attention of resear@retshd the world. These hazards may

be chemical leak, machinery breakdown causing dangesituations or industrial fire.

Industrial fires are a leading cause of workplagaries and fatalities. According to

NFPA (National Fire Protection Agency, USA) 201&tstics, [1]
1,375,000 fires were reported in the U.S during2201
2,855 civilian fire deaths
One civilian death occurred every 3 hours and 4utes
16,500 civilian fire injuries
One civilian injury occurred every 32 minutes
$12.4billion in property damage
A fire department responded to a fire every 23 sdso

480,500 of these fires were structure fires.

Fire is an abrupt exothermic oxidation of materidlat generates light, heat, gases
and some other by-productdf in control, fire is very helpful to humans biit not

contained, in some cases it can be disastrousTIi2] best way to not arrive to a
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threatening situation is to detect unwanted firgsrearly stages and extinguish it before

it spreads to other combustible objects nearby.

This work isparticularly important in the case of having a ntonng done at night or
days where active surveillance cannot be perforioyeal human.
There is a need of an autonomous robot that caectdebtential threats of fire in a
workshop and approach the source autonomously veliteding the obstacles during

navigation.

There are security systems in place in factories keep the workers safe, for
example, in case of fire, a sprinkler system wadl dctivated helping to contain fires.
However, a sprinkler system may make a larger aveawhich could not only be
harmful for the machines but also sometimes thaldccause a loss of millions of dollars
by destroying raw materials or finished goods thatusthamot be exposed to water. In
case of a sensitive office building, it may destwajuable data stored in the computers.
Also some industrial fires actually grow more oe aot affected by the use of water as
oil being lighter than water will still burn aftémrown water on.

The most efficient way to put out a fire will being a fire extinguisher at the
source of fire not the whole workshop, after thee fsource is declared using an
autonomous fire detection robot. This will alsowesthat the production or the work is
not stopped in the whole organization and the amais under threat of fire are

undisturbed.
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In order to increase the productivity of the eutty available options, a robot will
need to scan an area of interest, detect and agptba source of fire accurately and
consistently while avoiding the obstacles autonashourhis robot should have very few
false negatives and false positives, i.e., dedtaraif a fire when no fire is present and
non declaration of fire where a fire is presentslthis robot should be able to
distinguish between a less likely and a more liketurce of fire and prioritize its
investigation.

Certain scenarios will need to be tested andafiproach will be refined by using

the mathematical expressions and experimentaltsesul

There are three main scenarios that will be tested.

1. Fire in plain sight of the robot,

2. Fire incident behind an opaque wall and a reflectmall in front reflecting only
the light,

3. Fire incident behind an opaque wall and a non céfle wall present close to the

opening.
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To perform the tasks outlined in the scenarios rilesd¢ above, the method
chosen is “Voting Logic Fusion”, since it was detered that voting logic has the ability
to detect suppressed or noisy targets and alsoshpmsficant target identification
properties. Voting logic is important in many wayss used to fuse explicit or implicit
data originating from multiple sources for realgian ultra-reliable system based on

multichannel computational paradigm. [3]

In order to enhance the capability of this approaatew modified voting logic
approach is presented that combines the sensitityhe system and also keeps into
account the principal variable in fire (heat) imitcount. It not only presents the singleton
sensor mode for the declaration of fire but alsespnts a three sensor based non-
possibility scenario to deter against false alar@rse temperature and two light sensors
are used to perform the initial tasks. For a secseidof experiments, two thermal
infrared sensors and one light sensor is used. Als® sonar (ultrasonic) sensor is
mounted on the robot for obstacle avoidance indégeinof the other sensors. This
sensor does not take part in declaration of fiteidof utmost importance for the robot to
safely arrive at the fire source.

Since there are light and heat sources presenthanlight and heat is reflecting
off the walls and there are multiple reflections these variables, to get consistent

relevant results the focus of the thesis is onctliexperimental results and not on
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simulation, as each scenario is environment sgeafd cannot represent another

possible case of fire detection.

I#) &

This thesis consists of 9 chapters that walk tlaglee through different stages of

work.

Chapter 2 provides a literature review of previguglblished research from
scientists working on similar technology around tverld. It also discusses the

advantages and limitations of such work.

Chapter 3 presents the robot used, the reasonhi®rchoice, the advantages,
gualities, limitations and challenges of usingltitalso describes the kinematics of the
robot.

Chapter 4 discusses the properties of light and hed how the strength of
signals varies at different distances and includéssant graphical representations.

Chapter 5 describes the navigation strategy of ribl@ot and presents the
advantages of using the sinusoidal motion approaciso includes the “VI” or Virtual
Instrument, (another name of LabVIEW programs) glesil to achieve this motion

pattern.
Chapter 6 introduces the “Voting Logic” approaclhl @xplains the different parts
of it such as confidence levels, sensor fusionglbldiagrams and prepares the reader to

understand the approach considering the robotahail
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Chapter 7 explains the “Modified Voting Logic”, ilsiplementation, confidence
level calculations, detection modes, fire declaratialgorithm, its derivation and
explanation. It also presents the calculationsrobabilities of detection and false alarms.

Chapter 8 details the experimental results and dilstusses certain scenarios. It
also includes the commentary for using differemsse arrangements and modifications
of the hardware where necessary

Finally, Chapter 9 concludes the thesis by disogsshe results, conclusions

drawn and providing recommendations for furtheeagsh.
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In their paper, Oleh Adamiv et al. [4] have suggdsa regular iterative method of
gradient search based on the local estimation @frgk order limits. They suggest this
improved method of robot local navigation basedtlba use of potential fields for
movement taking into account the gradient of dioecto the goal. They discuss the
environment for Autonomous Mobile Robot (AMR). Ihetr research, they take into
account that the robot follows the artificial pdtahfields and has enough clearance from
the obstacles to perform manoeuvres safely. Thectiin of movement is chosen from
alternative solutions where the value of cost fiamcts largest. In order to determine the
optimal movement path with any influence of AMRtab or more obstacles, the sum of
the cost function values is used based on leastregunethod. The navigation of AMR
consists of two stages in this paper, namely theement to the goal using gradient of
direction to the goal and the value of cost funttod obstacles, and obstacle avoidance
along perimeter.

Hu Huosheng, et al. [5] in their paper “Sensors Rath Fusion Algorithms in

Mobile Robotics” have provided a broad overview andderstanding of sensor
technologies and data fusion algorithms that haenldeveloped in robotics in general
and mobile robots in particular, with a scope fovisaging their important role in UK
robotics research and development over the neyeafs. The key theme of this report is
to present a brief review on sensor technologyndtudes a brief description of the

current advancement of a range of sensors andwatm algorithms and the reason why
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it is so hard. Then, a brief summary on sensordatd fusion algorithm development in
the UK is presented, including its position in therld.

E. Zervas et al in the paper “Multisensor datadndor fire detection” [6], 2008, discuss
the forest fire detection by using the fire detmttimethod constituting of fusion of
temperature, humidity and vision sensors. Each asermsading is transmitted to a
centralized control unit. A belief of fire probabjlis established for each resultant node,
and then this data is fused with the vision sensiwas monitor the same geographical
area. In the first level the data is fused buthe second stage, the information is also
fused to establish a confidence level of possibitit fire. The first level data fusion
consists of gathering the required data from itdf@nd out-field sensors. It then goes
through the process of recognition of smoke or #aon in case of in-field sensors it
looks for changes in distribution of data. If thésea detection and distribution change is
detected then the second level (Information Fustomes into effect where collection of

probabilities, fusion of probabilities and reasa@nabout the fire is established.

In the paper "Autonomous Fire Fighting Mobile pteith”, Teh Nam Khoon[7], et al.
have come up with a novel design of an autonomologtr This robot, as called by them,
Autonomous Fire Fighting Mobile Platform or AFFPkas flame sensor and obstacle
avoidance systems. The AFFPM follows a preset gattugh the building and uses a
guide rail or markers such as black painted lineaotape to navigate through the
environment until it detects an elevated chance foe being present. At that point it will
leave its track and follow the fire reaching wit3@ cm of the flame. It then would

engage the fire extinguisher that is mounted on glaform. Once it has left the
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navigation route, the obstacle avoidance will sanpperform and it will be able to guide
the AFFPM precisely closer to the source of the.fihen it has extinguished the fire
completely it would then return to its guiding tkaco carry on with its further
investigation of any other fire sources.

Flame detection in the AFFPM has its limitationgtasan only scan the area in front of
the flame detection sensor. Typically the anglevision of such sensor is 45°. If,
however the robot is programmed to make a 360° ¢éwary now and then, it would
increase the area of vision of the robot, slowigvid the robot significantly. Also it
would be using more area for navigation as thekthas to have paths circling in a 360
in every new room it enters on its way. Typicaltystrobot would go into each room of
the establishment, after a set period of time amdopm the required actions, such as

scanning for and extinguishing the fire.

In the paper, “Distributed Detection With Multipgensors: Part —Fundamentals”[8],
Ramnayayan Wiswanath and Pramod K. Varshney dissosse basic results on

distributed detection. They have discussed serigb arallel architectures and the
governing decision rules that may be implementdayTalso talked about optimization
based on Neyman-Pearson criterion and Bayes fotiomléor conditionally independent

sensor observations. The optimality of the liketid ratio test (LRT) at the sensors is
established. General comments on several impoitaues are made including the
computational complexity of obtaining the optimallwgions, the design of detection

networks with more general topologies, and appbecatto different areas.
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In the paper “Cooperative Detection of Moving Tdsgen Wireless Sensor Network
Based on Fuzzy Dynamic Weighted Majority Voting Bean Fusion” Ahmad Aljaafreh,
and Liang Dong|9] discus the advantages of weightagbrity voting decision making to

detect targets.

In another Voting Logic approach, A Boolean Algelpproach to Multiple Sensor
Voting Fusion, Lawrence A. KleifLo] introduced an algorithm to solve the maze that
avoids the long process to save time and memorg. proposed algorithm is based on
image of the maze and the algorithm works effidjebecause of the pre-processing on
the entire maze's image data before the robotsstetigation, so the robot will have
information about the maze and all the paths; calyturing the image and processing it
will be enough to make the robot navigate to thrgeiawithout searching because the
path will be known and this will give the robot ptanning time and selection of the
method before falling in mistakes like loops andhbetrapped in a local minimum. In
this research an algorithm to solve maze discopesiplem has been produced, based on
an image of the maze, to create and pre-procesemglata of the entire maze. This
avoids the robot traversing long pathways and stnesand memory. Even if it fails to
cover the entire maze it still better then naviggtine whole maze cell by cell. Results
show that not all walls are detected properly amd tmeans that image processing
techniques go to approximate half of the maze. deonplete solution it doesn't give
proper results, so it is better if it is done imgess as long as the robot approaches to the

end and tries to capture more images so it gete mccurate results. Image processing
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does not give the complete solution; if the imagrild have been taken from the top of

the maze this would work better, but in this sit@it’'s not completely appropriate.

D. Necsulescu and Adeel ur Rehman [11] have discud®e “Modified Voting Logic”,
different sensor arrangements and some experimeesalts claiming that modified
voting logic for target declaration is a valual@ehnique to identify industrial fires in an

indoor environment. This thesis is based on thpepa

The above works have great contribution to thedfiglit there is a possibility of using
another more productive way of detection and datitam of industrial fires using a

modified voting logic fusion, the approach chosenifivestigation in this thesis.
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The robot used for these experiments is a non babn differentially driven robot
called Mindstorms NXT ®. This light weight easydesemble robot was chosen due to
the following qualities:

Lightweight

Inexpensive

Easy to build

Can be programmed in LabVIEW

Quite accurate and precise

Is capable of quick changes in the hardware asnestjby the user

Is compatible with a number of sensors includirgptii color, proximity, touch,

PIR, TIR, gyroscope and other sensors.
Some of the limitations include

Only four inputs can be connected at one time

Very low profile on the ground

Slow

Does not have support for smoke sensors

The robot can be constructed in accordance to $b8suneeds. It consists of four input

ports and three output ports. The input ports agable of receiving signals from a
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variety of sensors including ultrasonic, TIR (Thatnnfrared), light, color and touc
sensors.

The output ports can run threifferent motors which can either mobilise 1
robot or perform certain actions. The input pores @enoted as numbers 1 through 4
the output ports aneamed as the first three alphabets namely A, BGrdsing the sam
nomenclature the sensors woibe referrecas Sensor 1, 2, 3 and 4 respectively anc
corresponding motors to the ports would be der as Motor A, Motor B and Motor (
respectivelyThe processing unit of this particular robot idexhlthe “brick”. The brick is
generally placed inhe middle of the robot being the biggest unit. Ttosild also bt

considered as the central processing of the robot.

Here is a quick description of different partstod tobot.

# - (% o

Figure 3.1 Programmable NXT Brick
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The NXT Brick™ is the center of the system. It teas a powerful 32-bit ARM7
microprocessor and a flash memory. It also incluslggport for Bluetooth ™ and USB
2.0. It has 4 input ports and 3 output ports. ppasvered by six AA (1.5 V) batteries. A
better choice for the batteries is Lithium Rechalje Batteries. At one time up to three
bricks can be connected however only one brickbk@anommunicated at one time. It has
a programmable dot matrix display. It also allovesi o use a number of pre-defined

commands directly on the brick.

#% " 0
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Sensor Opening

MNXT Port Lego Adapter Holes Sansor Protecton
Dexter Industries
Thermal Infrared Sensor

Figure 3.2  Dexter Industries Thermal Infrared Sans

The Thermal Infrared Sensor or TIR used in the grpnts in this thesis was

manufactured by Dexter Industries. This choice masle because of the qualities



25

that this sensor possesses. It is completely cobi@ad be used with the Brick.
brief description of this sensor follov
Capable of reading surface temperature of the tbfeam a distanc
It can read object temperatures betw-70°C and 880°C
It has an accuracy of (°C and a resolution of 0.02°C.
Capable of reading both ambient and surface terhypes
It is also capble of reading the emissivity values.
The software patch to allow it to be used with LW ® was
downloaded from the download section of Dexter sidas suppor
website.
This sensor has an angle of vision of a total °, 45° of which are t
the paitive and the other 45° is on the negative sid¢hef norma

axis.

Figure 3. 3 Ultrasonic Sensor for Mindstorms® NXT

Consists of two sensors 3 cm apart horizon
The Ultrasonic sensor is able to detect an olin the wa

It is also capable of measuring its proximity ichesor centimeter
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Maximum range is 255 ¢. When the objects are further away fr
this distance, it returns the maximum value th&55 cm
Compatible with Mindstorms ™ NXT 2

It measures approximate distar and needs to be calibrated aga
physial values for greater precision. Its accuracy - 3cm

The distance of the object detected by the ultiass@ensor depenc
upon the ultrasnic reflectance of the object’'s composition anek<

It detects larger hard objects from a greater distacompared to tt
small soft ones

The sensor detects objects right in front of igegater distances thi
objects off to the side[12]

The Ultrasonic Sensor uses the same scientificciptan as bats: |
measures distance by calculating the time it td&esa sound wave t

hit an object and come ba- just like an echo.

Figure 3.4  Color Sensor for Mindstorms ® NXT

Using the NXT brick, the Color Sensor is able tof@en three uniqu

functions.
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It acts as a Color Sensor distinguishing betweeaiors

It works as a Light Sensor detecting light intens for both reflectec and
ambient light.

It works as a Color Lamp, emitting red, green aretight

It detects colors using separate Red, Green angl BGB) componen

The angle of vision of thisensor is also 455n either side of the norm
axis.
To detect color, it needs to be very close to tilered object (1~2 cnr

Its output values also range from 0 to 255 forltimeinance [13]
#H & 0

Mindstormsrobot used in the experiments fthree output ports, described as #

and C respectively. These output ports are conddoté&Servo Motors with built i

rotation sensors.

| # $%8&
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Figure 3.5 Servo Motor with Built-in Rotation Sensor
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Sensor measures speed and distance and reportolibekNXT.

Allows for motor control within one degree of acacy.

Several motors can be aligned to drive at the sspred.

Each motor has a built-in rotation sensor that tets user control the
robot’'s movements precisely.

Rotation sensor measures the motor rotations imedsgor full rotations
with an accuracy of +/- one degree.

The motors automatically get synchronized by usihg “move”
command. [13]

The motor speed can be programmed from 0 to 200/&ipmdicating the
speed of the motors.

The speed of the robot due to the rotation of timestors at 100% power

is 30cm/s. (0.3 m/s)

&'& (

There are certain other outputs such as soundgignal to the PC that may also be
obtained from the NXT Brick.

(#)

The robot can be assembled from these componedtsam either be programmed by

communicating through a Blueto6tor a USB cable connected to the computer.

It comes withLabVIEW® based software calledXT-G2.0but that can only perform

basic actions. In order to perform the advancedutations as required in this thesis,
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LabVIEW®was preferredLabVIEW®has a built-in support for Mindstorms. In order to
accommodate the third part sensor (the TIR sena@)ftware patch from the website of
Dexter Industries was downloaded. This patch esalbhe software to acquire the

ambient, object and emissivity from the TIR sensor.

After the assembly the robot appears as follows

Figure 3.6  The assembled NXT 2.0 with one TIR ity and color sensors and one
ultrasonic sensor

The ports visible to the viewer are the input patel the ports on the other side are
output ports connected to the three Servo Motong of them in this design is not

actively used in the robot movement.
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Certain ports are designated to certain sensasgdm any programming confusion.

Port1 was allotted to the TIR Sensor
Port2 was allotted to the “Color and Light Sensor” wéneen LED
Port3 was allotted to the “Color and Light Sensor” wiglue LED

Port4 was allotted to the Ultrason®ONARsensor.

Also for the output ports:
PortA moves the Servo Motor A, which was used as arcatigin of declaration
of fire.
PortB powers the motor on the right side of the robmiking from front
PortC powers the motor on the left side of the robatklng from front
The ultrasonic sensor was also mounted in the fiodtits job was to avoid any physical
obstacles. As the robot reaches the vicinity oftlagoobject within 25 c¢cm it would back
up turning afterwards depending upon which side &ageater gradient of light and

keeps detecting the elevated levels of light arat.he

#2 &

As mentioned above, this is a differentially driveabot that moves depending
upon the relative speeds of the driving wheelstrotled by the driving motors. Here is a

brief description of the movements of the robot.



31

If Motor B and C run at the same speed, the robilit mwove forward or
backwards
If Motor B is running forward and Motor C is stompthe robot would turn LEFT
(or rotate in anticlockwise direction) with the svarigin as the center of the left
wheel.
If Motor C is running forward and Motor B is stogpbé¢he robot would turn
RIGHT (or clockwise direction) about the axis onigif the center of the right
wheel.
If Motor C is running forward and Motor B is rungifbackwards, the robot will
rotate clockwise at that particular spot with thkesaf movement to be the center
of the robot.
If Motor B is running forward and motor C is rungibackwards, the robot will
rotate anticlockwise at that particular spot. Witle axis of movement to be the
center of the robot.
The speed and power of these two motors can beedlt® have different
combinations of turns having different radii aneéesgs.

This is a qualitative description of the kinematidshe robot. Next section presents the

mathematical model of the kinematics of the robot
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#3 4

Fig. 3.7 describes the differentially driven robot

v

Figure 3. 7 The Model of a Differentially Driven Two Wheeledgxiomous Rob
in a two-dimensional workspace.

) * +& HSH |

Assumptions:

No slippage between the wheels and axel

No Slippage allowed between the tire and terramammg the relative velocity at
contact point between the wheel and horizontalelarzero.

Steady state movement (Lightweight robot)

2D environment
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Nomenclature:

V| = Velocity of the left wheel,
V, = Velocity of the right wheel,
V = velocity of the assembly,
= Angular velocity of the geometregenter of the vehicle,
2b = Distance between wheels,
R = Wheel radius,
+(t) = Rotation angle of the right wheel

1(t) = Rotation angle of the left wheel

Non-holonomic differential robot kinematic modelgisen by:

+
VX = uCOSq
2
Vy = uS”’]q
2
V, -V,
w =
2d

The configuration of the robot can be described by:
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q=0xy.q./ /1" 1)
where x and y are the two coordinates of the geaonetnter of the Autonomous
wheeled vehicle.

is the orientation angle of the robot (Robot ctadion).

The Kinematic Model of the Robot in matrix form1d]:

\ R/2 R/I2 w

= r 2
g RI2 -RI2b w @)
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Figure 4.1 shows théght intensity decreaswith distance.

— |

&nexarnple of the “one over rsquare d” relationship forlight

Figure 4.1  Light intensity decrease with distance. (NASA Imagvebsite
http://imagine.gsfc.nasa.gov/YBA/N-velocity/1overR2-more.htil

Converselythe increase of intensity oght traveling towards the source follows
same squared distancgationslip

L
Ly =— (4.1)
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When the sensors detect a light source, the vdlilecandescence will increase at this

squared distance relationship in terms of distdrjamoving towards the light source.

Heat can be transferred from an object in threéemiht ways, namely, conduction,
convection and radiation. In the case of a firere@uthe heat is transferred to the sensor

by radiation.

The radiated heat follows the same relationshij wespect to distance from the source.
Hence the detected increase in temperature will beotvery substantial buas the

distance to the source decreases, the increasmpetature will be exponential.

To calculate that, we have to take “solid angleaatount this has the units “Stradians”
in the Sl system. The conical vision of the sensalishave a detection area depending

upon the angle of vision of the sensor.

One whole sphere has aboyt &tradians. We will not go into the solid anglesietail
as we have made an assumption that the robot ectdeg the fire source in a two-

dimensional environment.

Hence the distance to the source and the inteakiight are the two factors that remain

of interest.
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Table 4.1 Relationship of light intensity with distance freine sourc

The light comingfrom a luminous source can be considered as a thneensional bal
increasing in sizeand decreasing in intensias it travels away from the source. Fig

4.2 describes the relationship in a graphical mar

It is possible for a sensor to detect robot movementelative to the sour: by
comparing the gradient of light at different pasiis from a sourcand to perm to

calculate the distance and also direction of thec®
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There are certain animals in the wild having sensbdifferent kinds. For example some
snakes have IR sensors; Bats use the reflectedl s@aves to map their surroundings,
path and prey. Also some insects such as beetles $fown some greatly evolved
infrared sensing of forest fires, not to escapmiitto lay their eggs in freshly burnt wood.
[15]

Most of the animals including humans have two egass, hands, nostrils. That not only
gives them a “stereo sensing” of the objects irstjae but also a perception of “depth”.
It is very easy for humans and most other anin@jsigst move their neck and sense the
objects around them but it becomes a more chalgnghen an autonomous robot has to
do the same thing.

Lilienthal et al in his paper “Gas Source Tracing With a Mobile Bdsing an Adapted
Moth Strategy, 2003"[15] discusses different sgae adopted by different moths to
detect sources of different kinds. One silkwornetiscalled Bombyx Mori uses a similar
strategy. In that strategy, a fixed motion patteralizes a local search and restarts the

motion pattern if increased source concentraticgersed.

It results in “Asymmetric motion pattern biased &vds the side where higher sensor
readings are obtained hence keeping the robotdlose proximity of the source after
guiding it".

The behavior of the silkworm moth Bombyx mori islievestigated and suitable for

adaptation on a wheeled robot, because this mathllysdoes not fly. The behavior is

mainly based on three mechanisms [15]
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a trigger: if the moth’s antennae are stimulatedrnbgrmittent patches of phero-

mones, a fixed motion pattern is (re-)started

local search: the motion pattern realizes an cegkribcal search for the next

pheromone patch

estimation of source direction: the main orientatmf the motion pattern that
implements the local search is given by the inst@bus upwind direction, which

provides an estimate of the direction to the source

Stimulation to either antenna triggers the spegctimtion pattern of the Bombyx males.
This fixed motion sequence starts with a forwandysudirected against the local air flow
direction. Afterwards, the moth performs a “zigzagdlk, while it starts to turn to that
direction where the stimulation was sensed. The &ngles and the length of the path
between subsequent zigzag motions turns increase egich turn. Finally, a turning
behavior is performed, while the turns can be ntben 360 . This “programmed”
motion sequence is exactly restarted from the lmeginif a new patch of pheromones is
sensed. As it could be shown in wind tunnel expenits by Kanzaki [16], this behavior
results in a more and more straightforward pateatéd towards the pheromone source if

the frequency of pheromone stimulation is increaged
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The solution suggested is a “sinusoidal” movemern¢rease the visual area of the robot

for the first detection of the increased intensitya variable of interest.

Each sensor has different constraints such asndistaf vision, peripheral vision, and
range and accuracy limitations. The light sens@sduin Mindstorms robot have a
peripheral vision of 45°. That means that when toist detects light 45° on either side

of the normal axis is being searched for incredigid values.

S S

f

L

Figure 5.1  Sensor Peripheral Vision
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Introduction of the sinusoidal movement of theabis important to scan a larger

area for possible heat and light sources.

DIRECTION OF MOTION

v

Figure 5.2  Sinusoidal movement of the robot arzhsable angles

Since the sensors are fixed on the robot and theement of robot determines the
direction of these sensors, the vision of theseasnis limited to 45 . The sinusoidal
movement used for the navigation strategy, movesdbot 45 to the right and 45 to
the left while sampling the elevated levels of tigin heat. This sinusoidal movement,
shown in Figure 5.2, requires peripheral visionsehsors of 180 in the direction of
motion of the robot.

In order to cover 180 in the direction of motidmias chosen to use a scanning approach

such that, as the robot travels in a straight kine,sensors cover the area surrounding it.
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The speed of the robot is 0.3 m/s at 100% powee. @dwer can be altered from 0% to
200% to change speeds. The optimized samplingefisass is 10 times a second. A sine
wave of amplitude 1 was chosen to optimize theadist traveled, area scanned and time

elapsed to complete one cycle.

Depending on the requirements, the amplitude aeduincy can be chosen by the
programmer. If there is a need to scan a wider, dheaamplitude can be changed to a
larger value number.

The robot trajectory can be simplified as a zigaagfion where it crosses the x-axis at

45° angle.

Zigrag Motion Pattern detadls:

Distance travelled by the robot = 400 cm
Horizontal distance travelled = 282,34 cm
Angle of scannable increased by = 45 degrees
Area of scan ncreased by = 100%

Extra distance travelled = 41%

£s2,84

Direction of motion of the robot

Figure 5. 3  Scannable area and zigzag motion patter
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Figure 5.4 is a representation of the scannnakele iacrease and extra distance travelled
by the robot to scan that extra area. The robotampés described earlier, can be better
modelled by a zigzag motion instead of a sinusai@aement.

As described previously, the peripheral vision angf the sensors is 45°. By the
introduction of the zigzag motion pattern the pleegal vision on each side of the sensor
increases to 90°, doubling its capability of detegttargets around the direction of its
motion. The extra distance travelled by the robathout 41% which can be well justified
considering the increase in the scannable areaitber eside of the direction of robot

motion.

[SIMUSCIDAL MOVEMENT]

Figure 5. 4 LabVIEW Virtual Instrument (V1) fonsisoidal movement of the robot
ending as higher levels of light are reached
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Figure 5.5  Flow chart for the zigzag movementatfat

As previously described, the program written in VHBW is called a Virtual Instrument
or a VI. In the above VI designed for sinusoidal vement several issues were
considered. The motors of the robot are running atedefined speed, changing their
direction as the speeds of the motors are charkg®dthe first second, Motor B runs at
50% power while Motor C runs at 10% power essdwgtialrning the robot right. After
that one second, the same ratio is applied to tbens but it is reversed, moving the

robot in the other direction, achieving a sinusbaave of amplitude of 1.

Two light sensors can also be observed detectgid. liThe sensor connected to
Port 2 emits green light and the sensor conneatedPdrt 3 emits blue light for
recognition purposes. If one of these sensors telight value more than or equal to 60

Lumens, this sinusoidal movement program terminbteging the robot to halt. But the
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next level of program comes into effect which gsidlee robot towards the now-detected
light or heat source. That strategy is discussd&chapter 7.

Next, a description is given for tracking of thghi source with one, two and
three sensors. The information given in this chaptely refers to the tracking and
approach of the robot to the source. Fire declamatilgorithms are described later in

Chapter 6 and 7.

2#%

In the case of a single sensor tracking, the wapltow the increasing gradient of heat
was to compare the current temperature reading pvékiious reading. As mentioned in
Chapter 4, the gradient of light and heat wouldease if the robot is approaching the
source. Hence a program was designed to make thet gmw straight as long as the
current temperature was greater than the previnasAs soon as the comparison shifted
the other way around or gave the same temperatacing as the previous reading, the
robot would slightly turn right (or left). If theomparison continues to give lower or
equal values, the robot will keep on going in &leiuntil it detects elevated temperature

values and starts travelling towards it.

The TIR sensor was mounted in the front of the tol®dR sensor gives the object
temperature function of distance. As describedhayier 4, the relationship between the

light or temperature intensity increase to theagise is exponential.
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For this purpose a “While loop with Shift Registevas used. The strategy developed
was that the motors A and B would make the robdke@a360° turn. On the detection of

elevated temperature, both motors start movingdaivé the robot towards frontward.

Temperature readings are taken every™ofa second. These readings are compared to
the previous temperature readings which makesaibet decide if it needs to go straight

or turn.

To maximize the certainty and minimize jerky motiminthe robot, an average of the last
4 readings is taken in account to be compared docthirent value, producing a much

smoother curve and hence smooth movement.

By comparing the previous readings and always gtomeards the higher reading than
the previous one, the robot is able to get to thece. A predefined temperature value
determines that the robot has approached closeghriouthe source and at that point it

beeps and stops moving.



a7

This program calculates the previous value and compares it to the new value, IF the previous value is smaller than the new value, it wil
make the motor go backwards, MAKING IT TURM SLIGHTLY RIGHT OR LEFT FINDING INCREASING GRADIENT
FIGURE REPRESENTS PROGRAMMING IF THE GRADIEMT IN INCREASING THE ROBOT TRAYELS TOWARDS ITS FRONT

Current Temperature Yalue

F3

Figure 5. 6 LabVIEW programming for a while loofthwshift register showing the
true case of increasing gradient of object tempaneat

As it can be seen from the simple programming thatTIR sensor is connected
to the brick via port 1. There are two charts pastliby this program. One shows the
current raw value of temperature detected by timsaein degree Celsius and the other
chart displays the average of the last four vahfethe temperatures to make the chart
smoother. The case structure has the capabilitettan different values if a true or a
false value is provided to it as input. The stoftdruterminates the program. It can also
be connected to a specific situation as it is redalhen the program may stop, such as

the achievement of a high temperature to decléire ancident.



48

As an increasing gradient of temperature is obskraegreen LED lights up indicating
the robot is travelling towards the source. Thihtigoes off as either the gradient of heat

is constant or has a decreasing trend.

This program calculates the previous value and compares it to the new value, IF the previous value is smaller than the new walue, it wil
rnake the motor go backwards, MAKING IT TURN SLIGHTLY RIGHT OR LEFT FINDING INCREASIMG GRADIEMT
FIGRE REPRESEMTS PROGRAMMING IF THE GRADIENT IS NOT INCREASING

Current Temperature Yalue

zﬁ
L E oy

DE

fiverage of the last 4 values

i Boolean

TF

Figure 5. 7 LabVIEW programming for a while loopghnshift register showing false
case for increasing gradient of object temperature

Several experiments were performed to check thieitsabf the success of the program
with goodresults. It was observed that the robot reacheddirce every time as long as

the source had a noticeable temperature graditfatatice for the sensor to detect.
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Figure 5. 8  Block diagram for one sensor gradient increas

In this particular experimerthe robot was placed in the plain sight of the sewrithout
any obstacles in the walience the obstacle avoidance techniques were eot 0$e
speed of the robot was kept at 50% to alenoughtime to detect the temperature ¢

not miss readings.

The waitingtime for each reading was one tenth of a secong, lvedow the

sensor capagitto make sure that the sensor does not returndaiinite value
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As evident from Figure 5.5, the robot continuoufifowed the increased gradient of
temperature until it reached a peak value of 130fkich had been pre-defined as the

declaration of fire.

File Edit Yiew Project Operate Tools Window Help
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STOP Terperature Waveform Plot 0 -J
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Fire Declaration

—
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Figure 5.9  Temperature waveform for the singlesseibased increasing gradient
trail guidance

If the waveform was to be looked at critically @arcbe observed that there are
some points in the curve where the temperaturestesly for a brief moment of time
such as at 95°C and 126°C. Also another observatatd be made for the temperature
actually reducing at 114°C, 128°C and 120°C. buepthan these points the gradient

followed is always increasing.

Also from 80°C to 95°C the curve is exponential ethiat a constant speed
signifies that the robot was traveling straight &oels the heat source. When the reflected

temperatures come into effect as the robot appesactoser to the source it can be
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observed that the robot had to correct its diractifind the highest possible value in its

area of scanning. It took the robot 10 secondsachr the goal.

Certain amplitudes and frequencies were testedaanttan value was reached
that produced accurate detection of the sourcen@enough time to the sensors to track

the light source) while not exhausting the battedata faster rate.

Tangents were drawn at 45 on the chart to findtbat the actual area covered
was 180 . Moving in the sinusoidal movement notyoeliminates the chances of the
robot travelling to a point that is reflecting thignal in question but also makes sure that

other sources are also kept under consideration.

2#( 0&

Tracking of a light source with two sensors givesam opportunity for a strategy of a
continuous comparison between the sensor readingad, depending upon the sensor

reading values, for a robot control that can chatsggéirection of movement.
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Sensor S Sensor S

-

NXT 2.0

Figure 5. 10  Two light-sensor tracking system

Essentially the two sensor readings are comparedsing a comparison operator. In
Figure 5.6 the peripheral visual range of the sengo described but the ambient and

reflected light does reach the sensor as well.rdhet successfully reaches the source by
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repeating the commands until a termination conalifoch as a stop button or intensity of

light above a certain value is reached.

Blue LED Light Sensar

=
0. —

{1 b =

Figure 5. 11 VI for two sensor source approaching

As the two sensors are connected to two differentispthey are defined by the color of
light their lamp emits and the position of portyttege connected to. The motors are also
defined by the name of port they are connectedrén.data acquisition two charts are
also connected to the raw data so that the obsearefog the data. For the comparison
operator, a greater or equal operator is used.ré@ason for this operator beinged is
that if the readings of both sensors at any givemario are equal, the robot moves and
creates an unequal reading from these sensors hgoing indeterminate points while

approaching the source of light.
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Figure 5. 12 Block diagram for two-sensor light following

The front panel from Fig. BC of this virtual instrument (VI) gives a graphic

representation of the approach towards the |

STOR

) P | . ooy - N
Blue LED Light Sensar e | Green LED Light Sensor 2 Fiok 0 s

Amplitude

Gradual increase of light
values. Comparison can b
seen on both readir

Figure 5. 13 Front Panel for tw-senso light tracking systel
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Figure 5.8 shows the sensor readings as the roéetl$ in a zigzag motion leaning
towards a higher gradient of light and finally aggching it. For this experiment the
robot was placed in a dark room with one light sewwvhile it detected and approached

it.

2#) &  $

One of the major ingredients of a robot programolsstacle avoidance. This is

particularly necessary for the robot to be in adyslbeape to perform different actions.

SONAR or Ultrasonic sensor was used for obstacleidance in these
experiments. Simple avoidance would consist ofetlsteps

Scan the area for any obstacles

When an obstacle is detected within a pre-definedtace, either change

direction or back up

Continue to scan for variables of interest aftafqrening these actions.
In the current deployment of the VI's it was imgort that the robot does not waste time
in trying to figure out which way to turn hence the light sensors on either side help

the robot making a choice of direction to back ap. t
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As the robot approaches an obstacle the ultraserisor S4 comes into control of the

motors. At this point the robot would back up noing straight backwards but detects

the light values from the two light sensors.

. Obstacle 1

Figure 5. 16  Obstacle Avoidance

If Sensor S1 receives a higher value of light ttrensensor S2, it would back up turning
towards the direction of the sensor S1 and if #reser S2 is displaying a higher reading,

it would turn towards the direction while backing, towards the sensor S2.
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As evident from its name, Voting Logic Fusion isensor fusion technique that
takes all the sensors and their level of readim§g account in the source declaration
process. It is a very useful technique to deteatktand classify objects. This technique
provides superior protection against false alamme high clutter or noisy background. A
detailed description of this technique is giverthe book “Sensor and Data Fusion: A

Tool for Information Assessment and Decision MakKibg Lawrence A Klein [18] .

Different sensor arrangements have different atdwpes and disadvantages. For
example a parallel configuration of the sensors naethat each sensor is working
independently and the decision making process dau#sdepend on other sensors
readings. This arrangement is especially very iefiicin detecting the suppressed or
noisy targets. For this sensor arrangement, ean@ must be taken to choose the sensors
as it requires sophisticated and accurate sensorsasing the cost of the assembly. Also
this type of arrangement is susceptible to falsenas, as at one time only one sensor is
responsible for declaration of the targets. Heheeeasy to distract a robot with this type

of sensor arrangement.
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- “External ™,
\ Environ merjl/'

sensor A ||Sensor B ||Sensor C|

Figure 6. 1 Parallel sensor arrangemds]

Venn Diagram for the parallel arrangement appeabetas follows:

Sensor Sens}"ga_]s}'
ALY

Figure 6. 2  Venn diagram for parallel sensor argamen{18]

Series configuration, on the other hand requirks$hee sensors to declare a target
simultaneously for the system to announce dectamafihe advantages of this system are
reverse of the parallel configuration. This configtion is very good in rejecting false
alarms from decoys but on the other hand this systees not exhibit a good suppressed
target declaration. This configuration does notuigg extremely high quality sensors
hence the cost of the system is low.

/’External"“\

\5nwmnmery’ !,f""_"'*}/"_‘“\
[ Sensor |Se|'|50[ |

\ﬂi’\/

Sensor B ' Senscnr

L
Sensor C \___/

Figure 6. 3 Series sensor arrangement with Veagrdin{18]



61

It can be seen from the Venn diagram that thectietearea, shaded in grey, does
not cover a large area hence declaration of thyetas difficult as this configuration will

only allow declaration when all sensors are deatgdine target.

It is expected that a combination of both of thesefigurations would produce a
product that is more efficient, while detecting prgssed targets and is not susceptible to
false alarms. The series/parallel configurationsdast that (Fig. 6.4).

This configuration isiot only able to detect suppressed targets butislable to reject
decoys. It is also particularly better than thetfitwo configurations when it comes to
noisy signals coming from the target. On the otieard, it does increase the complexity

of the declaration system.

/ Extemal ™, TN YN
r@qvimnmey .Lfgensor Sensor |
I I %_T_- ] ] \\'ﬁ B-/
| Sensor Al[Sensor A|[Sensor B||Sensor A| | Sensor |
| 1 %
|Sensor B|| Sensor C|[Sensor C||Sensor B| N

Figure 6. 4  Series/Parallel configuration of sensorangemen{18]

The shaded area describes the declaration spatiee iVenn diagram. The different
combinations of sensor readings, such as AB, AC,aB@ ABC, can be seen. If the

sensor readings lie in any of these combinationarget is declared.
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This type of sensor arrangement supports a Vdtogjc Fusion process. In this
process, the user gets the best of both the wdtlddlows the sensors to automatically
detect and classify targets based on the knowlgdgeed by sensing. This process also
does not require manual switching of the sensosedan the quality of their inputs
rather this system has the ability to understafigrént levels of signatures in different
combinations. This configuration may also be maedifito suit the needs of another
current project. Some predefined conditions mayo die added in the rules of

declarations.

The fusion algorithm combines the target reporadatd assesses the likelihood of the
target being present at any location. The charattey of the sensor inputs such as

spatial frequency, amplitudes and bandwidth plaigaificant role in fusion algorithm.

3#% $

Each sensor has a degree to which the signal cuosfoilo pre-defined target
characteristics. The amount to which an output a@igrtomplies with the pre-defined
characteristics of the potential target, determthesconfidence level of the sensor report.
The confidence level is dependent not only on tmesser qualities but also the target
characteristics. So it can be said that the contiddevel is dependent on the degree of
which an input signal matches an ideal targetptieeidentified value that matches to the

ideal target and signal to interference ratio.
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The confidence levels are highly dependent on tladity of the sensors such as whether

the sensor is active or passive, its spectral beeshlution and its field of view. The

following table describes the different characterssof the sensors and their dependence

on targets.

Feature
Category

Representative Features

Other Attributes

Geometrical

Structural

Statistical

Spectral

Table 6. 1

Edges, lines, line widths, line
relationships (e.g., parallel,
perpendicular), arcs, circles, conic
shapes, size of enclosed area

Surface area: relative orientation;
orientation in vertical and
horizontal ground plane;
juxtaposition of planes, cylinders.
cones

Number of surfaces. area and
perimeter, moments, Fourier
descriptors, mean. variance,
kurtosis, skewness, entropy

Color coefficients, apparent
blackbody temperature, spectral
peaks and lines, general spectral
signature

Represents the geometric size and
shape of objects

Man-made objects tend to exhibit
regular geometric shapes with
distinct boundaries

Develops a larger scale and
contextual view of image
Segments

Used at local and global image
levels to characterize image data

Man-made objects tend to possess
distinct infrared spectral signatures

Some representative features and otitiéiowates of different types of

targets[19]

In this thesis the nomenclature that has been dsedconfidence levels islow

confidence, medium confidence and high confidefbese confidence levels are defined

by the programmer. In this nomenclature; Wwould be considered as the lowest

confidence level, Awould be a medium confidence level anglig\.the high confidence
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level. Later in the next chapter there has beemtaoduction of the confidence level,A
which will be discussed in detail while examinirigetmodification of the voting logic.
Same nomenclature can be adopted for the otheorsewsth a subscript of the level of

confidence.

3#(

Detection modes may be defined as the combinatidrsensor outputs that may be
considered as the presence of a valid target dédar In a typical detection mode the
user may define a combination of the lowest comitgelevel detected by all the sensors
detecting the target, or it may include one semsthr high confidence level and two with

intermediate or low confidence levels.

In a three-sensor detection system, if the sensmrenclature was to be considered as A,
B and C and the confidence levels are definedibscsipt 1 for the lowest and 3 for the

highest confidence level, the combinations thata#tia@aned are discussed in table 6.2.

As it can be clearly seen from the combinations #heariety of possible combinations is

present and the combinations of interest may omelydéfined by the user as deciding

combinations for declaration of the target.

There are 27 i.e., {3or 3x3x3) combinations for the three sensor systéth three
confidence levels as described in Table 6.2. Thage from the lowest confidence levels

to the highest confidence levels.
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Also Tables 6.3, 6.4 and 6.5 detail the possiblenlmoations for the two sensor
combinations. Nine possible combinations i.€?) @escribe detection modes for two

sensor combination.

Out of these possible combinations detection maodayg be defined. For example if a
detection mode for three sensors is to be defirech &ombination of at least low
confidence level reading from all these sensors mayconsidered to be a detection
mode. Also for two sensor combinations, at leastliom confidence from both of the
sensors may be defined as a possible detection .nmadédifferent cases different

combinations are required for detections.

Combination of sensors Possible combinations ofidence levels

A1B1Cy
A1B1C,
A1B1Cs
A1B>Cy
ABC A1B2C;
A1B>C3
A1B3Cy
A1B3C,

A1B3C3
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A2B.1Cy
A2B1Co
A2B1C3
A2B2Cy
A2B2Co
A2B2C3
A2B3Cy
A2B3Co
A2B3C3
A3zBi1Cy
A3zB1Co
A3zB1C3
A3zB2Cy
A3zB2Co
A3zB2C3
A3zB3Cy
A3zB3Co

A3zB3C3

Table 6. 2 Three sensor combinations when all@sriaputs are obtained

Combination of sensors

Possible combinations ofidence levels

AB

A1B;
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A1B>
A1B3
A2B1
A2B>
A2B3
A3sB;
AsB>

A3zB3

Table 6. 3 Two sensor combinations for sensorsdBan

Combination of sensors

Possible combinations ofidence levels

AC

ACy
A.C,
A.Cs
ACq
AC,
ACs
AsCy
AsC,

A3Cs

Table 6. 4 Two sensor combinations for sensorsddGn
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Combination of sensors

Possible combinations ofidence levels

BC

B1C1
B1Co
B1Cs
B.C1
B.Co
BoCs
BsC1
BsCs

Bs3Cs

Table 6. 5 Two sensor combinations for sensorsdBGn

These choices highly depend upon the inherent tipgalof the sensors. So in a
typical case where sensor A has a higher probglofidetection, the confidence level of
sensor A required to declare a target may not reghe highest possible level when in

combination with other sensors. An example of teelaration modes is provided in the

following table 6.6
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Sensor and Confidence Level
Mode
A B C
ABC A By C1
AC A2 - C2
BC - Bs Cs
AB Az Bs -

Table 6. 6 Confidence levels in a three-sensoesysteclaring detection modes

Table 6.6 describes the detection modes that celardethe presence of a target and the
combinations of the minimum confidence levels fecldration. So in the above table the
expression can be written as the detection mod@sB®iC; or A,C, or B;Cs or AgBs. It is

important now to calculate the probability of deétea for the above system

3#) -1

At this point it is important to establish the pabldity of detection and false alarm based
on the sensor confidence levels and ratios of bigRaoise and target fluctuation

observed by each sensor.
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Using these confidence level combinations (detactimdes) Boolean algebra may be
used to derive the system detection and systera-&dsm probabilities. As described in
the previous section, there are one three-sensbithare two sensor detection modes.
The system probability would be the sum of thevrlial probabilities of each detection
mode. As an illustration, based on the expert kedgt of the designer, it will be
considered the following logic combination
AsB3C3 OR A,C, OR B;C; OR A1 B;
gives the equation for system probability of detect

System B- Ps{ AsBsCs OR A,C, OR B,C; OR A.B1} (6.1)
This equation may be expanded by repeated applicatf the Boolean algebra

expression given as

P{XORY}=P{X} + P{Y} - P{XY} (6.2)

The equation 6.1 then gets expanded as follows

System fy= Ps{ AsBsCs} + P AoCo} + Po{ B1Ci} +
Pa{ A1B1} - Pa{ AsB3C1ACo} - Pof AsB3C3B1Ca} -
Pa{ AsB3C3A1B1} - Poa{ AcB2B1C1} — Po{ AcCoAIB1} — (6.3)
Po{ BiC1Ad} + Pof AsB3sC3ACoB1Ci} +

Pe{ AsB3C3ACoA1B1} + Pof AsB3C3BsC1A1B1} +
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Po{ A2C2B1C1A1B1} + Pof AsB3C3A2C2B1C1A1By}
These are non-nested sensors so the confidends [@veach sensor is independent of

others, hence the expression for union and inteosethat are applicable are as follows:

Pd{ A1 U Az} = Pd{ A]_}+ Pd{ Az} (64)

And

P{AL A}=0 (6.5)

Hence the simplified system detection probabiltpression becomes:

System Fy= Po{ AsB3Cs} + Po{ AcCo} + Pof BiCi} + Po{ A1B1} -
(6.6)
Pa{ A1B1C1}
As each sensor is independent of the readings eobther sensors, the probability of

detection may be written as the product of the @bdly of detection from each sensor.

This yield:

System Fy= P Ag} Py {Ba} Pa {Ca} + Po{ Ag} Pq {C2} + 67
6.7
Paf B1} Pa {Ca} + Pa{ A1} Pa {B1} - Pa{ A1} Pq {Ba1} Pa {C1}

Equation 6.7 describes the total system probglolitdetection as the product of
the detection probabilities of sensors A, B andt @hea lowest confidence level added to

the product of probability of detection of the sarssA and B at the medium confidence
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levels added to the product of probability of datetof sensors A and C at the highest
confidence level, subtracted by the product of cteie probabilities of sensors A, B and

C at the highest confidence level.

Meanwhile as each system has a false alarm pildbpalii is as important to
calculate the false alarm probability as it is &dcalate the detection probability. The
same equation, (Equation 6.7) may be used to dietisetalarm probability of the system

as well. [18]

SyStem I:fa = Pfa{ A?} IDfa { BS} IDfa {CS} + Pfa{ AZ} Pfa {CZ} +
(6.7)
I:)fa{ Bl} Pfa {Cl} + IDfa{ Al} Pfa{ Bl} - Pfa{ Al} IDfa { Bl} IDfa {Cl}

Where “System £ is the false alarm probability of the system.

)y- ! "% % |

Using the values from three sensors, two of whiehlight and color sensors, and one of
them is temperature sensor. The individual senstection probability at a particular
confidence level is calculated by multiplying theheérent detection probability of that
sensor by the conditional probability. Then the aladetection probability is calculated

by multiplication of sensor detection probabilities
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These are the steps to follow while computing teecdion probability
Determination of the detection modes
Selection of inherent false alarm probabilitiesdach sensor confidence level
Calculation of the conditional probabilities copesading different confidence
levels by performing offline experiments.
Calculation and verification of false alarm probiieis
Calculation of the inherent false alarm probatatitof each sensor
Calculation of the inherent detection probabilitidgach sensor
Calculation of the probabilities of target deteotioy each sensor at appropriate
confidence level
Computation of system detection probability
Computation of system false alarm probability

Verification of the satisfaction of the requirement
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Voting logic, as described in Chapter 6, is thecpss of declaration of a source that
keeps into account the values, confidence levets @gorithms of all participating
sensors. This system has great deterrence agaimstetection and false alarms. In order
to improve on the currently available voting logigstem, there are certain modifications
that may be made. Even though this system exhgbgeeat flexibility, there is still the

possibility of non-detection and false alarm.

Depending upon the type of sensors, certain loges may be implemented that

are necessarily not part of voting logic to useséhgensors more efficiently.

#% 6 6

The current thesis focuses on fire detection iniretustrial environment. Fire
exhibits certain qualities that may be clues farlaetion of a fire source. Some of these
variables are more important part of declaratioocess than others. For example a fire
would

Sometimes generate smoke

Most often generate light
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Always generate heat

Always produce CQ

The presence of only smoke or light may not be ghavidence to declare fire.
Also CO; is normally found in the atmosphere and the fisgymot be the only source to
produce that gas if elevated levels of Carbon DRiexre detected. That could be because

of people breathing in a closed environment or aufecturing process.

Heat, on the other hand, if above certain thresholaybe enough evidence of a
threatening situation provided there are no colettdiires present in that area, such as a
forging shop or a heat treatment shop. In heatrirelat shops normally the temperatures

are inside the kiln and outside temperatures anaaio

Therefore it is fitting to include the singletoensor detection modes in fire
declarations for the industrial environment[11] @t hardware did not allow the use of
smoke or C@sensors so two light sensors and one heat semsoused in the first batch

of experiments.

A fire declaration is possible in the current aimstances when we have the light
readings above threshold and the temperature abogeain level. The possibility of fire
diminishes if the light sensors are providing adieg that is higher but the robot does not
detect elevated temperatures. The robot may rdask to the target where due to robot

geometry the light sensors may not give a readiagfalls in any confidence level but it



76

has approached the source. At that instance tresénwill give the highest confidence
level due to the temperature present but sinceotiher sensors are not able to sense it,

voting logic will not declare a target based onaléput of just one sensor.

Figure 7.1  Possible combinations of sensor reasling
At this point the reading from the other sensorsobees irrelevant. Normal voting logic

does not keep this scenario into account. Whereasder to reach the point of interest
the robot has to follow any lead of increased lighty and will not declare the fire

source until it reaches a point where elevated &atpres are also detected.

Hence single sensor detection mode was introdircétis chapter which marks
one modification of the mode. In the following img thesis, sensor A, as described by
the temperature sensor (TIR), the confidence I@&yelill always declare fire, as it may
be the deciding factor due to robot geometry oetgpfire. As an illustration, based on
the expert knowledge of the designer, it will bensidered the following logic

combination of the detection modes ehich giveddhewing equation for system
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A7 or AB, or A,C,or AsB,C, or AzBoCy (71)

Figure 7.2  Fire present at First detection matle

Figure 7. 3  Fire present at First detection matid,



Figure 7. 4

Fire present at First detection mosi£,

Figure 7.5

Fire present at First detection matisB,C,

78



79

Figure 7.6  Fire present at First detection matisB,C,

0 $2 % /"

As in section 7.2 different detectable fire chéeastics were described, one of
which is that it is not possible to have a fire Mgtthe temperatures are low. There could
be a presence of light, Carbon Dioxide, smoke bthare is no heat present, it can be
safely said that there is no fire present, as snaokECQ may have been generated from

other processes and light is always present innarigshop.

Hence it is also fitting to say that a single senway not only be a deciding
factor in a declaration but also the same sensgrimply that a fire occurrence is not

possible., as clear from the name, single sensorpossibility mode. In this case the
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algorithm will ignore any combination of detectioprobabilities while elevated

temperatures are not detected.

In the description to follow, the confidence leudroduced as Awill declare the
non-possibility of fire.
The nomenclature for the subscript numbers for@eAsare:
A; = Highest confidence (Single sensor declaratigalleonfidence)
A, = High confidence
As = Medium confidence

A, = Low confidence (Single sensor non-declaratiorlleonfidence)

The reason for adoption of this nomenclature ewssugh, different from the one
provided in the previous chapter is the introduttid A4, the non-possibility confidence

level.

The significance of this single sensor non-possjbinode becomes more practical
where there is a need to reduce calculation pressua CPU while there are many other
combinations that it has to compute, all the comtiims with single sensor non
possibility mode may be ignored, increasing theiefficy and performance of the CPU.
It is also a very practical solution for a limitedpability robot that may increase its

performance.
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Equation 6.1 can be used to describe the Probabilitietection of a sensor system. As
we have a different combination of detection mouteshis case, the equation can be

modified to become

System B= Ps{ As or AB; or A.C;or AsB;C; or AgB.Cy} (7.2)

A point to be noted here is that there is no cowrpom having A present, which
automatically declares the non-possibility of tleeldration of fire.
This equation may be expanded by repeated applicatf the Boolean algebra

expression given as

P{XORY}=P{X} + P{Y} - P{XY} (6.2)

The equation 7.1 then gets expanded as follows
System Fy= Py{ A} + Po{ AoB2} + Pa{ AoCo} + Pe{ AsB1 Co}
+Pa{ AsB2 Ci}
— Po{ A1 AoBo} — Pl As AcCol} — Pof As AsBr Co} — Po{ AcBo ACo} 22
— Po{ AcB2 AgB1 Co} — Pof AcBo AsBo Ci} — Po{ ACo AgBy Cr} 7
— P ACo AsBy Ci} — P AsB1 G, AgBo Ci}

+ Pof A1 AcBy AcCo}t + Po{ Ar AoBy AsBi Co} + Po{ Ac AB2 }
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+ Pu{ AoBo AcCy AgBy Co} + Pof AcBo AcCo } + P ACo ABr Co AgB
Ci}
—Ps{ AL AcB2 AcCy } — P A AoB, ACo AgB, Ci}
— P AcB2 AcCo AgBy Cp AgB; Cijt+ P Ar AcB2 ACo AgBy Cp AgB, Ci}
These are non-nested sensors so the confidends [@veach sensor is independent of

others, hence the expression for union and inteosethat are applicable are as follows:

Pd{ A]_ U Az} = Pd{ A1}+ Pd{ Az} (64)

And

P{A1 A}=0 (6.5)

Hence the simplified system detection probabiltpression becomes:

System Fy= Po{ A1} + Po{ A2B2} + Po{ AoCo} + Pof AsB1 Co}
(7.4)

+Pa{ AsB2 Ci}
As each sensor is independent of the readingseoother sensors, the probability of
detection may be written as the product of the g@bdly of detection from each sensor.

This yield:

System ky= Ps{As} + Pg{A2} Pq{B2} + Pe{ A} Pq{C2} (7.5)
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+ Ps{As} Pa{B1} Pdq{Cs} +Ps{As} Pa{B2} Pq{Ci}

Equation 7.4 describes the total system probgfitdetection as the product of
the detection probabilities of sensors A, B andt tha lowest confidence level added to
the product of probability of detection of the sarssA and B at the medium confidence
levels added to the product of probability of datetof sensors A and C at the highest
confidence level, subtracted by the product of cteie probabilities of sensors A, B and
C at the highest confidence level.

The numerical values in tables 7.1-7.4 are assutyigidal values just for illustrating the

approach
Meanwhile as each system has a false alarm pildbpalii is as important to
calculate the false alarm probability as it is &dcalate the detection probability. The
same equation, (Equation 6.7) may be used to ditisetalarm probability of the system
as well. [18]
System ka= Pa{Ad} + Pr{ A} Pra{ B2} + Praf A} Praf Co} 6
+ Pa{As} Pr{Bi} Pi{Ca} + Pra{As} Pr{B2} PrCa} o

Where “System £’ is the false alarm probability of the whole systafter the algorithm

is deployed.

Tables 7.1 to 7.9 contain illustrative numericaluea for testing the how the proposed

algorithms work.
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Sensor Sensor A Sensor B Sensor C
Confidence
Level A1 Ao As Ay B1 B> B3 C (07) Cs
Detection | ae4 | 550| 8o0| 1000 400 600 1000 400 600 1000
distribution
Conditional

. 0.35 | 0.55 0.8 1.0 0.4 0.6 1.0 0.4 0l6 1.0
probability

Table 7.1 Distribution of detections among sertoifidence levels

Inherent detection probabilities calculated for sensors at the different confidence

levels, as described in Equation 6.8

Sensor Sensor A Sensor B Sensor C
Confidence
Level Aq Ao Az As B; B, Bs C G Cs

Inherent
Detection | 0.9 | 0.84| 0.8 0.74 088 081 073 088 0/81 0.73

Probability

Table 7. 2 Inherent detection probabilities amoagsor confidence level

To calculate the system probability of detectiogstm R), the values from the above

tables are inserted in equation 7.5, which yields:

System fy= Ps{A} + Pa{Ax} Pq{B2} + P{A} Pq{Cs}

7.5
+ Ps{As} Pa{B1} Pdq{Cs} +Ps{As} Pa{B2} Pq{Ci} (79)

System Fq= 0.315 + (0.46 x 0.486) + (0.46 x 0.486)

7.7
+(0.64 x 0.352 x 0.486) +(0.64 x 0.352 x 0.486) (7.7)

System = 0.981

System detection probability at 98.1% is a valuabkult, where the possibility of non-

detection is less than 2%.
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Similarly the calculations can be done for thedatarm probability of the system.
Equation 7.6 provides the expression for falsenaleaculations, as

System ka= Pa{A} + Pra{ A2} Pra{ B} + Pra{ Ao} Praf Co}

(7.6)
+ Ba{As} Pi{B1} Pra{ Co} + Pra{ A} Pra{ B2} Praf Ci}
Sensor Confidence Sensor A
Level A1 Ao As Ay
Inherent false alarm 3
Probability (Ps) 1.06x10" 1.8x10 1.4x10° | 1.01x1C°
Table 7. 3 Inherent false alarm probability fonser A for all four confidence levels
Sensor Confidence Sensor B Sensor C
Level B1 B, B3 C]_ C2 C3

Inherent false alarn

Probability(R.) 3.5x10" | 2.0x10° | 1 x10° | 3.5x10" | 2.0x10° | 1 x10

Table 7. 4 Inherent false alarm probabilities fensors B and C
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Taking the values from tables 7.3 and 7.4 into antoand using them to solve equation

7.6, the total system false alarm probability isaoted.

System R, = (1.06x10%%0.9) + (1.8x102.0x10°% + (1.8x10%2.0x10%)

+(1.4x10%) x (3.5x10% x (1 x10%) + (1.4x10%) x (1 x10%) x (3.5x10%)

System R, = (9.54 x10°) + (4.32x10) + (4.32x10) + (4.9x10™) + (4.9x10™)

System R = 1.0 x10*
#( .1

Also depending upon the choice of sensors, ifetlveere to be two heat sensors
each of the two TIR sensors may be able to dedldne source and also declare a non
possibility if both of the heat sensors are retugna lower value of the signal. This
situation is particularly important where a chomemore realistic sensors was made.
This combination has seven declaration modes ffeat en a variety of combinations and
individual sensor readings. That in itself is aedetnt against sensor malfunction.

The detection modes in this case would be illustrdty an equation different from eq.

7.1, as follows
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A7 or B; or A,Bs or AsB; or Ang or BzC3 or AszC]_ (77)

Figure 7. 7  Possible combinations of sensors wiind B as heat sensors and C as a
light sensor

o . ! #9$

As previously described that the detection modehigparticular case would be
A or B; or A,B3 or AzB, or A,Cs or B,C3 or AsBoCy

The chosen nomenclature in this case again isthleasubscript 1 with the sensor is the
declaration level confidence level and the subsatipas introduced in the modified

voting logic, is the non-declaration level confiderievel, which means that no possible
combination with the highest values of the sensardy contribute to the declaration of a

source of fire.
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It involves some lengthy calculations to derive B@lean expression for these sensor
combinations. In fact because of the seven availaatiable combinations, there are 120

terms that are generated. In order to get all ptsssombinations

b B FE‘.H‘ B aml
(;:]_ kL kln— k)] (7.8)
Where
7al
P.E‘.i'r = I:Pz—kjll (79)

All possible combinations for variables ABCDEFG Wabbe as follows

One variable (7 Combinations):

Two variables (21 Combinations):

Three variables (35 Combinations):
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Four Variables (35 Combinations):

Five variables (21 Combinations):

Six variables (7 Combinations):

Seven Variables (1 Combination):

The system probability of detection has seven detemodes as follows:

System = Az or By or A:B3 or AgB, or A.Cs or B,C3 or A:B,C; (7.10)
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As earlier, this equation may be expanded by repleapplication of the Boolean algebra

expression given as

P{XORY}=P{X} + P{Y} - P{XY} (6.2)

Hence theSystem Pwould be the addition of the one-variable termsntBubtraction of

the two-variable terms, then addition of the thvadable terms, subtraction of the four-
variable terms, addition of five-variable termsbsaction of the six-variable terms and
finally addition of the seven-variable term., whitethe above mentioned combinations it

may be considered as

= AsB>

=AC3

=B,C3
And

= AB,Cy
The declaration modes are color-coded for the msadebetter understand the terms and
where they came from.

The equation 7.10 then gets expanded as follows
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System ky= Pf{ A} + P B1} + Pg{ AoBs} + Po{ AsBo} +Po{ ACopPof BoCa}+

Pa{ A2B2C1}

—P{ AtB1 }-Pg{ At AcBs }-Pyg{ AL AsBo }—Py{ AL ACs }—Pd{ AL B.C3 }-
Pa{ Ac AcBoCy }=Pa{ Bi AcBs }=Pa{ Bi AsBo }=Pa{ B1 AcCs }=Pa{ B
B2Cs }=Pa{ Bi ABoCi }-Pa{ AcBs AsBy }= Py { AcBs AcCs }—= Py { AcBs
B2Cs }=Pa{ AcBs ABoCi 1= Pa{ AsB2 AsCs }=Pa{ AsBy BoCs }=Pa{ AB2

AoBoCy - Py { AcCs BoCs }— Py { AcCs AsBoCy 1 Py { B.Cs AoBoCy }

+Pa{ AcB1 AcBs }+Pa{ AuB1 AsBy }+Pa{ ALBr AcCs}+ Py{ ALBiBCs }
+ Py { Ac B1 AcBoCa} + Py { Ac AcBs AgBo} + Pg { AL AcBs ACs }+ P { A

AoBs BoCs }+ Py { A AcBs AoBoCi} + Py { Ac BoCs AcBoCa} + Py { A AsBo
AoCs }+ P { AL AsB2 BoCs } + Py { AcAsB2 AoBoCi} + Py { AvACs BoCs } + Py
{ AL AcCs AoBoCi} + Py { Br AcBs AsBo} + Py { Bi AsBs AcCs }+ Py { Bi AsBs
B2Cs }+ Pa{ B AoBs AcBoCi+ Pa{ By AsBo AoCs }+ Pa{ By AsB BCs } +
Pa{ Bi AsB2 ABoCil+ Py { Br AcCs BoCs }+ Pa{ Br AcCs ABoCi} + Py { By
B2Cs AoBoCi} + Py { AcBs AgBo AcCs }+ Py { AcBs AgB2 BoCs } + Py { AcBs
AsBy AcB2Ca} + Py { AcBs AsCs BoCs }+ Py { AcBs AsCs ABoCa} + Py { AoBs
B2Cs AoBoCi} + Py { AsB2 AcCs BCs } + Py { AsB2 AcCs AsBoCi} + Py { AsB2
B2Cs AoBCi} + Pa{ ACs BaCs ABoCi}

— Ri{ A Br AB3 AsBo} — Pa{ AL Bi AcBs AcCs }— Pa{ AL Bi AcBs BCs
b= Pa{ AL Bi AcBs AoBoCi}— Pa{ A Bi AsBoACs } = Pa{ Al Bi AsBs
BoCs }— Pa{ AL Bi AsBo AcBoCi} — Pa{ Ar B ACs BoCs }— Ra{ A By

AoCs AoBCi} — Py { Ar AoBs AsBy AcCs }— Pa{ Ar AoBs AsB2 BoCs }— Py{

(7.11)
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A1 AoBs AgBy AoBoCrt — Pa{ Au AoBs AcCs BoCs }— Py{ Ar AsBs ACs
ABoCi} — Pa{ Al AcBs BoCs AoBoCi} — Pa{ A AsB2 AcCs BoCs }— Pa{ A
AsBz AcCs AoBoCi} — Pa{ Ar AcCs BoCs AoBoCi} — Pa{ Ar AsBz BoCs
ABoCit = Pa{ AL Bi BoCs AcBCi} — Py{ Br AcBs AsBr AcCs } = Pa{ By
AoBs AsBr BoCs }— Ru{ B AsBs AgBr AcBoCi} — Pa{ Bi AsBs ACs BoCs }
— Ri{ B ABs AcCs AoBoCi} — Pa{ Bi AoBs BoCs AoBoCi} — Pa{ Br AgBo
ACs BoCs }— Pa{ Br AsBz AcCs AoBCi} — Py { Br AxCs BoCs AsBoCi} —
Pa{ Bi AsB2 BoCz AByCi} — Pa{ AcBs AsBo AsCs BCs }— Py { AcBs AsBo
ACs AcBoCa} — Paf{ AcBs ACs ByCs AoBoCi} — Py{ AcBs AsBz BoCs AB:Ci}
— Ri{ AsB2 AcCs B,Cs AB:Ci}

+ Ri{ Al Br AoBs AgBo AcCs b+ Pa{ Al B AsBs AsBo BCs }+ Pa{ Ac By
AoBs AsBy AoBoCat + Pa{ Ar Br AcBs AxCs BoCs }+ Pa{ AL Bi AoBs ACs
ABoCit + Pa{ AL Bi AoBs BoCs AoBoCi} + Pa{ Ar Bi AgBy AcCs BCs } +
Pa{ A Br AsBz AcCs AoBoCi} + Py{ Ar B AsB BoCs AoBCi} + Pa{ AL By
ACs BoCs AoBoCi} + Pa{ Ar AoBs AcCs BoCs AsBoCit + Py { A AcBs AsBy
ACs BoCs }+ Pa{ A AcBs AsBy AcCs AoBoCi} + Pa{ Ar AcBs AgBo BCy
ABoCi} + Py { Au AsB2 AcCs BoCs AcBCi} + Pa{ Bi AsBs AsBr AxCs BCs }
+ Pi{ Bi AcBs AsBo AsCs AcBoCat + Py { Bi AoBs AgBo BoCs AoBoCa} + Py {
Br AgBr AcCs BoCs AoBCi} + Pa{ Br AcBs AsCs BoCs AoBCi} + Pg { AcBs
AsBz AoCs BoCs AoBoCy}

— Ri{ A Br AB3 AsBy AcCs BoCs }— Pa{ Ar Br AcBz AsBy ACs ABCy}
— Ri{ AL AcBs AsBy AcCs BoCs AoBoCi} — Pa{ Au Br AcBs AxCs BCs

AoBoCi} — Pa{ A1 Bi AsBy AcCs BoCs AoBoCit — Py { Au Bi AoBs AsBy BoCs
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AoBoCi} — Py { Bi ABs AsBy AcCs BCs ABCq}

+ Py{ AL Bi ABs AsBy ACs BoCs ABCi}

The confidence levels of each sensor is indeperafesthers because of these being non-
nested sensors, hence the expression for uniomgerdection that are applicable are as

follows:

Pd{ A]_ U Az} = Pd{ A1}+ Pd{ Az} (64)

P{A1 A}=0 (6.5)

Hence the simplified system detection probabiltpression becomes:

System Fy = Po{ Ai}+Po{ Bi}+Po{ AoBstPo{ ABoHH+P{ ACs}
+Pa{ BoCa}+Po{ AcB.Ci}—-Po{ A1 B }= Py{ AL BCs }— (7.12)

Pa{ B1 AC3 }

Applying the union expression given as:

Po{ A1 U Ag} = Po{ Ag}+ Po{ Ao} (6.4)

Yields:

System Fy = Po{ Ai}+Po{ B} + Po{ Ao}Pof Ba} + Po{ As}Po{ B2} 713
7.13
+Po{ Ag}P o Ca} + Pof Bo}P o Ca} + Po{ Ao}P o B2}Pof Ca}—



Pd{ Al}Pd{ Bl } - Pd{ Al}Pd{ Bz}Pd{ C3 } - Pd { Bl}Pd{ Az}Pd{ CS}
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Equation 7.13 can be used to determine the tosa¢syprobability of detection.

Similarly the false-alarm probability of the curtesystem would be as follows:

SyStem I:fa = I:)fa{ Al}"' Pfa { Bl} + I:)fa {AZ} IDfa { B3} + Pfa{ %}

I:)fa{ BZ} + Pfa{ AZ} Pfa{ CS} + Pfa{ BZ} Pfa{ CS} + Pfa{ AZ} Pfa{ BZ}

Pfa {Cl}— Pfa{ Al} Pfa{ Bl } - Pfa{ Al} I:)fa{ BZ} Pfa{ CS} - F>fa{ Bl}

I:)fa{ AZ} Pfa{ C3}

(7.14)

The numerical values in tables 7.5-7.9 are assutygidal values just for illustrating the

approach
Sensor Sensor A Sensor B Sensor C
Confidence
Level A1 As As Ay B1 B> B3 C (07} Cs
Detection | o0 | 55| 800/ 1000 350 550 800 400 600 1000
distribution
Conditional I

. 0.35| 0.55 0.8 1.00 03% 055 0.8 0. 0\6 1.0
probability

Table 7.5 Conditional probabilities for sensorsBAand C in the current

combination of the sensors
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Sensor Sensor A Sensor B Sensor C
Confidence
Level A Ao Az Ay B, B, Bs C G Cs
Inherent

Detection | 0.9 | 0.84| 08| 074 088 081 0.73 088 081 073
Probability

Table 7. 6 Inherent detection probabilities of femsors A, B and C obtained as a
result of distribution of detections

Substituting the values in the equation computedtlie system detection probability
(Equation No. 7.13)

System kg = Po{ Ai}+Po{ B1} + Pof Ao}Pof Ba} + Po{ As}Pof B2}
+Pa{ Ao}Pof Ca} + Pu{ Bo}Pof Ca} + Pof Ao}P o B2}P o Co}— (7.13)

Pd{ Al}Pd{ Bl } - Pd{ Al}Pd{ Bz}Pd{ C3 } - Pd { Bl}Pd{ Az}Pd{ CS}

System B =0.315+0.315+0.29 + 0.33 + 0.07 - 0.11 — 6: 0111

/2 3455

Hence with the suggested sensor combination thecudlen probability of the system is
99%, which is above the current detection probidsli available for the sensor

combinations.

This suggests a very accurate system in declaratibres.

The next step is to calculate the system falserafaobability. For this purpose, equation

7.14 has been derived above.
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System kg = Prao{ A}t Pra { B} + Pra { Ao} Pra {Ba} + Pra{ Ac}
Pra{ B2} + Pra{ A2} Pt Ca} + Prof Bo} Praf Ca} + Pra{ A2} Prof B2} 710
7.14
Pa { Ci}— Pra{ A1} Pra{ B1 } — Pra{ A} Pra{ B2} Pl Ca} — Pro{ Bi}

Pra{ Ao} Pta{ C3}

The typical false alarm probabilities may be olgdinfrom the following tables as
provided by the sensor manufacturers. Note thdtismcombination, sensor A and sensor
B have the same values as they describe the hbatnfal Infrared sensors) by Dexter
industries. Both of these sensors are capableeositigle sensor detection but the single
sensor non possibility does not apply in this $itum as both of these sensors have to

return values below certain levels for the non-gmkty modes.

Sensor Confidence Sensor A
Level A1 As As Ay
Inherent false alarm | ) o 18 1.8x10° | 1.4x10° | 1.01x1CQ
Probability
Table 7.7 Inherent false alarm probabilities fensor A at different confidence
Sensor Confidence Sensor B
Level B1 B> B3 B4
Inherent false alarm | - o 8 1.8x10° | 1.4x10° | 1.01x1Q
Probability
levels

Table 7. 8 Inherent false alarm probabilities for sensor Bddferent confidence
levels
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Sensor Confidence Sensor B
Level Ci C GCs
Inherent false alarm 3.5x10" 2 0x10° 1.0x10°
Probability
Table 7. 9 Inherent false alarm probabilities fensor C at different confidence
levels

System Ry = 3.7x10 + 3.7x10° + 1.1x10° + 9.9 x10 + 1.37x10° — 1.37x10
— 3.66x10"- 3.66x10"

Hence the false alarm probability of the systenpobees:

/2 3 0)6 4 $7

ll<,9_
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The LabVIEW program written for the thesis consddt$our parts

1. Sinusoidal (or zig-zag) movement

2. Obstacle avoidance

3. Fire detection and approach

4. Fire declaration
Sinusoidal movement part of the program is onlgfiiect until higher level of any of the
variables of interest such as intense light or &majre above a certain threshold are
detected.

Obstacle avoidance is a continuous process that aorhes into play when an
obstacle is detected that is closer to the roban the allowable distance predefined by
the programmer. In this case the distance is 25 cm.

Fire detection is also a continuous process thibws the light or the heat as the
robot detects the fire source. It is important b\ that this fire detection process does
not have a role in the decision making processeafadtation of fire. This is strictly to
find the highest possible gradient until it reactiesdesired predefined values and at that
point the navigation stops.

Fire declaration is the core of this researchallbws the user to see how the
sensor confidence levels play a part in declaratioa fire source. LabVIEW allows the
reader to see graphically how these sensor arragmgsmare made and it is self

explanatory. The screenshots of the program wileHabels to describe the process
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Figures 8.1 and 8.2 show the open-loop movemeritalaof the robot before the values
of light and temperature acquired by all three senare below the value of 60 lumens
and 60°C. . When the case structure is on an eggn fhe values given to the motors
correspond to label A and when it is at odd numbersich is every second, the
information given to the motors is representedainel H in figure 8.2 Label B are the
connecting circuits giving commands to the mot@svhen to run and when to stop or
slow down. Label C is the time delay carefully airogo control the amplitude of the
curve the robot is assuming. Labels D and E reptee values of light and heat
combined in a three input OR gate whereas labedfines the condition of these values
to be above 60 lumens or centigrade. Label G isstbpping condition, as the values

returned by any sensors fulfil the requirementeihf above 60, the while loop stops.

———

| 1
A

even or odd
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Figure 8.1  Movement control of the robot beforevated heat or light has been
Aatartad

Figure 8.2  Case structure showing even valuealal|l“H”

Figure 8. 3  Block diagram for zigzag movement

Figures 8.1 and 8.2 show the open-loop movemeritalaof the robot before the values

of light and temperature acquired by all three senare below the value of 60 lumens
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and 60°C. . When the case structure is on an egen fhe values given to the motors
correspond to label A and when it is at odd numbensich is every second, the
information given to the motors is representedaimel H in figure 8.2 Label B are the
connecting circuits giving commands to the mot@svhen to run and when to stop or
slow down. Label C is the time delay carefully airogo control the amplitude of the
curve the robot is assuming. Labels D and E reptee values of light and heat
combined in a three input OR gate whereas labedfines the condition of these values
to be above 60 lumens or centigrade. Label G isstbpping condition, as the values

returned by any sensors fulfil the requirementeihf above 60, the while loop stops.

#% & $

One of the integral parts of the robot navigat®mwlbstacle avoidance. As evident by the
name it will ensure that the robot does not run wiher objects, walls and humans. For
this purpose a SONAR sensor was used. This ultrasmmsor has been described in

detail in Chapter 3 under section 3.22.
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[oBSTACLE AvOIDANCE]
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Figure 8.5

Obstacle Avoidance with light intepsibmparison
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Figure 8. 6 Block diagram for smart obstacle avoidance

Simple obstacle avoidance would consist of a sogading to be less then a predefil
value in centimeters or inches for the robot tongjeaits trajectory. In this case there \
another consideration taken into account as hich direction the robot would tu
provided an obstacle is detected closer than tlogvable distance from the robot. F

this, the two light sensors were also taken inttaant.

If the distance of the robot from the obstacle mrenthan 25 cm, idoes not come int
effect. (Fig 8.4). But as in Figure {, when an obstacle is detected (Label A) the
light sensors are consulted (Label B) and the tioeaf backing up depends upon -

values provided by the sensors. If the right seestiibits tigher light value, the robc
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will back up facing right( Label D), and if the 1dfght sensor is having a higher light

intensity value than the right sensor, it wouldkoap facing to the left (Label E).

This addition to the obstacle avoidance greatlyaases the efficiency of the system as
the robot not only becomes less likely to get stimgkalso it reduces the navigation time

of the robot considerably to reach the goal.

In other cases the obstacle avoidance may alsbgudefined as backing up straight for a

set distance from an obstacle.

H#(

Part of the program written for the fire detectiand approach follows a simple
comparison between the two light sensors. Firstlpft needs to be kept in mind that the
robot is already moving at this point in a zigzagt@rn motion. As soon as one of sensors
detects an elevated value of light or heat, thid pathe program comes into effect,

ending the zigzag motion pattern and startingityte Following algorithm.
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Figure 8. 7  Light following program while light sg&or connected to Port 1 has a
higher value than the one connected to Port 2 (Ralras right)

Rl r'.‘r':'r'.‘r':'n::'r'.‘r':'r'.‘r':'r'.‘r':'r'.‘r':'r'.‘r':'r'.‘r':'r'.‘r':'r'.‘ i

Blue LED Light Sensar

Green LED Light Sensor 2 F -

Figure 8.8  Light trail following while light sensconnected to Port 2 has a higher
value than the one connected to port 1 (Robot tletts
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#)

After the robot has followed the trail of light am@at and is getting closer to the fire
source, there has to be a mechanism to declaréherhitte approached source is fire or
not. In Chapter 6 and Chapter 7 this is describedketail because certain variables come
into play in this regard and finding the correcimimnation of the sensor readings to

declare a fire has to be deployed.

8 - !

The first part is to define what value has to netwhich confidence level, for example in
the case of two light sensors and one thermalredraensor, the thermal infrared sensor
is named sensor A. Numerical values are assumesipla values to illustrate how the
approach workdf the value of A is below 60°C, there is no posgipof fire. This value
can be considered as Al, which is the fire nonipdgg mode. In Chapter 7 it was
defined that at level Al, the fire is not possibematter what values other sensors may
provide. Also a temperature value between 60°C HI@FC is considered to be the
medium confidence level, denoted by A2. Meanwhih® temperature values between
100°C and 115°C are considered to be high confelddeclaration of fire may happen at
these values depending upon the readings from s#reors, as that may be considered
supporting evidence for the presence of fire. lynilthe temperature reading returned

by the sensor A is above 115°C, a fire has to begnt there. That level of confidence is
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denoted as A4, and this is also called Single Sebsolaration Mode. According to the
derivations in Chapter 7, this would be consideheddeclaration of fire.
An illustration of confidence levels is given iretfollowing figure, as they were defined

in LabVIEW.
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[CEFIMITION OF SENSOR COMFIDENCE LEVELS]
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Figure 8.9  Sensors and confidence levels

Figure 8.9 describes the different confidence ke defined by the programmer. For
the TIR (Thermal Infrared Sensor), four confidereeels have been defined namely

temperature below 60° C, which is confidence le¥| This is the single sensor non-
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possibility value as it is impossible to have @ fincident no matter what values are
returned by the light sensors. When the temperatatee returned by the sensor is
between 60°C and 100°C, a medium confidence lex@leclared. A high confidence
value is declared between 100°C and 115°C. Medinch lagh confidence values are
even though not a detection mode but the possitofitfire being present there would
depend upon the “vote” and confidence levels frown dther sensors in the process of
identifying a fire. The confidence level Al is dedd when temperature readings
returned by the sensor are above 115°C. At thistgbe software identifies the reading
as a positive identification of fire, as these tenapures are not achieved by other objects
normally.

Also the confidence levels of the two light sensmas be seen labelled as B1, B2 B3 and
C1 C2 and C3. Defining the high, medium and lowfickemce levels respectively for the
light sensors B and C.

Point to be noted is that the low confidence lestalrts at 60 Lumens. As described
previously, below 60 Lumens, the robot goes throagtinusoidal or zigzag movement
increasing its peripheral vision. When lights un@& Lumens are detected it is not
considered to be a trail guidance signal. Hencevdst the light values of 60 and 90
Lumens, a low confidence is defined. Between 90 s Lumens a medium confidence

level and above 115 Lumens, high confidence levdEfined.
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As described previously a combination of confideteeels of different sensors that
declares a particular incident is calledatection ModeThe following two scenarios

were programmed in LabVIEW for declaration of fa@urce

#H)H#%0H#! "<9 " 6 & " 6

In the case of two light sensors and one temperaensor, the detection modes defined

were described in Equation 7.1 as follows

Az or A;B; or A,C,or AsB;1C; or AzBoCy (7.1)
This means:
If the sensor A which is the temperature sensoeaietheat at the confidence level Al
(Above 115°COR Sensor A has a confidence level A2 AND sensor B tiee
confidence level BDOR Sensor A is at a confidence level A2 AND sensohas the
confidence level C2OR Sensor A has a confidence levdB AND Sensor B has

confidence level B1 AND sensor C has confidencell©@20OR
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Figure 8. 10 Detection Modes in accordance to Egj. 7

Figure 8.10 describes the detection modes as deifinEquation 7.1. These

combinations, when obtained from the robot sensaiksbe able to define a condition

that there is a fire present in a close vicinityha robot.
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Similarly the VI (LabVIEW Virtual Instrument) foihe case of two temperature sensors
and one light sensor can be created.

The Detection Modes for that case are given by soud.7 i.e.

A; or B; or A,B3 or AzB, or A,Cs or BoCs or AsBoCy (77)

The sensor arrangement also needs to be changepreri®usly described the single
sensor non-possibility mode does not apply in ttase as the two TIR sensors can

declare fire individually. Hence the acceptableedeédn modes consist of seven parts.

The LabVIEW program will need to accommodate theseen detection modes. Figure
8.9 describes the confidence levels of this seas@ngement and the confidence levels

associated with each sensor for a particular sedetected value.
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Figure 8. 11 The actual detection VI for this sereswangement
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DEFIMITION OF SEM3OR COMFIDEMCE LEVELS
FOR OME LIGHT AND TWO TIR SENSCRS
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Figure 8. 12 Confidence level definition for theseaf two TIR sensors and one light
sensor
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At this point detection modes may be applied to\the
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Figure 8. 13 Detection Modes for two TIR and orghLisensor arrangement in
accordance to eq. 7.7

Fire Declaration is a Boolean switch activated hy ane of the detection modes. This

switch may start other operations such as firengyishing mechanism or an alarm. In
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this VI, Motor connected to port A (also callédiotor A) is one of the outputs still

available. To show the mechanism, the motor will far one second declaring the fire.

[FIRE EXTINGUISHING]

Figure 8. 14 Open loop control of Motor A is rungiimdicating the true condition of
the presence of fire

[FIRE EXTINGUISHING |

Figure 8. 15 Open loop control of Motor A is stogpedicating the false condition of
the presence of fire

It is to be noted that in the true condition of firesence of fire, Motor B and Motor C,
which are the driving motors are also stopped wipdvents the robot to move away

from the target.



117

The complete LabVIEWirtual Instrumentor VI is the combination of all the above

mentioned conditions. The VI for the case of twghti sensors and one TIR would

become:

EliafAG MOYEMENT
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Figure 8. 16 Complete LabVIEW VI for Fire Declamatialgorithm with two light and
one TIR sensors. Describing Eq. 7.4

Also the final program for the scenario with twdRT$ensors and one light sensor would

be as follows
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Figure 8. 17 Complete LabVIEW VI for Fire Declamatialgorithm with one light and
two TIR sensors in accordance with Eqg. 7.7 (Thergplarts remain the same as figure
8.16
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Experiments were performed indicating different stes. As described in the previous
chapters, two different sensor arrangements wezd. Us both the configurations, three
sensors participated in decision making procesieofaration of fire and one sensor was
used for obstacle avoidance. Two different variaiof algorithm were also applied to

accommodate single sensor detection mode.

In the arrangement with two light sensors and dwental infrared sensor, the single
sensor detection mode and single sensor non plitysibbde are in effect while in the
arrangement with two heat sensors and one lighlgosesingle sensor detection mode is
available but single sensor non-declaration ispnattical as any heat sensor may declare

the presence of fire.

Experiments were performed in dimly lit environmémtminimize the risk of unwanted
source seeking. While using the single sensor mafadation mode is a deterrent against
a false alarm, as the algorithm requires the reéetpresent in declarations but having

multiple light sources increases the source findiimg.
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Thermal Infrared Heat Lamp by HASKELLITE ® was usasithe fire source as it was
not safe to light a fire in the lab. The source 835 Watt, 120-130 Volts with a clear

head and medium base.

HASKELLITE

Figure 9.1  Thermal Infrared light bulb used asfsource

This light bulb produces high temperatures and hglues and was most suitable among
the available choices.
The light bulb was mounted on a holder and wasfallyelaced at the same height from

the ground as that of the sensors to maximize adissipility of detection.
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The following scenarios were tested with both seas@ngements

1. Target present in plain sight not directly iarft of the robot

2. Target present behind a flat obstacle
3. Target present behind a set of obstacles maksuancave shape
4, Target present behind a convex obstacle
5. Target present behind a flat obstacle with ectfe wall present on the side
6. Target present behind a flat obstacle with anedliective wall on the side
7. No target present
=#) 6
5 - 1 1 / 1
%

This is the simplest scenario where the targetiwaain sight of the robot
The robot started its movement in a sinusoidal omoltiut as it detected elevated levels of
light it began target tracking. The following wawah charts describe the approach,
sensor readings, distance from obstacles, lighitesahnd the detection mode that was

responsible for declaration of fire incident.
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Figure 9.2 Robot approach GUI values with no obkga

Figure 9. 3  Sinusoidal movement of the robot
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Figure 9.4  Robot detected elevated light and reting towards it

Figure 9.5 Robot approaching the target
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Figure 9. 6  Sensor readings are high but the targetot declared yet

Figure 9. 7  Target declaration using modified vgtingic
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Figures 9.3 to 9.7 describe the robot motion towdha target. In Figure 9.3 Robot does
not observe the target but there is a higher vafuight towards its right. The sinusoidal
movement allowed it to detect that value for thrstftime and then the sensor value
comparison brought it to the source. At that pointFigure 9.7 the fire declaration

algorithm allowed the robot to positively identifye presence of fire.

At the same time the Figure 9.2 supports the mowerng providing the readings for
each time. It can be clearly seen that the lightesincrease gradually but also a shift in
the two peak values from the two light sensors rhayseen which is the guiding
mechanism of the robot. It can also be observed tttea declaration of fire occurred
because of the declaration mode Al which meanghisatime the sensor was directly in
front of the source and other sensors were notinegjuo participate in the decision
making process. Meanwhile the distance to the olestzan be observed reducing with
every cycle since the robot identifies he lightlbat an obstacle as well. Because of the
powerful light and heat combination the fire is ldeed in more than 24 cm which is the
minimum allowable distance of the robot with an tabk in accordance with the

LabVIEW VI governing this source seeking.

S - % %

The same VI for the same sensor arrangement is foseall the experiments in this

section. In this case the target is present bedninobstacle that is flat.
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Figure 9.8  Target behind a flat obstacle

In this case the target was present behind a Batagle. It can be observed from the
temperature graph against time that the tempesaane at the room level in the first ten
seconds but the light values differ. That leads rtit@ot to move and follow the light.

Once the source is detected it can be observediianever the robot goes behind an
obstacle, the temperature values fall to the roemperature. Also when there is no
obstacle in sight the Sonar sensor returns theevaifll255cm for the distance hence the

graph never goes over 255 for the proximity sensor.
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Figure 9.9 Initial approach behind a flat obstacle

Figure 9. 10 Sinusoidal movement because of Iot liglues
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Figure 9. 11 Going around the obstacle

Figure 9. 12 Clearing the obstacle
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Figure 9. 13 Target approach

Figure 9. 14 Target (Source) declaration with déitat mode AB,
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It was also observed that when the robot crosseslibtacle from the right side, it tends
to touch and sometimes knock over the obstaclen Bvaugh it does not affect the

working of the robot, it is not desirable. To ovaree this challenge, the backing up time

was increased to 1 second (1000 ms) with results

S - % I %

Figure 9. 15 Target present behind a concave olstac

It was observed that while approaching the souiitle @@ncave shaped obstacles, the

directional backing up was not successful and dhetrgot stuck 3 times out of 10.
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The VI was modified slightly to allow the robotiack up straight for 1 second and
restart the approach towards the target. This akbthie robot enough time to get out of

the concave obstacle and find the light or heataditp follow.

Concave
Obstacle

/

Temperature exceeds
the declaration limit

/

Obstacle cleared, robot
moving to the target

x x Fire declared

Robot due to Al
approaching
light source
x Robot Fluctuation of readings due to
approaching comparative sensor approach
light source

Figure 9. 16 Concave obstacle target detected detiection mode A
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Finding a target behind a convex obstacle wasdkest of all the scenarios.

Figure 9. 17 Target behind a convex obstacle
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Figure 9. 18 Target declaration behind a convextatle with two detection modes

Robot approaching light source infa
sSensor comparison appro:




135

Fire
declaration
due to Al
(Straight ‘ ]
approach)

x Robot

approaching
light source ‘ L

Target

L Obstacle

x Robot

approaching

light source L

Declaration

Figure 9. 19 Another case with different detectioode for target present behind a
convex obstacle

This is one of the most interesting results. Logkat the graphs closely it can be
observed that elevated temperatures and light saleee detected starting the timeslot of
46 seconds. Then the temperature and light valwegpty come to a lower level. At that
point there is a little sinusoidal-like variatiom ithe light intensity values and
temperatures. Then the values increase and the folbmvs a familiar approach until
declaration of the fire, which, in this case, happt be a single sensor declaration mode

identified as Al.
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In this particular case the robot started its apphaowards the wall after the detection of
elevated light values, as the wall was reflectiightl As the robot approached the wall
the obstacle avoidance mechanism kicked in. In dbstacle avoidance as there is
gradient of light comparison also included, therefthe robot faced the source while
backing up. Right from there, the case practichiycomes as described in the first

scenario, i.e. the source in plain sight of theotob

Figure 9. 20 Flat obstacle with a reflective wall
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Figure 9. 21 Robot follows the reflected light frtme obstacle

Figure 9. 22 Robot approaches the reflected lightnf the obstacle
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Figure 9. 23 Robot detects higher values of ligid &emperature as it turns back
facing towards a higher value of light

Figure 9. 24 Robot clears the obstacle and is fwilly the correct source
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Figure 9. 25 : Source (Target) confirmation be nfiedi voting logic

As described earlier this case is where the olestagiresent with a reflective wall on one
side. The following figure explains the procesgyure 9.27 explains the readings from

thermal infrared sensor
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Figure 9. 26  An explanation of the thermal readiagsl milestones
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If the Sonar waveform is closely examined in thHfeing figure it can be clearly seen

that the robot follows the reflected light, deteeBected wall as an obstacle, which is

where its reading dips down to a lower value. Aghalower values are seen because of

the actual obstacle as it passes by it. Whileritopes obstacle avoidance it faces the

actual source of light and heat and follows it ézldre a fire incident.



