o000 0OO0o0o0O0oooo
THE INSTITUTE OF ELECTRONICS,
INFORMATION AND COMMUNICATION ENGINEERS

BoostingU U O UOUOOOODOOOUOOOODOOOUODOOOOOOOO

oooo
TECHNICAL REPORT OF IEICE.

oo oof oo oof

toooo
E-mail: ttsuchiya@vision.cs.chubu.ac.jp, tthf@cs.chubu.ac.jp

0000 0O0O000OO0OO0O000O0OO0O000oOoO0O00OOO0000OO0O00O0OO0O00OCOOOO0ObODOOOOn
gooooooboobobodoooogobobobobobbdoob bbb bbb bbobog
gooooooboboobobodoooooboboobbobtbdoob b bbb boboog
goodooooboboobobbodooooobboobbobbdooob bbb bbb boboog
00000000000000000D0000 Joint BoostingOOODOODODOODOODDODODODODODODOODOOO
000000000000 20000000000000 INRIA Person Dataset 000000000000 0.7%0
000 7%0 UIUC Image Database for Car Detection 000000000000 0.8%0000 13%0000000
goooboobod

gooob bobooooobobboboobbbooooobbbbobbooooo

A Method for Constructing a High-Accuracy Classifier Using Divide and
Conquer Strategy Based on Boosting
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1 Chubu University
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Abstract Detecting objects like faces and people requires that objects of the same category but of many different
poses be detected. However, a change in pose can have a great impact on the image, which makes it difficult to
apply one approach to learning all instances of an object having different poses. To deal with this problem, we have
examined a divide and conquer strategy that divides training samples into subcategories each of which becomes
a target of training. The proposed technique improves detection performance by subjecting training samples to
clustering focusing on the similarities of weak classifier responses and using advanced joint boosting to perform
multi-class boosting on the generated subcategories. Evaluation experiments have shown that this technique can
improve detection performance over 2-class boosting by 7% at a false positive rate of 0.7% when using the INRIA
Person Dataset and by 13% at a false positive rate of 0.8% when using the UTUC Image Database for Car Detection.
Key words Object detection, Boosting, Joint Boosting, Divide and conquer strategy
gooooooooobooboobobobobobobobo
gooo0oob0oooobooobooboobOoboboobbooo

1. O O00

gooooobooooooooboooboobooooboooooo
0000000000000 00000o0o0ooogon SVvM
0 Boosting[1] 000000000000 OOOOUBoosting
gobooboobooboobooboobboobobobo
0000000oU00oo0oUOooUOoo 2IBUoUoooooO
gobooobooboooobooobooooobooboodooad
oooooooooooooboooooboooooboooooo
oboooobooooboobooobodooobooooooOoooa

gooooooooooooooooobooboOooooDboobo
goboooooooobooobbooobooooboooooog
goooooooobooooboooobOoOoobooooooo
ooo0o0oo0oooooooOooOoooUoeoooooo
gobooooboooooooobbooobooooooooooo
gboooooooooooooooboooooooon
gooooooooooooooooooooobobooooo
goboooboooooobooobboooobooOooooooooa

11—



0000000000000000000000000000
0000000000 Boosting 00O 0O 0O Joint Boosting 00 O
0000000 Joint Boosting O OOO OO 20000000
00 Gentle Boosting[4| D00 DO00O000O000O00OO
0000000000000 00ooooooooDoooooO
goo0o0ooOooooooOoOo poooooooUDooo
00000000ooooooooooooooooooooon
00000000000oooooooooooooooooo
00 0Joint BoostingODOODODOOOODODODOOOODODOO
0000d0doooo2000000000000oooooo
g00ddodoooooooooooooooooooooo
0 Jont Boosting 0000 0O00OOOOOOOOOOOOOO
00000o0ooooooo0ooooooooooooooo
000000000000 00ooo0oooooooooooog
Boost 0100000000000 OOOOOOOOOOOOO
0000000000000000000000000000
0000000ooooooooooooooooooooo
00000000ooooooooooooooooooooon
00000000000 o00ooooooooooooooo
ooooooooood

0000020000000 2000000000 Boosting
000 Gentle BoostingD O OO ODODODOO0ODOOOOOOO
00000000 Joint BoostingOOOODOOOOOOO30O
000ddooooooooooooooooooooooo
0000000000000 000000000000 Joint
BoostingD OOOOOODOOOOODODODODODODODODOODODOO
0000000000004 000000000000000
gddodooooooooooooogo

2.0 0 O

000000020 000000000000O Boosting O
0000 Gentle BoostingOOOOOOOOOOOODOODOO
O0O00O0D0O0O000 Joint BoostingOUOODOOODOO

2.1 Gentle Boosting

Gentle Boosting 0 2000000000 AdaBoost [1] 00
O00000OBoosting0ODOOOOOO0ODOOOODOO

v) =Y hm(v) (1)

gooo0yvOooooooooMOoOOoOoO R, OOOOOCOO
oooo R, 00O0O0O0O0O0O0OOOO

m(v) = ad(v’ > 0) +b (2)
+»O0O000oooooo fO000600000O0OODODOOODO
O0000e,b00000000C0DO0bLODOOOOODOOOODOO
O0e,b000000O0DOOCOCO0O0O0OO0OOO0a,bOO000O0O
gooooooooooo

Siw;zi0(v] < 0)
- Eiwi5(vif§9)
Ziwizi§(vfc>0)
Ziwié(vzf>9)

®3)

a+b =

000000000000 O0O0OOODDOOODOOOA1,-1}0
ooboooooooooboooboJoOoooooooooo RO
goooooo

J=E e )] (5)

0000000000000 w; =e =7 000000
ooog

2.2 Joint Boosting

Joint Boosting OO0 OO0 OO0O0OOOOO Boosting U
gooooO0oooDOOoOo00o0oOooOOoooooooooooog
O0000Boosting 000000 Gentle Boosting 100000
oooooood

= hm(v,0) (6)

goooooooo A, OODODOOOO
hom(v,¢) = ad(v! > 0) +b (7)

c0D000000000OJoint Boosting 00 1000000
000000000 0 10300000000000000
00000000000G™(v) =YY An(v) 00000
000000 Sqr)U0D000000D0O000O00DOog
ooooGgh?3 00000 103000000063 0000
0103000000000000000000000000
0000000000000 D00000D0O000

+ G12(v)
+ G12(v)
+ Gl3(1})

+GP(0) + G (v)

+ G (v) + G*(v) (8)
+ G (0) + G*(v)
OD00000000000000000 G™w) =
SMr o hr(v) 000000000000 O0O00O0OOO0OO0OO

000000000000 00000D000 Juwe OODODODO
goooooooooad

S S M IET

c=1i=1

(vi,¢)) )

cUO00O0000000e«e000000DODO0O0OO0OOODOZO
vO00O0O0 cO0O0O0ODOODOUODOODOOOOOOOOOAL, -1}
goooooooooooobbooobooooobooooooo
gooooobooooboooooboooobOooboooooooo
gobobooboooooooobbooobooooooooooag
goooooboooooboooooboooobooooooooooo
O000000O0Boosting 0000000 OO0DOOOODO

d23/$3] 2>_5G]

G13

N >§G3

01 0000000



RIFTA TGV TIDHE) e

YT HFIVUEHE

X RAFATIVII

ZRA Joint Boosting

02 0O000O0O0OO0oooooobooboboo

goooooooooogo

ad(v’ >0)+b if ce S(n)
k¢ if c¢ S(n)
O000a,bk000000O0O0O00OOOOODOOO
EcES(n)Eiwiczfé-(vzf § 6)
SeesmZiwgd(v] < 0)
Seesm w288 (v] > 6)

b=

(11)

a+b = 12
Beesm Siwd(v] > 0) (2
Yiws z;
C — 1 1 1 1
E= S g s (13)

Wy
gooo A, 00D0O0OO0OO0OODOOODOOODOO k. OO0
Jgo000000o0oo0obobobooo

3. BoostingOUUUOOUOOOOOOODOODO
gooooo

0000000000 Joint BoostingOD OO DOOO0O00OO
0000000000000 D00000D00000D00000
020000000000

e OJODODDOO

e OOOD
000000000000 0000D00000O0 200000
0000000000000000 Gentle Boosting 0 0 0O
000000000 Gentle BoostingOOOOOOOoOOOO
Jo0d0d0000000000oOoooooooooooo
000000000000000000000000000
000 2:)0000000000000000000000O0
000000000 Joint Boosting D 0 OOOO0ODDOOO
2(b) 0000000000000 2000000000000
0000000000000000000000000000
00000000100 G00000000oonooog
0000000000000 000000000000000
0000000000000 D0000D00000D0000n

gddjdooooooooooooooooooooooo
0000o0ooooooooooooooon

3.1 00O Joint Boosting

000000ooooooooooooooooooooon
00000000ooooooooooooooooooooon
doo0ooooooOooo0oooooooooooooooon
Joint Boosting OO OOOOOODOOOOODOOO 200000
oooooooooon

3.1.1 Joint Boosting 0 0O O0OOOO0OOOOODOOO

oo

Joint Boosting 00000000 CO0DOOOOODOOO
gdoo00oooUooooUoooUooUooooooooog
0000000oooooooooooooooooooon
00000doooooooooooooooooooooon
00000000000ooooooooooooooooon
00000000000 Gentle BoostingDOOOQOQOOoOoO
0000000000000 00o0ooooooooooon
Joint Boosting OO OOOOOODOOOODOOODOO

00000oooooooooooooooooooooon
O0DO0O0O0DOO0D00OJoint BoostingODOOOOOOOO
o000 0o0oooooooooooooooobobooooo
0000000o000ooU0ooO0Ooooooooooooog
o0oo00o0oooOooDOooOooooOooOooon z={1,-1}
0000000oooooooooooooooooooon
0000000000 00000O000o0O 2*={1,0,-1}0
0o0o00o0ooooooooooooooooooooooon
000dodoooooooooooooooooooooo
0000000000000 0oooooooooooooo
oood
0000000oooooooooooooooooooooo
oooo

C N
ste = ZZ Z’?wf(zzc - h‘In('Uh C))2 (14)

c=1 i=1



So)s el
cl T g BAIRER
HRE

Q2 ITHT BHEAIER 3 ITHT DHAIER
Joint Boosting

Grx

3

X % x <
X
SR
O
o o

88 X xX

X X

x

X

3

KX x
x

100) %
c2lc

ol T BHAIER

WY BHABER 31T BHBIHRR

Joint Boosting

0 3 Joint Boosting 0 0 00O Joint Boosting 0000000

Gentle Boosting

S B BB EE
I Fi#RIEN he h h e h,
Y, l h( il Y, 122 341021 857
Y h-( Y. -3.11-266 824 129
Ys W h(EREi) By, 122 341-021 129
Y, W e Iy Y. 311 341 824 857

FBHBROISEBEL

HYTHATTUINILGEREE YT
P -
M
,-x‘u - ,‘
Spectral Clustering » C2 @ .iJ
Ta =
i &l

HITAHTIVICHE

04 0D000000D0OO0O Spectral Clustering 0000000000000 0O00OO

gbooooooobooobooooboooboobooooooboo
0000006,b,k°00000000000 Joint Boosting
gboooooboooooooboooon

b= (15)

EcES(n) lezczzc(;

a+b 16
EceS(n) Elszzc ( )

c ¢ S(n)

c
K Yiw; zi

17
Yiz2w (17)

000000000000000ooooooooooooon
gdoooooooooooooooooooooooooo
00000oooooooooooooooon

3.1.2 000 Joint Boosting OO OO 0O

000 Joint Boosting OO OOOOOODOOOOODODOOO
00000000ooooooooooooooooooooon
00000000ooooooooooooooooooooon
000000dooooooooooooooooog 2000
goooooooUOOoooO0OoopoUOOoooUOOoooOoooo
0000000000ooooooooooooooooooo
000000 Joint Boosting 0000000000 O0ODOO
00o00o0oo0oooooOooOooooooooooon
gdoooooooooooooooOooooooooooo
gooo0d0ooOoOO00obOoOooDoOoOooooobo 3oodg
gooo0o0oboo0obOO0obDOoOooOooOobDOoOooOgDg Joint
Boosting OO O OOO0O0O0ODODOOOOOOOOOODODOO
oood

3.2 0J00O0ODOO0OO0OO0ODO Spectral Clustering 0 O
ooo0ooooo0oooooo

00o0oO00oo0o0o0oooO0o00oooooooooooo
D0000 kmeans 00000000000 O0OOOOOOO
o0o0o0o0ooO0o0o0ooOo0o0ooOoOoOooooOoooo
o00oo0oo0oo0oo0oo0oooooooooooo
0O000O0OBoostingOODODOODODODOODOODODOODODOO
00000000000 Real AdaBoost OO OOOOODO
00000oO0o00o0oooO000ooOOoOoOooooOoOooooo
O[rfjoo0o0oo0o0uoooo4000000000DO0
0000000 Gentle BoostingO0OOODOOOOOOOOO
oooOoooo0ooooo0ooooooooooooooog
oo0o0ooo0oo0ooOo0o0ooOo0oooOo0oo0oooooOo
ooo0o0ooOo0o0oooo0ooooooooooOoooo
oo0o00ooo00ooo00o0oo0o0on

3.2.1 Spectral Clustering

oooooo0oOoooo0ooooooooooooooo
00000 Yw; 0000000000000 OO0DOOOOO
O0Dkmeans 000000000000 DOOODOOOOOO
0000000000000 000kmeans 0000000
oooOo0ooo0oO0ooooO0oooooooooooooooo
o0oo00oU00ooooO0o0o0o0oU2000000000000
o0ooooooOoooooUoooooooUoooooooon
00000o0o00oooo0o0oooooooU0ooooooon
oooooooOoooOooooOoooooOoooooooon
OO Spectral Clustering[8] 000000000000 DOOO
Spectral Clustering 0 0 0000000000000 0OOOO

4



goooooooooboooooOoooobOoooOoooooooo
gboooooboodoooooooboouooboboooooooboo
00o00o0ooOooooo AOO

A;j = distance(i, j) (18)

0000000:0000000000000000000
0000000 distance 0000 L20000000O00O0
0000000000000000000000000000
00000000000 AODDODOOL=D"Y24D"Y200
0000000DO Du=Y3, A4, 00000000000
ooo

OOO0OE=][e, - ,ex]000000e 0 LODOODOOO
0000 KDOOOOODOOOOOOODOkmeansOOD OO
000 FO000O00O0O0D0O000000000000000
0000000000000 00 kmeans 000000000
00000000D00000000000000000000
00 medoid-shift 1000000 900000000000
ooo

4. O U

gooobooboboobobobooboboboboooo
O0001000Gentle BoostingOOOOOOOOODODOODOO
goooooboobooooboboboboboboboobo
goboboooboboboboo200b00oobooboobo
goooooboboobooboboboboboboboobg
gooo0oooobooooboboboboboboboooo
goooboobobooboboboboobog

4.1 Dataset
goooboobobooboobobobobooboon

a) INRIA Person Dataset [10]
g00OoOd0OO0OO0UOINRIAOODOOOODOOOOOOO
goobooooboobono 2416000000000 1,21800
gooo0o011,135000000000 430000000
goo

b) UIUC Image Database for Car Detection [11]
gooooooooouvlucoooooooooooonoo
gooboobobobooobogogsouboboonoong
gobooosoboooooooooooooboo 1voooQ
gooobooboboo

4.2 0 0O O

00000000000 Histograms of Oriented Gradients
OHOGU[12]00U00O0HOGUOUOLULOOLOOOOOOOO
goooboobobobobobobobooooboobobo
goooboobobOoboboboboboboooobobobo
goboobooboboboobobooboooooobobo
00D000000000000 [2][3]0

4.3 0000
goooo0obooobobOoboboobobDoooobooo
gobooooobobobobobobobooooobooobo
goooooooboooobobobobobobobooo

gooooooooobooooooooooobooooobooo
goooooo

D00 = —FgF500 (19)
oopg - 20000000 (20)
000000

4.4 Gentle Boosting 0O OOODO
000000000000 002000000000 Gentle
Boostingd DO OOO0OOO0OO0O0COO Joint Boosting O O O
oo0oO0o0o0ooo0oooOo0o0 200000000000
ooooooooOooooooooo

4.4.1 INRIA Person Dataset

0O 5 OOINRIA Person Dataset 00 0000000000
000000000 Gentle Boosting OO OOOOOOOOO
o000 3%0000o0oo0o0oo00o0oooooooooon
0000000000000000000Joint Boosting OO
200000000000000000D0O0O00.

REFE —

1
0.9
0.8
0.7
0.6
0.5
0.4

0.3
0.2

Gentle Boosting ====-

e

R

0.001 0.01 0.1

0 5 INRIA Person Dataset 000000

4.4.2 UIUC Image Database for Car Detection

0 6 0 O UIUC Image Database for Car Detection O O O
0000000000000 0O0U0ooOoooOoOon Gentle
Boosting 0O OO0O0O0OO0OOODOODOODO 10%000000
O000000O0O0OINRIA Person Dataset 00 00000OOO
0000000000000 0o0o00ooooooooooo
000000doooooooooooooooooooooo
0000000 bOO0ODOO0O0DOOobObOObObOOobDOoooOon Joint
Boosting 0O 20000000000000000O0O0O0O0O

BZEF%K —  Gentle Boosting ----- Joint Boosting «++-+:
0.95 ———
0.9 | T
0.85 |- [ R
i
% 08 : g
H .
® 075 SR o .
_______________ a .
0.7 1
0.65 - s
06 L T i
0.55 genenepyd
0.001 0.01 0.1
i

0 6 UIUC Image Database for Car Detection 0000 OO



4.5 JO000O0ODOOOODOOOOOOOO
00000000 Joint BoostingODOOOOOOOOODOO
000000000 o0ooooooooooooooooon
0o00oopoooUoouoooo 3gooooooooooogg
000000000 o0oooooooooooooooon
gooooooOoOoOo0o0oUooooooooooogoooon
0 O INRIA Person Dataset 00000

4.5.1 0000000000 OOOOOO
0000oooooooooooooog

a) O0O0O0OOOOOOOO
00000000ooooooooooooooooooon
gdooooopoooOoOoOoOoOOO0OOoUUUgUooooooo
00000000 0oooooooooooooooooon
go0o0o0o0o0o0ooooooooooooooooooooo
0000000000 0o0oooooooooooooooon
O000o0ooooooooooooooooo
00000OO0OINRIA Person Dataset 00000000000
0000o0ooooooooooooooooo

b) 000000 OOO
jddoooooooooooooooooooooooo
0000000oo0oOoboOooooo3000o0oo0oo
c) D0O0OOOoUOoOoooUoO
0000000oooooooooooooooooooon
gooooogdooooooooooggoooooooo
g00000O0booOooDooHOGUOOOODOODODOOOO
doooooooooooooo

4.5.2 0 O00OO

INRIA Person Dataset O O O O O Equal-Precision-Recall
RateD EPROOOOOOOOOOODOOOOOOOOODODOO
gooOoOoOoOooooo 4.5.200000 4.5.2000000
000000000 00ooooooooooooooooon
00000 0o0o0ooooooooooooooooooooo
000000000 oo0ooooooooooooooooo
000O00o0o0o0ooooooooooooooooooooo
oo0oooooooogd

01 00Oo0bo0o0oo0oooo

0 Detection equal-precision-recall ratel]

00o0oO0ooo 0000%0

(a) 0OooOooooo 81.6
() DOOO0D0DOO0DOOO0 81.1
(c 00000000000 81.5
oooo 85.5

5. 0000

gooooobooooobooooboooboooooboooooo
gooooobooooooooboooobooooooooa
gooooooboooooooobooooboooooooooo
odooobooboooooooboooooobobooooooo

gooooooooooooobooooboobooooboooooo

godo0DbOooooOooooDboobDboooooboooooo
J00Db0002000000 Joint BoostingOOO 2000
godo0boOo0ooOoOooboDbOoOoobOoboOooooboooooo
pgoobobooobooobboobbboobobooobo
O Gentle Boosting 0 0 O INRIA Person Dataset 0 0 0O 0O
0000 7%00000 0.7%0 00 UIUC Image Database for
Car Detection 00000 13%0 0000 0.8%000000
godbobooobooooobuooobbooobooooo
000000 0000o0oooooooooooooooooa
J000000000ooooooooooooono 3%00
opooobooo

Jodo0boOooooOoooobooooboooooooono
pgoobobooobooobboobbboobobooobo
goooboooooooo

O g

[1] R. E. Schapire and Y. Singer,“ Improved Boosting Al-
gorithms Using Confidence-rated Predictions” , Machine
Learning, No. 37, pp. 297-336, 1999.

2] O0DO0OO0,“00000000000000 JointOOOOOO
0007, 000000 0000 CVIM 166, pp.43-54, Mar.
2009.

3] OODO0OO0,0000,0000,0000.“Geometric Context
gooooooooOooOooOoooooooooo”, 0 1200
0000000000000 (MIRU2009), pp. 643-650, 2009.

[4] J. Friedman, T. Hastie, and R. Tibshirani. “Additive lo-
gistic regression: a statistical view of boosting.” Annals of
statistics, 28(2):pp. 337-374, 2000.

[5] A. Torralba, K. P. Murphy and W. T. Freeman “Sharing
features: efficient boosting procedures for multiclass ob-
ject detection.” Proceedings of the IEEE Computer Society
Conference on Computer Vision and Pattern Recognition
(CVPR). pp 762-769, 2004.

[6() OO0 0ODO0O0 0ODDODODOD DDOO“AdaBoost 00000000
000000000 00000000000 0DOVoel.J91-DO
No.40 pp.1168-11710 20080

[v] 0OOOO,0000,0000,0000.“0C00000000
0000000000000000 Chamfer Matching 000
gooooooooopoooor,0 1200000000000
0000 (MIRU2009), pp.1468-1475, 2009.

[8] Andrew Y.Ng, Michael I.Jordan, Yair Weiss. “On Spectral
Clustering : Analysis and an algorithm”, NIPS, 2004.

9] Yaser Sheikh, Erum Khan, and Takeo Kanade. “Mode-
seeking by Medoidshifts”, ICCV, 2007.

[10] INRIA, http://ralyx.inria.fr/2006/index.html

[11] UIUC Image Database for Car Detection : http://12r.cs.uiuc.edu/

cogcomp/Data/Car/

[12] N. Dalal and B. Triggs, “Histograms of Oriented Gradients
for Human Detection” , IEEE Computer Vision and Pattern
Recognition, vol.1, pp.886-893, 2005.



