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Computer Vision Tracking of sUAS from a Pan/Tilt Platform

Jeremy P. Ogorzalek

(ABSTRACT)

The ability to quickly, accurately, and autonomously identify and track objects in digital im-
ages in real-time has been an area of investigation for quite some time. Research in this area
falls under the broader category of computer vision. Only in recent decades, with advances
in computing power and commercial optical hardware, has this capability become a possi-
bility. There are many different methods of identifying and tracking objects of interest, and
best practices are still being developed, varying based on application. This thesis examines
background subtraction methods as they apply to the tracking of small unmanned aerial sys-
tems (sSUAS). A system combining commercial off-the-shelf (COTS) cameras and a pan-tilt
unit (PTU), along with custom developed code, is developed for the purpose of continuously
pointing at and tracking the motion of a sUAS in flight. Mixtures of Gaussians Background
Modeling (MOGBM) is used to track the motion of the sSUAS in frame and determine when
to command the PTU. When the camera is moving, background subtraction methods are
unusable, so additional methods are explored for filling this performance gap. The stereo
vision capabilities of the system, enabled by the use of two cameras simultaneously, allow
for estimation of the three-dimensional position and trajectory of the SUAS. This system can
be used as a supplement or replacement to traditional tracking methods such as GPS and

RADAR as part of a larger unmanned aerial systems traffic control (UTC) infrastructure.



Computer Vision Tracking of sUAS from a Pan/Tilt Platform

Jeremy P. Ogorzalek

(GENERAL AUDIENCE ABSTRACT)

The ability to quickly, accurately, and automatically identify and track targets in digital
images has been of interest for some time now. Research in this area falls under the broader
category of computer vision. Only in recent decades, with advances in computing power
and commercial optical hardware, has this ability become a possibility. There are many
different methods of identifying and tracking targets of interest, and best practices are still
being developed, varying based on application. This thesis examines background subtraction
methods as they apply to the tracking of small unmanned aerial systems (sUAS), commonly
refered to as drones. A system combining cameras and a moving platform, along with custom
developed code, is developed for the purpose of continuously pointing at and tracking the
motion of an sUAS in flight. The system is able to map out the three-dimensional position

of a flying sUAS over time.
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Tracking objects and modeling their behavior has long been of broad interest to the scientific
and engineering community. Radar was developed during World War II expressly for this
purpose, and offered an immense tactical advantage to those who possessed it over those
who did not. Global navigation satellite systems, of which the Global Positioning System
(GPS) is the most widely known, is an extension of the principles of radar allowing for
precise positioning across the Earth. Both these methods have their limitations. RADAR
systems require a signal reflection from the object. As such, the object needs to be of
suitable size and shape to return a useful signal. Additionally, any other objects in the area
can reflect signals, making it difficult to isolate the intended object. Tracking and object via
GPS requires the object of interest to have a receiver and to be transmitting the relevant
state information, making it unsuitable for non-transmitting or non-cooperative objects.
An alternative and/or supplement to these techniques is tracking based on electro-optical
sensing, otherwise known as digital imaging. Digital images of an object can be captured
and analyzed, extracting information about the object’s three-dimensional properties and
behavior from the two dimensional images. The process of extracting useful information
from digital images is known broadly as computer vision. All that is required to image an

object is direct line-of-sight. Clear air and sufficient lighting are required to image an object



2 Chapter 1. Introduction and Motivation

in the visible spectrum, but are not necessary in some other wavelengths. Images can be
taken using light from across the electro-magnetic spectrum. Digital images function even
in cluttered environments where the object of interest is one of many objects present, and

do not require the object of interest to be cooperative or transmitting in any sense.

Today, with the all-around advancements in autonomy and Al that are entering our society,
there are a plethora of desirable objects to track. There is a large focus in the automobile
industry on bringing self-driving cars to market. Of paramount importance to both con-
sumers and developers of self-driving cars is the safety of the drivers of these cars, as well
as the drivers and pedestrians around them. In many cases, object tracking computer vi-
sion techniques have been implemented, alongside other sensing phenomenologies, to aid in
the decision-making process for these vehicles. Research efforts in autonomous automobiles
have tested and implemented a wide variety of computer vision techniques, and conclusions

of best practices can vary widely depending on use-case and environment [7], [8], [31].

Qo0 00db bboldioouoiog

Small Unmanned Aerial Systems (sUAS) are becoming an increasingly prevalent component
of our society. There are many ongoing efforts to integrate them safely and efficiently into our
existing infrastructures [39]. sUAS are already being used to inspect bridges and buildings
for damage, decreasing risk for humans. On the entertainment side, there exists a rapidly
growing first-person-view drone racing community as well as one for aerial photography. In
retail, large companies hope to revolutionize how goods are delivered to consumers by using

sUAS.

The same level of emphasis placed on the safety of autonomous automobiles must be placed

on sUAS going forward. With increasing frequency, sUAS are operating in environments



1.2. sSUAS Proliferation 3

alongside humans, and pose much of the same risk as driverless cars [33]. One important
element of safety will be knowing when an sUAS enters an environment and where it is
within that environment. Many of the same computer vision techniques being used in the
automobile industry can be applied, with some modification, to the problem of detecting

and tracking sUAS for safer flight.

Many companies are working towards delivery of consumer products via sUAS. Operating
on a large scale, logistics would require numerous sUAS departing and returning to central
distribution locations. The potential for collisions would be ever-present. A computer vision
system with a pan/tilt unit tracking the individual sUAS, could, in concert with on-board
sensors, provide valuable information to human supervisors, schedulers, and operators, as
well as to the SUAS themselves to be used in both on-board and off-board processing and
decision making. In effect, the system could act as a kind of autonomous air traffic control

for the ‘airport’ that is the distribution center.

ADS-B, used as a component of air traffic management on most manned aircraft, is assumed
to become an integral part of sSUAS safety. As [29] points out, however, there are issues of
both practicality and reliability. One of the issues is the high cost of an ADS-B system. At
a few thousand dollars, it is not much compared to the cost of a commercial airliner, but it
is for a typical SUAS. Another issue raised is the congestion of the wavelengths that ADS-B
systems transmit on, which can result in severe degradation or entire loss of transmitted
information. Finally, there is always the possibility for jamming or spoofing of all types of
wireless communication, including GPS signal. An electro-optical ground-based system for
monitoring sSUAS traffic, such as the one being investigated in this work, would be immune
to these issues, and would increase the robustness and safety of any air traffic management

system involving sUAS.
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BM7Q K iBQM 7 QK i?2 BK ;2bX P7i2M-i?2 BM7Q K iBQM i? i BbiQ :
7Q0° ?mK MiQ T2 +2Bp2X 6Q 2t KTH2- B/2MiB7vBM; M MBK H BI
i?72 bBx2 M/ b? T2 Q7 #mBH/BM;- 2i bFbi? i+ M #2 +QKTH2i2/ #
+QKTmi2 iQ /Qi?2b K2i?BM; Q7i2M “2[mB 2b /p M+2/ H:Q Bi?Kb

.B;Bi HBK ;2b "2 +QKTQb2/ Q7 "Qrb M/ +QHmMKMb Q7 TBt2Hb- 2 -
p Hm2b +Q "2bTQM/BM; iQ i?2 BMi2MbBiv Q7 i?2 HB;?i i?2 TBt2H
r?Bi2 BK ;2b- HbQ FMQrM b ; 2vb+ H2 BK ;2b- "2 bbB;M2/ bBM;F
+QHQ BK ;2bivIB+ HHv "2 bbB;M2/i?°22p Hm2bX h?2i?2° 22 p Hm:
+ M +Q "2bTQM/iQ H2p2Hb Q7 “2/- ;"22M- M/ #Hm2- Q  i?22v + M 7Q
+QQ /BM i2 bvbi2Kb i? i ? p2 #22M +°2 i2/X AK :2b rBi? KmHiBTH?2
iQ2 +? TBt2H "2+ HH2/ KmHIiB@+? MM2H BK :2bX SBt2H BMi2MbBi|
BM M3@#Bibvbi2K- K2 MBM; i?2°2 "2 k8e TQbbB#H2 p Hm2b ~ M;E
M/ r?Bi2 BK ;2- TBt2H p Hm2 Q7 y Bb Tm 2 #H +F- M/ k88 Bb Tm

e



KXRX *QKTmi2 oBbBQM h?2Q" v d

#2ir22M +Q "2bTQM/BM; iQ p VBM; H2p2Hb Q7 ; 2vX

6B;m 2 kXR, >Qr +QKTmi2 b 6b2206 i?72 rQ H/X M BK ;2 2T 2b2Mi
BMi2MbBivp Hm2b > M;BM8J¥ QK vy iQ k88X (

AM +QKTmi2  pBbBQM- DbBM;H2 BK ;2 + M #2 M Hvx2/- BM r?B+?
# b2/ QM i?2B° "Qr UtV Q  +QHmMKM UvV TQbBiBQM BM i?2 BK ;2X H
BK :2b- pB/2Q-+ M #2 M Hvx2/-r?B+? T°'QpB/2b MQi?2 /BK2MbB
+ M+? M;2X h?Bbi?B //BK2MbBQM Bb ivTB+ HHvV iBK2- b BK :2b BN
+?2 " QMQHQ;B+ HHVX

kXRXk " bB+ *QKTmi2 oBbBQM h2+?MB[m2b

b K2MiBQM2/ #27Q 2- +QKTmi2 pBbBQM Bb i?2 7B2H/ Q7 2ti> +iBNMN
TBt2H p Hm2b BM /B;Bi H BK ;2bX h?2b2 TBt2H BMi2MbBiv p Hm2b-
vb Q7 BMi2;2 b- "2 i?2 QMHvV BM7Q 'K iBQM Mv +QKTmi2" pBbB
J Mymb27mHr vbiQ K MBTmH i2i?2b2 TBt2Hp Hm2b ? p2 #22M /2p:
Q7 i?2 # bB+ i2+?MB[m2b mb2/ BM i?Bb rQ F 2 2tTH BM2/ BM i?Bb

.B;Bi HBK ;2b "2 bmb+2TiB#H2 iQ MQBb2BM i?27Q KQ7 M/QK Tt



3 *2 Ti2 kX h?2Q v M/ GBi2  im'2 _2

i?72 "° vX h?2bQm +2 Q7 i?Bb MQBb2 Bb Q7i2M 2H2+i B+ H DBii2 b
BK ;BM:? “/r "2#2BM; mb2/-Q +Q "mTiBQM Q7 i?2/ i X "2+ mb2 +Q
“2HvV QM BK :2b 2T 2b2MiBM; i?2 "2 HrQ H/ ++m" i2Hv- i?Bb MQB.
K2i?Q/ Q7 /I2@MQBbBM; M BK ;2 Bb i?2 T°Q+2bb Q7 #Hm "BM;X "t
+QMPQHMIBQM #2ir22M i?2 BK ;2 M/ F2 'M2HX AM i?Bb +QMi2ti-

K i Btr?2Qb2 2H2K2Mib "2 +?2Qb2M bm+? i? i r?2M +QMpQHpP2/ rBi?
“2bmHi Bb +?B2p2/X h?2 T°Q+2bb Q7 +QMpQHMIiBQM BMpQHp2b 2
#2ir22M i?2 F2 " M2H M/ 2p2 ' vbm#@ "~ v-rBi? IBK2MbBQMb 2[m H i
+ M #2 7Q K2/ 7' QK i?2 /B;Bi HBK ;2X h?2 "2bmHi Q7 i? i KmHIBTH]I
#v i?22 MmK#2 Q7 2H2K2Mib BM i?2 F2 M2H- bm+? i? ii?2 2bmHi Bk

#HmM "BM; F2'M2H Bb /2bB;M2/ bm+? i? i 2 +? TBt2H p Hm2 BM M
p2° ;2 Q7 i?2 TBt2H p Hm2b bm "QmM/BM; BiX h?2 bBKTH2bi #Hm"
QM2bX JQ'2 TQTmH ~Bb : mbbB M #Hm 'BM; F2"M2H- r?Qb2 p Hm
/Bbi'B#miBQM- rBi? i?2 +2Mi2  p Hm2 #2BM; i?2 ?B;?2biX M 2t KT
M/ Bib 2772+i Bb b? Qe®BM 6B:m" 2

6B;m 2 kXk, PT2  iBM; QM i ";2iBK ;2rBi? : mbbB M #Hm |

MQi?2 b2i Q7 +QKKQM +QKTmi2 pBbBQM i2+?MB[m2b "2 FMQrM



KXRX *QKTmi2 oBbBQM h?2Q" v N

M K2/ bQ #2+ mb2 i?2v +? M;2i?2b? T2b Q7 Q#D2+ib BM BK ;2b i?2\
/IBH iBQM "2irQ Q7 i?2 KQbi# bB+ KQ ' T?QHQ:B+ HQT2 iBQMbX h
#H +F@ M/@r?Bi2- HbQ FMQrM b #BM “v- BK ;2bX h?2b2 BK ;2b i\
rBi? Q#D2+ib Q7 BMi2 2bi-r? i2p2 i?2vK v #2-BM r?Bi2X KQ T?C
F2 M2H-#mi BM [/B772 2Mir vi? M#Hm "BM;X

AMi?22 QbBQM QT2 iBQM- bi?2F2"M2HT bb2b Qp2 i?2BK ;2- Bi
Bi +Qp2'b "2 #H +FX A7 QM2 Q KQ 2 2H2K2Mib mM/2  i?2 F2 "M2H
rBHH #2 im M2/ #H +FX PMHv B7 HH TBt2Hb mM/2" i?2 F2 'M2H :
"2K BM r?Bi2X .BH iBQM Bb i?2 QTTQbBi2-r?2 2 Bb Mv TBt2Hb mM
+2Mi> H TBt2H rBHH #2+QK2 r?Bi2X

UVP B;BM HXU#V 1 ' QbBQMXU+V .BH iBQMX

6B:m 2 kXj, " bB+ KQ ' T?QHQ:B+ HQT2'8iBQMb QM #BM v

1'QbBQM M/ /BH iBQM "2 Q7i2M T2 7Q K2/ b2[m2MiB HHvX 1 Qbl
bK HH "2 b Q7 MQBb2-#mi HbQ b? BMFb i?2 bBx2 Q7 i?2 Q#D2+i Q
Bb i?2M T2 7Q K2/- r?B+? 2MH ;2b i?2 Q#D2+i- #mi /Q2b MQi # BN\
*2KQp2/ /m BM; i?2 2°QbBQM T 'Q+2bbX 1°'QbBQM 7QHHQr2/ #v /B
.BH iBQM 7QHHQr2/ #v 2 °QbBQM Bb FMQrM b +HQbBM;- M/ Bb mb2
Q7 BMi2 2bi- Q" iQ DQBM iQ;2i?2 b&2NX i2 2 b Q7 r?Bi2 (



Ry *2 Ti2 kX h?2Q v M/ GBi2  im'2 _2

UV 1772+i Q7 PT2MBM;X U#V 1772+i Q7 *HQbBM;X
6B;:m 2 kX9, a2[m2MiB HKQ T?QHQ;:B+ H Q8M2" iBQMb QM #B

MBKTQ i Mi +QM+2Ti BM +QKTmi2 pBbBQM Bbi? i Q7 72 im 2bX 6
Q "2;BQMb- ivTB+ HHv p2'v bK HH BM "2H iBQM iQ i?2 r?2QH2 BK ;
[2i2°KBM2 r?2°2 BM i?2 BK ;2 i?2v + K2 7°QKX AM T +iB+2- i?22 #2
i2M/iQ #2 "2 b rBi? bi'QM; TBt2H BMi2MbBiv ;" /B2Mib BM irQ /B 2-
kX& F2b Bi 2 bv iQ b22 r?2v +Q°M2'b "2 +QMbB/2°2/ ;QQ/ 72 im 2b
+QMi BM QMHV T ii2"Mb- M/ + M#2 HQ+ HBx2/iQ '2;BQM Q7 i?2 Bk
h2KTH i2b * M/ . +QMi BM 2/;2b- M/ + M #2 HQ+ HBx2/iQ HBM2b
iQ bT2+B7B+ TQBMi QM i?2 HBM2X h2KTH i2b 1 M/ 6 +QMi BM +Q°
i72KiQ bT2+B7B+ TQBMiBMi?2BK ;2X *Q 'M2'b 22 bv7Q ?mK M
M/ BM i?Bb + b2-i?2b K2Bb i m27Q  +QKTmi2 bX

'Bp2M i2KTH i2 Q7 M Q#D2+i-i? i Q#D2+i+ M#27QmM/BM M2r BI
62 im 2K i+?BM; rQ"FbBM irQ bi2TbhX h?2 7B bi Bbi?2 /Bb+Qp2'v M
irQ b2T * i2 BK ;2bX h?2b2+QM/Bb K i+?BM; bBKBH 72 im 2b #2ir:
"2 K i+?2/ # b2/ QM i?2 bBKBH "Biv Q7 i?2B  /2b+ BTiQ b- r?B+?
TBt2Hb +QKTQbBM; M/ bm "QmM/BM; i?2 72 im 2bX MmK#2 Q7 |
Ki+?2 72 im 2b ? p2 #22M /2p2HQT2/X



KXRX *QKTmi2 oBbBQM h?2Q" v RR

6B:m 2 kX8, oBbm HBx iBQM Q7 r?v +Q M2'b "2 +QMbB/2 2/ :QQ/ °
M BK ;2X PMHV i2KTH i2b1 M/ 6 22 bviQ HQ+8)Bx2 BMi?2 H ;2

KXRXj *QKTmi2 oBbBQM M/ .2i2+iBQMfh" +FBM:

*QKTmi2 pBbBQM- b '2+Q;MBx2/ 7B2H/ Q7 b2 'BQmb bim/v- #2; M
iQ ? p2 +QKTmi2'b M Hvx2 M/ /2b+ B#2 /B;Bi H BK ;BiRX MP22 7Qm
7B bi +QKTmi2 pBbBQM H;Q Bi?Kb /2p2HQT2/ T2 7Q K2/i bFb bmH
# b2/ QM TBt2H p Hm2 ;> /B2MibX h?2 Qm;?2Qmii?2 M2ti 72r /2+ /2D~ |
K2i?Q/br2 2 BMi'Q/m+2/- BM+Hm/BM; i?Qb2 "2HVBM; QM T Q# #BH

h?2/2i2+iBQM M/i  +FBM; Q7 Q#D2+ib Q7 BMi2 2bi BM BK ;2b ? b
Q7 +QKTmi2 pBbBQMX >2°2-/2i2+iBQM 272 b iQ B/2MiB7vBM; M/
BM MBK ;2X h® +FBM; 272 biQ K BMi BMBM; HQ+ HBx iBQM FMQr
+ Qbb KmHiBTH2 BK ;2b- ivTB+ HHv Q /2 2/ +?2 " QMQHQ;B+ HHvX -
BM+HmM/2 "2KQi2 b2+m Biv KQMBiQ BM;- m;K2Mi2/ 2 HBivbTQ ib #



Rk *2 Ti2 kX h?2Q v M/ GBi2  im'2 _2

hQ i +F Q#D2+ib BM "2 H@iBK2 BM ?B:? '2bQHmMIiBQM pB/2Q “2[m|
TQr2 X gBi? i?Bb TQr2  MQr rB/2Hv ++2bbB#H2- 2bT2+B HHv iQ "
K DQ  bi'B/2b BM i?2 /p M+2K2Mi Q7 /2i2+iBQM M/ i’ +FBM; K2i?
MmMK#2 Q7 Q#D2+i /2i2+iBQM M/ i +FBM; i2+?MB[m2b i? i ? p2 #2:
[2+ [2b- M/ #2Dbi T  +iB+2b "2 biBBH OIBM; /RQa+iBiGM K2i?Q/b BM]
+i2;Q°B2b, TQBMi /2i2+iQ b- b2;K2Mi iBQM- bmT2 pBb2/ +H bbB7E

SQBMi /2i2+iQ" H;Q Bi?Kb HQ+ i2 BM/BpB/m H TBt2Hb Q" ;"QmTb
‘mBb? #H2 7°QK i?2 bm "QmM/BM; BK ;2 72 im 2bX h?2b2 72 im 2b
irQ /BbiBM+i HBM2b K22i- bi?2b272 im 2b 22 bB2biiQ B/2MiB7v
b 2tTH BM2/ BM¥RXEBIMH ° H;Q Bi?Kb 7Q 72 im 2 /2i2+iBQM "2 |
2i2+i@®W M/ i?2 a?B@hQK bB:QQ/ 62 im 20dR b MMF/RZI202Mi H;Q
"Bi?Kb 7Q  /2b+ B#BM; M/ K i+?BM; 72 im 2b #2ir22M BK ;2b ? p2 #
i72 T i2Mi2/ K2i?Q/ik)aMita({_&)( HQM: rBi? i?2 7°22 M/ QT2M@bQm
99X

a2;K2Mi iBQM H;Q Bi?Kb BK iQ /BpB/2 i?2 BK :2 BMiQ b2T " i2 "2;
7BM2/ + Bi2 B X AMi?2 7B2H/ Q7 Q#D2+i/2i2+iBQM M/i +FBM;-i?
# +F;°QmM/ M/ 7Q°2;°QmM/X " +F:"QmM/ 272 b iQ MvVi?BM; i? i Bl
2Di-r?2°270Q°2;°QmM/ Bb i?2 Q#D2+iX SQTmH " b2;K2Mi iBQM K2i7
h> Mb7Q KNB®M*QMiBMmQmbHv / TiBp2 J2 Mb?B7i (

amT2 pBb2/ +H bbB7B2 b 2M+QKT bb i?2 K +?BM2 H2 MBM; i2+?1
O0H2 "Mbo r? iBiBb HQQFBM; 7Q " X h?2 +H bbB7B2" + M#2 i BM2/
QMHBM2 rBi? bQK2 BMTmi 7 QK i?2 mb2 X h?2 +H bbB7B2  rBHH i?:
BMi2 2bi BM 2 +? bm#b2[m2Mi 7" K2X

" +F;°QmM/ KQ/2HBM: M/ bm#i° +iBOM Bbi?2:°QmT Q7 K2i?Q/bi? i



KXRX *QKTmi2 oBbBQM h?2Q" v Rj

+QKTQbBIiBQM Q7 i?2 # +F;:"QmM/- M/ +QKT "2BM7Q K iBQM BM M:
KQ/2HX Mv TBt2Hb BM M2r 7" K2b i? i /Q MQi 7Bi i?2 # +F;"QmM/ K
7Q°2:°QmM/X AM i?Bbr v-# +F;"QmM/ KQ/2HBM; M/ bm#i> +iBQM +
BK ;2b2;K2Mi iBQMX PM2 K DQ /B772 2M+2 #2ir22M # +F;"QmM/ K
iBQM i2+?MB[m2b /8BBB#2/ #vHF; QmM/ KQ/2HBM; i2+?MB[m2b Ht}
KQmMi Q7 ?BbiQ v BMi?2B" H;Q Bi?KbX

' +F;QmM/ KQ/2HBM; i2+?MB[m2b ‘2 i?2 K BM /2i2+iBQM M/ i’ +F
rQ'FX h?2B  2pQHMIBQM M/ 7mM+iBQM "2 /2 BXFR¥2+KQQanMi HHv
KQ/2HBM; M/bm#i > +iBQMK2i?Q/b? p2i?2 /p Mi :2Q7 MQi 2[mB" 1
iQ QT2 iBQMX *H bbB7B+ iBQM K2i?Q/b- QM i?2 Qi?2° ? M/- "2[mB
TT2 > M+2 Q7 i?2 Q#D2+i iQ #2 HQ+ i2/X " +F:"QmM/ KQ/2HBM; M/
i72°27Q°2 Km+? KQ 2 :2M2" H- M/ + M #2 mb2/iQ /2i2+i Mv KQpBM

KXRX9 JBtim' 2 Q7 : mbbB Mb " +F;:"QmM/ JQ/2HBM; M
iBQM

b K2MiBQM2/ #27Q 2- KQbi /2i2+iBQM M/ i +FBM; H:Q Bi?Kb ii2
BMi2 2bi BM M BK ;2- Q7i2M 272 °2/iQ b i?27Q°2;:°QmM/- M/ 7Q
' 4F;QmM/ KQ/2HBM: M/ bm#i> +iBQM H:Q Bi?Kb "2 7 KBHv Q7 i
i"VBM; iQ "2bQHp2 M BK ;2 BMiQ Bib # +F;"QmM/ M/ 7Q°2;"QmM/ -
KQ/2H Q7 i?2 # +F;"QmM/ b+2M2- M/ +QKT "BM; 2 +? bm#b2[m2Mi
+QKT "BM; bm#b2[m2Mi 7> K2b iQ i?Bb # +F;"QmM/ KQ/2H-i?2 H;Q
BbMQiT i Q7i?2# +F;"QmM/- M/i?2°27Q 2 Kmbi #2 T i Q7 i?2 7Q

PM2 Q7 i?2 bBKTH2bi K2i?Q/b Q7 # +F;"QmM/ bm#i" +iBQM BM pB/2
2M+BM;X AM i?Bb K2i?Q/- KBR-bii?/B# +FhbRMmBIMKQ/2H Bb bBKTHV i?



RO *2 Ti2 kX h?2Q v M/ GBi2  im'2 _2

7 K2-Q' 7 K2i? irbbmTTHB2/ #27Q°2? M/ M/ Bb FMQrM iQ +Q]
1 +?2 M2r 7° K206b TBt2H BMi2MbBiv "~ v Bb HBi2" HHv bm#i~ +i2/- 2
T 2pBQmb 7° K26bX SBt2H BMi2MbBiv p Hm2b i? i /B/ MQi +?2 M;2 1
+ M+2H Qmi- "2bmHIBM; BM x2 QX 2;BQMb BM r?B+? p Hm2b /B/ -
p Hm2bX A7 i?2 #bQHmi2 p HmMm2 Q7 bm#i"~ +i2/ TBt2H BMi2MbBiB2b
QH/- i?2 TBt2H Bb +H bbB7B2/ b 7Q 2; Qmd®Rh? B E2M BN pBb B B B
BM 6B kxeBb B;B/- M/ 2[mB 2b M mM+? M;BM; # +F; QmM/iQ T2 7

Pixel (x;y) is foreground if jly,(t 1) I (®)j>T UKXRV

UV" +F;,"QmM/ AK ;2XU#V L2r AK ;2X U+V .B772°2M+BM; _2bmHiX

6B;m 2 kXe, GBi2" H/B772 2M+BM;- BM r?B+? i?2 M2r BK ;2 BMi2M
i?72# +F;, QmM/ BK ;2 BMi2ZMbBiv "~ vX

AMbi2 / Q72 +2# +F;"QmM/ TBt2H #2BM; 2T 2b2M32/btv;; DIBI/H2 B

i? i2 +2# +F;QmM/ TBt2H #2 2T 2b2Mi2/ #v +? M;BM;: mbbB M T

iBQMX AM i?Bb KQ/2H- 2 +? TBt2H Q7 i?2 # +F;"QmM/ ? b Biéb BM
mbbB M T Q# #BHBiv /2MbBiv 7TmMkM&QM- b22M BM 1[m iBQM

1 2/ 5 2
Pllxy) = p5=e (ny %2 UkXkV

>2°2-Bb i?2 K2 M2 BIB i?2 p "B M+2 Q7 i?2 BMi2MbBiv p(MyXb 2tT2+]



KXRX *QKTmi2 oBbBQM h?2Q" v RS

7Q 2 +? TBt2HOb 7TmM+iBQM Bb ivT2 Q7 r2B;?i2/ p2 ;2 Q7 i?2 T
TBt2HX h?2 " i2 i+?BH2b Bb +QMi'QHH2/ #viQ2iZM RZi22/iQ b i?:
H2 "MBM; i2 Q7 i?2 KQ/2HWK 27«2 " NM22 +QKTQM2Mi "2T(2P2MiBM; T
i iBK2 "2+ H+mH i2/ rBi?k{ iiBEOM b

xy (1) = Iy (1) + (1 ) xy(t 1) UkXjV

0= (y® ot P+ ) 2,0 1 UkX9V

AM i?Bbr v- QMHV i?2 K2 M ii?2(T 2pBWQmb2bMZFHY K2 bm 2/ BMi2M|
p Ht) "2 "2[mB 2/ iQ +QKTmi2 i?2 mIt) X2LQ2?BIbiQ v Q7 T bi K2

bm 2K2Mib "2 "2[mB 2/iQ #2 biQ 2/ BM K2KQ vX AM bm#b2[m2Mi 7
"2 +QKT "2/iQ i?2B" "2bT2+iBp2 # +F:"QmM/ KQ/2H : mbbB M T Q#
bQK2 7Q K Q7 ?2vTQi?2bBb i2biBM; Bb T2 7Q K2/X A7 Bi Bb /22K2/ H
#2HQM;b iQ i?2 /Bbi'B#miBQM- # b2/ QM bQK2 T 2/27BM2/ +QM7B
TBt2H p Hm2 Bb +H bbB7B2/ b # +F;"QmM/X Pi?2 rBb2-i?2 M2r TB
"QmM/X h?Bb bi’ i2;v 77Q /b i?2 #2M27Bi Q7 bi iBbiB+ HT Q# #BH
b2;K2Mi iBQM b r2HH b / Ti iBQM Qp2 iBK2- HHQrBM; 7Q° +? M

6b p Hm2 +QMi'QHb ,3QMIMB+PHAP2 ;2 iQ M2rHv Q#b2 p2/ / i p Hi
rbb2iiQ R-iZ@M4 1, (t 1) i2p2°v bi2T- HBFR(BH2M/Qr 2pBQmb
K2 bm 2K2Mib ? p2 MQ BM7Hm2M+t21()2ﬁQQg§2‘MZIf!yv-r@mH/ M2p2"°
mT/ i2X

bk9 TQBMib Qmi-i?Bb7Q KmH iBQM mT/ i2bi?2# +F;"QmM/ KQ/2H
B7 i? i TBt2H Bb /22K2/ iQ +QMK9BIVM7 QIib QnM/HKQ(KmH i2 i?2 # +F
KQ/2H : mbbB M K2 M M/ p "B M+2 mTKkXBMEi@eL[m iBQMb



Re *2 Ti2 kX h?2Q v M/ GBi2  im'2 _2

xy(® =1 M) ( Ixy®+@1 ) xy(t 1)+ M (1) UkX8V

wO=@Q M) ( () @ D)P+@ ) Gt 1N+M  F(t 1) UkXeV

>2°2-M2+Q277B+B2Mi Bb 2[m HR B7 i?2 M2r TBt2H Bb /22K2/ 7Q 2
AM i?Bb 7Q KmH iBQM- B7 i?2 M2r TBt2H BIb=71Q iZ:2 2M7-m M+ iiB Q\2
K2 M M/p B M+2 "2 bBKTHvVv 2[m HiQ i?2B T 2pBQmb p Hm2b- M/
BMi2MbBivp Hm2 ? b MQ BKT +iQMi?2 KQ/2HX h?2 # +F;"QmM/ KQ.
K2 bm 2K2Mibi? i "2 T "iQ7i?2# +F; QmM/-r?B+? BbBMimBiBp2F

h?Bb K2i?Q/ 2K BMb mM7Bi 7Q° # +F;"QmM/i? iK vi F2 QM b2p2
'Bp2M TBt2HX h F2 7Q  BMbi M+2-i?2 + b2 Q7 22 # M+? #HQrBM
TBt2H6b BMi2MbBiB2b K v Hi2 M i2 #2ir22M i?2 HB;?i #Hm2 Q7 i?2
i*22 #° M+? > TB/HvX *? M;2b BM BHHMKBM iBQM BM b+2M2 + M A
+ b2b- bBM;H2 : mbbB M /Bbi'B#miBQM + M MQi ++m’ i2Hv KQ/2
JBtim 2 Q7 : mbbB Mb # +F;"QmM/ KQ/2HBM; UJP:"JV BKbiQ // 2b

6B bi bm;;2b83)-BM/(BKT QpX-BIN:("J K2i?Q/ KQ/2Hb 2 +? # +F; ' Qm
TBt2H rBi? KBtim 2 U bKKIRTBQNMV @bbB M T Q# #BHBiv /2MbBiv
2 +?2 rBi? M bbQ+B i2/ r2B;?i 7 +iQ°X 1 +? M2r TBt2H p Hm2 Bb +C
/IBbiB#miBQM- M/ Dm/;2/iQ 2Bi?2  #2 T iQ7i? i/Bbi'B#miBQM Q"
Q7 ?2vTQi?2bBb i2biX 6@y2t REt2H BM/Qi2 KBM2/iQ #2 T i Q7 i?2 #
b+2M2 B7 Bié6bp Hm2 7 HHb rBi?BM kX8 bi M/ "/ /2pB iBQMb Q7 QM2
K2 MbX A7 i?2 TBt2H Bb +H bbB7B2/ b 7Q 2; QmM/- M2r: mbbB M
K2 M 2[m H iQ i?2 TBt2HO6b BMi2MbBiv p Hm2X r2a2B;?i2/ KBtim 2
/[2MbBiv 7mM+iB QMK +HQQKOBOVMRM;i Q7 F2b i ?2kQ@ 1[m iBQM
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