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Abstract

Brazilian free-tailed bats live as colonies in caves, under bridges and in places where
human exploitation is perceived to be minimal. These bats emerge out of their habitats to
forage in the fields nearby and help in natural pest control. These bats consume thousands
of tons of insects every day in quantities that can amount to 2/3 of the body weight of
each bat. The life of these natural pest destroyers are under threat due to human

ignorance, exploitation and unknown myths.

For economic reasons, it becomes necessary to study the behavior and movement of these
bats and to count the number of bats to get an approximate estimate of the numbers of
pests killed by them during foraging and the subsequent effects. Due to inhumane
conditions in the caves and the distances traveled by the bats, the study of the movement
of bats becomes a difficult task. Counting the number of bats by entering inside the caves
is almost impossible. So the idea of mathematical modeling has been adopted. The
mathematical modeling of the bat movement pattern can be visualized using a simulator
designed for this purpose. Advanced image processing techniques have been used to
analyze the infra-red thermal videos taken from the bat cave and obtain an approximate
value for the number of bats emerging out of the caves. The bat counting algorithm was
validated by testing it on the videos taken from the simulator and then applied on the real
time infrared thermal video taken near the opening of the cave. The simulator serves both
as visualization for the mathematical modeling and also as synthetic dataset for the image
processing algorithm. An error of about 10% is added to the results obtained from the
image processing algorithm to take into account the undercounting and over counting

C1Tor1S.

v



Table of Contents

CHAPTER L...ucouiiiiiiiiisennicsensnnssisssssesssecssssssssssssssssssssesssssssssssssssssssssssssssssssssssssssassssss 1
INErOAUCTION...uueeiieeecniicnteeisteesiteesseeessnneessseessssnesssssessseessssnesssseessssesssssessssssssssasssssnsssses 1
Lo T Bat ECOLOZY ...eiuiieiieeiieie ettt ettt ettt ettt et e b e saneeneeas 2

1. 2 Necessity of Mathematical Modeling ...........cccooeciieviiiiiiiiecie e 4

1. 3 Modeling Using SImulations ...........ceecierieeriienieeiiienie et eieesve e seve e 6

1. 4 Bat COUNTING ....oeeeiiiieeiiieeeiieeeieeeetee et e e tte e et e e s teeessteeesssaeessseeensseesssseesnseaessseeensseens 7

1. 5 Bat Movement PAttern ........cooueiiiiieiiiiiiiieeeie e 9
1.5. 1 The Pre-Emergence VOIteX.......oocveruieiiireeiieeeiieesieeesieeesireeeieeesvaeessaeesnne e 9

1.5 2 EIMEIZENICE. ....eeeiiiieiiieeiiie ettt ettt ettt ettt e et e et e e sateesssteesnnaeesaneeenes 9

1.5. 3 Column FOrmation ........ccueiuieiiiiiieieeieee ettt 9

1.5. 4 SUD FIOCKING ...covviiiiiiiii ettt et 12

1.5. 5 Disturbance Due to @ Hawk ........occuiiiiiiiiiiiiiiicieceeeee e 12

1. 6 Background Study of SIMulator............ccccvvieiiieiiiiecieecee e 14
1.6. 1 3D Model Proposed by Craig Reynolds in 1987 [22] .....c.cocveviiiieniiniiiinnene 14

1.6. 2 3D Boids Proposed by Conrad Parker [32]......cccceovvveeviiieiiiieieeeieeeeeen 15

1.6. 3 3D Model Proposed by James Macgill and Stan Openshaw [33].................. 15

1. 7 Thesis CONIIDULIONS .......eeiiiiiiiiiiiiiieeiie ettt et e 17

1. 8 ThesSiS OULINE .....oouiiiiiiiiiieriieeee ettt et 18
CHAPTER 2..uuuueriiviinerininnisnnsessaisssnssisssssssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 20
Bat BERAVIOT c.ccuueeiiiiniiitinniintinntennenininneinncnnessnessesssessessssssssessssssssssssassssesssssssasssss 20
2. 1 Collision Avoidance RUle...........ccoiiiiiiiiiiiiiiii e 21
2.2 Velocity Matching RUIE.........cc.ooiiiiiiiiiiiiieice e 22

2. 3 Flock FOrming RUIE ........cccuuiiiiiiiiiiicce ettt 23
2. 4 Community Predator Avoidance Rule............ccccoviiieniiiiiiiniiciieeeeeee 24

2. 5 Individual Predator Avoidance Rule...........occooiiiiiiiiiiiiiiiiiece 25
2. 6 Sub-Flocking Behavior Rule............ccociiiiiiiiiiieiiieeeeeeeeee e 26
N0 101 102 oSSR 26
CHAPTER 3....uuoiiiiirininninnininssecssissssssesssicssssssssssssssssesssassssssssssssssssssssssssssssssssssssesss 28
Bat Behavior SIMUlation .........eeeiiiiiniiiiniiiinnieinieinnniennneeineeissseessssssesseesssssscsssssns 28
3. 1 Explanation of Data StrucCture............cccueeiieriieiiieiieeieeeie et 28

3. 2 Mathematical INterpretation.........c.ccccuveeeciiieeiiieeeiie ettt 30
3.2. 1 Flock FOrming RUIE .........coccuieiiiiiiieiiiiceieeeee e 30

3.2. 2 Velocity Matching Rul€..........cccuiieiiiiiiiiiieecee e 32

3.2. 3 Collision Avoidance RuUle...........cccoevuieiiiiiiiiniiiiieieeieee e 33

3.2. 4 Predator Avoidance Rule..........cccooiiiiiiiiiiiiiiiee e 34

3.2. 5 Community Predator Avoidance Rule............ccoccoeviiiiiiniiniiiiccieeeee, 36



3.2. 6 Individual Predator AVOIdancCe ..........oooeviiiiiiiiiiii 36

3.2, 7 SUD-FIOCKING......viiiiiiieiieeee ettt et e s 38

3. 3 Results and DISCUSSIONS ........ccueeiirieriiiieniieieeiesit ettt 38
3.3. 1 Different 3D Views of the Graphic Oriented Simulation.............cc.cccvveennee. 39

3.3. 2 Effect of Primary and Secondary Rules.............ccceceveeiiiiniiniiiiniiniieieeeee, 39

3.4 SImulator INterface. .........coiiiiiiiiiii e 44
3.4, T Main MENUL...uuiiiiiiiiiiiiieciteie ettt sttt ettt 45
3.4.2 Camera VIEW MENU .....ccc.ooiiiiiiiiiiiiieiie ettt 46

3.4, 3 ODJECES IMBINU.....eieuiieiieeiieeiie ettt ettt ettt ettt e et e e bt e eabeesaeenbeenseesnseenseas 47

3.4. 4 LandScape MENU........ccccuieeiiieeiiieeiieeeieeesiee et e et eesaeeeaveeseaeeesaeesnsaeesnseeas 49

3.4. 5 Behavior MENU.......coouiiiiiiiiiiiieiiieie ettt sttt 51

3.4, 6 DiSPlay MENU......cccciiiiiiiieiiie et eeee et e et e e e e saae e e e e snbaeesnnee s 51

3. 5 CONCIUSIONS ...ttt ettt sttt et b et st e bt et e bt et e e e sbe e 53
CHAPTER 4 ....cuuouinrinerrinuissensissaissensesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssses 54
Bat COUNLING.....ccovveriirvriirsnninssnninsssnessssicsssncssssicssssssssssssssssessssssssssssssssssssssssssssssssssssssssssss 54
4. 1 Four Connected and Eight Connected Neighborhood ............cccceevveviiiencieeninnns 54

4. 2 Segmentation by Thresholding ............cccooviiiiiiiiiiiiieniieee e 55
4.2. 1 Histogram of an IMage.........c.ceeeeuiieiiiieiiieeiie e 55

4.2. 2 Automatic Thresholding of Histogram ............ccecceeviienieniienieniecie e 56

4. 3 Connected Component Analysis and Region Growing ............ccccceeveveercieenneenns 60
4.3. 1 Theory of Connected Component AnalysisS..........ccccueeveeriieniieniieenieenieeieennns 60

4.3. 2 Improved Counting Method...........cccvviiiiieiiiieiie e 62

4. 4 Bat Counting AlGOTithmS..........coouiiiiiiiiiiiiiciiee e 65

4. 5 Dynamic Frame Counting AIgorithm ............cccoeeiiiieiiiieiiiiecieeeeeee e 66
4. 6 Experiments and RESUILS.........c.cooiiiiiiiiiiiieiiieie e 68
4.6. 1 Thresholding ReSUILS ........ccccuiiiiiiieiiieeieceeeee e 68
4.6.2 Counting RESUILS .......cccuiiiiiiiiieiiecie ettt et e 74

4.6. 3 Dynamic Bat COUNtING ........ccceeveiiiiiiiieiiieeciee ettt e e e 78

4. T DISCUSSION ...ttt ettt ettt ettt sat ettt st e bt et eb e bt e bess b e bt enteeaeenbeebesaeens 80
CHAPTER S...uuoiiieninninsensinsaissenssesssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssses 81
CONCIUSIONS cauucenreineiitiisinnsnensnicsnensnecsaessssesssesssassssessssssssesssassssassssesssssssassssassssssssssssassns 81
5.1 CONIIDULIONS. ¢ttt ettt et et e st esaeeenbeeeaee 81
5.2 FUture ConSIAEIatioNS .......cc.eevueeieriierieeieriienieete sttt sttt et sbe e 82
5.2. 1 Using Real Time Data for the Simulation............cccceeviieeeiieeiiieeieeeieeeen 82

5.2. 2 Using 3D Gaming Engine for 3D Visualization...........ccccceceevervenieneniennnn 82

5.2. 3 Incorporate More Forms of Bat Behavior...........ccccoveveiieiiiiiiciiiceeceee, 83
REFERENCES......uiitiiiiniininsnicsnnsncssisssissesssisssssssssssssssssasssssssssssssssssassssssssssssssssssesss 84
V2 1 T 89



List of Tables

TABLE 1: VALUE GOT FROM THE PROGRAM AND THE ACTUAL NUMBER OF

FLYERS AFTER AVERAGING OUT FROM 10 TRIALS.........ccceiiiiiie 76
TABLE 2: TABLE SHOWING THE MEAN VALUE ALONG WITH THE
STANDARD DEVIATION FOR EACH VALUE..........ccooiiiiiiiecceeee, 76

TABLE 3: DYNAMIC FRAME COUNTING FOR THE SYNTHETIC DATASET..... 79
TABLE 4: DYNAMIC FRAME COUNTING FOR THE REAL TIME DATASET...... 79

vil



List of Figures

FIGURE 1-1: THE WINTER GARDEN REGION OF TEXAS.........cccccciiiiniiiiniien. 2
FIGURE 1-2: THE BRAZILIAN FREE TAILED BAT .....ccccooiiiiiiieeeceeeee, 5
FIGURE 1-3: MATHEMATICAL MODELING PRINCIPLE........cccccooiiiiniiiiicieee. 7
FIGURE 1-4: THE PRE EMERGENCE VORTEX.......cccoiiiiiiiiiiiieeceeeceeeeee, 8
FIGURE 1-5: EMERGENCE OF BATS ..o 10
FIGURE 1-6: COLUMN FORMATION — STAGE 1.....ccccooiiiiiiiiiiieecs 11
FIGURE 1-7: COLUMN FORMATION — STAGE 2......ccccceoiiiiiiiiiiniiniiiiiieceice 11
FIGURE 1-8: COLUMN FORMATION — STAGE 3.....ccccoiiiiiiiieceieeceecs 12
FIGURE 1-9: SUB FLOCKING.......ccceoiiiiiiiiiiiiiiiiiiieciciteee e 13
FIGURE 1-10: HAWK DISTURBANCE ......ccoooiiiiiiiiiieecteeeceeeceeesee e 13
FIGURE 1-11: CRAIG REYNOLDS MODEL [22].....cccieiiiiiiiiiiiiiiiiienieiciieiceicens 15
FIGURE 1-12: MODEL PROPOSED BY CONRAD PARKER........ccccocevviiniiniiennns 16
FIGURE 1-13: MODEL PROPOSED BY MACGILL AND OPENSHAW .................. 17
FIGURE 1-14: FORCES ACTING ON A BOID ......cociiiiiiiiiiiiiiiiiiciciccececieee 18
FIGURE 2-1: COLLISION AVOIDANCE RULE PRINCIPLE ..........cccceeiiiniiiiinnns 21
FIGURE 2-2: NEIGHBORHOOD OF A BOID........cccccociiiiiiiiiiiiiiiiiiiciececcie 22
FIGURE 2-3: VELOCITY MATCHING PRINCIPLE..........ccociiiiiiiiiiiieieeeees 22
FIGURE 2-4: FLOCK FORMING PRINCIPLE ........ccccccooiiiiiiiiiiiiiiiiiiciciicccieee 23
FIGURE 2-5: COMMUNITY PREDATOR AVOIDANCE PRINCIPLE ...................... 24
FIGURE 2-6: INDIVIDUAL PREDATOR AVOIDANCE PRINCIPLE................c....... 26
FIGURE 2-7: SUB FLOCKING PRINCIPLE .......cocciiiiiiiiiiiieeceeeccece e 27
FIGURE 3-1: PSEUDOCODE FOR FLOCK FORMING RULE .........cccccccceviiniiiinnens 31
FIGURE 3-2: PSEUDOCODE FOR VELOCITY MATCHING RULE ..........c.ccccccuee. 33
FIGURE 3-3: PSEUDOCODE FOR COLLISION AVOIDANCE RULE....................... 35
FIGURE 3-4: ECHOLOCATION IN BATS (IMAGE COURTESY:
HTTP://WWW BATCON.ORGY/).....cceoimiimininiiiiieieeeneeeeesee e 35
FIGURE 3-5: PSEUDOCODE FOR COMMUNITY PREDATOR AVOIDANCE RULE
................................................................................................................................... 37
FIGURE 3-6: PSEUDOCODE FOR INDIVIDUAL PREDATOR AVOIDANCE RULE
................................................................................................................................... 37
FIGURE 3-7: PSEUDOCODE FOR SUB FLOCKING RULE ..........ccccociiiiiiiiiienns 38
FIGURE 3-8: LATERAL VIEW FROM EAST ......c.cccooiiiiiiiiiiiiiiinicicicceeeic 39
FIGURE 3-9: LATERAL VIEW FROM SOUTH ......cccccooiiiiiiiiiiiieceeeeenee 40
FIGURE 3-10: VIEW FROM TOP .....cccooiiiiiiiiiiiiiiiiciciciceeeeete e 40
FIGURE 3-11: SUB FLOCKING DEMONSTRATION .....ccceoiiiiiiiiinieieneeeeenee 40
FIGURE 3-12: SERIES OF IMAGES TO DEMONSTRATE THE INDV. PREDATOR
AVOIDANCE RULE ... 41
FIGURE 3-13: SERIES OF IMAGES TO DEMONSTRATE COLLISION
AVOIDANCE RULE ... e 42
FIGURE 3-14: SERIES OF IMAGES TO DEMONSTRATE THE COMM. PREDATOR
AVOIDANCE RULE ...t 43
FIGURE 3-15: ENTIRE VIEW FOR SIMULATION ......ccccccceeviiniiiiiniiiiiiiieniecieens 44
FIGURE 3-16: SIMULATION MAIN MENU ......cooiiiiiiiiiiieeeeecceeee e 44



FIGURE 3-17: CRAIG REYNOLDS JAVA APPLET VIEW.....ccccoiiiiiiiiiiiiiiins 46

FIGURE 3-18: CAMERA VIEW MENU .....cccoiiiiiiiiiiteeceeeceesee e 47
FIGURE 3-19: OBJECT MENU ......cccoiiiiiiiiiiiiiiiiiieiiciieeeneeece e 48
FIGURE 3-20: MACGILL AND OPENSHAW’ BOIDS VIEW .....cocooiiiiiiiiiiiines 49
FIGURE 3-21: LANDSCAPE MENU ....ccccooiiiiiiiiiiiiiiieicececeeete e 49
FIGURE 3-22: CONRAD BOIDS: VIEW 1 ...cooiiiiiieeeceeeee e 50
FIGURE 3-23: CONRAD BOIDS: VIEW 2 ..o 50
FIGURE 3-24: BEHAVIOR MENU .....ccoiiiiiiiiiieecteee e 51
FIGURE 3-25: DISPLAY MODE MENU ......ccccociiiiiiiiiiiiiiiiiiiiiiceeceeeeie s 52
FIGURE 3-26: CONTROL BAR VIEW L..ccoiiiiiiiiieecee e 52
FIGURE 4-1: 4 CONNECTED NEIGHBORHOOD ........cccccccooviiiiiiiniiiniiiiinicies 54
FIGURE 4-2: 8 CONNECTED NEIGHBORHOOD ......cccccooviiiiiiiiiiiiiniieiieiceees 55
FIGURE 4-3: HISTOGRAMS OF DIFF. IMAGE FRAMES OF THE REAL TIME
THERMAL INFRARED VIDEO .....ccccooiiiiiiiiiiiieeceeceeeceee e 57
FIGURE 4-4: CURVE FITTED USING POLYNOMIAL APPROXIMATION ............ 59
FIGURE 4-5: ORIGINAL HISTOGRAM CURVE ......ccooiiiiiiiieceecee 60
FIGURE 4-6: LABELING A BINARY IMAGE ......cccooiiiiiiiiiiiiiiiicicicceeie 62
FIGURE 4-7: TWO CONNECTED REGIONS BUT 3 FLYERS ......cccoooiiiiiiies 63
FIGURE 4-8: ONE CONNECTED REGION BUT 5 FLYERS ......ccociiiiiiiiiiiiis 63
FIGURE 4-9: TWO CONNECTED REGIONS BUT 9 FLYERS ......cccoooiiiiiiiiies 64
FIGURE 4-10: IDEA USED FOR DYNAMIC FRAME BAT COUNTING................... 67
FIGURE 4-11: SUB IMAGE FOR SIMULATION .....ccooiiiiiiiiiniieeeceeeeeeees 67
FIGURE 4-12: SUB IMAGE FOR REAL TIME VIDEO .......cccccceiiniiiiiiiiiiiiienn, 67
FIGURE 4-13: GRAY SCALE IMAGE WITHOUT ANY THRESHOLD .................... 68
FIGURE 4-14: BINARY IMAGE AFTER THRESHOLD. NOTE THE BRIGHTNESS
OF THE BATS IN THIS IMAGE. ..ot 69
FIGURE 4-15: HISTOGRAM FOR 15T FRAME ......c..ccoooomvmeereeeoeseeseeeseseeseeneane. 70
FIGURE 4-16: MEDIAN SMOOTHED HISTOGRAM FOR 1°" FRAME..................... 70
FIGURE 4-17: REFERENCE IMAGE...........cccoiiiiiiiiiiiiiiiceceeeceeeie 71
FIGURE 4-18: AD-HOC THRESHOLDING .......ccocoiiiiiiiiiiiiieeceecceeeeeeene 71
FIGURE 4-19: AUTOMATIC THRESHOLDING.........cccccoeiiiiiiiiiiniiiciiiicecieee 72
FIGURE 4-20: MODIFIED AUTOMATIC THRESHOLDING ......ccccceovviiiiiiniiiiiennns 72
FIGURE 4-21: ORIGINAL IMAGE WITHOUT ANY PROCESSING .......ccccccceeurnes 73
FIGURE 4-22: PROCESSED BINARY IMAGE AFTER THRESHOLDING............... 73
FIGURE 4-23: BAR DIAGRAM: COMPARISON PLOT TO COMPARE THE
VALUES ...ttt e s 74
FIGURE 4-24: LINE PLOT: SHOWS THE CLOSENESS OF THE BAT COUNT
VALUES ...ttt e 75
FIGURE 4-25: ERROR PLOT .....ccoiiiiiiiiiiiiiieccececeeee e 75
FIGURE 4-26: COMPARISON PLOT FOR TOTAL NUMBER OF BATS IN EACH
FRAME ...t e 78

1X



Chapter 1

Introduction

Over 1000 species of bats exist worldwide, accounting for nearly one quarter of all
known mammal species and distinguishing Chiroptera as the second most specious
mammalian order next to rodents [1, 2]. Bats are primarily nocturnal and the use of
sonar-like echolocation to navigate and hunt for food during nighttime hours is
characteristic. Bats are among the least studied and most misunderstood mammals,
particularly in the United States. They are also considered to be among the most
beneficially influential mammal species to humans, plants, and other wildlife [3, 4]. The
global importance of bats in pollination, seed dispersal, and insect control has been
proven to be extremely significant. Unfortunately, human ignorance, fear, myth, habitat
destruction, and bats’ slow reproductive rates continue to contribute to the decline of
many bat species worldwide [5]. Forty percent of American bat species are either in
severe decline or have already been listed as endangered. Because of bats’ role in keeping
crop pest insects in check, bat declines in agricultural regions can have negative
economic effects for both farmers and consumers as a result of increased annual crop
damage [6, 7]. Ecologically, the extirpation of bats from an area can increase the need for
use of chemical pesticides, as well as leave plant communities that rely on bats for
pollination and seed dispersal without reproductive capabilities - potentially threatening
entire ecosystems [1, 2, 6]. Among the approximately 750 insectivorous species,
Brazilian free-tailed bats are among the most impressive examples of a continental-scale

natural pest-control service in the world [8-10].

An estimated 100 million Brazilian free-tailed bats disperse to feed nightly from major
cave and bridge colonies in south-central Texas located within foraging commuting
distances (30-50 km) to the Winter Garden region. These bats consume very large
quantities of insects throughout the summer months, where individuals may ingest up to

two-thirds of their body mass each night during peak lactation [11]. They consume



several species of adult insects known to be important agricultural pests. A few examples
of these insects are the corn earworm or cotton bollworm (Helicoverpa zea), fall
armyworm (Spodoptera frugiperda), cabbage looper, (Trichoplusia ni), and tobacco

budworm (Heliothis virescens) [11, 12].

In this chapter, we first look into the ecology of bats, their natural behavior and a few
other aspects like roost, diet etc. The idea behind mathematical modeling is discussed in
detail and several previously developed 3D models are also dealt with. The bat movement
pattern during the emergence is discussed and supported with real life pictures taken from

the Frio cave in Texas.
1. 1 Bat Ecology

The aggregate motion of a flock of birds, a herd of land animals, or a school of fish is a
beautiful and familiar part of the natural world [22]. Group movements of living beings
can have uniformity in their behavior. Flocks and related synchronized group behaviors
such as schools of fish or herds of land animals are both beautiful to watch and intriguing
to contemplate [16]. The bat colonies inside the dark caves of the Winter Garden region
of Texas are the topic of research in this thesis. The Winter Garden Region is made up of
several counties including Medina, Dimmit, Zavala, Uvalde, and Frio [23]. The
geographic location of these counties and the caves present in these counties are given in

Figure 1-1.

Figure 1-1: The Winter Garden Region of Texas



In Figure 1-1, the red boundary encloses all the counties coming under the Winter Garden

Area and the bat caves are marked by a circle.

The Brazilian free-tailed bat (Tadarida brasiliensis) provides a continental-scale natural
pest-control service in North America. This species stays in south and central Mexico
during winters and migrates northward each spring to form enormous breeding colonies
in northern Mexico and the southwestern U.S. [24]. Historic records of some summer
cave populations of this species reportedly exceed 20 million individuals. Over 100
million bats may disperse to feed nightly from caves and bridges in south-central Texas.
The Winter Garden region lies in close proximity to several colonies of Brazilian free-

tailed bats in the San Antonio-Uvalde region in south-central Texas [1, 25].

Distribution: Bats have nearly global distribution, absent only from extreme arctic
regions, extreme deserts, and remote islands. The greatest diversity in species is found in
warmer climates [1]. Bats are divided into two distinct suborders. Mega chiropterans
often referred to as flying foxes or fruit bats, feed solely on fruits and other plant
materials and are distributed throughout the Old World tropics. Micro chiropterans, all
other bats, are insectivorous, carnivorous, nectivorous (nectar-eating), and frugivorous

(fruit-eating), and are found throughout the world [26].

Range: Within the United States, the ranges of individual bat species, as well as
individual bats within those species, vary with regards to the regions in which the species
or individuals live [1, 2, 6]. A species inhabiting a tropical region may likely have a small
range, whereas a species inhabiting a region with a winter season may migrate to warmer
climates in colder months, thus possessing a much larger range. Migratory species
common to the United States that pass through states with seasonal climates can range

from northern Canada throughout Central America [26].

Bat Diet: The diets of the bat species found within the United States vary considerably.
Although some bat species are specific in the foods they eat, many species are generalists
and display opportunistic feeding behavior. Insectivorous bats feed primarily on night-

flying insects such as moths, beetles, fruit flies, mosquitoes, mayflies, caddis flies, and
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midges. Larger insects such as grasshoppers and cicadas are consumed by some species
as well. Insectivorous bats can consume 30-50 percent of their body weight in insects
each night with some species potentially eating 600 mosquito-sized insects in just one
hour [8, 9]. Nursing females have high metabolic demands and can often eat more than
their body weight in insects nightly [8, 9, 27]. Frugivorous and nectivorous bats eat fruit,
pollen, or nectar from plants and flowers. Bananas, mangoes, dates, figs, peaches,
cashews, guava, avocados, and agaves (from which tequila is made), are a few wild
plants that rely on bats for pollination and reproduction. The giant saguaro and organ pipe
cacti of the southwestern desert are two important plants within the United States that
rely heavily on bat pollination. Carnivorous species, usually tropical, feed on fish, frogs,

lizards, small rodents and birds, and occasionally other bats [12].

Roosts: Bats are nocturnal and so they roost during daylight hours in tree branches and
leaves, under exfoliating tree bark, in caves, mines, cliff crevices, hedgerow thickets,
natural tree cavities, under bridges, and in attics and roofs of barns and other structures
that provide an overhang. Artificial roosting structures, or bat houses, are used by at least
a dozen of the more common and abundant species as well. Bats use roosts for many
different reasons: as hibernacula, maternity (nursery) roosts, bachelor roosts, night roosts,

and migratory stopovers [26, 28].

A close view of the Brazilian free tailed bat is shown in Figure 1-2. Note the tail at the

end of the bat body. The bat gets its name because of this free tail.
1. 2 Necessity of Mathematical Modeling

Censusing natural populations of bats are important for understanding the ecological and
economic impact of these animals on terrestrial ecosystems. Colonies of Brazilian free-
tailed bats (Tadarida brasiliensis) are of particular interest because they represent some
of the largest aggregations of mammals known to mankind. It is challenging to census
these bats accurately, since they emerge in large numbers at night from their day-time

roosting sites [14, 15].



Figure 1-2: The Brazilian Free Tailed Bat

Millions of bats live in the caves of the Winter Garden region of Texas. They come out
every night to forage in the fields that are near the caves. During foraging, the bats
consume thousands of tons of insects, mosquitoes and many other pests that damage the
crops. It becomes a necessity to estimate the amount of insects consumed by each bat.
The consumption pattern may or may not be affected by the nature of flight of the bats
during that particular night. This forces to study the movement of the bats from the
emergence, their nature of flight, the movements of each bat inside the column and then
finally the amount of insects consumed by the bats during that night. This thesis work
only concentrates on the nature of the flight behavior. The study of emergence cannot be
done by just observing the movement of the bats during emergence due to the complexity

involved in it. Hence, mathematical modeling is necessary to carry out this task.

A model of an object, process, or system is a picture or representation of it that preserves
relevant properties or relations. A (mathematical) model is always relatively more
abstract than what it represents. A model and its "target" form a relationship. The first
step in mathematical modeling is to formulate or construct a model of the target. This
reality check might suggest re-formulating the model, followed by a re-interpretation.
This cycle makes up the modeling process. Formulation takes us from the concrete to the
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abstract; interpretation takes us from the abstract to the concrete. A diagram of this
process appears in Figure 1-3 [13]. In the study of bat movement pattern, the target is the
movement of bats. We need to first model the target and then apply these modeling
techniques on the target to study the behavior during that particular emergence. The
amount of insects consumed and other related statistics are studied by the biologists and

then the flight behavior is compared with the foraging behavior of the bats.
1. 3 Modeling Using Simulations

Many investigators have used the idea of mathematical modeling using simulations over
the years to study ecological aspects. Different mathematical models that are used to

study bat ecology and behavior will be discussed later in this chapter.

The elementary models used by ecologists fall into the following two categories and are

described in detail.

Individual-based models: These models are simulations based on the global
consequences of local interactions of members of a population [16]. These individuals
might represent plants and animals in ecosystems, vehicles in traffic, people in crowds, or
autonomous characters in animation and games [17, 18]. These models typically consist
of an environment or framework in which the interactions occur and some number of
individuals defined in terms of their behaviors (procedural rules) and characteristic
parameters. In an individual-based model, the characteristics of each individual are

tracked through time.

This stands in contrast to modeling techniques where the characteristics of the population
are averaged together and the model attempts to simulate changes in these averaged
characteristics for the whole population. Individual-based models are also known as

entity- or agent- based models, and as individual/entity/agent-based simulations [16, 18].



Model Target

(re-)Interpretation

Figure 1-3: Mathematical Modeling Principle

Population-based models: These models are more of analyzing the behavior of a group
of individuals. Individual-based models can be grouped together to form a population-
based model [19]. The interest lies in simulating the group as a whole instead of studying

each and every individual separately.

The novel idea presented in this thesis is to integrate both modeling ideas and form a
simulation that takes into account both the individual and the population based modeling

methods and lead to a comprehensive study of the emergence of the bats.
1. 4 Bat Counting

The approximate estimate of the number of bats present in the bat cave is also an
important factor for reasons stated before, as it indicates the approximate amount of

insect consumed by the bat colony during that particular night of foraging.

The physical conditions of the caves restrict human movement inside the caves and the

videos can be taken only near the entrance of the caves. The deadly rabies virus is one of

the terrifying reasons to keep away from the bat cave. Recently researchers have found

that the virus can be transmitted through air in the bat caves [20]. All the bats are not

necessarily affected by rabies but there is a high probability that the bats may be affected
7



and may transmit the virus to the humans. So, as a precautionary measure, humans are
advised to keep away from going a very long distance inside a bat cave [21]. Even though
there may be many such difficulties, the estimation of the number of bats present in the
bat cave is a very important factor. So the less dangerous caves like the Ney caves and
the Frio caves are of specific interest here. After estimating the total number of bats
present in these caves, the values can be extrapolated to the other caves with the help of
factors like time taken for emergence, area of the cave, the foraging behavior and flight

behavior of the bats, etc.

Thermal infrared videos were taken during the emergence of the bats before foraging in
the Ney caves. These videos were analyzed frame by frame to estimate an approximate
value of the total number of bats present in the caves. Advanced Image Processing
techniques like region growing, connected component labeling and automatic
thresholding have been used for this purpose. The details of each of these techniques will
be presented in Chapter 4. The emergence of the bats from the cave is shown in Figure

1-4.

Figure 1-4: The Pre Emergence Vortex



1. 5 Bat Movement Pattern

First let us have a look at the real time images taken from some of the caves mentioned

above and then discuss about how to model the whole scenario using rules.

All the images shown below have been taken from the Frio cave in Texas.
1.5. 1 The Pre-Emergence Vortex

The Frio cave has two cave openings from which the bats emerge and this is one of the
openings. It will be interesting to note that the bats try to move in a circular fashion
before actually coming out of the cave. They circle the opening of the cave for about 2 or

3 times and then start off with the emergence.

The same kind of behavior is also seen on the second opening of the cave. After the
emergence, this kind of circular motion is not seen but a rolling motion is seen inside the
column. This rolling motion was clearly visible if we have a look at the infrared video
taken during the emergence (should provide the image if you mentioned it). Even before

flying out from the cave, the movement of the bats is quite intriguing and interesting too!
1.5. 2 Emergence

The actual emergence of the bats from the cave is shown in Figure 1-5. The column
formation of the bats or the orderly movement of the bats is not visible in this figure. This
is because it is too early for the bats to decide about the movement. As they move on for

some distance, we can see uniformity in their movement.
1.5. 3 Column Formation

To understand the idea of column formation, a series of figures (Figures 6-8) have been
presented here. The picture gives an idea about the way in which the bats fly in a
disciplined manner. It seems as though there is an invisible boundary on both the sides of

the column that make the bats maintain such a nice flight.



Figure 1-5: Emergence of Bats

Figure 1-6 gives the initial column formation of the bats as they come out from one
opening of the Frio cave. This can be termed as the first stage in the column formation.
The next stage in the column formation as far as the Frio cave is considered is given in
Figure 1-7. The bats initially fly in two separate columns. The two columns emerging

from the cave are very clearly visible in the figure.

The next step in the column formation is the merging of the two separate columns into
one single column. Even though the bats come out of two different openings in the Frio

cave, they try to merge into one single column after some time.

The bats initially fly in two separate columns but merge into one after they have gone a

considerable amount of distance.

The only place where this happens is in the Frio cave due to two openings present.
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1.5. 4 Sub Flocking

The bats try to separate into sub-flocks after moving in a single column for a considerable
amount of time. They may form one or more sub-flocks but the main reason for sub
flocking is that the birds may start to forage after sub flocking. They move to different
parts of the fields in flocks to forage in that area. The foraging period may last for about 1
— 1 % hours [7]. Figure 1-8 gives the merging of the two columns. Figure 1-9 gives a nice
view of the different sub flocks that are formed just before that bats start to forage. The
different sub-flocks that are formed have been marked using red circles in the figure to

show the number of sub-flocks formed.
1.5. 5 Disturbance Due to a Hawk

It is rather very interesting to note the behavior of the bats when there is some predator
movement near the column. The bats identify the movement of a hawk near the column
and the whole column move such that they avoid the predator. The presence of a hawk is
shown using a red circle in Figure 1-10 and the disturbance in the movement of the
column is also shown here. All the pictures shown here give a very nice visualization to
what is happening inside the flock and how the motion is being disturbed or changed

because of that.

Figure 1-8: Column Formation — Stage 3
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Figure 1-9: Sub Flocking

Figure 1-10: Hawk Disturbance
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1. 6 Background Study of Simulator

The simulation developed for this thesis will be explained in detail in Chapter 3. Before
that, the evolutions of other 3D models of bat flight are first discussed here to understand
the problems faced by the different models and how this particular model overcomes

those problems.

The 3D models put forth by a few people have been explained in the following pages.
1.6. 1 3D Model Proposed by Craig Reynolds in 1987 [22]

The movement of a flock of birds, a herd of land animals, or a school of fish is so
organized and orderly that it provokes the thought of anyone who watches it closely to
wonder if they follow certain basic rules to maintain the orderliness [15, 29]. This type of
complex motion is rarely seen in computer animation. The idea proposed by Craig
Reynolds explores an approach based on simulation as an alternative to scripting the
paths of each bird individually. The simulated flock is an elaboration of a particle system,
with the simulated birds being the particles. The aggregate motion of the simulated flock
is created by a distributed behavioral model much like that at work in a natural flock; the
birds choose their own course [30, 31]. Each simulated bird is implemented as an
independent actor that navigates according to its local perception of the dynamic
environment, the laws of simulated physics that rule its motion, and a set of behaviors
programmed into it by the “animator.” The aggregate motion of the simulated flock is the
result of the dense interaction of the relatively simple behaviors of the individual

simulated birds [22].

The primary rules used in this model are:

e Velocity matching
e (Collision avoidance

¢ Flock forming
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Craig Reynolds was an Oscar award winner for Computer Graphics in the year 1998 for
his work in 3D boids design. The basic design of one of his simulations is given in Figure
1-11 [22]. Craig Reynolds also developed a Java applet to design the rules for the boids

simulation. [6].
1.6. 2 3D Boids Proposed by Conrad Parker [32]

The algorithm models the behavior of flocking animals (e.g. birds) by simple rules which
describe only the behavior of individuals. In this simulation, the three primary rules
proposed by Craig Reynolds have been implemented but the graphics used here are
totally different. Figure 1-12 shows the design of the simulation developed by Conrad
Parker. The red circle shows the birds that fly according to the rules specified by the

program. This simulation is also implemented using the Java programming language.
1.6. 3 3D Model Proposed by James Macgill and Stan Openshaw [33]

James Macgill and Stan Openshaw are professors from the Department of Geography.
They studied about flocks because they claimed that flocks can be used to drive a
geographic analysis machine. The idea of multi spatial analysis was used to determine the
number of flocks present in a given region. They used clustering algorithms to classify
the different flocks present in a given group of clusters. The flocking algorithm proposed

by them is given below.

Figure 1-11: Craig Reynolds Model [22]
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Figure 1-12: Model Proposed by Conrad Parker

The three basic rules of a boid proposed by Craig Reynolds are used here. The idea of
clustering has been used to implement the following algorithm. James Macgill and Stan
Openshaw propose that by using the following algorithm, all the primary rules will be
followed by the boids automatically. There is no need to build separate algorithms for the
rules but the following one algorithm will make the boids follow all the rules. The basic

idea behind this rule is given in Figure 1-13.

Using just the following rule, a single flock is created that moves and swoops around
together. By adding different colored boids it is possible to have multiple flocks that
move around whilst avoiding each other. The following rules implement this as well as

the avoidance of static barriers [31].

e Find all detectable (in range) neighbors/barriers, then for each one:
o If neighbor is of same color then target point is the weighted average of
alignment and either attraction, or repulsion depending on how close the

neighbor is.
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Figure 1-13: Model Proposed by Macgill and Openshaw

o Else if the neighbor is of another color or a Barrier, then set the target
point (the next position of the boid) to be away from neighbor.
e Take weighted average of all target points generated above
e Move towards that point [4] .The forces acting on a boid are given in Figure 1-14

[33].
1. 7 Thesis Contributions

The major contributions of the thesis work lie in the development of a simulator for study
of bat movement patterns and an automated image processing system for bat counting
from thermal infrared videos. The study of bat behavior has a great impact on ecological
factors like bat conservation and estimating the number of pests killed by the bats. In
specific, the contributions of the thesis work can be addressed from two perspectives.
First, the simulator developed during this thesis work not only implements the primary
rules proposed by previous researchers that model bat movement patterns, it also
implements a few secondary rules that enhance the bat movement pattern and make their
motion look more real and graceful. Behavioral aspect of the bat like sub flocking is also

implemented.
17
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Figure 1-14: Forces Acting on a Boid

In addition, the simulator is designed to simulate the surrounding environment of the bats
of the Winter Garden region in Texas. Second, an automated bat counting algorithm is
developed through advanced image processing algorithms that include segmentation
based on automatic thresholding, connected component analysis based on region growing,
and bat counting based on overlapping area analysis. The algorithm has been evaluated
on videos generated from the simulator and the errors are estimated. The dynamic bat
counting is used on the videos taken from the simulation and then applied on the real time
thermal infrared videos. The accuracy of the counting algorithm can be as high as 100%

and also as low as 74%.
1. 8 Thesis Outline

Chapter 2 reviews the bat behavior along with the primary and secondary rules. The
physical meaning of each rule without any mathematical modeling is first studied. The
result of each rule on the movement of the bat column is explained and the effects of the

combination of various rules on the columns have also been studied.

In Chapter 3, the Bat Behavior simulation, which is the rule-based movement of the bats

and their emergence, is studied. The mathematical model of each rule and their

18



implementation using computer codes are studied in detail. The pseudocode for each rule
is presented and the movements of the bats according to these rules are visualized using

the simulator designed for this purpose.

Chapter 4 describes the implementation of the Bat Counting algorithm using advanced
image processing algorithms. The theory behind the counting is explained thoroughly.
The algorithm is first validated using the videos obtained from the simulation and then
applied to the real time infrared video. Several statistical approaches have also been used

to evaluate the accuracy of the counting procedure.

Chapter 5 suggests the future improvements of the simulation and the counting algorithm.
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Chapter 2
Bat Behavior

“Perhaps most puzzling is the strong impression of intentional, centralized control.
Yet all the evidence indicates that flock motion must be merely the aggregate result
of the actions of individual animals, each acting solely on the basis of its own local
perception of the world.”

Craig Reynolds, 1987

As discussed in Chapter 1, the need for the study of bat behavior is most vital in
determining whether there is a correlation between the bat flight and the foraging
behavior of the bats. The thorough study of bat behavior will also help model the
behavioral aspects using mathematical formulas and code them using binary logic. The
bats emerging out of a cave try to remain together in a column. The bats may, however,
try to follow some basic rules that will allow them to remain inside the columns and also
be prepared for any attacks from predators. According to the model proposed by Craig
Reynolds [22], there are three basic rules followed by the bats: flock forming, velocity
matching and collision avoidance. These rules are considered the primary rules with
which the bats move inside the column. There are also other secondary rules like the
community and individual predator avoidance rules, which will be discussed in detail.
The bat movements while foraging and sub flocking are different [34]. This is quite an
interesting phenomenon and should be dealt with in the simulation. This chapter will

cover extensively about the bat flight according to the above citied rules.

The bats are the only flying mammals and they always live together as a big colony
inside caves. They fly in columns and their flight in such colonies has aroused the interest
of many researchers all over the world. Dr. Craig Reynolds, a computer animator, went a
step further and tried to model the bat flight mathematically [22, 34]. He felt that the bats

maintain certain rules that aid them to stay within the column. He observed and put down
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three basic rules, including the velocity matching rule, the collision avoidance rule, and
the flock forming rule that may be the reason for binding the bats within columns and
also causing an interesting form of motion within the column. These three rules then

derive different functions, such as

e spontaneously polarize

e synchronize changes in direction

e flocks join when they meet

e flocks split around some obstacles

e if started too close together, flash expansion occurs

o if started too far apart, they may slowly aggregate, or may form ‘flockettes’ which

later merge, given a long enough time and a small enough space [19, 22, 34, 35].

where “flocks split around obstacles” and “joining when they meet” are both part of the
collision avoidance rule. In the following sections, we will explain in detail the basic

three rules the bats follow and their motion as a column.
2. 1 Collision Avoidance Rule

According to this rule, the birds try to maintain a small predefined distance between the

birds in its close neighborhood. The idea of this rule is shown in Figure 2-1.

Current bird of interest

715—9 Small neighborhood region around
\ the bird

Meighbors ofthe current bird

Figure 2-1: Collision Avoidance Rule Principle
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The green colored bird is the current bird of interest. All the calculations are done on this
bird and the rest of the birds are colored blue. All the blue colored birds that fall into the
white colored circle are the neighbors of the current bird. The circle represents the
neighborhood of the bird and is shown separately in Figure 2-2. The distance between
this green colored bird and the blue colored neighbors are calculated. The flock maintains
a minimum collision distance, d. If the distance between the birds is shorter than this
distance, then there is a very high probability that the birds may collide with each other.
As soon as this case is detected, the birds will move away from each other by a certain
distance. By doing this, it is ensured that the distance between any two birds will never

exceed the minimum collision distance.
2. 2 Velocity Matching Rule

In this rule, the bats try to match the velocity of the birds in the small neighborhood
around it. The bats move with the average velocity of all the birds in the small

neighborhood. The idea of velocity matching can be understood better using Figure 2-3.

Figure 2-2: Neighborhood of a Boid
}S h// All the birds in the small neighborhood try
‘,_h to maintain the same average velocily

Figure 2-3: Velocity Matching Principle
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The green colored bird is the current bird of interest and all the neighboring birds try to
follow the green one. The green colored arrow shows the direction of movement of the
bird. The direction of motion of all the other birds is shown using a blue colored arrow.
The average velocity of all the birds is taken and the resulting direction is shown by the
blue colored arrow on the green colored bird. This is the final direction that all the birds
will follow as a result of the velocity matching rule. The speeds of the birds are also

averaged out and the birds fly with this average velocity.
2. 3 Flock Forming Rule

In this rule, all the boids that are on the boundary of the column will try to move towards
the center of mass of the whole column. This behavior of the bats was a mystery for
sometime and that was when the predator avoidance idea came to light. All the boids try
to avoid the boundary of the column. The reason is that, when they move along a column
and when a predator like a hawk passes by, it will almost always try to catch the bird that
is on the boundary. Therefore, all the birds will try to avoid the boundary fearing the
hawk. This is where the rule of the “Survival of the fittest” beautifully fits in. In our case
the fittest one is the bird that senses the presence of the enemy and moves in towards the
center of mass in order to avoid the enemy. The flock forming rule can be understood
using Figure 2-4, in which the filled dot denotes the center of mass of the flock within a
small neighborhood indicated by the circle. The bird on the boundary (in green color)

tries to move towards the center of mass of the flock.

A \ |

| | [ |

1
I."-._I \

Figure 2-4: Flock Forming Principle
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All the rules discussed above are the primary rules followed by the bats while moving
inside the column. Besides these three primary rules, the bat movement also follows a
couple of secondary rules. The reason for separating the rules as primary and secondary
is that when a primary rule and a secondary rule both come into the picture, the primary
rule has higher priority over the secondary one. The probability that the bat will follow

the primary rule first is higher than that of the secondary rule.
2.4 Community Predator Avoidance Rule

The community predator avoidance rule is active only at the boundary of the column.
This rule is used to make the flyers aware of the neighborhood in which they are flying.
The rule helps in setting a hard wired boundary for the flyers and they do not cross the
boundary at any time unless overridden by the collision avoidance rule. In such cases, the
community predator avoidance rule gets lower priority. The main aim of this rule is to
move the boids inside the column as a group to avoid any threats due to predators. The
boids try to maintain the column formation as a group in this rule. Figure 2-5 gives a nice
idea on this rule. The red colored lines are the hard wired boundaries for the column.
They are formed by the birds that are in the boundary. In real time, the birds look into its
neighborhood and if there are not other birds towards one full side, then it feels that it is
near the boundary and so scoots inside the column. Mathematical Interpretation of this

rule is in a different way and is discussed in detail in Chapter 3.

P /_\‘
The hard Wiredb\nundaées for the column

Figure 2-5: Community Predator Avoidance Principle
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2. 5 Individual Predator Avoidance Rule

The community predator avoidance made the groups of flyers in the boundary to be
aware of their neighbors and save themselves as a group from predators. It, however,
does not assure full safety for the flyers as an individual from predators. The individual
predator avoidance rule will make each and every flyer aware of their safety and make
them continuously move towards the center of mass of the column. By moving towards
the center of mass, the flyers will be sure that they will have other boids surrounding

them and in turn making their position a safer one.

Unlike the flock forming rule in which only those boids that are within the flocking
radius of the current bird that move towards the center of mass, in this rule all the boids
will try to move towards the center of mass. Those boids that succeed in reaching the
center of mass line will be safe from predators. But all the boids will continuously try to
move towards the center of mass and this will lead to some motion inside the column.
Sometimes this may lead to a chaotic motion but in reality this kind of chaotic motion is
not uncommon. Figure 2-6 gives a very good idea of what the rule is about. The red lines
give the boundary drawn by the community predator avoidance rules. The center of mass
of the column is calculated and keeps on changing as the column changes. The flyers try
to move towards the center of mass line as they move. This will make them safe from
predators. The boids try to flock towards the center of mass of the column which will
lead to a constant movement inside the column. Every boid will try to safeguard itself and
the most popular rule of nature: “Survival of the fittest” holds good even to these flyers

inside a column.

The individual predator avoidance rule actually tries to reduce the otherwise chaotic
motion inside the column. If this rule is not present, all the birds will just try to move
away from each other to maintain the minimum collision distance between them and this
will result in a few birds moving astray from the column. Also, the column formation will
also be lost after some time. This rule will make the birds remain inside the column while

maintaining the minimum collision distance between them.
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The center of mass of the column

Figure 2-6: Individual Predator Avoidance Principle

2. 6 Sub-Flocking Behavior Rule

The bats remain inside a column for a reasonable amount of distance. As soon as the bats
reach the fields to forage, they sub-flock or move separately as flocks of birds [39, 40].
This sub-flocking behavior is generally seen in all types of birds that initially fly in
groups. In the case of bats, they do not move separately, but sub-flock as a group and
these sub-flocks again follow the primary and secondary rules of flight. It can be seen
from the figure that the bats initially move as one single group or column. The bats then
form different sub-flocks but still maintain the column formation and continue to forage

in the fields. The idea of this rule is given in Figure 2-7.
2.7 Summary

The different rules related to bat flight have been discussed in detail. Bats try to maintain
these rules as they fly out of the bat cave. These rules have been coded to form a
simulation of bat emergence for a better understanding of the rules. The theory behind the

development of these rules has been discussed in detail in this chapter. By the end of the
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Figure 2-7: Sub Flocking Principle

chapter, the function of each rule will be very clear. Each rule has got its own importance
and it is necessary to separate them as primary and secondary rules. The primary rules are
followed constantly, no matter if the situation demands it or not. This is not the case with
the secondary rules as these are concerned only with predator avoidance. In the next
chapter, we will discuss how these rules are implemented in the simulator designed in
this thesis work such that their effects on bat movement pattern can be visualized and

controlled.
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Chapter 3

Bat Behavior Simulation

The main focus of this chapter is to explain the mathematical interpretation of the
different rules that have been discussed in the previous chapter. First a few detailed
specifications of the program are brushed through and then the mathematical rules are
explained. The main idea behind the simulation is to design a computational model of the
emergence of bats from the cave [17, 18]. The usage of very simple rules helps in
achieving the end result [22, 34]. The position of the bat in each time frame is determined
by these rules. There is a separate function in the program that makes the bats move
constantly along the desired direction and the rules guide the bats in taking the direction
that it may in real life. The exact environment of the bats that come out of the cave is
imitated in the simulation. Even though it may not look realistic, it helps in understanding
the basics of the bat flight. As the simulation is explained, a comparison is also made
with existing 3D models of bats. This will give a better idea about the different

approaches in modeling the emergence of bats.
3. 1 Explanation of Data Structure

The boids have been declared as a separate class and the variables associated with a bird
are defined in this class. A brief view of the boids class as it appears on the program has
been given below. The variables and functions used in this class are used in the entire

program to control the movement of the birds.

The Boid class is defined using four groups of variables to describe the location, the
heading, the speed, and the flying time of each individual bird. The location variables
consist of (x, y, z), denoting its coordinate value along the three dimensions. The heading
variables are hHeading and vHeading denoting the horizontal and vertical headings of the
boid. These have been defined for future use and have not been used anywhere in the

simulator at present. The speed variable is denoted by speed and stores the value of the
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speed of the boid. The time variables consist of startTime and finishTime and these store
the starting and the finishing time of each individual boid. Besides the above variables,
the Boid class also defines the interface functions through which the variables are
modified based on different rules to reflect different movement patterns. In the following,
we describe these functions in detail. First we describe the functions that represent the

primary and secondary rules of movement of the boids.

e The directToBoid function: this function is used to denote the flockforming
rule of the boids. The function helps in the formation of local flocks in the column
of boids.

e The velocityMatching function: this function is used to illustrate the
velocity matching rule of the boids. The function calculates the average velocity
of the neighbors of the boids and makes them fly with this average velocity.

e The collisionAvoidance function: this function calculates the distance
between the current boid and the boids in the neighborhood. If this distance is
more than a certain threshold distance (the collision distance), then the current
boid is made to move away from the neighboring boid that is closest to it.

e The landscapeAvoidance function: this function is used to avoid any trees
that may be present in the path of motion of the boids. The positions of the trees
are already known and the boids try to stay away from these landscape obstacles.

e The landCollisionAvoidance function: this function is used to avoid any
collisions with the ground level if the boids reach that level. The distance between
the current boid and the ground is calculated and if this distance is lesser than a
certain threshold distance, then the boids are moved upwards to avoid any
collision with the land below.

e The communityAvoidance function: this function demonstrates the
community predator avoidance of the boids to keep the boids away from the
boundary of the column. A hard wired boundary for the column is already set and
if the position of the boid is beyond this boundary, then the boid gets scooted

inside the column.
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e The individualAvoidance function: this function is used to interpret the
individual predator avoidance rule. The center of mass of the column is calculated

and the boids try to move towards the center of mass of the column.

Secondly we explain the auxiliary functions that are used to aide the movement of the

boids according to the above described functions:

e The towardsCM function: This function calculates the center of mass of the

flock that is required by the flock forming rule of the boids.

e The moveAway function: This function moves the position of the boid away
from the nearest neighbor if the distance between them is lesser than the collision

distance. This function is called from the collisionAvoidance function.

e The towardsIndi function: This function calculates the center of mass of the

column that is required by the Individual Predator Avoidance rule.

e The moveObject function: This function is used to constantly update the
position of the boid so that they are constantly moving as long as the simulation is

running.

These are the only characteristics that describe the boid. The position and speed of the
boid is the most important factors to be taken into account. The primary and the
secondary rules have been written as separate functions and the pseudocode for each

function has been given later in this chapter.

3. 2 Mathematical Interpretation

3.2. 1 Flock Forming Rule

Flock centering makes a boid want to be near the center of the flock. Each boid has a
localized perception of the world: “center of the flock” actually means the center of the

nearby flock mates [22]. Flock centering causes the boid to fly in a direction that moves it
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closer to the centroid of the nearby boids. If a boid is deep inside a flock, the population
density in its neighborhood is roughly homogeneous; the boid density is approximately
the same in all directions [39]. In this case, the centroid of the neighborhood boids is
approximately at the center of the neighborhood, so the flock centering urge is small. But

if a boid is on the boundary of the flock, its neighboring boids are on one side.

The centroid of the neighborhood boids is displaced from the center of the neighborhood
toward the body of the flock. Here the flock centering urge is stronger and the flight path
will be deflected somewhat toward the local flock center [14, 34].

The pseudo code for this rule is given in Figure 3-1.

Data: b; (an individual boid), b;; (the neighboring boid), pc; (center of
mass of the flock), df (flock forming distance, predefined), N (the
total number of birds that are flying in the neighborhood including the
current boid)

Result: the updated position of b;; after applying the flock forming rule

Initialize N=0 and pc;=0;
Given each boid b;
FOR each boid b;; (i not equal to jJj)
d = distance between b; and bjj
IF d is less than df THEN
pc; = pc; + b;j.position //update the position of
the center of mass of the flock with respect to

the current boid

N = N+1;
END IF
END FOR
pci = pci/N;

RETURN pc; //return the updated position

Figure 3-1: Pseudocode for Flock Forming Rule
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The above procedure gives the basic pseudocode for the flock forming rule.

This rule makes the boids continuously move towards the center of mass of the local
group and helps the formation of “Local Flocks” which is generally visible in all bird
flocks [22]. Real flocks sometimes split apart to go around an obstacle. To be realistic,
the simulated flock model must also have this ability. Flock centering correctly allows
simulated flocks to bifurcate. As long as an individual boid can stay close to its nearby
neighbors, it does not care if the rest of the flock turns away. More simplistic models
proposed for flock organization (such as a central force model or follow the designated

leader model) do not allow splits [34].
3.2. 2 Velocity Matching Rule

The velocity matching rule is used to average out the velocities of all the flyers so that the
speed of all the flyers is approximately equal to the mean speed. This rule helps to bring
an orderly motion within the column and in organizing the bat flight. The pseudo code for

this rule is given in Figure 3-2.

Velocity is a vector, referring to the combination of heading and speed. The manner in
which the results from each of these behaviors are reconciled and combined is significant
and is discussed in more detail later. Similarly, the meaning “nearby” in these rules is the
key to the flocking process. Generally one boid's awareness of another is based on the

distance and direction of the offset vector between them.
The idea of neighborhood of a single boid will be clearer from Figure 2-2[14, 34].

The pseudocode given here calculates the average velocity of all the boids present in the
scenario. The current boid is kept as reference and the average velocity of all the boids

are calculated and assigned to the boids throughout.

32



Data: Db; (an individual boid), b;; (the neighboring boid), N (the total
number of birds that are flying)

Result: pv;, the average velocity of the boids

Given each boid b;
FOR each boid b;; (i not equal to jJ)
pv: = pvy + byy.velocity // calculate the total velocity of
all the boids
END FOR
pv; = pvy / N-1 // This is used to get the average velocity
RETURN pv; //return the updated velocity

Figure 3-2: Pseudocode for Velocity Matching Rule

3.2. 3 Collision Avoidance Rule

The most crucial of all the primary rules is the collision avoidance rule. The position of
the neighboring boid is changed if the distance between the current boid and the

neighboring boid is less than the collision distance.

The minimum distance of separation between any two flyers is maintained by this rule.
This rule involves continuous computation of distance to avoid unwanted collisions
between the bats. However, in real life, there may be in fact some collisions due to the
narrowness of the column. The distance between the boids is constantly compared with
the threshold value and if there is any violation, then the bat is scooted away from its

neighboring bat. The rule is very crucial in getting some motion inside the column.

Static collision avoidance and dynamic velocity matching are complementary. Together
they ensure that the members of a simulated flock are free to fly within the crowded skies
of the flock's interior without running into one another. Collision avoidance is the urge to
steer a way from an imminent impact. Static collision avoidance is based on the relative
position of the flock mates and ignores their velocity [40-42]. Conversely, velocity
matching is based only on velocity and ignores position. It is a predictive version of
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collision avoidance: if the boid does a good job of matching velocity with its neighbors, it
is unlikely that it will collide with any of them any time soon. With velocity matching,
separations between boids remain approximately invariant with respect to ongoing
geometric flight. Static collision avoidance serves to establish the minimum required
separation distance; velocity matching tends to maintain it [22, 34]. The pseudo code for

this rule is given in Figure 3-3.

3.2. 4 Predator Avoidance Rule

As the column of boids move, they are constantly on the look out for predators. The boids
communicate by the principle of echolocation. Echolocation is a method of sensory
perception by which certain animals orient themselves to their surroundings, detect
obstacles, communicate with others, and find food. In echolocation a series of short,
high-pitched sounds are emitted by an animal [3, 19]. These sound travel out away from
the animal and then bounce off objects and surfaces in the animal's path creating an echo.
The echo returns to the animal, giving it a sense about what is in its path. A bat can
determine an object's size, shape, direction, distance, and motion. This echolocation
system is so accurate that bats can detect insects the size of gnats and objects as fine as a
human hair. Scientists would like to know more about how bats use echolocation so they

can help blind people detect objects with sound [36, 41].

Figure 3-4 gives a diagrammatic representation of the echolocation principle. If the echo
received by a bat is small in magnitude, then the bats are sure that an insect is somewhere
near. In the same way, if the echo received is large in magnitude, then there may be some
predators nearby [38]. The bats have to avoid any such predators from their path and this
is possible by changing the course of their movement by changing the direction of motion
of the column. The bats are constantly on the look out of predators. The bats that are on
the edge of the column are more prone to danger by predators than the bats that are in the
interior. Bats that are near the end of the column try to move towards the interior of the
column. There is always some kind of competition between the flyers in the edge and the

flyers in the interior.
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Data: b; (an individual boid), b;; (the neighboring boid of b;), d.
(collision distance, predefined)
Result: the wupdated position of b;; after applying the collision

avoidance rule

Given each boid b;
FOR each boid b;; (i not equal to j)
c; = current position of Dbjj
d = the distance between b; and bjj
IF d is less than d. THEN
c; = ¢y + do // calculate the new position
// of the Dboid b
END IF
END FOR

Figure 3-3: Pseudocode for Collision Avoidance Rule

Figure 3-4: Echolocation in Bats (Image courtesy: http://www.batcon.org/)
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The idea of predator avoidance can be achieved efficiently using two rules namely:

Community predator avoidance and Individual predator avoidance.
3.2. 5 Community Predator Avoidance Rule

According to this rule, the groups of bats that are in the ends of the column move inside
the column, but this does not necessarily mean that they are safe from predators. The

pseudo code can be given in Figure 3-5.

The iteration is carried on for every bat and the position of the bat is checked. If the
position is outside the column, then the bat merges into the column. Even if the bat
moves into the column, it cannot be sure that it is safe from predators. This leads to the

next rule.
3.2. 6 Individual Predator Avoidance

According to this rule, every boid will try to safeguard itself from predators by moving
towards the center of mass of the column. The center of mass of the column is calculated

always and the current boid is moved towards this center of mass.

By switching the collision avoidance rule and the individual avoidance rule, a
considerable amount of movement can be observed inside the column. The pseudo code

for this rule is given in Figure 3-6.
The rule based procedure for Individual predator avoidance is given by the pseudo code.

The behavioral aspects of all the boids have been discussed in detail. There is another

aspect of movement in the column of boids. This is the Sub-Flocking behavior of the

boids.
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Data: b; (an individual boid), bi; (the neighboring boid), d. (threshold
distance, predefined), edge (the boundary of the column)
Result: the wupdated position of b;; after applying the community

predator avoidance rule

Given each boid b;
FOR each boid b;; (i not equal to j)
IF b,j.position is more than edge THEN
bij.position = b;y.position - d. // this is
used to update the position of the boid so that it will
scoot inside the column
END IF
END FOR

Figure 3-5: Pseudocode for Community Predator Avoidance Rule

Data: b; (an individual boid), b;; (other boids besides bi), pc; (center
of mass of the column)
Result: the wupdated position of b;; after applying the individual

predator avoidance rule

Given each boid b;

c = 0;

FOR each boid b;; (i not equal to jJ)
pci = pc; * bij.position;

END FOR

pc; = pcy / N-1 ;

RETURN pc;

Figure 3-6: Pseudocode for Individual Predator Avoidance Rule
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3.2. 7 Sub-Flocking

The real life pictures of the birds sub flocking after flying together as one single column
was seen before in Chapter 1. In this chapter, we will look how this aspect can be
formulated as a rule to make the birds in the simulation to move in this way. For
simplicity it is assumed that there exists only one sub flock. The pseudocode for this rule

is given in Figure 3-7.

3. 3 Results and Discussions

This section discusses the results obtained from the simulation; the movement of the bats
upon application of the different rules. First the effect of every rule on the simulation is
discussed separately and then the combined effect of the rules is discussed. The best
combination of the rules that results in almost the exact behavior of the bats during
emergence is the final aspect of this simulation. Datasets have been taken after applying
these rules to the simulation so that the behavior of the bats during emergence can be best

obtained. These datasets are used as the synthetic datasets for testing purpose.

Data: b; (an individual boid), limit (sub flock limit)

Result: the updated position of b; after applying the sub flocking rule

FOR each boid b;
IF b;.position > limit
c = new position according to sub flocking limits
END IF
END FOR

Figure 3-7: Pseudocode for Sub Flocking Rule
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3.3. 1 Different 3D Views of the Graphic Oriented Simulation

It can been seen from Figure 3-8 that the simulation has got the caves, trees and
landscape designed in such a way that it closely resembles the caves in the Winter
Garden Region. Figure 3-9 shows the south view of the same graphic setting and Figure

3-10 shows the top view.
3.3. 2 Effect of Primary and Secondary Rules

The different primary and secondary rules cannot be shown as images. The simulation
has to be worked on to show the results. Some of the rules have been given here to
demonstrate their effect on the motion of the bats in a column. Figure 3-11 shows the
sub-flocking behavior of the bats. The two yellow circles show the two sub flocks formed
by the birds as soon as this rule is switched ON. These are the two rules that can be
understood on paper. The rest of the rules have to shown with the help of the simulation
to understand them in a better way. The bat flocks are flying and try to line up along the
center of mass of the column. This rule also will be easier to understand while the

simulation is running.

The series of frames shown in Figure 3-12 shows the demonstration of the individual
predator avoidance rule. Figure 3-13 gives a series of image frames to demonstrate the
collision avoidance rule. Figure 3-14 gives a series of image frames to demonstrate the

community predator avoidance rule.

> BATOIDS
Van_Camera Viw _Objects

Figure 3-8: Lateral View from East
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Figure 3-9: Lateral View from South
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Figure 3-10: View from Top
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Figure 3-11: Sub Flocking Demonstration

40



B o e s SOy RND Eia] [ s Et om - —
4 B3 “. = ! Demm e

Main Camera View Objects Landscape Behaviowr Display Mode Main CameraView Objects Landscape Behaviour Display Mode

Behaviour Display Mode | Main  Camera Yisw  Objects Landscape  Behaviour  Display Mod

-~ =
Demo
B

Main Cameraiew Objects Landscape Behawiour Display Mode Main Camera View Objects Landscape Behaviour Display Mode

-
-
=

+ 3 )
3 3
w1 o o
%
it 1
Fard 3 At o

H

Figure 3-12: Series of Images to Demonstrate the Indv. Predator Avoidance Rule
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The column was initially close together, but as soon as the collision avoidance rule is
switched ON, the bats try to move apart trying to maintain a minimum collision distance

between them.
3. 4 Simulator Interface

The simulator has been designed in a very user friendly way such that anyone who uses it
will understand the modes of operation with ease. Figure 3-15 shows the entire view of

the simulation environment.

Figure 3-16 shows the main menu that is used to navigate through the program. Each

menu will be explained in detail here.

> BATOIDS

Figure 3-15: Entire View for Simulation

~ BATOIDS

WEIN Carnera Yiew Objects  Landscape
Load Configuration...
Save Configuration...

Start/Stop Space

Exit ESC

Figure 3-16: Simulation Main Menu
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3.4. 1 Main Menu

This is the first menu of the simulation. It has four sub menus in it and Figure 3-16 gives

you the sub menus.

e Load Configuration is used to load in a .ini configuration file that gives the
number of flyers, the positions of the flyers and the speed of the flyers. As soon as
an initial conditions file is loaded, the simulation starts with these values as the
initial conditions of the flyers. This menu will help us in analyzing the spatial
distribution of the flyers and their position in different time frames.

e Save configuration is used to save the current configuration of the flyers. While
the simulation is running, it is possible to save the configurations of each flyer so
that we can plot the positions of the flyers later and analyze their spatial
distribution inside a column.

e Stop is used to pause the simulation for sometime and Start is used to resume the
simulation again.

e Exit will help to stop and close the application gracefully.

This concept is a totally new idea and a unique part of the simulation. In the case of the
Craig Reynolds model of 3D Boids, this idea of controlling the initial conditions has not
been implemented. The boids start off in random positions and then proceed to fly
according to the rules. Also only the three basic rules are implemented in the code and

these rules will make the boids to move accordingly [22].

The Figure 3-17 shows the Java applet designed by Craig Reynolds in his simulation [34]
assumes random initial conditions for the birds. In this simulation, the initial

configuration of the flyers can be saved and loaded again during a different trial.
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Figure 3-17: Craig Reynolds Java Applet View

3.4. 2 Camera View Menu

This menu is used to change between different views of the simulation so that the

movement of the flyers can be best viewed.
The Figure 3-18 shows the different sub menus that are present in the Camera view menu.

From above will help us to view the movement of the flyers as if we are look from the

top. Infact we are actually viewing the top view of the simulation.

e Looking North — View as seen facing the north direction

e Looking East — View as seen facing the east direction

e Looking South — View as seen facing the south direction

e Looking West — View as seen facing the west direction

e To the Boid — This is a very interesting view. The camera is actually placed inside
the column and we can see the movement of the current boid, on which the
iteration is going on, along the column. This will give a closer insight on the
movement of each flyer.

e Camera position is used to zoom in and out while the simulation is running the

have a closer or panoramic view.
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Figure 3-18: Camera View Menu

e Camera rotation is used to rotate the whole scenario by a specific angle

This helps in the 3D visualization of the entire scenario. The simulation has been tailor

made for the Winter garden region caves.

The environment in which the bats fly is similar to the caves present in the Winter
Garden Region. The other 3D simulations are not environment specific and have been

designed to just observe the rules followed by the bats.
3.4. 3 Objects Menu

This menu is in no way involved with the movement of the flyers. It is used to just
change the flyer mesh and the flyer colors. The idea behind this menu is to use different
shapes for the flyers so that it can be imagined as the movement of geometrical figures in

a confined space. Figure 3-19 shows the sub menus in the object menu.

e The wire frame, Unlit flat, flat and gouraud menus are used to change the
geometry of the flyers. The basic landscape is only a wire mesh and all the colors

are given to this wire mesh and are built keeping this as the basic form.
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Figure 3-19: Object Menu

The flyers can be added or removed in this menu. Shortcut keys are also given
near the menus. However, we will be using the flyers tab given in the right side of
the simulation mostly to add or remove flyers. It is easier to use this tab instead of
using this menu.

The size of the flyer can also be increased. As I said before, even for this we will
be using the tab to the right of the simulation.

The flyer mesh has three options: a tetrahedron, a small bird or an animated bird.
The flyer color changes the color of the flyers. There is a very useful sub menu
here called the First Flyer. This changes the color of the first two flyers to yellow
and pink respectively. By doing this, the motion of the flyers inside the column
can be studied in a more effective way. Previously it was very difficult to follow
just one flyer inside the column to see how it moves, but this menu overcomes

that problem to some extent.

The different meshes used for the flyers are just to make the simulation more realistic.

The model proposed by James Macgill and Openshaw just assumes the birds to be a

circle and looks for clusters of such circles in the neighborhood [33].

In Figure 3-20, the red circles represent the birds and the code looks for clusters like this

and group them as a flock. In the case of the model proposed by Conrad Parker and Craig

Reynolds, the birds are just assumed to be triangles and made to fly according to the rules.

Figure 3-21 gives the view of the landscape menu.
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Figure 3-20: Macgill and Openshaw’ Boids View
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Figure 3-21: Landscape Menu

3.4. 4 Landscape Menu

This menu helps us to change the landscape of the flyers. In this menu, there are different
options available to change the landscape of the flyers. The landscape can be wire frame
or unlit flat or flat or gouraud or no landscape at all. There is also an option the
recalculate the landscape. This means that we can change the position of the green and
brown patches on the landscape. The green patch corresponds to a grassy area and the
brown patch to a non-grassy area. The landscape assumed in the simulation is created in a
random manner; it means the position of the brown and green patches are changed every

time the simulation is opened.
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Unlike the landscape used by Craig Reynolds where the landscape is just plain, the
simulation has got caves, trees and grass patches. This makes the simulation more real
like.

Figure 3-22 and Figure 3-23 show the simulation by Conrad Parker with two different
landscapes [32]. This just involves using different photographs as background with the
boids simulation in the foreground. This may look realistic, but bats never fly near seas

and beaches.

Figure 3-22: Conrad Boids: View 1

Figure 3-23: Conrad Boids: View 2
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3.4. 5 Behavior Menu

The rules with which the bats fly are controlled by this menu. The different sub menus

included in this are given in Figure 3-24.

The primary rules include:

e (Collision avoidance

e Individual predator avoidance

The importance of these rules makes them primary ones. The secondary rules include:

e Community predator avoidance
e Sub Flocking
e Flock forming

e Velocity Matching
3.4. 6 Display Menu

This menu is wholly for the use of graphics. It helps us to decide the size of display of the
simulation depending on the size of our monitor. By default, the simulation uses the
640x480 size. Figure 3-25 shows the display menu. The Control Panel that appears on the
right side of the simulation can be removed using this menu. Now, let us have a look at
the Control Panel and the shortcuts present in it. Figure 3-26 shows the control bar as it

appears on the simulation.

~ BATOIDS

Main Camera View Objects Landscape BEEREMENE Display Mode  Help
Flock Forming

Welocity Matching

Collision Awoidance CTRL+C

Flyer Atributes...

Community Predator Avoidance
Indivicual Predator Avoidance
Foraging Behavior

Sub Flocking

Figure 3-24: Behavior Menu
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Figure 3-25: Display Mode Menu
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Figure 3-26: Control Bar View

The different parameters that can be controlled using this are:

The number of flyers present in the scene

The size of each flyer

The position of the camera : zooming in and out

The scene can be rotated according to our convenience using the Camera rotation
tab.

The centre angle brings back the scene to the original position without any
rotations

The number frames per second tell whether the simulation is overloaded or not. If
this value is less than 3, then the simulation slows down and removes some flyers
automatically.

The total time for which the simulation has been running.

The Start/Stop button is used to start or stop the simulation in the middle.
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3. 5 Conclusions

The simulation based modeling of the bat emergence has been studied with the help of
different rules. These rules play key roles in the movement of the bats inside the column.
It is evident that the movement of the bats can be mimicked with the help of very simple
and basic rules. The simulation is also compared with existing 3D models and the
advantages have been clearly stated. The mathematical interpretations of the different
rules have also been explained. The simulation has got different forms: namely the
graphic oriented one, the optimized code and the code used to compare the real time
video. Thus the 3D modeling of the emergence of the bats from the cave have been

explained and visualized with the help of simulations.
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Chapter 4
Bat Counting

The main aim of this chapter is to study the problem of counting the number of objects
present in an image using advanced image processing techniques. The idea of region
growing and connected component labeling has been used here to label the components
in the image. The performance of the algorithm is evaluated on both the synthetic dataset
as well as the real-world datasets taken from infrared videos. A simple theory for the
dynamic frame bat counting has been proposed and validated using the videos taken from
the simulation. The same technique is then applied to the real time dataset and an

approximate count for the number of bats present in the bat cave can then be obtained.
4. 1 Four Connected and Eight Connected Neighborhood

Firstly, we will discuss image segmentation techniques related to bat counting, including
thresholding, connected component analysis and region growing. Before we discuss these

techniques in detail, we need to clarify the definition of “neighborhood”.
We first understand the basic meaning of 4 connectivity and 8 connectivity neighborhood.

For a pixel [i, j] in an image, Figure 4-1 shows its 4-connected neighborhood [48].

Figure 4-2 gives the 8-connected neighborhood of the current pixel of interest [7, /].

1.1

U9 R I U I LY )

W1, 1]

Figure 4-1: 4 Connected Neighborhood
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Figure 4-2: 8 Connected Neighborhood

The background of an image is that part of the image which we are not interested in
analyzing and can be discarded. The foreground of an image is the pixels that are of
interest and on which the processing is to be done. The background and foreground of an

image are very specific to the particular image.
4. 2 Segmentation by Thresholding

Thresholding consists of segmenting an image into two regions: a particle region
(foreground) and a background region. In its most simple form, this process works by
setting to white all pixels that belong to a gray-level interval, called the threshold interval,
and setting all other pixels in the image to black. The resulting image is referred to as a
binary image. Different types of thresholding algorithms have been experimented here
and they have been explained in detail in the following section. Before we study about

the thresholding algorithms, the concept of histogram is first explained.
4.2. 1 Histogram of an Image

An important concept common to many image enhancement operations is that of a
histogram, which is simply a count (or relative frequency, if normalized) of the gray
levels in the image. Image enhancement by histogram modeling is a useful and powerful
technique. Analysis of the histogram gives useful information about image contrast.
Image histograms are important in many areas of image processing, most notably
compression, segmentation, and thresholding. Histograms are excellent tools for
evaluating image exposure and contrast [48]. Basically, a histogram is simply a bar

chart. The horizontal axis (x) is the brightness value for pixels. The darkest possible
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value, black (0) is to the left and the brightest value, white (255) is on right. The vertical
scale (y) shows the number of pixels in the image having the brightness value that
corresponds to that position on the horizontal axis. Both axis scales are compressed to fit

within an available screen or window.

This necessary compression on the vertical axis can make interpretation of details more
difficult. The idea of histogram was used to find out the optimal threshold level and set
that value as the threshold limit for the images [47].

The automatic thresholding algorithm requires the thorough study of the histogram of the
image and then deciding the threshold level of the image.

4.2. 2 Automatic Thresholding of Histogram

The segmentation used here is just a simple thresholding algorithm. Initially the ad hoc
method of thresholding was used because of the uniformity of the histogram of all the
images. The threshold level was set as 150 bin and this value was used for the
thresholding purpose. Automatic thresholding was the next method after the ad hoc

method. The histogram of the image was first analyzed.

The bat pixels of our interest were present in the whiter levels of the image between 130
bin and 255 bin. These represent the foreground and the rest are treated as the

background of the image.

The idea of automatic thresholding solely lies in the analysis of the histogram of the
image and for this let us first have a look at the histograms of different frames. The first
step is to identify the rightmost peak shown in the histogram. This peak is set as reference
and the bat pixels start after this peak. The peak was found to occur just before bin 130
and so we chose bin 130 ton bin 255 as the window that has to be analyzed in detail to get

the threshold limit. This rightmost peak is shown using a black circle in Figure 4-3.
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Figure 4-3: Histograms of Diff. Image Frames of the Real Time Thermal Infrared
Video

Figure 4-3 shows the histogram of different frames of the infrared thermal video. As we
can see from the histograms, the pixels that contribute to the bats are roughly located
from bin 150 to bin 255. We use data fitting algorithm to fit the part of the histogram
from region 150 to 255 with a fourth degree polynomial. We then use gradient descent to
find the minimum of this polynomial which would be the threshold for segmenting the
bats. In this method, the histogram is analyzed only between bin 130 and bin 255. This
window is the area of interest and a fourth degree polynomial was fitted in this window
histogram using polynomial approximation. The polynomial approximation method is
explained now. The main idea behind this method is to fit a fourth order polynomial
curve into the window of the histogram and find the local minimum that is first

encountered.
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Assume the polynomial that has to be fitted as X and is given by:
W' (pseudoinverse) = (W' W)W’
so we have

2 3 4
oy upy Uy U

w=|:
1 u255 u2255 M;SS u;SS
_b(O)_
b(1)
B=|b(2)
b(3)
5(4)]
No. of pixels in bin 130
X = :
No. of pixels in bin 255
X =WB

where u=> the gray levels from 130 to 255
Here the coefficients start from 130 because we are interested in only the gray levels
between 130 and 255.

Eq. (1) X=WB
Matrix X has the values of the gray levels from 130 to 255 as its values. We need to find
the value of B i.e. the coefficients of X. This can be done by pre multiplying by W

(pseudo inverse of W) on both the sides of Equation 1. So now we can find the value of B

as:
Eq. (2) B=w"X
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and the value of W' is found by:

Eq. (3) W' (pseudoinverse) = (W' W)W’

Thus the matrix B that consists of the coefficients of X can be found and the polynomial
can be fitted in the window of the histogram. The value of u is the number of pixels
present in each gray level. The next step is to find the local minimum of this polynomial

function that is first encountered when starting from bin 130.

Figure 4-4 shows the area of the histogram on which the curve is fitted and Figure 4-5

shows the entire histogram [50].

The above equations give the mathematical idea behind polynomial approximation.
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Figure 4-4: Curve Fitted Using Polynomial Approximation
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Figure 4-5: Original Histogram Curve

The green colored curve in Figure 4-4 is the curve that has been fitted and the blue
colored curve is the original histogram. We then move on to evaluate the threshold value
for the image. This can be calculated by estimating the local minimum of the curve that
was fitted. The concept of Gradient Descent method has been used to evaluate the local
minimum. Thus advanced thresholding methods have also been implemented other than

the ad-hoc method of thresholding.

4. 3 Connected Component Analysis and Region Growing

4.3. 1 Theory of Connected Component Analysis

Connected components labeling scans an image and groups its pixels into components
based on pixel connectivity, i.e. all pixels in a connected component share similar pixel
intensity values and are in some way connected with each other. Once all groups have
been determined, each pixel is labeled with a gray level or a color (color labeling)

according to the component it was assigned to [47].
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Extracting and labeling of various disjoint and connected components in an image is

central to many automated image analysis applications.

In this part, we try to label each and every object present in the image with a different
label number. The label number can be incremented according to a number of rules and
this will help us in choosing a different label number for different objects. A number of

algorithms have been set forth for the labeling process.

The set of all 1 pixels in an image is called the foreground and is denoted by S.

A pixel peS is connected to qeS if there is a path from p to q consisting entirely of

pixels of S [45].

Connectivity is an equivalence relation, because

e Pixel p is connected to itself (reflexivity).
e Ifpis connected to q, then q is connected to p (commutative).
e If p is connected to q and q is connected to r, then p is connected to r

(transitivity).

A set of pixels in which each pixel is connected to all other pixels is called a connected
component. Component labeling is one of the most fundamental operations on binary
images. It is used to distinguish different objects in an image, for example, bacteria in
microscopic images. We find all connected components in an image and assign a unique

label to all pixels in the same component [43].

In Figure 4-6, we can see that there are three components and the labeling is done

accordingly so that every component gets a unique label.

The image shown in Figure 4-6 gives the labeled image for the given binary image. The
labeled image can be produced by different algorithms and one such algorithm is the

region growing algorithm.
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Figure 4-6: Labeling a Binary Image

Region growing is used to differentiate between the background and the foreground. If a
pixel is identified to be the foreground, then it is grown as long as that particular object
exists and as soon as the end of the object is reached, then the region growing algorithm
is stopped [43-45]. This means that we have encountered another object or the
background. After the end of the region growing algorithm, we have a binary labeled
image with the foreground separated from the background and all the objects present in

the image have a unique label to identify them.
4.3. 2 Improved Counting Method

The algorithm used for the counting is described in Section 4. 4 and the results were
obtained with a reasonably good amount of accuracy. The results obtained for the
counting is discussed later in this chapter. This algorithm did give accurate results but for
certain images where there were lots of bats overlapping with one another, then the
algorithm led to undercounting the bats. To be clearer about this, let us have a look at a
few images and the problems that arose because of these overlapping. The counting
algorithm was designed for any type of image but there were some exceptional cases that

led to undercounting or over counting.
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In some images, the bats fly one above the other and this will lead to only one connected
region. In Figure 4-7, there are only 2 connected regions but there are actually three bats

present in the image.

This problem was easily overcome by calculating the area of the bats and dividing the
mean area by the area of each bat. The counting algorithm was able to tackle such kind of

images. The algorithm used for this is discussed after this section.

Now consider the images shown in Figure 4-8 and Figure 4-9. In Figure 4-8 there are
actually five bats, but only one connected region. In Figure 4-9 there are nine bats, but
only two connected regions. The counting algorithm gave poor accuracy in such kind of

images.

For such special cases, the counting algorithm based on the idea of connected component

analysis did not give very accurate values. This is a major drawback of the proposed idea.

Figure 4-7: Two Connected Regions but 3 Flyers

Figure 4-8: One Connected Region but 5 Flyers
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B = e

Figure 4-9: Two Connected Regions but 9 Flyers

The modified algorithm to count the number of bats present in the image with
overlapping bats is given below. The basic idea behind this is to calculate the area of all
the connected regions and sort the areas in ascending order. After this, three methods are
studied and used to calculate the number of bats present in the image. In all the following
discussions, all these three methods are used to count the number of bats and then the
results are compared. The first method does not calculate the area of each bat and just
labels the image and returns the number of labels as the number of bats present in the
image. The second method gets the area of each bat and finds out the mean value for the
area. The mean value is set as the limit and if the area of any bat is below this value, then
it is considered as only one bat. If the area of an object is more than this area, then the
ratio between the area of that object and the mean area is taken and the integer value is
taken to be the number of bats that may be overlapping in the image. In the third method,

the median value of all the area of the bats is used instead of the mean value.

Algorithm used to calculate the area:

1. Scan the labeled image from left to right.

2. If a labeled pixel is reached, count the number of pixels with the same label. This
count gives an approximate pixel area of that particular bat.

3. In this way, get the area of all the labeled bats. Calculate the mean and the median
value of the area of all the bats.

4. Now take the area of each bat and compare it with the mean (or median).
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o [If the area is smaller than the mean (or median) value, then it is considered
to be one single bat.

o If the area is larger than the mean (or median) value, then the ratio
between these two values is found and this ratio is taken to be the number

of bats that may have been overlapped.

The above algorithm gives a good approximation for the undercounting due to the

overlapping of one bat over another in the image.

Another drawback is the presence of one bat fully behind another bat that had no solution
at all. Only if the 3D image of the scenario was available, this problem could be
overcome. Some exceptional images were dealt with in this section to point out that the

counting algorithm designed could also give erroneous results.
4. 4 Bat Counting Algorithms

Counting the number of bats present in the image actually requires counting the number
of unique labels present in the labeled image. The labeling of the image is done using the
region growing algorithm. The number of unique labels present is actually the number of
connected components present in the image. The image needs to be scanned fully to first
get the total number of bat pixels present in it and then the labeling process is also done
simultaneously. It should be noted that the labeling is done on the threshold binary image
and not one the original image. The original image may have several different levels of
pixels but the binary image has got only two levels of pixels: black and white. Black here
refers to the background and the white pixels are the foreground which represents the bats.

The step by step algorithm is given below:

1. Scan the image left to right, top to bottom.

2. If the pixel is white (foreground pixel), then
e Ifonly one of its upper and left neighbors has a label, then copy the label.
e If both have the same label, then copy the label.
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e If both have different labels, then copy the upper neighbor’s label and
enter both labels in the equivalence table as equivalent labels.
e Otherwise assign a new label to this pixel and enter this label in the
equivalence table.
3. If there are more pixels to consider, then go to Step 2.
4. Find the lowest label for each equivalence set in the equivalence table.

5. Scan the picture. Replace each label by the lowest label in its equivalence set [46].

To understand the above algorithm better, let us first understand the equivalence table
and its significance. The labeled image must contain unique labels for the different
connected components present in the image. While scanning pixel by pixel, there may be
some redundant labels assigned to the pixels. These redundant labels correspond to the
same component and have to be replaced with same labels. The redundancies are
recorded in a table known as the equivalence table and the image is scanned to remove
these redundancies and assign the lowest label corresponding to the redundant label. This

helps to assign unique labels to the different components present in the image.
4. 5 Dynamic Frame Counting Algorithm

This will be the final step of the counting process — counting the number of bats present

in the entire length of the video.

The theory behind the counting of the number of bats emerging out of the bat cave is

indeed simple but requires careful examination of the inputs.

The sum of all the values of XxLL and the number of bats present in the last frame gives an
estimate on the number of bats present in the entire video. Now, in this case also, the
theory is first tested on the simulation video and then applied on the real time video. Here,

xL - the number of bats leaving the frame.
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Figure 4-10 gives a diagrammatic representation of the proposed idea. Figure 4-11 shows
the sub image with three bats actually leaving the frame. Such sub images are collected
and the numbers of bats in them are added up. This is done till the last but one frame.
This represents the total value of xL for all the frames except the last frame. Finally, to
get the full count, this sum xL is added to the total number of bats present in the last
frame. This value will give the number of bats present in the entire video. The same idea
of counting is used in the real time video also. In this case, the sub image consisting of

the bats leaving the frame is shown in Figure 4-12.

This strip gives the number of bats leaving the particular frame. By summing up all these
bats for all the frames, the value of XL can be calculated. Then the number of bats present
in the last image is taken and added to this value to get the total number of bats present in

the video. This gives a rough estimate of the number of bats that were emerging out of

the cave.
1 2 3 4 5 6
xL + xL + xL + xL + xLL + Bats in the
last frame

Figure 4-10: Idea Used for Dynamic Frame Bat Counting

Figure 4-11: Sub Image for Simulation

Figure 4-12: Sub Image for Real Time Video
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4. 6 Experiments and Results

4.6. 1 Thresholding Results

The first step in the counting process is to apply the thresholding algorithm on the
original image. First the thresholding is applied on the synthetic dataset and then on the
real time dataset. The synthetic dataset does not require different thresholding methods
because the image had only two levels as such. The original image and the threshold
image are shown in Figure 4-13 and Figure 4-14. The synthetic datasets are formed by
images taken from the BATOIDS simulator. The unique feature in applying the algorithm
on this dataset is that, the number of flyers actually in the scene is known and the result
obtained from the developed algorithm can be compared with the ground truth. After
getting the amount of error rate from the synthetic dataset, the same algorithm is applied
on the real-world dataset and the estimate of the bat count is found by adding the error
percentage. Figure 4-13 had 50 flyers in them. This number is set by the users through the
control interface in the simulator. So we already know the ground truth and are trying to

validate our count using this truth.

Figure 4-13: Gray Scale Image Without Any Threshold
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Figure 4-14: Binary Image After Threshold. Note the Brightness of the Bats in this
Image.

Before applying the thresholding on the real time dataset, the histogram is first analyzed.
It has to be determined whether we have to smooth the histogram or use the unsmoothed
histogram straight away. The histogram of the image was first plotted and the minimum
value was taken to be the threshold value for the program. This threshold value is used to
convert the original image to a binary image. The usual procedure is by plotting the
histogram and studying the plot, the minimum or threshold value can be figured out
easily. But there were some problems and this will be explained by looking at the

histogram first.

It can be seen that the histogram is kind of irregular and requires some smoothing before
we proceed on to finding out the minimum threshold value. The original histogram is
given in Figure 4-15 The median filter was used to smooth out the histogram curve. The

smoothed histogram curve is given in Figure 4-16.
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Figure 4-16: Median Smoothed Histogram for 1% Frame
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The smoothed histogram may look better, but it can be seen that smoothing lost the
maximum value at 126, just before the bat pixels start. So, for this particular case, the
unsmoothed histogram itself is used for calculating the threshold value. The thresholding
is next done on the real time infrared thermal video. The reference or input image used is
given in Figure 4-17. The image obtained after doing automatic thresholding is given in
Figure 4-19. The image obtained after ad-hoc thresholding is given in Figure 4-18.It can
be seen from the images that the automatic thresholding does not work out well for this
special type of image. So, the algorithm for the automatic thresholding has been slightly
modified from the original one and applied to the image. The algorithms for all the
thresholding processes have been discussed earlier. The image obtained after applying the

modified thresholding algorithm is given in Figure 4-20.

Figure 4-17: Reference Image

Figure 4-18: Ad-hoc Thresholding
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Figure 4-19: Automatic Thresholding

Figure 4-20: Modified Automatic Thresholding

The images shown above give a good comparison between the different thresholding
methods used.

The next method used in the thresholding process is the curve fitting and polynomial
approximation method. The threshold point is found using this method and then the

counting algorithm applied to this threshold image to get the bat count value.

The original image and the final threshold image used for counting are shown in Figure

4-21 and Figure 4-22 respectively.
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Figure 4-21: Original Image Without Any Processing

Figure 4-22: Processed Binary Image After Thresholding
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The final binary image has been obtained and this is given as the input to the counting

algorithm.
4.6. 2 Counting Results

The counting procedure is first tested on the synthetic dataset obtained from the
BATOIDS simulator and the results are compared with the ground truth. The values have
been obtained by averaging the count values for 10 trials got from the synthetic dataset.

Figure 4-23 shows the comparison plot to compare the values got from the three methods.

The line plot in Figure 4-24 has been given to show the closeness of the curves to the
ground truth. This helps in a better visualization of the data than the bar diagram. This
diagram is however not good to show the exact number of bats counted using each
method and so the bar diagram is used to show the same. Figure 4-25 shows the error plot
for the bat count values. These error counts are an average over 10 count values of the

image.
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Figure 4-23: Bar Diagram: Comparison Plot to Compare the Values
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Figure 4-25: Error Plot
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Table 1 gives the values of the mean after performing the counting algorithm for 10 trials.
This is done for each and every count and the mean value is used as the final estimate for

the count.

Table 2 shows the mean values and the standard deviation for each value shows the
closeness and the accuracy of the bat count values. As seen from the plot and the table,

the accuracy rate is very high when the number of bats is less. This cannot be always true.

The truth lies in the fact that the area on which the bats have been spread (i.e.) the area of
the image is not enough to fully accommodate the specified number of bats. This results
in the overlapping of bats or bats that are one behind the other. This may lead to

undercounting.

This problem may not be very significant in the synthetic dataset, but when it comes to

real time dataset, this may cause very serious errors in counting.

Taking the area of each bat also into account eliminated this error and then the counting
process was started. The next step is to use take the area of the bats into account and then

start with the counting process.

A comparison curve was drawn between the mean and the median area of the bats. This
algorithm was more accurate for the real time dataset because the synthetic dataset gave

almost accurate results even without taking the area into account.

The results can be verified with the ground truth for the simulation datasets. In the case of
real time datasets, the ground truth is not known. So, a comparison curve has been drawn
for all the three cases. The next step in the counting procedure is the dynamic counting of
the number of bats present in the video. Here too, the simulation dataset is first used as a

testing set and then the same algorithm is applied on the real time dataset.
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Table 1: Value Got from the Program and the Actual Number of Flyers After

Averaging Out from 10 Trials

Trial Actual | Without With With | Accuracy | Accuracy | Accuracy
Value Area Mean Median | without | for mean for
area area area (%) (%) median
(%0)
1 50 44 44 45 88 88 90
2 72 68 69 70 94.4 95.8 97.2
3 92 89 89 90 96.7 96.7 97.8
4 101 96 99 99 95.04 98.01 98.01
5 118 91 91 100 77.1 77.1 84.7
6 154 136 142 144 88.3 92.2 93.5
7 200 168 175 184 84 87.5 92

Table 2: Table Showing the Mean Value Along With the Standard Deviation for

Each Value
Trial Actual Without Area With Mean Area With Median Area
Value
Mean Std Mean Std Mean Std
1 50 44 2.69 44 1.673 45 1.868
2 72 68 2.107 69 1.6 70 0.9797
3 92 89 1.166 89 1.2806 90 1.5
4 101 96 2.764 99 1.1661 99 1.3453
5 118 91 5.878 91 7.5099 100 5.448
6 154 136 4.846 142 4.9 144 6.523
7 200 168 4.578 175 2.99 184 5.118
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After finishing the counting on the synthetic data, we move on to apply the same
algorithm on the real world data. The bats in all the frames of the real time video have

been counted and the comparison line plot is given in Figure 4-26.
4.6. 3 Dynamic Bat Counting

After counting the number of bats in each frame, the next step is to count the number of
bats present in the entire length of the infrared thermal video taken near the mouth of the
cave. The algorithm used for dynamic counting has been explained in Section 4. 5. It is
first applied on the videos taken from the simulation. The results got are tabulated and

given in Table 3.

The algorithm is then applied on the real world video and the results found have been
tabulated in Table 4. The total number of bats present in the entire length of the video is

estimated to be 3435 bats. This is just an approximate estimate with an error of about

10%.
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Figure 4-26: Comparison Plot for Total Number of Bats in Each Frame
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Table 3: Dynamic Frame Counting for the Synthetic Dataset

Trail number Actual countin | Mean Count got | Count from | Median count
the video from theory theory from theory
(without area)
1 36 39 38 38
2 48 48 49 45
3 108 92 98 91

Table 4: Dynamic Frame Counting for the Real Time Dataset

Total value of xLL

Bat count in last

Total number of

frame bats present in the
video
1. For Mean area 2060 1320 3380
2. For Median area 2066 1344 3410
3. Without area 2285 1230 3515

Mean = 10305/3

= 3435
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4.7 Discussion

The performance of the algorithm in the synthetic datasets was good and the accuracy
rates were also high. However, while testing the algorithm on the real time dataset; the
results could not be validated or cross checked. This is due to the non-availability of the

ground truth in the case of the real time datasets.
The main problems related to dynamic counting of the bats are:

1. The problem of undercounting because there may be one bat behind another bat or one

bat overlapping on another bat in that view.

2. The flow rate of the bats is not constant in all the frames. The total number of bats

present in the whole movie is dependent on the flow rate.

These are the main problems faced during the counting of bats. By getting an
approximation for these factors, I think the bat counting algorithm should work fine in

counting the total number of bats present in the BAT CAVE!
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Chapter 5

Conclusions

5. 1 Contributions

The main aim of the thesis was to understand the bat behavior using simulations and
applying the methods used in the simulation to the real time data. To count the number of
bats present in the cave is also a challenge posed here. Different Image processing
techniques have been used successfully to get an approximate estimate of the number of
bats present inside the cave. Synthetic datasets obtained from the simulation were used to
first test the accuracy of the algorithm and the same algorithm was applied on the real
time dataset to validate the results obtained. The image-processing algorithm used the
idea of region growing and connected component analysis for counting the number of
bats present in the image. The algorithm was tested on several randomly selected images

with the same count and the final result was the mean value of all these results.

The major contributions of the thesis work lie in the development of a simulator for study
of bat movement patterns and an automated image processing system for bat counting
from thermal infrared videos. The study of bat behavior has a great impact on ecological
factors like bat conservation and estimating the number of pests killed by the bats. The
contributions of the thesis can be grouped into two broad categories. The first being the
development of a simulator that is used to study the bat movement pattern with the help
of primary and secondary rules. The surrounding environment of the bats has also been
designed in such a way that it closely resembles the Winter Garden region of Texas. The
movement of the bats can be controlled by switching on and off certain rules. The next
part of the thesis aims at developing an automated bat counting algorithm for the number
of bats emerging out of the caves in the Winter Garden region. Advanced image
processing techniques like segmentation by automatic thresholding, connected

component analysis using region growing and also dynamic bat counting have been
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adopted for this purpose and implemented. The results obtained have been discussed in

all aspects in the previous chapters.
5. 2 Future Considerations

5.2. 1 Using Real Time Data for the Simulation

The present version of the simulation uses random values for the initial positions of the
flyers as soon as they are introduced in the scene. This random assignment gives a very
close approximation to the real time values but not exactly the same values. The flyers
are introduced from the starting end and as they reach the other end, they are made to
loop back to the starting end again but with totally different values of initial conditions.
This means that the number of objects flying in the scene is the same but they are made to
loop continuously with different initial values every time they loop around. This saves

computation time and storage space.

The improvements that can be made here is to use the exact positions of the bats from the
real time video instead of using random values for the initial positions of the bats. Actual
positions of the bats can be got from the image-processing algorithm. This algorithm is
capable of locating the number f bats in the image and also the positions of the bats in the
image. These positions can be used as the inputs for the simulation to specify the position

of the bats in the simulation environment.
5.2. 2 Using 3D Gaming Engine for 3D Visualization

The simulation right now uses DirectX for simulating the graphics. Even though the
simulation is actually a 3D program, the visualization can be made only in 2D. The
simulation has to be switched to different views to actually understand that it is 3D. This
can be overcome by converting the scene itself into a 3D object. This can be done by
using the software 3D Studio Max to create the scene and 3D gaming engine to create the
environment. If the simulation is programmed using 3D gaming engine, then it is possible

to control each and every flyer and make it fly according to the rules.
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5.2. 3 Incorporate More Forms of Bat Behavior

Only a few bat behavior rules have been incorporated in the simulation. By closely
observing the real time videos, different types of rules can be formulated and coded in the
simulation. This will help in fine-tuning the simulation and make it look more like the

real time video.
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