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Multi-object Tracking Based on Interaction
between Hypotheses with Certainty

AKIHIRO SUGIMOTO,t® KIYOTAKE YACHIt
and TAKASHI MATSUYAMAST

We propose a method for multi-object tracking, where interaction between object hypothe-
ses plays a key role. In our method, we first prepare an appearance model for target objects.
Secondly, we generate hypotheses for an object in the image and represent them as certainty
distributions in the model-parameter space. We then propagate and reform hypotheses over
time in turn. In addition, we bring about interaction between hypotheses to eliminate the
hypotheses denoting false positives and, at the same time, to maintain the hypotheses denot-
ing objects. This allows us to identify the one-to-one correspondence between hypotheses and
objects in the image. Consequently, the system tracks multiple objects stably even if occlu-
sions occur and the number of objects in the image changes during tracking. Experimental
results show the effectiveness of our method.
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Fig.1 A model of an object appearance and its

corresponding point in the parameter space.
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Fig.2 An object in an image and its hypothesis as the
certainty distribution in P.

(2) 0DO00DO0OODOOOOCDOOOOOOOOOO0O0O
oooooO0o0ooo
(3) DOODOODO0D0O0O0O0OO0ODOO00O0O00
00000 1000000000000000
o0o0oog
00000000000 OoooOoPOOO0OOO0
00000000000000000000 POO
0000000000000 00D000000000
000000000000 0000O00000000
0000000000000 00D000000000
00000000000000000000000
00 2Mm
2.2 000000O0O0OODOO
00000000000 PO00000DODOOD
0000000000 FOOODODOO 4 (6=
1,2,...,F)000000000000000000O0
0000000000 00000000000000
ooooooooo
000000D0000D0000000000000
00000000000 0000000000000
0000000000000 000D0000000
00000D0000000000D00D0000000
000000 :00000000000000000
0000210000000000000000000
00000000000000mMO00onognP O
0000000000 +0000000000000
00000000 ¢000000000000000
000 f£0000000000000D000000
ffoafip) =4'(e(p) DODDDODOODOO pO
POOOODDOOS 000D 000000000
000000000y 00 0000000000
000o00O00O000o0o0
ff000D000000pO0D0O000DOOO0DO
000000o000000O000on

goooooooooooooooooobooboooo 71

fp) =@, f(p)-

oooo® o ff00000000000xk0O00
0000000000000 DO@@UOoOO0o0oo
00oooooooooooon
000000000« 000000000000
00000000000 oUooooooooooog
ooooooogoo

2.3 JO00O0O0O0Ooooo
Condensation 00 0000000000 ODOOO
o0oooUoooooooooooooooooooo
o0dooUooooooooooooUoooooooo
00000 00ooooDoOoooooOoooooooon
000o0o00o0oooDooOoO00ooOooooDoOOooon
00000000000 oooooooooooon
00000o00o0oooooooooooooooon
00000000000o0oo0o0o0oooooooo
godoooooopoooooOoooooooooo
o0oo0ooooooooooooooooooooo
O000oooooooooooOoooooo

2.3.1 0O0O0OOOOOOOOOOOOOO
ooooOooooopooooogdoooooooo
000000oo00oooooooooooooooo
odd00oooooooooOooooooooooon
00oo0ooooooooooooooooooog
00000000 o0ooooooooooooooo
000000000 0o0oooooooooooooo
oooooo
gooooOooopooooUooOooooooooo
goooooooopPODOOOCOCObOODOD
od0o0oo0oooooopeoOoOoOOOOOOOO
O00Oo0oooooUooooO poO (21)000
000000000000 o0oUO0n fp)oOOOO
0000 pO0000000O0pOOO0OOOOOOO
oooooooooooooooo

0000o0oo POOOODOOOOpOOOO
000000000 ooooooooooooooag
ooooooodOop,,,, 000000000000
oooooooo0oooooooooooogoo

(2.1)

Y goo POODOOOOOOOOOOOOOOOOOOOOO
0000oooooooood



72 goooooooooooobooooooboOoobOOoOoboOoooo

®¢ fi (pinit) eXP{_ %giinit (P)}
(min; | ginze (P)|| < L)
Cinit(p) 1= (2.2)

0 (min; [|ginic ()l > L)
000°00000i00000000LO000O0
0000000

giinit (p) = (p— pinit)T(Eiinit)il(p = Pinit)
0000000 X:, 000000000000000
go0oobooOooOooooooOooooobooooboo
gooobOOoOoUoOoOooOOoboOoO0obpOoooooOoDo
goooOoooOoobOOooOoOooooOo pPOODO
0000oooOOooOoooooooooooooooo
00 LO0O0o0DOO00obO0ooOdodogboobo
J000ooooooooooooe,0o0O00Ooog
ooooooo

goooooooooooboooboobooOoooDbobo
gbooobooboobooooooboobooobooo
00000 AOO0D0DODOO0DOO0O0 Cchooooog
goooooobo11goooooooooobooo
goobooboobOoOooobpobooogobobobooo
godbooooOodoOooooooOoboobooooo
gopoooooooo

2.3.2 OJO0OOOOOO

00000 AO0D0DO0OO0OOODOOOOODO
0000oooo0ooooooooooDoooooon
goo0oooooOoOooboOoOoooooooooooo
oooooboooobooooooooo

00 pO00ODO0OOCOODOOOOODOOCRCOD
goobooooodoooopooboboOooboooDo
goo0o0 pO000D0O0ODOODOOOCOODOO
goooooooOooOoOobOobOOoOoOooDoooOoo
godooodoooo0ooooDboogooooooboo
J0doooo0oooDoDooO0oooooooooo
ofoob0 300oouooooobuoboboobooog
jobbo0oobo0oobooooooobooboboo
goooobooooooooobooobooOo smooo
gboooboooooobobooooooboobo
oooooOoOoooDooobOobOOoOoooboOobooOoo
00000000000t (k=1,2,...,n,n+1,...)

" opooooooooo ff0000000000000O0OO00
gooooO0o0ooOoO0ooobO0o0O00O0O00O0O0O0Ooooon

U0 OooODOO0000000 POOOOOOOCOOOOOOOO
goooooOooOooOoOoOOOO0O0O0O0O0O0O0O0O00000
oooooooooobooobOoOobooOoboOobooooO

June 2002

oooooo\

oo

03 ODooooooo
Fig.3 Propagation of the certainty distribution.
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Fig.4 Relationship between certainty distributions in P

and objects in the image.
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Fig.6 Decision on interaction between hypotheses h and
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Fig.7 Images (with frame numbers) in the outdoor sequence and detected human heads.
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Fig.9 Cumulative certainty without any interaction.
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Fig. 10 Loci of hypotheses and their corresponding human heads.
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Table 3 Errors in detecting human head sizes.

oo 00 [pixel] | D000 [pixel]
a 0.136 0.0603
b 0.143 0.0756
c 0.121 0.0569
d 0.120 0.0540

0oo0o0ooooo cobooooooooo 1000
gooodooobdoooooooooooooooooa
00 AOBOOODOO 5emO000000OODO COD
00000 1oem 000000000 COOOO AO
BOOOOOOOOOOOOOOOOOOOOODOO
oooooooooooOooOoooOooooooo D
goOoooboOoooooboooooooooobooono
gobooobOoooooooooooooooooon
goooobooooobbooobobooooDboo
goooooooooobdd 2m~4m0O0000
gboboooboooooobobooooooooooono
goooobooooooooobooooooboooao
0000000ooOo0o0o0oooOooOoOooO 11(b)o
gboooooocoboooooooboobooo 20
gooobooboooobooooooooo3booo
gooooooooooooooooooooooDo
gooooooooooboooboooooooboobooono
oobOi1so0oobooooooooocooooooo
O00Osem 00000000000 O0OODODDODODO
ooooooooooooooboboboboboboboo
gboooooooooooooboooooobooo
goboooooooooobooooogooooa
gobooodboooooooobooooooooboo
gooboooooobobooooooboooboooo
gooboboooooooooobooboooooooo
goooooooon
oo0320x24000000000 1000000
oooooooboooboooooobo so0booonDo
gegoobo010000b0 830000000000
gobobooooooooooooooobobooo
ooooooooo
gobooooooooobobooobooooooon
gobooboooooOooooboOooOoOobOOoOobOOoDo
gobobooboooooooooboobooboooobon
gooooooooooooobobobobooooooo
gooooooobooooooooooobooooboo
oooooboooooooooboooboooooobooo

Y 0000 OPCO Pentium 111 866 MHzOO OO0 O

gobooobooooooboooooboooooooo
gbobooooooooooobOooooooobooo
obooooooooooo

7. 0000

goooooooobooooooooboboooon
oboboooooooooooooboooboobooboDboOo
oooil1oil1bo00oooooooooooooooa
gboboooobooooooooooooooooooon
gobooobooooooooooooooooooo
goooodoooobooobooOooooooooa
gboboboooboooooooooboooooDo

gbooooooobooboobooob 101000
goboooooooooooooooooooboooon
oboooooooooobooooooboooobooboo
gooooboooobooooooooboboDbOobo
goooooooooooboooboooboooboobo
gbooodooooooooooooooooooon
gbooboooobooo101g0ooooaooo
gobooooooooobooobooboboooooa
gooobooooooobooooobooooooooon
oooooood

gobooboooooooooobooooooooo
goooooooooobobooooooooooon
goboooboooooooooooooboooooon
goobboooooobooooboooooboooon
gooooboooboooooboobooooooo
gobooobooooooobooooooooboooa
gobooobdoooooooobooooooooo
gbobooobooooboooooobooooobooo
gooooodooooboboooboooooooobon
goboooooooobooooooobooboooo
gobooooooooboooooooooooboobo
obooooooooooooboooooooooooo

o0 OooOO0oobO0OOoDbOO0oOoDbOOoOoDbOoDbDOOoD
goooboooooooDoOoDbDbOO0obObO0oooDo
gooooooooooooooboooobooDbbOo
00000000 132240510000 000000 AO
133080170 00000O0OCOOO

o o o o

1) Birchfield, S.: Elliptical Head Tracking Us-
ing Intensity Gradients and Color Histograms,
Proc. CVPR 98, pp.232-237 (1998).

2) Cham, T.J. and Rehg, J.M.: A Multiple Hy-
pothesis Approach to Figure Tracking, Proc.



84 goooooooooooobooooooboOoobOOoOoboOoooo

CVPR, Vol.2, pp.239-245 (1999).

3) Cui, Y., Samarasekera, S., Huang, Q. and
Greiffenhagen, M.: Indoor Monitoring via the
Collaboration between a Peripheral Sensor and
a Foveal Sensor, Proc. IEEE Workshop on Vi-
sual Surveillance, pp.2-9 (1998).

4) Davis, L., Fejes, S., Harwood, D., Yacoob, Y.,
Hariatoglu, I. and Black, M.J.: Visual Surveil-
lance of Human Activity, Proc. 3rd ACCYV,
Vol.2, pp.267-274 (1998).

5) Gavrila, D.M.: The Visual Analysis of Hu-
man Movement: A Survey, Computer Vision
and Image Understanding, Vol.73, No.1, pp.82—
98 (1999).

6) Haritaoglu, 1., Harwood, D. and Davis, L.S.:
W*S: A Real-Time System for Detecting and
Tracking People in Z%D7 Proc. 5th ECCYV,
Vol.1, pp.877-892 (1998).

7) Haritaoglu, I., Harwood, D. and Davis, L.S.:
An Appearance-based Body Model for Multi-
ple People Tracking, Proc. 15th ICPR, Vol.4,
pp.184-187 (2000).

8) Isard, M. and Blake, A.: Contour Tracking by
Stochastic Propagation of Conditional Density,
Proc. 4th ECCV, Vol.1, pp.343-356 (1996).

9) Isard, M. and Blake, A.: ICondensation: Uni-
fying Low-Level and High-Level Tracking in s
Stochastic Framework, Proc. 5th ECCYV, Vol.1,
pp-893-908 (1998).

10) Isard, M. and Blake, A.: Condensation—
Conditional Density Propagation for Visual
Tracking, Int. J. of Computer Vision, Vol.29,
No.1, pp.5—28 (1998).

11) MacCormick, J. and Blake, A.: A Probabilis-
tic Exclusion Principle for Tracking Multiple
Objects, Proc. 7th ICCV, pp.572-578 (1999).

12) Matsuyama, T.: Cooperative Distributed Vi-
sion — Dynamic Integration of Visual Percep-
tion, Action, and Communication, Proc. Image
Understanding Workshop, pp.365-384 (1998).

13) Minoh, M. and Kameda, Y.: Distance Learn-
ing Environment Based on The Interpreta-
tion of Dynamic Situation of Lecture Room,
Proc. 3rd International Workshop on Coopera-
tive Distributed Vision, pp.283-301 (1999).

14) Yachi, K., Wada, T. and Matsuyama, T.:
Human Head Tracking using Adaptive Ap-
pearance Models with a Fixed-Viewpoint Pan-
Tilt-Zoom Camera, Proc. 4th International

June 2002

Conference on Automatic Face and Gesture
Recognition, pp.150-155 (2000).
(00 13080 2700DO)
(00 140 30 8 0O0O)

goooooo ooooo

o0 ooooooon

1987 00000 o0oooooDgon
gbooo198 000000000
gooboooooooooobomm
goooooooooboboooooo
19910950 0ATROODO0O19990
gboobooobz2e02b0b00oboboooobooooo
goboobobooooomoooobooobooboobooo
gooobooooboooooooocboooooooo
gbooocooobooooboooooogoz2o0100
ooooooooo

oo oo

199 000000000000
gboobOgooz2eo010000000
gooooooooooooooon
gooooooooobobbooo
goooooobooooooooo

~ g S

gboooobooooooooooboooao

o0 0ooboooooboo

Ve 000000000000
ooooooooooooooon
; goboooooogoo 199 00
" /. gboboooocoooooobooo
L g ooboooooooooooooon
gooooooogzoeozooooboooooooon
goooooooooboooooboooobooboobobooooo
ooooooooolsooooooooono 200
gobooooooooooooooogreesod
gobooogoooboo4boooooooooogoo
199500 5000000000000000 Marr
Prize011996 00000000000 Fellowd 1999
gbooooboooboooz2000b0000000
obooooooobocooooooooooo




