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Abstract

We propose a face detection system which is used in classrooms with various
environments. The targets are several students in class, whose behaviors are to be
observed and recorded in a classroom observation system. The feature chosen for
detection is “color”, and the kernel method is the well-known graph cut algorithm.

Color feature is robust against head pose changing because the area of skin
regions changes little during head rotating or tilting, while other features like eyes,
nose and mouth are unstable under these conditions. This character is useful for
observing students’ behaviors in class since it’s usually meaningful when a student
change his head pose. For example, one may doze off if he is tired, nod his head to
show his agreement, or turn his head out when he is distracted. As a result, if we can
perform face detection under various head poses, then the results can be used to detect
such behaviors mentioned above for further researches.

To detect faces with color feature, we must choose a proper color space first, and
determine the range of “skin color”. However, this kind of methods has two problems.
First, the range changes with different lighting conditions and human races. Second,
there are many non-human objects with skin like color which affects on the precision
a lot. For the first problem, we propose a dynamic learning scheme to change the skin
color range frame by frame. And to solve the second problem, we propose a robust
background subtraction method to eliminate non-human objects. This method
combining pixel based background modeling and the graph cut algorithm extracts
complete foreground region from the input frame and thus avoids the effect of skin

like background pixels.



On the other side, since the hue values of skin color pixels are distributed
concentratedly in hue color band, we apply graph cut to improve the result of skin
color detection, and then collect the skin pixels for learning new skin color range.

In the experiments, we set up a single camera, and there are 4~6 students in the
image. Assuming an empty classroom in the beginning, the system constructs the
background model first. Then, when objects appear in the image, the system will start
to perform face detection. According to the experimental result, the technique
proposed is robust under various head poses, and retain high precision in the low

resolution images.

Keywords: graph cut, skin color detection, face detection, classroom, background

subtraction.
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T2 EREREERUENTHRES -T2 5 %H2 A0 Gaussian HA] 0 @ R

7O - dkenkernel B K o dopt a5 AR F IR 2 & Gaussian Ho] ehiEK pF
J

(R L
Beh s BB 2 3k 407 12 normalized RGB % R ok« RGB 17 5 #c» H 4t
WA DF LALR TG AP AR Dk B > normalized RGB shE & e T ¢

_ R . g= G . b B .
R+G+B’ R+G+B’ R+G+B’

d iz L&k k5 o normalized RGB #-j & ch= i e 1 3[0, 1]% & - F] >
AR T BN R G - O LA -

Kae and Bow(Kae and Bow » 2001)+ 4] * = ‘¢ Gaussian distribution %t £ i
> % thE o intensity A F A5 A 0 d 3332 22 2R A ¥ ok
0 AARB TS Y L - X Rako B PERETE - = i A B MR
g < v § IR e 50 Kae and Bow 4 K i Gaussian distribution 7(x ;6,)
R HHE & chintensity B4 #

P(x,) = fl;w,-n(xN 0)
=
#¢ 0 55 i distribution 5By ¢ 7 T E % R oo w5 & & distribution
SR E o 3R W BRK Y K - BFHEE T -2 B Gaussian i w

k) TFRERE T D X EHA R0 F R A EARAR T § B xR e
Gaussian S #ciT % F F s F S o
. b
B=arg mblnzlle >T

=
- HiFr GMM 22 = @i p ek end 7 1 B - 8 o s F R e
AF F e ahintensity E AT IERFR Gl G A B2 T o U - 113:”}% KPR
REIEN> N2 BIFFFPa® o Ra %o » &I #3504 40850 o F i

2 ORRKFRENTIAFZRBLE PR GEHH IR NT - B EM F



P kR BRAD B R S A i R R AT bt T

#oA 3 20 B - ok enintensity @ end FHCAE 2 SRS F R ] K
ARPL Y e o wiry BBRAEY FiEA

1 GF®: A2 Ly s 22 FEFR -
2. MEEHRE BK o W R AR BRETRER AT o TR
S RN R ARG EREFEL X T RS G FHOFR o R E o
3. HEUfFenAsmi- it B2 584 2At 3 iY kit i
Fenhf %o S ET T o b Bk b o
B bR gz BRAEZ P > F - BRAEEY U 2N enT Tt 3 2 e
Chengetal.(Chengetal. > 2011) > %#= 3 @ * & &t {4 cnSVM i 5 i ficen™ 2 > #
A B R R e it 0 2 GPU CUDA library T 7 i #2358 » 4 4F real-time
drcdk o g - fek = BRI AR T B E B 0N 5 T IR o
1.2.2 Graph cut ;% & i#
A BE K,ért T RE - R E 2 R PR intensity Eehd-E B %
o Fa iR e P AR 2 M Rl e Y g o )I%ﬁ‘;z’ Tig W oghad fienad gk o
R0 2 5 B ahintensity & it % § 0 v £_H A8:T ifZ 0 intensity
BAP Y R IT A B o P PF AT ARIT R F A s R B B R ahifE AR

PP PRA B A am FREESD 2 e e Gakde > 9 graph cut(Wu and Leahy >

Wi

1993):% & /2 - :%iF B E 11t 2 intensity B # i #HciE e ¥ & energy function o
# | i energy function shfg > ¥ s B * o P i & 4 hard constraint (#7e

S e w B A S F) 4 (8 1.4) 0 12 max-flow min-cut e0;% & i 8 5% B

=
éﬂm
‘%_u;
ga
.{.
&
=
ey
«7_&-
I
<
&
3
%"_
—=\
"
A
#=
-
34
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graph cut A9 B Tl Bt hi B HAEF - ¢
— et R IR B B B S H SR B et g & eh L $ ¢ hard
constraint » ~ i&{ﬁ«fw Bd IERLp D
S ocdefedeiEF B R H AL S B TRk o
Ying et al. (Ying et al. » 2007)L #-% & *» 2] = 2¥ % blocks 2 {8 » £ ‘& d %72
graph cut st g2 5 @ 3B § o Graph cut (i A3 T EE BifE =B
RGO BEA D A A MR 5 o VAR Y o B AP IT AR
WHhFEZFFARS > EEDBHL SRR -7 > o > graph cut & F iF
+ o 2 &% 3] mixture of Gaussian R o 4ot T A LB A 2w % 2 GMM sk
Lo ¥t i BHITHNF R E D R g o T RIBIT ORI A RE KU
Aoomipfr A HB ity BE e S o FILHEBEE T Y RE - Bk D
intensity B4 # 2 > TR EM kg A FEHF I kT PR AH - =8 N

FUMA R EH R TT

(a) (b)

(©) (d)

® 1.4 Graph cut = # #2~ # &/ (a)(b)hard constraint(c)(d) = # 2~ 5 *
123 K ¢ 1B

¢ MRl E A~ B4 457 B (color model) - ¥ -7 ¢ 2 intensity

[

B M F 2 e B R DR - AT ERIF T KRBT R
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f5d 2 (TR RS U PR e B A ) P e RN T R LE
L BAER O 25 B G L B4 0 4o HSI S HSV ~ YUV ~ YCrCb % -

By % hd 03B 5 RGB = d £42@ - 29 R Skd (red)~G 5 %4
(green) ~ B 5 E ¢ (blue) o o+ = fipFd & p Fotic B b s Bl g d o BT A
PR PRSI 2 A AR AR Z RGP T R >
2 iTh A AGES o FEL fed = fhpgpd gk, $o¥ ﬁé—i;}ﬁggg %
8bit( 4 [l & 0~255 A echig)chilic @ % A 5h & > M EAek§ 2X e & (3 d ) > ~
s 24bit > 45 -

F-pid Rafar ked PLEFY i se B HFEF 0T pigdka &=
3R > el $ LF;“%’K{:@E;é RGB ¢ 23 Fhmi® - F# 5L #ME ¢ fF hdk T
w® 2 HSV - YCrCh # 8¢ 22 B2 ¢ £ 5 8 & ¢ «04F 7 (Chai and Ngan -
1999) (Mahmoud > 2008)(Phung > 2002) > $f1%t % 2 ¢ §& 1 o Flet o 12T st
AR A B PR XD P A f;'{iE'Jﬁ?#BFaé?');% o

HSV ¢ %27 B ch= B ~ % & _hue(¢ #)-saturation(¢ & )fe value(® &) -

H&d RGB ¢ 4275 B engl i o 38 40T ¢

V =max(R,G, B)
S max(R, G, B) - min(R, G, B)
- max(R, G, B)

VicS ¥ 5 f&d R‘G‘B:—_Jﬁﬁ’lfﬁ_:}“\ﬂ! I HR g FA R~G‘B,‘:ﬁ.’rﬁ§x

XfE2Z A AT AR o

G_B_ x 60 if max(R,G,B)=R
max( R, G, B) —min(R, G, B)
H = B-R. «60+120  if max(R,G,B) =G
max( R,G,B) —min(R,G, B)
R‘G_ x60+240 if max(R,G,B)=B
max( R,G,B) —min(R,G, B)

bt H R A I T ARG EFADLENS o d R E R EhEd o - 2
P E Bmed § o Tk % H e E A[0360° ]2 B 0 Tk — B d R
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B2 %/ (4o 1.5) o H # 2430974 chR-G B % 4 v% % R=G=Bp
(Fpd 24 d pF)> S=0 & » H st gz;;tiu,f,u?év’mr%%’ Flgt e d k¥
R A i‘u{’i §endns > HHE2 &I § %4 4L - 12 opency library 3

Bl &S=0 HzZEE Vil SHOT21 8L 5T mE1H LR -

Bl 15 % Leha B HSV ¢ 2% 7§+

(% F 4 & http://andrewharvey4.wordpress.com)

YCrCb ¢ 27z B * Y k&xd Dehip R » 1 CrfcCb &5 Rfr B d & -
Hxd RGB ¢ %07 B eng 4t oo 5840 ¢
Y =0.299R +0.587G +0.114B
Cr=(R-Y)x0.713+6
Cb=(B-Y)x0.564+6
08— BAE Rt B % X2 ch¥ #icr 4% RGB i@ % 0~255 2 FF » =128 ; &
0~12 R/ > Rlo=05-
Ta BT Fé"'%’fi’ﬁ “REVERAR(TTAEARY E V) A “ﬁtt TRR MY
R B EHm BRI XEAPL DL d g H S ehdE - B RE B
Vo TP A MG ¢ G E U e R TR RS —‘kc}*“kﬁéz Fm &4 agk
Tk LR HERAE G 2 HF irintensity & & H-S 4= Cb-Crchannels # i
RAEAE PR R o UT A - LAY T F 10T o
Chai and Ngan (Chai and Ngan » 1999) 12 #ic-+ 5k A % B2 i szt &2 pligeni & ¢
BLEDIE I inbo i AR G T7<Cb<127 133<Cr<173 - 11 j§ & # F 1§ 7]

M AP F F 2080 LA E 2 B R EAT R T R o T L E A
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ek o A ML ORIBRBGISR ¢ FHE- A% P B ARSI R
e & 5 A% &R F N AFY R

Mahmoud(Mahmoud > 2008)- # # * YCrCh ¢ S5 FF kg & » e K,ért 3
*LH] Co fe Cr #F* » PR UG R R DB - B i I enk 4 #F 5 Y >80 »

85<Cb<135:135<Cr <180 Mr‘ TR e R OR 2 ks & Ch e Cr ek A o

e Chal i 1 ehT L3 A~ o iex WP F s A YCOCréd 43R
2

o irr’?ﬁ%i’]?— °

Phung(Phung - 2002) 2 k-means # iz Mahalanobis distances % & % % ¢ % Cb
frCr ¢ 3z B anfe Fl-Phung £ & * — B 5 e Bk Peid D@ FEH 2K ¢ g o
T 75<Ch<135-130<Cr<180- % 37— B A 4 #f k% » L& & 2 ¥ & e intensity
EEFEAZALFRIN 0 FF ORFLARS GG F A A ARG e
DR AF e #E ¢ ¢ s ghz. Mahalanobis distances > B 7 T B AP L2 R
W BEE o LR E T RN K F oo

Sigal et al. (Sigal et al. » 2004) B3k & ¢ ca # S#ch? B RP 2 T g H ¥
Y% fe - S feeh T # (translation) ~ S5 (scale) f e (rotation) k fs i - X AEH S
motion of distribution - # 12 HSV 2 ¢ $452 F » & - 28 & K J 4 F Sk

e £
§=UH’TS’TV'SH’SS’SV79’¢]T

HO T RAI IR NTH - SLa ik a0 9R1 43 B s o
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(SD
B 1.6 & ¢ (fk e HSV B A & BRM iR T 2 4 # B - (Sigal et al. » 2004)
Bl 16 B7 0 Zm2aPie B2 2 FPRPFRTHE S G F S HSV =
fﬁ.ff&fiﬁﬁf’f@oﬁ%@v‘?uéﬁmw;ﬁn A AL S gk g B
2 AAFARA RN B2 Behe Flpl » HHe U ST L4050 B
¥R AT SREHET ok REF A A DO KRB EAER S FF-

Zhang et al.(Zhang et al. » 2010) & HSV ¢ 423 7 ¢ & * — 1 B e BB
Va4 k0 <H<5002<S5<0.68:0.35<V <1- 3 >4+ F Z_intensity
B BT R A RN A e R A kR R Y R g
AR R RROP R ITNAE BB ELFRIPN DERT SR i
FHRB -

-

GHERGenERT o B J A HSV e YCICh & B¢ 22 B v

FAMAPAG RS @I A RD PSS o 4B 4ok B ST BEP

mr

Rit o HI TR RS TR B EE Y G ERASIE L

L3 3
AL 2 AR RO L7 0 SR R~ B B R4 (T R

1.3

%o

~

B B2 (8 0 hw B e BN RIE S R o K R LAH BRI A
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graphcut ;F B2 %8 ¢ Fld 2 A s hts o d S BE S B2 P FHE A
Tl T2 EATAGR ¢ R intensity B A AL LATR ¢ R -
S R %’i“f {8 % 7k ) graph cut JF B LA o 3R
* graph cut fiwidE AT EH 2 F R Ak £ T F A
BSOS G K 0 18 AR A S T eh o graph cut B 2 04
AR E - R A ag b AR AR R T edp AR R o~ 3B FIRt AL (R F
REFT BRIk o BB d NIF R ATT R P ¢ 70 W R AT R
CAfrFF FF ARSI R RO R AT T AR - BRLEE SR

BRgEEE 3 L3 %’? BI85 § BB % 11 p B9 3% & graph cut

Input Frames u

/
0"

REE L R

Background Subtraction

\f

Skin Region Detection

Face Region Refinement

Face Region Selection

Facial Range Updating

B 1.7 % SeinAE o
F 53 %Lfé s BB AT R REBY BGF R I MR E T channel A 2

= HSV ¢ cahue channel - 82 2% f ¢ ff% 2 intensity B4 Bl 7 % < 3| k@ %t h

B Ll - B 8T ¢ e > 2 A hue channel ¥ B P AR FrdpE
Boo U - P K _?fuﬁ_,l‘l?é]i%@f;{j?l]}% d "B 218 RFI* graph cut
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FEEREB R RH DR FEARR T Y EATHIF ¢ hintensity &k { AT ¢
% hue channel 1 Bl % B -

AR AN T REALLBHBAARY S o R AT R e
H1E: $ZF 45 graph cut 8 A% 2 2 D E R e s ) e

%2 3 e graph cut i B % & ;2 ——dynamic graph cut j§ & 2 7 2 F (T &

i
>
R

STIRALES BRUR S AR FHERUZF S PRLATHERE Y

BREKIUE BB

17



% B A

21 £ W%k
AR e B A PRt s F A 44 3 Chiu(Chiu » 2010) 974 & é0= 2 >
LA BT R R R R (L ER )
WA ¥ P ML LA A % B Tand - B F W g% 5 global threshold » 12 b

SHRADRUE AR P D .

Histogram of the R.G.B component differences between the background and mput image

= R-component Smooth
w=G-componcent Smooth = —

= B.component Smooth

i ————————— ]

253 -213 -173 -133 -93 -53 -ISV 27 67 107 147 187 227
Difference Value

1] 2.1 Difference histogram 4= turning point 7+ & ®l(Chiu > 2010) -
d B 2.1 7 e 8 Chiu w802 enpbos L 0 £ BRI o o0 intensity &

* FABITIN R F)p o d iR 2 e R-GNB = B A2 ¢ & 0 color difference

/«/—

histogram(2 = # # difference histogram) ' 4 %|4&1T zero mean = Gaussian 4 # o

o).

¥- 25 o w gk aintensity £ B %5+ % 5 2LF enid > € A histogram e

Blag - LB TG Y- B LR AL AT IDRTRR - o -

B 2.2 & Chiux & ;2 ;n42 8 > ¢ difference histogram 2*% ! global threshold

Zofgofrw P BB 18 ik T - 1A B F a0 ig2 0 ¢ % dilation
hollow filling = shadow removal % - & (& £ #-7x T &% F chifF 2 intensity & &

Rk en® BB R B 9 intensity & s o4& (linear interpolation) a2 > 14
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g #7118 % # & “rintensity & -

'
i InputImage .
. 1 TRe o~
b = Color Segmentation » Comect (o-mponum
s~ S Labeling
] %
! Back : e l
i ackground Image
e Hollow Filling
4 & -« Shadow Removal
Noise Deletion
\ 4
Background Firaive Obieet
Update ntrusive Objects
] 2.2 Chiu 3 1 e B #5270 42 8] (Chiu - 2010) -

Bl 23 B0 - HARVGEF JIZDFHREE T mR Y 5 SFaita

o AR R RS - A AR T ARG RE DR R

%% 2_ intensity £ & ek i > 'f I TR RIS TR gt R
; €8 2.4(b )" R~G- B channels 4 %z difference histograms » + 2% 31 »

ERBCRT Y - B AR NI F) S R R IRe ik B
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(b)

13?]24D|ﬁe\ i)g}iiTQgJ%%ﬁgggfg\‘@ﬁuiéﬁ
Is & =] z_ difference histograms

d g fference histogram k3B~ B Ap & p KX &
Boa 2 - RO RRRRE - EF BB

"y 2 o r N .V.J

& 4 difference histogram §=— i global threshold %&? T H & e BB
S0 2 hAGPEFL Bl ARl o A R E R D A
TP IL — TR

1. Difference histogram - i & ¢ 8 38 global threshold 7% B~ 5 % @ 1235 F %
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o F e B R R A 5 “difference histogram = + & RI3E P & ZLE T iR

-

A EVGEE T e B AL S turning point) e &7 £ ¢ histogram e AL
Fopkken> H& 3 R4 - B e &k o Fpt Chiu ¥+ difference histogram
T HE TR B iF D S - B ELp L oao histogram (B 27 ARIT T B kD
histogram & T 322~ X 3% 8L histogram & o e igfd T i it eh 38 2 F 'Y R
AR BRA WA F

2. ) BEAdEFRIRT AR 2P NE 2 ) EAKFEA Y TR
“o M ENFE P I XA ET2 e 2 Chiu k) B e IR Fr AR

PHE o FRALZELA RO AL #S T ¥ - B histogram &L Lk

(Hli-O<H[]&H[I]<H[i+1) ; A = #4575 % - B histogram & L3 «h 2k

(Hi-1>HI1&H [} HE (AR S BLZ 4R B o otk eDiE2 850w § o

\\\

P g

e T} ¢ A2 4 48> 715 & difference histogram 4p 3 % vt . %

iﬂl

e

2.5 9 % 4 1% difference histogram @ § $F5~ 1% prde o] o G322 §

P

P o - LEATFRE CEAENT G o dNEEL bE e ¢ Ao
BB S 0 3 5 F R h Ak e o Flet A difference histogram #iT

F BLrigiT gk H o histogram B A2 R A g o AR fERT 0 G T

g BT RIFREREISIE)E o h G m F R 7R R

Bl 2.5 § i¥ difference histogram = & P& prde & © 2 & @ ehT &Eﬁg?] B
2 PR .
3. RGB = @FiEEamRs T2 &1 d L Efifsr> RGB = B

channels » * 4 w2+ & 41 difference histograms fr¥ & e/ 18 » 4o & & 3T
= B channels enfP e (£ 5 A g ikdp & Chiu cjg 52 ¢ " gE & &4 o

R~ Pz BREENRFEZ foa &8 PR 7 £ EF ik B ik
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T =)
e e

B 2.6 Chiu 2% > 7 # 8 % # | (Chiu » 2010)

RS LA AT LRGN S L E TR Y R
el

Gid FH o F R BRI P B R LS (o 26) R

3 FLDFGRAYEARELS ST F PR RFBRGME L AT A
GEBTEMRBEN LA B A F? IES AT R EPEFEL 0 A

Tent P H T g RIRAIA R ff 0 B RS ST R Rk o
FREFFDAPEFEEFLA - EAAAS LRI RS T ARG R AR

accnig % o B 2.7 - FF LATA b 0 J B 27(0)2 F R GT L3

g R agd MR FEF IR R GFERFR AL P FL A

B KR o

(a) (b) (c)

2.7 4 B LATL 82 0l o (2= 407 30 (D) ¥ 446 5585 » ) i(c) % 446
-

2.2 % difference histogram # # #B~x & /2 efnz 2

% 2.1 & ¢ 3% 2 H#-difference histogram 5 A # s F B> 2 2% 3 A7 F
e BAERA o g BRJEZY 0 uE 24 BRIEHE IR

PR L e o A % 4 B R AER i 593 snendk graph cut JF U R 7
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Lo A e R-FE A HAcR A% - R4 > T & difference histogram ¥ B~ {7

EL s pa ] TR
% difference histogram » & P~ 4& ] @5 & B > ;%> - Zj8HF F hT AT
s fi‘ui 21 &R Flen - A G R 0 D AMA T ETL e & E

-

difference histogram i 2t closed form e #ic> » 2h:g 4 Sl A A Y §.7 7 ik
BEAR i AL E A S N2 m T o (FR B RITHCA LR 2 AL A iEHE L akin ARG
difference histogram - /f 2 & @ 2o

V- AR B 2 EE BRI RI T E T AR BEFP D)
B0 P AR AT R S e B 2 0 R AR AP A PR
PR & ORI s B & AR a 2o g Bl & 2 ¥ A (7 & difference histogram
TR R E - B E R GRE o TN AETEET BN

Bk fo = R FR G FL 62 gAp L S 5o - R

_\)

» B2 e Fod
le,T&;?u?* kgt p ’éﬁ@'fl)\ 2 et Bl Blod i;bp PRI - A

PlenF 3l B3t - B R m B A B BT BEIT A B bin P FH A

9“(

» g S E (S EE o ] 2.8 % 2_ 14 enndifference histogram # § #8~in 2
Bl > & Chiu i 3 i2 7 b 2 e e 30 FE 052 B - sk enm R orib g fifrt o Rt B3t

&~ st B0 bl fe P T -
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Input Frames M

Difference Histogram

J

Thresholding Background Updating

J

Segmentation Refinement Background Image

Object Portion Computing —

B 2.8 :x % {3 en difference histogram = § #2~ 42 ) -
¥k st AT R em f 0t b BF o 3% difference histogram F 2k i

feziplam F o v Gl AR AR E S B RFAs, 23t 28 Rlan § ¥
RIEAFARA PFLUTRR 2 QAT R RTHF o a ZRIRARF o203
T ikt blaw F 48k dhintensity 4 # AT AL € G RS AR ] ﬁ“;
2_ > difference histogram — & k& 2b 2 L HF o B FRT 0 Bz LA Rlan
FL A EFE 4 €5 & B4R -

Y- 236 % F G blant 8 £ 4 graph cut 2 {5 - @ graph cut F & 2 2

il LRI s )RR P K S S R A SR s SR S

P
A
!

VIR E D ke G A b€ A TR e B F) 2 e

TR GIAFH AR E € ] ST B E P A B ] 3 rsza\i‘z ZELA
oo FEd AR E e IS TE o Fpt AFT B RA~ 4 P E A0t 10 % bins ¢
e histogram & 5] Gl 5 5% O HEE 0 B 29 AR EMEER T T LB
BRlhES RRAL AN -RPR Tm B R B 2 BRI TR P
Z_intensity @t F F o] g% e > Fd RHPIE S F hF 2 intensity B < 3t F T

FOE A o JUPFS S F 0t B A5 R A R A S5 - A AP R (T
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= a&ifﬂb’ﬂgi@o Bfs o d oD BA AP HEE S AL A dE 10 B bins o

#5 &1 histogram & & ] #hbin % 5 & i P HEE o

v

Bl 29 BEEEFEEZ 7 LM -

Chui 2 JHPFEZSE L EB 2 5

SRR e B om ff v B
'+ global threshold i35 4= [f] - 7~ i¢ difference histogram & f 7] 5 &0 § & f# +*

Bl Zlensg it @ A 4 < e >k STk ARV 01 (8 3 4p ¥ & 12 o0 global threshold >

£ 354 graph cut jf B2 s 0 T F D] = F A P % (R 2.10) - 4 R

2.10 ¢ ¥ 2 > B~if global threshold % if & ¢ &5 2 + R F] 5 47 1 1

T

%
FR A4 R4 5 graph cUt F B2 B 1 2 (ST E AR R AR R o

M H-R R = R w4 % graphcut eh R I e H FE E o
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B 2.10 22 Chui ;& &2 2t o § $88~ch% % o + £ % B~ global threshold 4 2 &
% 5 TS graphcut 2 {8 ek % o
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% = & Graphcut # # e

*F 4 & 4 % graph cut @ § #FE-H i - Graph cut ﬁqm;rt T RE - hE
A RE O ARARE B R T AR N B SRS AP T AP AR R € M AR
ATl - dE e iTRA R E D FHE NS % ¢ L R o 7 i > Boykov and Jolly
(Boykov and Jolly » 2001) #7# I} e graph cut $ikeid #* >t 8 3% 32 ifoehs B $#8> &
PRZ R ﬁ £ %2k %_hard constraint - A 7 &4+ F R REE (T L > iR
* graph cut HiFp # a2 B R B R 3T o A F -4 3.1 & 4cit graph
Cut ePIE b 28 H 11 2 Blh & F 4rih > 3 & 3.2 &30 & i sidb-graph cut 7 B 2 &
F TR e
3.1 Graph cut #

A AT ERAMOLE 0 HF 15 graph cut e A Sl o &S P At
Boykov and Jolly 4@ 12 max-flow min-cut s & i 2 & | v & & S x 17 5] &
i e BB % o
311 L&

TR g P graph cut BT R aadp LG
® cut:®%=z-3%graph G=(V,E) » #*¢ V % vertices #r== % & > E % links

g & - B linke FiES - BHEEW, 0 G T E- B outCo

C i Eeh3 & % G i Bl(induced graph > » pe e G #ig e C
¢1links) G(C) = (V,E€) #-V 4 % & 1 # i i (disconnected)sh3 £ o 2 & fig

& cut & 7 4= 4% 3 B B—source {r terminal » %7 =+ & > Bl cut *
st-cut -

® minimumecut: - B cutC s & T & 23z cut F Arp B € e T
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ICl=>w, (3.1)

eeC

= - graph F cocut # 7 rE- > @ L Bo) ﬁcut’%ﬁﬁ;é 2% graph = minimum

cut -

® maximum flow : % = - i graph G=(V,E) » |- ¢ 7 source = terminal
+ B fx% &G £ Uf(capacity constraint » T f F iz - link > 2 g &
T A EARE link 2.6 F % £ )fe = 5 (conservation law > T f F iz - Bt
hfg M link £ e 2204 » link £ 1) > RIFET 5 G 1 ehflow - - i flow
g &€ & f @ source #77 Ap link e £ %245 @ - B graph # link 4 £ &
e~ e flow > i # % 3% graph 7 maximum flow -

® max-flow min-cut 32 : 4>t iz — graph>maximum flow =& % >+ minimum cut
EE o

3.1.2 # iffk-2= (labeling)f= = & 3 #&c(cost function)

FHET-FEGE I A EREE PORT Y - B A

ek

A=(AL A, A) Rt i- BRI H? AFIEO0A 1o+ 7 ki s ¥

¥ 2 “bkg” = § 5% “obj” - Boykov and Jolly (Boykov and Jolly » 2001)# * it

g F Rl R iow f fod § 0% (hard constraint) iF 5 s 0 pe

W
)

v ek hintensity & k¥t - BRI e TR A S ATfkcod BI31 T

s
lup

gﬁ!‘
St

Z gué?—fﬁx\a? LB FETE S TR PR B RE 2 (8 LI A LB RS
P ik hintensity Btk BT A WE 2w B e F B I ECA o R - hE A
A - BiRse e or g W A eh ML foiz ok B e N e A 2 B £ AR

BT Mo
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® 3.1 Graphcut # &|(Rother - 2004) = Rehiz & ® i 5 & % & L& ¥ § 30
Ao B d HRREPEEEINAS o LB BT R EE
R R IHY - BRGAR AT LR RS A S B EA) c E(A) T HR AT

E(A) = R(A) + 2B(A) (3.2)
H9
R(A) = ZRp(Ap) (3.3)
B(A) = Z Broar Ay Ay) (3.4)
{p.qxeN
C[1if A=A,
O(AuAy) = {0 otherwise

Boykov and Jolly #3%47 3 # #-b & & Sofics 5 % 3 38 (region term) R(A)
i % 57 (boundary term) B(A) » # ¢ 4 £~ B S % kT A K S E B AT
B o

BEAPRE G B R B Y AR RPT R R R RS W
MED s B FfoF F intensity B e E W 4% 5 4 # (prior probability
distribution) P(x |O) fv P(x|B) « 2 % E p  Hhicp 3 # B o F 2 %70 & &
Lo

R, ("obj") =—log P(l, |O) (3.5)

R, ("bkg") = —log P(l, | B) (3.6)
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B FEAOD L2/ 2 iP5l 1@ 0 0P T &5
Lo FM s FuF A R B FARF O R L Em F G s A oAz is
F o2 7k

FEAAS AL EF BRI R A AL LA S
- AR 2B o B ARBS(ALA) 0 F O(ALA)=0FE S A=A o %&
T A G- AR AR > £ ERMhE A o FA £ A > TipM
Bk pfrqiithies 2 B ehn BagnpF > RAFRA S ADB L T] g AL
B # e

B, =expl, - 1,)°} (3.7)

—(l, = 1P 3 BB i g e 0fr 1l 2B o BR S - Hip A

ffk pfrq hintensity -+ & 428> frx ahiRse S 3 R aps 0 R R A A Az g

AR E % B 15 F - K anintensity 2 B % o AfRie 5 7 e 5 3 7 g

\

CIEIRUE JETENE

-\\}
v

Ko - BRI ADEGEIF LT A BIEE DL ARG A
intensity @& /48 % 1 & B e sFu e 5 0T 2. Ailas 4 Al A7 ] cdn AR
% > H intensity 2 Xk hL B o

b &gt graph cut JFE E chR AR > T de ] F X A S Bk TR -

B AR iR Y AR o 1T #P 4ofe 4] % maximum flow £ minimum cut jx &

E RJETE A B K R R e o
313 B} 1t & A Sk

YR - @k E Bl 22 - 5k graphG=(V,E) - 2 ¥ Vi Len
vertices # 3 | sn#74 % 21 2 @ i3 b ¢h vertices > source S(i # % § )4 terminal

(k&% R)-¥->5 »E ¢ 7 edges 7 & &> 5 tlink(terminal link){e
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n-link(neighborhood link) - & — & i} % (vertex)3=3 & i t-link(» “i %3] S{c T)

\-‘-}\

Few % n-link(i $Ap A8 5B ) > 4B 3.2 #7571 o

Background

@ terminal

terminal

B 3.2 & [#72& = ¢ graph 2 4§ &(Juan and Y. Boykov » 2006) -
%317 R &8 links £ & & 0> 3% 3t~ B graph G ¢ 2 vertex(i§-% )p

4

Au\

ET
fn

L RYHIRLSAFA 2 P FARIZVA -3 B Fhse
vertices - Vertices A t-link g € &= BIFT p o vertex p chgg =5 B o F p & & *
H A& R A& Tipentlink £ 5 002 s pidt cht-link & Jf « > #f
P p2nlinkzqre @ > FpiewdF  HEShpiatlinkgE Z %> ¥
- Etlink £ 2 F <3005 panlink 2 e e BER p B F 2 TH L FE
evertexo B pEF Ffen @ cnt-link 2 W 25 B fe® F RS IE & A ddice

Foebo A p LAY % Fle i n-link o E 2K SR E A A Sk
B =00{-(1,—1,)°}» £ ¢ q 3 & p:ipmais -

€ 5T _fs 0 v graph fr%flja“ 7 - 1 graph N=(G,S,T) - )I}Ja I
graph 35 3] & shist-cut C™ o ¢ minimum cut C™# 1-1 > — B 8 i ze
A > Byt ocut 22T 2 S dpid e vertices TR B . 0 A 22 T 4pid oo vertices
PRI FRGE -t p@ C e B E(A) AR > 2 A i & hdo] ehi i

e -
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231 ke link BT i § S o B OfrB 5 # % % 2 & b B 4o d

$ A rip S B £

Edge Weight for

{p.q} ep{~(p-a)’} |{p.dteN

{p, S} 0 peB
AA+¢& peO

—Alog P(1 | B) otherwise

{p, T} 0 peO

4] + ¢ peB

—AlogP(1]0O) otherwise

314 4p M T3ZEM
#-b & ehgraph 22 2 % 215 0 12 - {F st-cut ¥% ¢ -t graph hvertices - 4 &
o RY -HaESHE T -HEtpd o FAFE MR ERAF R H T

# (hard constraint) 2% 4 > ¥ & 33 minimum cut (8 & $H R ) & K 2 & P

i
3 Pt — cut 2 Jp ¥ — B feasible cut -

- graph 2 H 4 hiz- cutC-# C# & e ik | C A% — feasible
cut :

1. & - @i Z H R vertex &5 - if t-link ¢ ~Co

2. {pq}eCErrExr pfrqz tlinkif F 3 7 e crvertex o

3. £pscind o p{pT}eC -

4. ¥ p i ¥ F o p{pS}eC -

3.3 ¢ & feasible cut < B =i d it € &7 4r— B graph @ «Hfeasible
cut > H ¥ — & “r¥ e vertex eot-link &5 - i > Fpt v A igat t-link e - A

- BRI BEALPERAS T A RAES A E B3 € n-link 2 &
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B T g gk cut o T kMM minimumcut CT 5 - feasible cut -
eI B S A iR o

] 3.3 Feasible cut z_ 4 i

® 3513 C"% - feasiblecut -

AL

(i) 7 £3P - % graph S minimum cut & &2 55 B ik “r i b
vertex 4x— i t-linke 53K 5 & X B vertex ¥ 7 & i t-link> B & 57 source
fe terminal /¥ 321728 5 §& /¢ (path) s > 32 F 7 CUtRE KT - * &
Bk ¥ - vertex £iF cut 2 {s& Ee tlink s Bt cut AV o A
minimum cute ¥] % >« #X it 43 % graph ¥ 4o w 2% vertex (hH ¢ — if t-link>
FpC¥ Flgezix tlink > R @F |- B A L] dhcute

(i) &~ k#ZP {p,qteCErrEEr pfrq2 tlink & %3 % F o vertex :

rigk pfoqz tlink @2 1 A ehvertex 0 e {p,q}eC” » B source

foterminal B 4 B /2% &0 3 @ & cut & 5 e {p,q¥eC -
o7 LM P BALE E AL T “F pfeq 2 tlink @ T 4p ke e

vertex > AI{p,q}eC"” - Bk {p,aq}eC 2 p frq 2 tlink & & 5 g e

33



vertex - B¢ cut 3 ¢ 5 minimum cut; F i #{p,q}p C ¥ 4 FIER
A 4 source I terminal e o e grv "F X cut s A > I Y - B A
g ] s minimum cut » =72 {p,q}eC" -
(i) p 53¢ a8 pl{pqteC - B&HEpecO{pSteC” » Flz
% 31L& > ¥ &{p SHE - & p 2 #75 n-link fo{p,T}cut
Ha@d- BIA{ JehcutepEEET ugEp C 58 &t - B -
® - :d CHRHENEGRE A R AR 2 ik
#HR LR AEPEE R @ & hard constraint 2o 2 ke Ao B A A SodiciE

E(A) &2 H e feasiblecut C 2 € fpfF - %4 3.1 ¥

ICE 2R (A)+ 2 Bupgd(AsA)

peOUB {p.a}eN
=E(A)- D AR, ("obj") - > AR ("bkg") = E(A) — const
peO peB

$ooconst ¥ e i F LA NFR B S A Sk #{3E P % & hard
constraint 82 ke ¥ 5 40 B chiE o Fpt

E(A) = min E(A) = min E(A) =min | C | +const =| C” | +const

®m 52 o &% graph cut PRFE 73 F B 0 FARR Y F AR T
# hard constraint > T B M B EF FeE e T AGBAFL T 0 T
AP ARt Al BRI AE PP Gk T I BT A - B

graph- ¥ 2 @ 4 i% B graph + sminimum cut it 43 & 3] & K 3 A o0 if ik e o
32 * S E W BB

T #-graph cut JF B2 B r RS R BP0 F &6 WO Aol BR A
L H i B op Bt > T $ B4 hard constraint e & o d SN AFT Y A - B
oo g - BABPIEEENAH o FIHEEE TR AP SRS K
# i graph cut #7 e E B T o

sigraph cutid Bix “7F & by~ TG LARLE g 29 F 2 £ R
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hard constraint ; 2 % 3.5 § 12 % % 8 0¥ = # F #7) - fhard constraintp & it e
ool AR ARG P EAREOTE B TR B ATERRE B e
dO A S F A AR ABGE R BB F S - B iR
p& " < 7XT7 pixelsepatch(dr®]3.42. § =471 ) > *K’K&Mﬂ Lo & F gt o pfifcg&‘;t
4v o~ =2 5 # F anhard constraint o ¥ ¢F o d 3t & FR4 dhm oA FoBLR > AT IR T
Wi ehm fF e o] 0 Fpt A & SR B~3X3 pixelscipatch(de B13.42 2o ) k-

T LR ik

Bl 3.4 Hard constraint f* = o7 & 0] o 25 R » i P L P2 B
wREEREE S TRLI B A hardeonstraint 2. 7 R o HY 4 2 4=
2P ERTEGTR o d A EP SR ERTAITR

FiE> g o d ¥ E - B FE T TxTpixels shpatch & 4 ~iE4cpf > 2575

gt g * 1 integral image sh#x 4 (Viola » 1994) - Integral image & 5 % < * 11 3h 8
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£ 3 A5 ¥ e 2 o fintegral image ¢ - % (X, y) 2 intensity & 3 = & i B
Fo¥ R Y) 2P R PP 2 FHEaR e

- %k B a4 integral image 2 f8 0 F AR E At o E RS

F-oHpandEL 12§ F8fo 2% p ointegral image ® 113% 2 B B & b
BEBMBHE R AR TP HIETE 2R 3B G4 o 11E 35
L0 F&E ABCD EAp M- Bt 68 &5 1 2 & ffo ©E B
D-B-C+A%¥ o { €& ch& > = 4f integral image /# »* 3 & f4 = &1 #21f

St E R PR E R o A

@ 3.5 ¢ integral image 3+ 5 45 p 382 Bt B H B S 12 fF Bfeo

#P~ hard constraint 2_ {8 - kBRI E R R EF F R BT LA F 1
4 graph cut (A2 o h H R B oigraph cut 5w B2 ¢ 0 L E sk s F s

2+ hard constraint 7 intensity & 2. 4 i B {F o Fpt > ;AR e &iF P T hard
constraint » ¥ # kA F T UdeE (F2 o B AR At - BET AN
Pt - R IR & R R SIS T 2T p A P Bt A @
v A= W B~ hard constraint $8 4 st 2 SN L Ae B o 0T LA K AL * graph cut
Z_ A2 BI(B) 3.6)c Kd 2B EIGE > FRAH I F B LT 080 % .?:ai,}c,
At 7 hard constraint ertkzsfem B F B w8 5 ant 5o pt f inad 1 graph

ST F & SO~ @ AL 98 (7 graph cut i B
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Global Thresholding

Graph Construction Hard Constraint Labeling
Weight Assignment Prior Probability Computing
Graph Cut

®] 3.6 Graph cut ;= #2.B] -
B 3.7 %o i@ * graph cut #3~% F a0t G| B 3.7 ¢ 3 Tl ~ B i
¢ gL it global threshold fE2~= B 2 % % » T £t 5 global threshold s £ | *
graph cut #2~% § 2. % % o d B 3.7 ¢ ¥ 12 7] graph cut iF & ;2 BB HE Mo T
BEVENE ek g gEd oAk K J BT A 54 global threshold 8 & 4 %
WiITA A F S m BB E 0 BSiE graph cut R 2 (8 0 1 R 4
Sz g g B4 BT 0@ P oo % graph cut BT )

& RJE o

>

(,‘r:" 3

IR S PP S S BTE- RO
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®] 3.7 Graph cut g8~ § et g bl b 2 3 lé'ﬁi%l ~ Bt ® £ 5 global threshold
#e-w § 2 2% > T 5 global threshold 5 £ 1 * graph cut #22~m § 2 % % -

Bm g2 AT A1 graph cut iF B2 kR T B EEE- 0 TR A0
AR AR @ hT - @R )Y graph cut B x k¥EEE R a0 4
B an#kﬁﬁfﬁ%A\;éﬁfr;bﬁg oGraph cut # R ¥ & 7 £ B iz d 1
ZEY AR o L 8- HHER T AR, B0 TR gl i

B mifE Al A I AE RE Rk -
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% = & Dynamic Graph Cut

Z %3P 4oimd global threshold 2 # § e’ % 3% & graph cut ;% 5 ;2 ¢ &
P ~ > @ 7 “hard constraint™fw# F 4 F 08 5 2] > 42t IR graph cut i 2
g it o FERESET LW graph cut ¥ F R E KA 2 g S
BT RAES PR EAF A A o BRI FE 2T RE B F R
FHEARERR o @ 2 H0E - R~ PP FEATR R - 5 graph > fiedd
Refl* by 2y ok o

IEG AT F A Sgea graphcut Jx B 2 i R o Rl cH ¢
—agmdd e il FaayR Z\%J)\E% B £ ATAe B graph eniE 2T > i #
W — 5B AT B engraph i2 :2 3% 4 links e €5 ¥ - 8 &7 graph £ minimum
cut I 17 3| it fgE ekt % - Boykov and Jolly & # 24 = (Boykov and Jolly > 2001) » i}
ST RN - EEEREE KR * S #30 graph cut i R FEP- 8 5 HR
%‘é‘ﬂj‘ ‘e H {2 hard constraints: s % 3 it g kit * dﬁ%ri@g £ hard constraint % %
g :z link efg £ > £ 3+ & #7470 minimum cut -

FEFRIEDEZE > p &Y ROFIEEL > - B4 = minimum cut 5 graph
Lk te § maximum flow ek > @ @ % K i E > TREE L links

U] BRREY e F B i e g T R A flow graph shig iy o H Aaﬁ&g
e ﬁ* BBIMA S o 4.1 4 % max-flow min-cut sjF & 2 2 H pr Ry

AFRER A2 A RARMAE Y i Bis @ % guF § 2 —dynamic graph cut 5 4.3

Bl 5 eenimsfod B % o
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4.1 Max-flow min-cut /& & ;2 chp¥ P 4§ Je B

2% minimum cut ¥ maximum flow %32 > — i graph 7 minimum cut & £
fo & maximum flow £ € fr > 4 b p v 5 0k ¥ 02 F E #§% 0) minimum cut s
B2 B a3 maximum flow j% & 2 2~ minimum cut> F]t 11 ﬁfkﬁ* maximum
flow ;& & iz Fwmidsh -

4.1.1 Ford-Fulkerson £ residual graph

Maximum flow ;& & ;2 % § 1345 & % 2~ B graph 12 2 2 + - & flow
ei% 77 22 4 residual graph > £5 {8 7 %7 15 source I terminal B chg f5 3 4o £
- ® ¥ residual graph # # #3138 % 1+ ° Residual graph sh @ & 4T

Residual graph: % - graph G=(V,E)fr# * - B flow f - £ c(u,v)
link(u,v) + eng & > f(u,v) 5 (u,v) + en & o # residual graph N(f) 2 link &
&R &R AT o #HEE G anlink (u,v) ¢
1. # f(uv)>0- RIN(f)7F link (v,u) > & 5 f(u,v) -

2. Fc(uv)>fuv) > AIN(f)F link (uv) - #£ % c(u,v)—f(uv) -
Bl 4.1 &7 residual graph 47 L Bl - =B ¥ 24 HEFHTR AT FE

pord R RATIRE A o A L BIP % HER LT residual graph 2

link - 4@ 4.1 #77% » % j& graph * &% - link(u,v) » 24 s B4 Bl 7 o0

il

2¢ fEpiror o dekd flow(H i€ 5 f(uv))dE(Fde = B P 22 HEE~
) Bl &H residual graph v’,j&:gé;{— *eipk o BE X RRE T(UV)eD
link(r4e+ B ¥ 2 7% REprm)e ¥4 BRIUV)AZZFE T Bl
residual graph ¢ ¢ &2 2 - x> =4k > <] 5 c(u,Vv)-f(uVv) (Fl4&7% £)D

link(F4eL B ¥ 2% % ¢ BEgarT) o
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1 1
2

2 \ /‘_‘\
o’ .
\c—o/ \0—0/

B 4.1 Residual graph 247 LBl ° =Bl¥ 24 KPR F L~ >~ 2d &
SRR g~ 0 @+ Bleoresidual graph ¢ o RS chedge R R w0 B4
edge = [ 4l 5 W BRI E 2w 0 5 FIEF B TS|

Ford-Fulkerson &/ > ¥ % { residual graph » /23 source 3| terminal ¥ 1§t
ﬁﬁﬁgﬁ%ﬁﬁﬁiﬁjﬁb&mMMNmﬂwwﬁﬁiﬁ%ﬁ$i’?H’mﬂmwm
flow & # ) &k residual graph> # € 5 source ¥| terminal eg fS 75 fre dtm 3 2 o
% - flow> 7 7 & 242 residual graph # source fv terminal & 3 & ¥ /T 7% & o
v #d ¥ F L2 maximum flow o

Bk bz~ flowf » @ H residual graph # &wx i3 %~ % source %* terminal

e jiP > 2 PP & eanlinkg 2 #8€ 5|9 Bl A 12 A&k k= flowgraph

v EFE P et TR i R - Ao flow HiRE S o K BT
- = ¥| residual graph # £  B&Z 5 ok > gt pFeR T L &_maximum flow - jF & ;=

4o
Function Ford-Fulkerson(input N =(G,S,T))
{ Initial flow f =0; Residual graph R = N;
While (t is reachable from s){
Find apath P from s to t
Let ¢ be the minimum weight of linkson P
Update flow f by adding ¢ units of flowalong P to f

Update residual graph R depending on new flow f }
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return f }

Ford-Fulkerson # 4% &) 7 - B &35 maximum flow g & 72 » 2 { * 0
Lﬁj% A_f 303 ) residual graph s & {2 &2 maximum flow 2. @ b 7% o
4.1.2 Graph cut = maximum flow % ¥ ;2

Ford-Fulkerson ;& & /2 “frt TN R B E Y R SRR FTR S P
Fagsek 2 O(E|) c BB I T acehd 5 if /i > BB L FEhE S BEF »

Pl % worst case T » pERFAF S A O(| E [ xF) o F]pt 2% % #2 3 ¥ {7 residual graph

IS

» A maximum flow & &2 ¢ Rt 3F §er g B8t MR AR R R a0y
4 o Edmonds and Karp algorithm f#;4+-7 % & & Jf & & Heen*4] » & residual graph
? o & =X 235 source ) terminal i@ S gL B P R 2 35|V | x|E|=% ffaﬁ;
43 18 7] maximum flow > worst case T fpFFFAF S & 2 O(IV |EF) @ o R 4 edp ik
AFFe R "E P % 38 3\ pF R A4F 22 & - Dinic's algorithm % Edmonds-Karp algorithm 7
feapik o B A BT L OB ERE - A BT E M|V —kﬁ*‘wa 545 1
maximum flow » R 4g 328 % O(V FIE)) -
r2 residual graph % A # = maximum flow ;% & ;2 ¢ > Dinic's Algorithm £_¢

Frhorcd an ko XA o d 2t graphcut Ji B 2 fr2 40 kehgraph § - 2 {2
S % Ao bl4e® - B ok 3 source £ terminal 5§ - #Apid > ¥ & - B i
% ¥ feakiTengkipig & - Boykov and Kolmogorov(Boykov and Kolmogorov > 2004)
Fpt B ) & P 3 graph cut s maximum flow & 2 > A iE R HREM %
ERR A : e JF’TS vt Dinic's Algorithm 3 »x 5 o

BRE AN EIET I B 42 EP oo p A2 ARt A WY source fr

terminal 7 12 > & =t { #7 flow e0d ¥4 5 = BFAE ¢
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80000000
: 400 0000 .

®] 4.2 Boykov and Kolmogorov’s algorithm -+ &, ]

(Boykov and Kolmogorov » 2004) -
1. growth: 1 source f terminal % 4307 2 A #HF5E > - B FIS a7 B 5
1o e PE € 35 - 1% source v terminal B eEL T o
2. augmentation: 1 3% LS B 18 £ ¥ T A7 flow e residual graph > 2t pF 3 5% 4
¢ 1% residual graph e 7@ 44 & 3F 4 o) Mo

3. adoption: %% source % terminal % 2 g o

yoeboo A@42¢ '*,!rt 7osource fr terminal 12 ¢F > % B vertex ik Bg H Ak 3o

H
—r
=
@D
D
¥
~=h
D
RS
=
Bl
-\

e envertex 4 ot 3% vertex % 7 >t source #f + # 3% terminal

2. passive: &7 & “P” > % 71 3% vertex *iiT = vertices Ta’fs B3 - At

3. active: #7 2 “A” > % 75 3% vertex *#iT 3 free cHvertices °

g fRiea £ % 3 growth FEEL > & REATE p & _active 5 vertices #§ 3k 0 H#-free e
vertices j» » g¢ - I ¥ P IR0 vertices X 5 passive o

BT = B9 3 25 3R Boykov and Kolmogorov’s algorithm 2 # i j

BFS # 3} i /22 4 <_ Edmonds and Karp algorithm % #} #.-®% /2 > Boykov and
Kolmogorov’s algorithm &1 7 4% #eidf sk 82 2 ¢ k45 DB T« 8228 T 5 35 1) en
TER S AR T A » 2 worst-case =F 32 & + & (upper bound)¥ it & 3%
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Edmonds and Karp’s algorithm {= Dinic's algorithm 4% d1 e B o 2 38 > d 7 2% &
0 REAAB G 27T > Boykov and Kolmogorov’s algorithm easi 5 47 2%

Dinic's algorithm - B 4.3 3 Boykov and Kolmogorov’s algorithm ¥ H# 5 maximum

'B K R Z 8 F R §(Bell photo ~ Lung CT ~ & Liver MR) s fF 1L i »

PFREE =5 40 d B P ¥ 4 Boykov and Kolmogorov’s algorithm (4w ® # 15 - 7

B Tm ) 2 R P PASE R Y S e o

method 2D examples
Bell photo (255x313) | Lung CT (409x314) | Liver MR (511x511)
N4 | N8 N4 | NB8 N4 | N8
DINIC 2.73 3.99 291 3.45 6.33 22.86
H_PRF 1.27 1.86 1.00 1.22 1.94 2.59
() PRF 1.34 0.83 1.17 0.77 1.72 3.45
Our 0.09 0.17 0.22 0.33 0.20 0.45

] 4.3 Boykov and Kolmogorov’s algorithm £2 # & maximum flow j# & /# &J® = &
2’ epE B fi(Boykov and Kolmogorov » 2004)
(Hiz: p) -

4.2 Dynamic graph cut

& 4.1 & ¢ #% 3] graph cut = maximum flow algorithm 4= Ford-Fulkerson’s
algorithm & &_r residual graph % ZA# -T2 3 F ¥+ - A2 ¥ 4% s graph i& {7 graph cut
(=

if‘u—&;ﬁiﬁ 'T41) > R & residual graph # = € § 40 R ePB I IR 0 ST E_ K ALY T Y

2. f6 > € @3- Bs—t7 il oresidual graph o gt BF 4 < ROIEETF

=k

% residual graph @ #3535 o flow » & & 45 3| %70 maximum flow 2 2 H $f 0

minimum cut -
4.2.1 3 4c #70 hard constraint

Boykov and Jolly (Boykov and Jolly>2001) & # % ~ ¢ # #i& * & % graph cut
7 &2 {8 TEER 4 A7e0 hard constraint & £ =% 3+ & maximum flow 34 6 -

4 Ja— % © % = graph cut en@ ffr— B % >t hard constraint ik p o 4ok i@
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* K 3F HRge gt ok 3 hard constraint - % B A 3.1 sk 0 ik p ehtlink i s

Wt B RAcE 41 AT o

# 4.1 # ™ 37 hard constraint # {2 p o t-link £ £ &

t-link initial cost new cost
Pk | AR ("bkg") K
{p.T} AR ("obj") 0

v

M ek e g flow E{p T} ¥ R 5 F 4 MR -
G EI T RS o d P BT AT A -
3 flow id i s residual graph &3 > 0 % £ A7 fo AR £ - R 1F

ARSI o H e R 1%%33/;. i Bk o F]et o Boykov and Jolly #-# 15 link

T T EACE 4.2 0
42 B SRR R ATk link £ B

t-link initial cost add new cost
Pk | AR ("bkg") K+ AR, ("obj") K+c,
T} | 4R, ("obj") R, (" obj") c,

Bt BT 0 @ p A tlink B E E(F R)FEH A 0 Flt 3§ BURIR
- R o Am o pR {ATE L X E 3 E minimum cut sh % € 8 F AT B
— 5k graph @ B EATTEAELNE SR BR4EELY > DB EEFHE pA
tlink 7 602 & > # - F P P E LI 8T 7 ¢ 5% minimum cut g % o
2439 WER - A > HABtlink A B 5 K0 g mn g - R4 78

-—":/‘}O

,Tklg-ﬁ?r:‘i g E Koy ¥ e b c, AFLE- KRB

po- TEEPRILAES » g p o syeant-link 25 = - TERE RS-t T - 3 F

#ed i tlink hF B pER{4e 50 0 8T U E BRE B EHB BB AR L E S
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;lf7§%§£%;Eﬂﬁﬁéﬁﬁ:a%%ﬁﬁé’4${ﬁ:§§@ﬁ%
® o 4 4E & H3FH minimum cut g9fE ?‘f%mffiln\ °

4.2.2 Graph £ %#i* (reparameterization)

Boykov and Jolly #74% &t 4.1.2 & chiz B2 4 > 4 t-link sn B 5 2 7~ oh
WP oBE RF > E G F pEAEtlink #E F L E¥A ¢ minimum cut
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& E(A|G)=E(A]6,) > Rl & e link e € T & 7 # 5 ¥ 2 graph £ S8kt -

1Rt gt £ 60,106, 3 5 37 dhgraph £ it » ¢t = % 2 minimum
cut 2% 2 2k4pk »

A =arg min E(A|6) =argmin E(A| 6,)

PPEA b A ? ¢ 2 > A Kohli and Torr Bl “R S8kt 72 & &
RS H G Bl Tk o
£ kIpP dynamic graph cut j# & ;2 ehp % o Dynamic graph cut ;% & j# 0P

v 39 13 2 t-link fon-link e € 0 I A3z (52 R kenflow A 4 #FR

&~

[

>

% #t 93518 graph £ S8 it e i > R - R o
1. t-link 2 £ i ec= 3% 0 i3 e t-link 2.y 427 2B 4.4 3P - 4 - B graph %

= minimum cut 2_ % > B & S—tEE 5 o d 3 t-link{p, S} 142 £ 5 F >

46



REFAFFHFE A )R o B 44(D)¢ 0 F A H# t-link{p, S} %
FR 3o t-link{p, T}z 2w 2> F|a{p,S}hE A4 7 f & BT 1§
- ko 22 5 0 B {p, SHr{p, T}er% £ I B4 3(2 & ¢ a=3) > A t-link &
FleZs 2w %Ex 0 b MET2 L3 HFERDMAFL o f§H K> Bt
B2 N FREpA FDtlink L B - A2TH - BT HfEA tlink e
FEAA P BRI o

2. n-link 7 £ enig ez 38 g n-link 22 A2 ¥ LBl 45 3P o B 4.5(@)¢° o o

ek

PR TR E - R e R

* n-link{g, p}2 # £ T2 3> Fa @31 %
La{g,p}r {pTH{aS=Fz 4% a R FEhF L8 0 b7
a=l): EFEadird tdwinw se &l 50 BN PR #{q p}eh

FEAcH a o B Slicit i A o JpFERARGT F R AR ad iF s 2 d 3 a

i A RBEm G ERELE AT R AR RAFTE 0 T EE ai"7‘§

(a) (b) (c)

Bl 4.4 % residual graph 2 :z t-link % & 2_ 7+ & Bl(a) = = minimum cut 2_ residual
graph(b)i2 zz t-link 7% # {3 2_ residual graph(c)# %#ci* {5 2. residual graph

47



(a) (b) (c)
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