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Bat Colonies in Southwest

Colonies of Brazilian 
free-tailed bats may 
be the largest 
aggregations of 
mammals in the  
world
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Why study bats?
Colonies of bats represent some of the largest 
aggregations of mammals known to humankind

Second most diverse order of mammals;                                 
1/5th of mammalian species are bats

Bats provide valuable services to humans
Insectivorous bats consume pest insects
Nectarivorous bats are pollinators 
Frugivorous bats aid in seed dispersal

Build our understanding of disease ecology
Bats are reservoirs for emerging diseases
North American bats are being devastated by a fungal 
disease

Corn earworm
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Challenges of studying bats
Bats are nocturnal

Bats fly quickly and are highly maneuverable

Bats are sensitive to disturbance and learn quickly
Cue in to the sounds of trap setup
Have multiple exits from their roost
Constant trapping will lead to roost abandonment 

Recapture rates are very low (10% is considered 
average)

Developing reliable and cost-effective methods of non-
invasive monitoring is vital
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Thermal Image of Bats Roosting in 
Carlsbad Caverns
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What do we do with bats?

Thermal Infrared 
Imaging
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Physiology
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Counting bats
Deploy our cameras perpendicular to the flow of 
bats

Record the entire emergence (~ 45 minutes)

Use computer vision analysis to count each bat
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Challenges

Initiation of tracking automatically, anywhere in 
frame
Background / foreground classification in noise and 
clutter
Number of objects unknown
Objects have similar appearance
Previously tracked objects may not be observed in 
some frames due  to occlusion or low signal-to-
noise ratio; tracking resume as soon as objects 
reappear
Scalable solution that works reliably for > 100,000 
objects
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Pest Control Services
Bats eat some of the most destructive agricultural pests in the 
world

One lactating Brazilian free-tailed bat can consume up to 114 corn 
earworm moths in one night
One bat saves farmers $0.02 per night in mid-June

John L. Capinera, University of Florida                        http://en.wikipedia.org/wiki/Corn_earworm

Corn Earworm                  Corn Earworm Moth        



Motivation: Ecology

How many bats do we have in North America?  

“Guesstimate” for Tadarida brasiliensis for 1950s:   
150 million

Our estimate for current population:    
11 million

Need non-invasive and accurate census methods
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Cross-disciplinary Impact: Ecology
Has the Tadarida brasiliensis population in Texas and 

New Mexico been in decline?
Inter- and intra-seasonal censusing, also at bridges
Censusing of colonies for which there are no published 
estimates (e.g., Selah Chiroptorium)
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Cross-disciplinary Impact: Ecology

Has the Tadarida brasiliensis population in Texas 
and New Mexico been in decline?  

Our research showed decline.

Impact of wind energy parks

Animal behavior and interaction:
Need video analysis methods for 
studying foraging habits
Need analysis methods to study 
flight behavior
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Publications
http://www.cs.bu.edu/fac/betke

IEEE International Conference on Computer Vision and 
Pattern Recognition (CVPR)
International Conference on Computer Vision (ICCV)
PhD & MA Theses in Computer Science at Boston 
University
Annual North American Symposium on Bat Research 
Frontiers in Ecology 
Journal of Mammalogy
Nature, Research Highlights & Nature Scientific Reports

Our own book on multi-object, multi-view tracking: 2016
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Thermal Intensities of Emerging Bats
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Detection Method

1. Adaptive Pixel-based Filter 
Dynamic Gaussian models of brightness changes.  
Filter 
if                k σ(x,y,t) < | I(x,y,t) – µ(x,y,t)|
for k = 5%; mean µ and std. dev. σ  updated in  
time window

2. Region Analysis:
Intensity peaks within connected components of 
processed pixels
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After Difference Filtering

After Adaptive Filtering Connected Components

Original Image
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After Difference Filtering

After Adaptive Filtering
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So far:   Counting bats

Now:      Tracking bats
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A. Original thermal image (2 bytes / pixel, not shown 
with false color)

B. Detected bats via brightness peak (red)
C. Tracked bats
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Tracking Bats Emerging in a Column 
Formation from a Cave in Texas
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Opportunities for Studying Wildlife

How do bats fly in groups?
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Computer Vision Workflow 

Foreground/background modeling
Detection of bats

Data 
association/

disambiguation 
of paths

Position
estimation/

filtering

Camera 
Calibration

Video of Bats

Video of Calibration 
Device

Calibration parameters

Tracking

2D or 3D Trajectories

Analysis of 
Wildlife

Behavior
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Computer Vision Workflow 

Foreground/background modeling
Detection of bats

Data 
association via 

clustering & 
gating:

Greedy or 
Hungarian

Position
Estimation via

Recursive 
Bayesian Filter: 
α−β or Kalman

Camera 
Calibration

Video of Bats

Video of Calibration 
Device

Calibration parameters

Tracking

Analysis of 
Wildlife

Behavior
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Measurement of object in image at time t:   z(t)
e.g. z(t) is observed property of object in image, e.g.:

horizontal & vertical position in image
brightness (grey level)
circularity

State of object at time t: x(t), e.g., 3D position in world

Video-based Tracking
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Measurement of object in image at time t:   z(t)
e.g. z(t) is observed property of object in image, e.g.:

horizontal & vertical position in image
brightness (grey level)
circularity

z(t) depends on x(t)

State of object at time t: x(t), e.g., 3D position in world

x(t) depends on x(t-1)

Video-based Tracking
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Measurement of object in image at time t:   z(t)
z(t) depends on x(t)

State of object at time t: x(t), e.g., 3D position in world
x(t) depends on x(t-1)

x(t|t) =    current state estimate based on t measurements
x(t|t-1) = current state estimate based on t-1 measurements
x(t-1|t-1) =  previous state estimate based on all the 

measurements that were available at the time

Video-based Tracking: Notation
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Measurement of object in image at time t:   z(t)
z(t) depends on x(t)

State of object at time t: x(t), e.g., 3D position in world
x(t) depends on x(t-1)

x(t|t)       =    current state estimate based on t measurements
x(t|t-1)    =   current state estimate based on t-1 measurements
x(t-1|t-1) =   previous state estimate based on all the 

measurements that were available at the time

Welch & Bishop’s notation, link to Kalman filter intro on course website:
x(t|t) = xt

x(t|t-1) = xt
-

x(t-1|t-1) = xt-1
-

Wikipedia notation: xt|t , xt|t-1 , xt-1|t-1

Video-based Tracking: Notation
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Measurement of object in image at time t:   z(t)
e.g. z(t) is observed property of object in image, e.g.:

horizontal & vertical position in image
brightness (grey level)
circularity

1D Measurement equation :    z(t) = x(t) + w(t)

State of object at time t: x(t), noise process w(t)
e.g., x(t) can be the position, velocity, and acceleration 

1D State equation:     x(t) = a x(t-1) + u(t)

with noise process u(t) and known constant a

Video-based Tracking
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Kalman filter minimizes Bayesian mean square error            
E[ (x(t) - x(t|t) )2 ]: 

Estimate update: x(t|t) = x(t|t-1) + K(t)  (z(t)- x(t|t-1) )

x(t|t-1)

x(t|t)

z(t)

for K(t)=2/3

Recursive Bayesian Filter: Kalman

2
3
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Kalman filter minimizes Bayesian mean square error            
E[ (x(t) - x(t|t) )2 ]: 

Estimate update: x(t|t) = x(t|t-1) + K(t)  (z(t)- x(t|t-1))
Alpha-beta filter keeps track of position & velocity:
Estimate update: x(t|t) = x(t|t-1) + α (z(t)- x(t|t-1))

v(t|t) = v(t|t-1) + β/∆T (z(t)- x(t|t-1))

∆T=time between 
measurements.
Velocity is assumed constant

x(t|t-1)

x(t|t)

z(t)

for α=K(t)=2/3

Recursive Bayesian Filters

2
3
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Kalman filter minimizes Bayesian mean square error            
E[ (x(t) - x(t|t) )2 ]: 

Estimate update: x(t|t) = x(t|t-1) + K(t)  (z(t)- x(t|t-1))
Alpha-beta filter keeps track of position & velocity:
Estimate update: x(t|t) = x(t|t-1) + α (z(t)- x(t|t-1))

v(t|t) = v(t|t-1) + β/∆T (z(t)- x(t|t-1))

Or: Tracking by Detection only: states=measurements, no 
recursion:  x(t|t) = z(t)

x(t|t-1)

x(t|t)

z(t)

for α=K(t)=2/3

Recursive Bayesian Filters

2
3
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More on Kalman Filters next time
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Tracking (Dis)Appearing Objects

Occlusion:
Window in time
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Two Data Association Methods

Both approaches based on gating: Prune number of 
candidate measurements so only measurements with 
likelihood within gate (= surface of constant probability 
density)  must be considered.

Cluster

3 ellipsoidal 
gates around 
predicted positions

A cluster is created when the 
likelihood is high that a 
measurement (red disk) is due 
to any one of three objects 
(predicted positions shown as 
squares). Only measurements 
within cluster (black disks) are 
considered for assignment.

© Betke 



Poll: Which measurement should be 
assigned to which tracked object?

A:
Orange -> red
Green -> magenta
Blue -> black

B:
Blue -> red
Green -> magenta
Orange -> black

Predicted states:
Measurements:  
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Poll: Which measurement should be 
assigned to which tracked object?

A:
Orange -> red
Green -> magenta
Blue -> black

B:
Blue -> red
Green -> magenta
Orange -> black        

The black measurement is not in the 
gate of the orange object. 

Predicted states:
Measurements:  

© Betke 



Two Data Association Methods

Cluster-based Approach: uses Hungarian 
method to match measurements and objects in 
cluster.
Greedy Approach: “greedily” favors objects with 
long observation histories.  Matching process is 
started by matching longest-observed object 
and its nearest measurement.  Then second-
longest observed object in cluster is matched 
with its nearest measurement, etc.

Computation Complexity
© Betke 



1Implemented by Diane Hirsh. 

Greedy Method1 selects measurement with min. distance (4.0) for  
“older” track 1. For “newer” track 2, measurement  with distance 5.0 remains 
for assignment. Total distance in cluster is 9.0. O(n2), n = number of tracks

Data Association Methods
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1Implemented by Diane Hirsh. 
2Implemented by Angshuman Bagchi

Greedy Method1 selects measurement with min. distance (4.0) for  
“older” track 1. For “newer” track 2, measurement  with distance 5.0 remains 
for assignment. Total distance in cluster is 9.0. O(n2), n = number of tracks

Hungarian Method2 selects detections that minimize the total distance 
in the track cluster, here 8.8.  
O(n3), n = number of tracks

Data Association Methods



Censing Experiments

Indigo Systems Merlin Mid Infrared Camera;
~60 Hz; 320 x 240 pixels of 12-bit intensities; 
infrared range: 1-5.4 µm.
Processing rate was 10.8 Hz, now real time.
1st Validation experiment: 
2:32 min video (9,139 frames).  834,979 tracked 
objects; pruning with persistence threshold of 32 
frames (can be interrupted by 5 frames of 
occlusion/low SNR); 
Ground truth: 7,007 bats.  Our method: 7,056 bats 
(0.78% difference).
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Tracking Emerging Bats
Bamberger 
07/03/2004

Davis Cave 
07/16/2004

Processed frames 9,139 14,400

Analysis period 1 ½ minutes 4 minutes

Detected objects 834,979 8,743,240

Threshold for tracked object 
to count as a bat 0.5 second 0.5 second

Average # of live tracks 132.7 830.6

Tracked bats (a) 7,056 91,790

Manual estimate (m) 7,007 88,108

Deviation (a-m)/m 0.7% 4.2%
© Betke 



Another Validation Experiment
We compared results from two significantly different 
fields of views: 5.7% difference.

Camera 1

Camera 2
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Conflict Resolution Experiments 

Decisions of cluster-based 
approach were similar to 4 
independent volunteers (80% 
agreement vs. 20% for greedy 
approach). 

Ground truth is difficult to establish
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Demo
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Opportunities for Studying Wildlife
How do bats fly with respect to their environment?



Opportunities for Studying Wildlife
How do bats fly with respect to their environment?

115 bats fly left 
139 bats fly right

Cave
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Opportunities for Studying Wildlife
How do bats fly with respect to their environment?



Analysis of Wing Beats
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Y COORDINATES
WING POSITION

Wing beat frequency during ascent and descent of emerging 
bat
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Sheet1

		FRAME #				INTENSITY		X		Y		WING POS

		1753				2352		54		101		OO		4				0		1

		1754				2368		59		101		O		3				0		0.75

		1755				2383		65		101		C		2				0		0.5

		1756				2352		70		102		CC		1				0.0434782609		0.25

		1757				2378		75		103		C		2				0.0869565217		0.5

		1758				2343		80		103		O		3				0.0869565217		0.75

		1759				2348		85		104		OO		4				0.1304347826		1

		1760				2365		90		105		O		3				0.1739130435		0.75

		1761				2391		95		106		C		2				0.2173913043		0.5

		1762				2382		100		107		C		2				0.2608695652		0.5

		1763				2265		107		109		CC		1				0.347826087		0.25

		1764				2306		112		110		C		2				0.3913043478		0.5

		1765				2299		117		111		C		2				0.4347826087		0.5

		1766				2343		122		113		O/C		2				0.5217391304		0.5

		1767				2307		128		114		O/D		2				0.5652173913		0.5

		1768				2313		133		115		O/D		2				0.6086956522		0.5

		1769				2302		139		115		CC		1				0.6086956522		0.25

		1770				2199		144		116		O		3				0.652173913		0.75

		1771				2336		149		117		C		2				0.6956521739		0.5

		1772				2308		155		119		C/O		2.5				0.7826086957		0.625

		1773				2273		160		120		C		2				0.8260869565		0.5

		1774				2318		166		121		C		2				0.8695652174		0.5

		1775				2315		171		121		O/D		3				0.8695652174		0.75

		1776				2196		176		121		O		3				0.8695652174		0.75

		1777				2332		182		122		C		2				0.9130434783		0.5

		1778				2327		187		123		O		3				0.9565217391		0.75

		1779				2302		192		123		O		3				0.9565217391		0.75

		1780				2318		198		123		C		2				0.9565217391		0.5

		1781				2301		203		123		C		2				0.9565217391		0.5

		1782				2297		208		123		O/D		3				0.9565217391		0.75

		1783				2323		214		124		O/D		3				1		0.75

		1784				2313		219		124		O/U		3				1		0.75

		1785				2314		224		123		C		2				0.9565217391		0.5

		1786				2342		230		122		CC		1				0.9130434783		0.25

		1787				2326		235		122		C		2				0.9130434783		0.5

		1788				2330		240		122		C		2				0.9130434783		0.5

		1789				2349		246		121		C		2				0.8695652174		0.5

		1790				2382		251		121		O		3				0.8695652174		0.75

		1794				2089		272		119		C		2				0.7826086957		0.5

		1795				2268		278		118		C		2				0.7391304348		0.5

		1796				2237		283		118		C		2				0.7391304348		0.5

		1797				2327		288		118		C		2				0.7391304348		0.5

		1798				2308		294		117

		1799				2325		299		116

		1800				2220		304		116

		1801				2345		309		115

		1802				2299		315		115

		1803				2175		317		113

														YDC		EYDC

		1115				2393		26		123				4.5		4.5

		1116				2359		29		123				4.5		4.5

		1117				2335		32		122				3.5		3.5

		1118				2369		35		122				3.5		3.5

		1119				2335		38		122				3.5		3.5

		1120				2338		41		122				3.5		3.5

		1121				2366		45		123				4.5		4.5

		1122				2390		48		123				4.5		4.5

		1123				2370		52		123				4.5		4.5

		1124				2389		56		124				5.5		5.5

		1125				2346		59		124				5.5		5.5

		1126				2346		63		125				6.5		6.5

		1127				2393		67		126				7.5		7.5

		1128				2334		72		127				8.5		8.5

		1129				2319		76		127				8.5		8.5

		1130				2306		80		127				8.5		8.5

		1131				2338		84		128				9.5		9.5

		1132				2342		89		129				10.5		10.5

		1133				2363		94		130				11.5		11.5

		1134				2297		99		130				11.5		11.5

		1135				2343		104		130				11.5		11.5

		1136				2267		108		130				11.5		11.5

		1137				2370		113		130				11.5		11.5

		1138				2355		119		131				12.5		12.5

		1139				2224		123		131				12.5		12.5

		1140				2344		129		131				12.5		12.5

		1141				2332		133		130				11.5		11.5

		1142				2221		138		130				11.5		11.5

		1143				2368		143		130				11.5		11.5

		1144				2345		149		131				12.5		12.5

		1145				2242		153		130				11.5		11.5

		1146				2331		159		130				11.5		11.5

		1147				2311		164		129				10.5		10.5

		1148				2320		169		128				9.5		9.5

		1149				2361		175		128				9.5		9.5

		1150				2377		180		128				9.5		9.5

		1151				2353		185		127				8.5		8.5

		1155				2295		207		124				5.5		5.5

		1156				2392		212		124				5.5		5.5

		1157				2386		218		124				5.5		5.5

		1159				2382		228		122				3.5		3.5

		1160				2348		233		122				3.5		3.5

		1161				2362		239		121				2.5		2.5

		1162				2372		244		121				2.5		2.5

		1163				2334		249		121				2.5		2.5

		1164				2283		254		120				1.5		1.5

		1167				2244		269		119				0.5		0.5

		1168				2325		274		119				0.5		0.5

		1169				2329		279		120				1.5		1.5

		1170				2332		284		119				0.5		0.5

		1171				2330		288		118				-0.5		-0.5

		1172				2316		293		117				-1.5		-1.5

		1173				2292		298		117				-1.5		-1.5

		1174				2162		303		116				-2.5		-2.5

		1175				2330		308		115				-3.5		-3.5

		1176				2310		313		114				-4.5		-4.5
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		FRAME#				INTENSITY		X		Y		WING POS		YDC

		1863				2301		12		169				-7.3492063492

		1872				2326		54		163		C		-13.3492063492		-1

		1873				2344		58		163		O		-13.3492063492		1

		1874				2339		62		163		O		-13.3492063492		1

		1875				2303		67		163		C		-13.3492063492		-1

		1876				2294		71		162		O		-14.3492063492		1

		1877				2273		75		163		O		-13.3492063492		1

		1878				2311		79		163		C		-13.3492063492		-1

		1879				2339		83		164		C		-12.3492063492		-1

		1880				2298		88		164		O		-12.3492063492		1

		1881				2313		92		164		O		-12.3492063492		1

		1882				2299		96		164		O		-12.3492063492		1

		1883				2290		100		165		O		-11.3492063492		1

		1884				2307		104		165		O		-11.3492063492		1

		1885				2334		108		166		O		-10.3492063492		1

		1886				2310		113		167		C		-9.3492063492		-1

		1887				2299		117		167		C		-9.3492063492		-1

		1888				2320		120		167		C		-9.3492063492		-1

		1889				2309		124		168		C		-8.3492063492		-1

		1890				2342		128		169		O		-7.3492063492		1

		1891				2340		133		170		O		-6.3492063492		1

		1892				2299		137		171		O		-5.3492063492		1

		1893				2298		141		171		O		-5.3492063492		1

		1894				2246		144		171		C		-5.3492063492		-1

		1895				2322		147		172		C		-4.3492063492		-1

		1896				2236		152		174		C		-2.3492063492		-1

		1897				2263		156		174		C		-2.3492063492		-1

		1898				2329		160		175		O		-1.3492063492		1

		1899				2308		164		175		O		-1.3492063492		1

		1900				2326		168		176		O		-0.3492063492		1

		1901				2334		172		177		O		0.6507936508		1

		1902				2329		176		178		O		1.6507936508		1

		1903				2337		180		179		C		2.6507936508		-1

		1904				2307		184		179		O		2.6507936508		1

		1906				2208		186		181		C		4.6507936508		-1

		1907				2262		197		182		C		5.6507936508		-1

		1908				2337		202		183		O		6.6507936508		1

		1909				2308		206		184		O		7.6507936508		1

		1910				2323		211		184		C		7.6507936508		-1

		1911				2290		215		185		C		8.6507936508		-1

		1912				2338		218		186		C		9.6507936508		-1

		1913				2349		224		187		C		10.6507936508		-1

		1914				2309		229		188		C		11.6507936508		-1

		1915				2328		234		188		O		11.6507936508		1

		1916				2331		238		188		O		11.6507936508		1

		1917				2328		243		188		C		11.6507936508		-1

		1919				2238		252		190		C		13.6507936508		-1

		1921				2212		260		190		C		13.6507936508		-1

		1923				2277		271		190		C		13.6507936508		-1

		1924				2335		267		189		O		12.6507936508		1

		1925				2241		270		188		O		11.6507936508		1

		1926				2366		273		188		C		11.6507936508		-1

		1927				2321		276		187		O		10.6507936508		1

		1928				2268		278		187		C		10.6507936508		-1

		1929				2314		281		186		C		9.6507936508		-1

		1930				2307		283		185		C		8.6507936508		-1

		1931				2269		286		184		C		7.6507936508		-1

		1932				2351		288		183		C		6.6507936508		-1

		1933				2260		292		183				6.6507936508

		1934				2283		294		181				4.6507936508

		1935				2358		296		179				2.6507936508

		1936				2330		298		178				1.6507936508

		1937				2349		301		177				0.6507936508
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Sheet1

		DAVIS LOWER CAMERA 16TH JULY 2004

		FRAME #		START X		START Y		#  T POINTS				FREQUENCY

		10203		20		124		92				0.65

		10442		13		130		94				0.64

		10542		7		137		99				0.61

		10834		48		140		88				0.68

		11204		18		155		104				1.15

		10025		8		127		95				0.63

		10121		18		144		95				0.63

		10345		33		138		81				1.48

		10688		10		138		91				0.66

		10871		19		147		74				0.81

		EJR 14TH JULY 2004 CUT

		FRAME#		STARTX		STARTY		# T POINTS				FREQUENCY

		1863		12		169		63				0.95
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3D model of bat
Simulation of 2D projections of 3D model
Comparison with real data
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Learning Outcomes: Be able to
Explain why it is challenging to census and track bats with 
computer vision tools 
Explain how bats can be detected
Explain how bats can be tracked
Explain what a Bayesian recursive filter is
Define state, measurement, and update equations for alpha-
beta and Kalman filters
Explain what “tracking by detection” means
Explain two data association methods
Provide a high-level design (flow chart) of a multi-object 
tracking system
Discuss how tracking systems can be validated
experimentally
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