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Review on superpixel segmentation algorithms
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Abstract: Superpixel can capture redundancy of the image and reduce the complexity of subsequent processing tasks. These
advantages make it receive more and more attentions from researchers at home and abroad. This paper first analyzed the deve-
lopment of the superpixel segmentation, and summarized the state-of-the-art superpixel segmentation algorithms in the view of
graph-based and gradient-ascent-based methods. Then, it compared several superpixel segmentation algorithms by experi-
ments, and illustrated their strengths and weaknesses respectively. At last, it introduced the latest applications of superpixel

segmentation techniques with prospects.

Key words: superpixel; image segmentation; graph; gradient-descent

0 3l

UG I3 F A5 4 B — 2 B RE DL i DU R R 20 i B
Rk SCRAN IR DI, FHEE 99 e B T LAGE 39 % 20 22 60 4F:
R EHEILTHAER AR . BRI EIE R LA sk i Jk
AR [, 2 PR B 1) B S A R 7y o S R, B AE R Ak
PUIN SR w AP R DN 1 5P 2 bR S S S 1P R

H X R A AL B 22 LR R S r, ] 4 R R
—IRER IR IRG R Z M 128 B H A C R, X R A kAL
FCRIEC, 2003 4F, Ren 4 A1 i RUR I T4 0%k — 18
&L PTHBAR R R AR HA RIS B 5 B SRR A 48
BRI ER, BRI B R Z HAFE A BRI R
XA, AT LRI R I TUAR S B TEAR R R BE AR T 5 2218
BAL BTG5 IR I

R R A N BURT 43 D T IR 1 Jy i R TR
TFRERTIEME . B R R T R AR 3R 4 5 12
4 Felzenswalb %‘QAM HE H Y graph-based J7 ¥ | Shi %}\{3,41 15
H 4 Neut ( normalized cuts) 773 . Moore 2 A iy superpixel lat-
tice J7 P A Liu 25 A3 A B FAR 3 07 1. P, Newr F9%
I R4 AL R SCRIRAE SR 42 R S IMEAAN SRS, & R A O
DU AR R (HR R B B PR P ROR AN TR O, b P
RIE R W AR o Graph-based J5 E A8 1 fic /)N A RS 1 8L A8

il

WS EHA: 2013-05-29; {EEEH: 2013-07-03
F 8 B (SWITU12CX094)

K FEIEMR , B REBF PR Fp R G B, R et (2 A 3 Y
TSGR K/ NHTEREAHLN - Superpixel lattice J5 204 1 &
BAFHFNEA 5 B EPERR ™ T AR T 10 5E 2 I 114 1 3
FLo WA T LA R B I 2 0 3 AP 01 H AR R
H, i oAk B bR s A SE B ), B AR B AR R A
I

X FETHE TR, A MBTFEA Vincent 2 A7 1943
7K I (watersheds ) J5 3, Comaniciu 2 A 1) MeanShift J7 %
Vedaldi 2 A1 ) Quick-shift J7 3  Levinshtein 2§ A ) Tur-
bopixels 75 7 f1 Achanta 28 A" ) SLIC ( simple linear itera-
tive clustering) J5 %, BATHCRA T REREEA DM, HA K
BB M B m], WA A B . Turbopixels f& % T JLfaf
TRBIKFHE T X0 IR B Fh - i 8 A0 AT i, B 28 R
F LAY S 437 B EHSOF I E o Mean-Shift J2— %R
RN, ERe TR SR A g, IF HoARE
AR R B KNI B, Watersheds & — Rl T46
BB AR TR0 B 050 % 5 R B R, (H AN RE AR
AR RN RO B . SLIC B3 & 5L T30 (5 FHE B9 AR D 18
PR R 73 ) 1207 0 AR R B, T LAZE P72 R/ N &) TEARAL
JUEBEGEE S

1 TR R R BEAE SR I 2 KRR , & 08 A 20 3 B
MTRALREAEBR , 28 1y I 38 S 1Y) — TGS B R . kA, 17

EeWH: BEAXAFELTHAA (61003143) ;% S SHEA A LEF £A T L

EEE N : EAZ(1989-) , %, MEMR A, ERMAH @ ARKF L2 HBRA(1979-) , F GBEHEE) 834k, S ML, TEMATa A
WAL AR ARA] AT B AL (jzchen@ switu. edu. en) s 4 (1987-) , F ML AR A, T RAF T &1 A 20 F B AL



%1 EAE,E AREE SN ERR G .7
LTI TR BIRE R T I F 2 AT 5, 1T B HI bR, Tovk 5 B L IE A B4 ), 4 LA

R AR AR R A R B T B AR IR
SRR A R A TS LA B R P
Ktz BT E AL, BARR M A R REM B MME. A
SO BRI RIFE el 3 TLAF R B B 8 B s 1
Sy T BRI SRR I E SRS A R R AR 3R 4 o
fTT S,

1 ETEHRHNBGERSEFE

ETEISMEG s EE—R B BN Rk, 3
FRER IR BUR B i — WA AT 1 18, g R — M4
?XTT“I*E’J#’I\%?\ AR F Z R AE LB o L B 3, 14
FRHEZ (8] 9 22 53 SO AR 0 B i1 b A EE . AR5 A BT S
) T ) D 25 7 S8 D ke ko 6] v F 0 e AT R0 4, 3 T 5 ok
Xof AR B 43
1.1 Graph-based 3%

Felzenszwalb %5 A 74 H (9 36 T PR 20 80 05 R T e/
PE SRR B EVREL, AR o R — DX A 9 T R AT R AR AL, AR
X IR TE 2R AT REA R Lo %7 15 10 S AL K — i PR 1 e
TCT I, H A4 e i X TAUE w(e) , B ARFERL e B
TR PIANTIE, v, Ao, W25 TP, VL P v BT A T8 10 4
B N E S A VA B R D38 A — i 4 %/\/J\x
iujzcesxﬂ“?@ G' = (V,E") W —A & 7, o B2
A2 T4

XEFTH CCV YA 25 5 % K 38R/ SR MST
(C,E) b KA, i A

int(C) = max w(e) (1)
e MST(C,E)

PR 74 C,,C, CV B IX I ] 25 7 O 7 43X P & 43 1)
TR/ IMSLAE, B
dif(C;,C,) =~ min

vie €l Cy (i) €
ANSRPIASES A (8] B X 3 2= 57 dif (€, ,C,) KTF € .C, &
D AT ER2E S int(C, ) B int(C,) BRI BIER A A
R A o — I, BIEE AT LA, T w2k U -
true if dif(C,,C,) >MInt(C,,C,)
D(Cy,Gy) = (3)

false otherwise
MInt(C,,C,) =min(int(C;) +7(C,),int(C,) +7(Cy))

Horp bR T (C) =h/1C R ZHEL | CUR X C YRS RN
BREL 7(C) HIRFERIBAN XK €, .C, 25 VR AR, (515 X 35
(6] () 2 S AR T E AT XN 22 57 o

Graph-based Jy V@138 B E 1Y R AT R IR I, H.
B R AR R R RS B/ NE R . BB TR
P, L Bl 44 ) A% 3% 0 ORI B0 ) Hoiem %5 A 4
Graph-baased HI TR Al .
1.2 Ncut A%

K G=(V E) I EIA A AN LS AB, HAFE
AUB=V,ANB =, Wi EI i R i/ NS e

cut(A,B) _zng%EBTU<u'1)) (4)

X Ff g /N i — b SR T A R R /N
AE R BT E RS B A, T 200 1 P s G i1
oL, DR s/ NEL 2o 00 88 B s /IR TR, AN 1 B
i R/ NEDT IR R o3 P B8R AT LAk B d /MU 9 H Y, (ELU2:

w( (v;,7;)) (2)

Hj TR

— I RN
... i ( /N 1

°:o..° ‘o (T\#/J\%IJ 2
B RN R F
L Neut J7 ki Shi 28 A0 F 1997 44, I F 2000
AEAE T AR AT o Neut 5 /I8 Bk o 47 ek, R i 3
SS9 09— o, T i 3 7 X4 ) 2 S5 0 X35 PAY 4 0
P ARG b i O T /N DU A 7 PR B
Neut AEN&E LR -

Neut(A,B) = cut(4,B) cut(A,B)

assoc(A, V) T assoc(B, V) ()
Hrassoc (A, V) ZH8FHE A O BTA T B A Y S0
PR SR, assoc (B, V) WL E Lo XFEE LHANX
2 [ AN G @Eﬁ/\]ﬁ}ﬁﬁj\iﬂﬁﬁ *%Kﬁﬁ%‘/@ Neut {8
B/, RIS 23 0 ) 43 ) A~ IR 14 IO

Ncut(A,B)TEtﬁi'%ux?FHUT;@E’J]ﬁ,&iﬁ}@ﬂ?ﬂ#ﬁ\?@
o FEABLE AR A TS 43 e B A [) 7 [ 2 — A s AR A 1A
B ELARIE . {2 B F Neut H¢UE B /2 NP-hard [n] 81, H K
T S BB BN )R SR AR AR 4G S S AR . TESEBR R
FAH #HE Neat WA HEBETHRIMTE X, IR M 7 R R
AEAE FRRAE 0] iﬁﬁiﬁfé%:/ﬁ%d\wﬂﬁﬁxﬂ“ﬂﬁ FAE
i, AR T BRI s R, I A A 4 BN K
AIE 1) B2 B 1AL A AN M, AR B Ak R E’Jfﬁﬁ@ﬁj‘%jﬂﬁjﬁ
IF e UNFTEFRAN ST, A LAk A QbR R B A T — %

Neut 5943 F1 45 F (W R U2 T USSR R N, 2
TEAR LU B e o H2 Neut B35 38 B2 B0, JUH F R
T EERME R TR RR R,

Maji 2 AP0V 7E Neut 553 i35 Al b oEF 708 0k, 42 1 T4 1
ZMIE— 5. ML TESN Neut 535 BEFAAAEW A RS
a) SRVF top-down SEB0 {5 Bk TR MR 7% b) 458 T oK
LR In] B 7 v, 295 I) ﬁE’Jfﬁ@H&ﬁ%TUE@%&E’JHﬂEﬂV\]
T, B AR ZE UL B CRIETT .

Ren 2 A\ R T 2 5 — A0 K B8R AT G 23 51 10 D7
o BSEM Neut 7045 BIQBU h AR R B, BN IF0 5

T RE MR RL P |08 0P A 3 S S T SR PP, BRI SR FH T 42
HLIY Gestalt 1 DU e i 5 43310 03 6 9 03, AL 456 X388 PN R IX 35
(] A SCRRARRLE 2 R AR 5 il e R o 3% e vk 0 O 1w
FIARAE o B, A — AR IX BE AR AL , IR U ZRAR 7 1) 43 FE 28 2K X 43
F G A RIAT . BRI ES 4 E, RRLY R AR
VEZ /N VBB GRS X,

1.3 Superpixel lattice 77 3%

XF T H AT — SRR B A E R R FIG R R
FOFE PG5 75 3% — BB, Moorer 25 AV 4R T —Ff super-
pixel lattice JCMR I3 43 B o T ILHIR T —Fh AR AR 47
FUGFRFNEEAL 1 500 B, BARIEIN T 4ME B4, 1
R TR EIRG B B T RAFITERE

Superpixel lattice 240 A BY 2 R B0 FLE, B 1248
FEE I EUG  dR MRUER B4R, L6 I AR T B /AL 3 RS
3 Ao T AR R K 2R A T 1) 45 R AR A B A2, AN T e P 1R
AT B KSR J7 1) AT 00 AR 5 % ML AR 15 % [ 2




-8 HOE LR AR

£31%

Fr, Ca) S RN ZE BT N BB N HOR > BB R 45 i A
K G g W, it m] RAAR 21 00 A DI, HLAE B 150 /9417
AR EAL AR (b) JEAWTTE K- FIE B5 1) 39 4%,
Tl MR B804 X3

(:l ’r
Vs ( :
)& 4 7

smp‘s

5 rJW

2[ { 3 3 f 6 19
) ) | | \
@ )
E2 IR ERE TSR
TEA 2 e A2 1 5 W L, Moore 25 A SR T WG Bl 7
Z -t/ INEN TR RS AR T s, B P AEAT AR N AR, S
%)!'JFZEJELUHE%GEO Hr I R T Z R =A% :a)
S al AR B8 A2 28 ) — K5 b) AT 3 W 4 2 B IR ANSE
c) FEREMARIKCE B L
4R superpixel lattice B9 UV IS R 4719 43 BIRCR  (HH 43
I BT AT SR T B SRR, LR B b e T MG 38 50 43
T 2P HILE ) BHGGH B 23 A 3 5] EHERE A T AR 3 5155
A7 5b) S/ M BEAR M R T T BUEMG b AR X 55 B AN 4R )
i, DI, Moore 25 A7 2009 4EAEZFLIA I HERE AN ASE
WfER 2 THTH R RER MBS EE . MRS
PERLREA IR R R i A0 25 [R5 B, SR A —Fad 43 RIAR
A5 ARG R ] (0 28 B R BORH S5 A Tl B B 1 Rl El Amidn St o
[5G , Moore 28 A X 32 H T lattice- cut!? ji{£ BRE—FT
B 38, SR A B R A AL S e, B — R 1) 28 8 b 7
I8 T E T 0] B AR R A, W5 R T BHG s R A
BERXI AN — Btk BANBEGR R AR AR AR
3R, B, (a) B 2R BG40 o 245 il B A 190 4% 1%
%, HJE TRABEBE TGRS BAHEFENRE; (b) ~ (d)
AT R AT R BEDLIARETY | AN I 28 b AE KT RN B S TR
R R kg, BBUS DGR R SR %E; (o) (D X FaEH
KT ] BT, AR R AR T %8 28 TR B kK
Vi 4o Lattice-cut JILEFIA KT HEBERENBEREL, B
PP fig 5 e L0 A A BR i 1) 3 B AL A T Lok

strip 4

%?f

B3 Lattice-cut 377 /E R 105 7
1.4 ETHENFGZE
Liu 25 A '35 H 9 B TR R A0 B 1R 0Bk 1k 17—
T TN RE i R . AR T T — R BT BL 1Y H AR R L,
A R BENLIEE IR AP B 5 4y o Horb R A R T8

TN B5E B ST SRR A (AR A5 iR AR 2 35 R i
—HFR S TPATIE SR AL R T, B AASEAE 15
RN ZEAR AT AR

max H'(4) +AB(4) (6)

Horp A RIEFEININAE A e E,H' (A) FOREUREPLUT E R, B
(A) FoR I, A =0 J&— ME A, i o e bk H AR
PR, LT LIS PR BEAT 201
a) AR IR — D BEPLE R X = { X, 1t e THIAH E
P, X T B B BE AL R, 0 n] AR R AR
H'(X) = imH(X, 1X, X, o X)) (1)
X T EMGBERLIFE A, EAT i i G 0 S B 2
FERERIRRIE, 18] G = (V,A) BB BERLIEE R AT IR
H'(X) = - ZM'ZP‘ j(A)log(p; ;(4)) (8)

Horpep =w/wy, How, SRS 5 AE I A Z A,

wy S P A S . w, &Y R BT A R
R p e BEHLIE R, HE AT
% ifi#jande; ;A
pij(A) = 0 ifi#jand e, ; ¢ A (9)
D jeaWij
-——L—— ifi=j

BIRUSINAE S A R AT T 0 RIS 0 3 B L, (HL B £
KR SR A B TR R R S A . ANl 4 R 4R
T () 1 BB BB , HE RO ARER T AR (b) B (H 5 42
T (o) BOSS AR X B8 20, BB M0 R AR T A8 (b) B

B
’%.:. .:. 542 ‘?‘0.:. .:. 592
36" ° ° 5[5 444 ° ° 3]6
()4 =081 (b) % =043 (© i%=064 () f5%=061

Pl 4 R A A s B SO 1R
b)) -5 T e AR AR B A AR TR A R, AR A9 28 5K
e

B(A)=H(Z;) =Ny = = Zpz () log(pz4 (i) =N, (10)

Horp o N, S E B S AN, Z, SRR LD ) A A 1
TAMBETTIIE S = 15,8, -, 8y, 1, B2 Z, W53 A ln K

(11) Ji 75
1,1
pa(D) =y = 1N (1)
1 S JRR 1 - (ELE A3 0L R S B 19

AL R S i 1 0 e i DX T AN R 9 R, () AR
P B E R T (b) AR RE R0, AT RUA ) (a) HhAEREI>

R

(a) FH{H =-1.00 (b) P {E = -1.19
PS5 WS SRR U ROPE R
JE S UE R, BT 2 pRE5ORN - 0 bR SR B SR 2L
P, B AR AT, 2T — AR08,

2 ETHETENBGRSETIE

X RET L NI J7 15, TG LR 2T 0 i i
JE T W7 EE A BT SR R BRI SION Ik




%14 IRE,F RBF NI R GE 9.
2.1 KkigHE MIHIR AABIZE

537K U5 vk TR F DR B R — IE ER , 24 T T B
IrHEIS R R AME R B R B R 8 % R TR & B, B
SRR/ IMA B L5 e X3 R K 4, AR /K AL R L T
Gk KERIRL AT FTIE 67 ik

G3IKIE 3 EN ARG % T BRI A R B N, e h
Digabel 25 AV 53 K W 39 5| AE) T ZAF 2B 1 R 9 43 B
R B S , Beucher 5 AiF4T T IR A MR, @57 T BN 58
A KGR R, R & M358 T 19 2 Vincent 5§
TR SR TR R I ST B K A KT S
Hep i R AR it e

FI A= b 22 B0 23 KW 3 30 B i T80 BE 14 53 7K U 53
T B AR A 73 KW o B AL TARIC R 0K 235 oy
KW B At s TR I B A BEAIR B AT ()L, FLER I i
RG50S R B , REERf 2 O HAR ik . (A2 B difrde
—E R AR, S KIS B AR BT T MR K A, A SRAR AN
B, B G BAR R T E RS A EIAR
2.2 EF Mean-shift 77i%

Mean-shift B i B AE 1975 4£ /1 Fukunaga s NPT
1995 4F: Cheng"™"! % 2 i) SCHIR 5 SL T % o B RIAR (8 2 %%, fi
Mean-shift FEEEA 2] 7)) 32 W

Comaniciu 25 A\ $H T —Fl JG 2500 5L F4% % 1 16
TR G R AR B, HEA B RS TRYGHA
SR FAEZS [ 5038 21K Mean-shift 2K &, i F Mean-shift £ i
T s, HRIWCSER R ORAL i 7 R, i
FRUGEARTHER , REAE PRGAE 4k 2 80408 23 A1 R L, BB . A
FH Mean-shift fi &5 738, 92 0B A A0 [F R R R R 2EH
[F)— R R P i B o 3275 A S B b BT B AR 8
PEFNGTMENE , (HE RS, HL b T2 F s G E E R, 0 &)
BRI HAR A 5 4351 fa)

catchment

Vvatershng basins

minima

B 6 KR 7 Mean-shift 75 &

Vedaldi 28 A7 #2 H Quick-shift 43 %52 7: 25 8l F Mean-
shift SEME AREEUIE 2R (HUR T E P, BB R E R
V5] e ) B — AN B30 A, ) 5 RE A Parzen %5 B2 Al T34 K i s it
HIGZ R SR BEMGA H o ZBEEARE A, ASRE I
A AR 2R K/ NI

Wang 2 AR T 4% 16 S VE R Mean-shift 75 3 , i A 2
TBGE AR T A R AG TR B0 % B 1% 0y IR TE R AR B AR 1550
PEEERE R 71, o3 E G R R BT s LI ARF S Ak
ARG, Tao % N 42y —Fl Mean-shift 5 Neut K145 4 1)
BT, SR Mean-shift 553246 A B bR BEUR EAT 040 284
BUBIRF 5 Neut Jik b7 G5 0 BAR 26 R
R A SRR T TS SRS AE RS A B B R A ), 48 T
SR B A EIROR I A AR A
2.3 Turbopixels 77 3%

2009 4F: Levinshtein 2 A" #i iR T —Fl i JLAT I 9 7K F-
e R A AR R o AT 30 g R B ) R A T
LA il R AT RN Y 5 XS B A B K R o H R

Turbopixels A BB 15 5 s 24T 5 T FEA S - 2) 5972)
RE SRE ARG 23 RO R AR RO R 1 5 =, w2
A S BT AT 30 A B2 K A0 Bk 24 0 A (¥ b ik S H 1995 b)
P, B R R IR AR R R A R
LEE AR B ILAT L 9K T 1 RE B PR ML 20 AR R A2 5 ¢) 3R
L,y 1R R R RO R M SR 128, {5 32 4 50 Y DX
TEIEL R AN 1) AR E 38 35 d) - 18 AD SR 0 $5, Ak T
FERASE I, BRI %R G L AR W) 5, 3K 5 2 T LAy
U TR 10 5500 B2 55 B AT I S I LTy, Rz B R
THT 20 50 P i ) M o 2 18 6 8 4 1, DT 552 B 1 1%
s e) BIRRAES, LN IZ LG MER R —
BER o DL, P A R 897 B2 K 1) RIKE Rl f3 i, Rz 3% 45
SISTUE 2: S

BRI 8 7R, 45

a) WA A S 18] BE AR Ao

b) ARLA L3R, = A A HE— PR

(a) 5 T UL 5 5

(b)) AR 23 HE X I 1 25

() BBTI B 18 3R R 1 o B8 FILE 301 57 B Ol R 70 e AR 3R
S o

I -

o

AN o X
== \ i \
WREFTE  OETREIE (R

— N
() S (e) YR
K 8 Turbopixels B 0%

OT A AR R AR T R R A i i i
—ANBEBE AR IR T R A E . B s AR AR, Sk
SRS R RO U AR M OC R, F B TR R A
1B AE LA B T DASRAS o % B R 3

Xiang 25 N\ 45 AT 4551 1 T4 v g e 22 Ak R 1 1R 1%
(97715 I8 F Turbopixel HE4L (% % 43 # . Cigla 25 A1
AT — R P Y Turbopixel /2524 1E 16 43 #1771 , Yok FI Rk
Turbopixel 524 K5 43 B A AR K, 1542 AL, AT Neut
=TS Rl i al & e e
2.4 SLIC A

Achanta A1 4 Hy T — R AR 0SB 0 ) 5
2 MR A R R B0 O CIELAB 264,25 [A) Fl XY A4 T 119 5 4
FROE ] B SR E S S GERFAE ) 44 18 B AR HE , X RS 5 3R ik
TTRAR IR R o IR T RO, BB AR LB Rl 5
MR R, RAPR

a) WIRALFT 7 o R N MER A, BN K
ASFHIF ROT AR R IS 2 B SRR /Nl N/K, B
FhFRUBEBS RN S = VN/K, N T Skl 7 S Ab 7 PR I
BGALE, AR JE SE 0 F 2 R i T4, 75 B4 b 1 R 7
LB LG Y 3 x 3 I 1N B 3l B B (8 /N AL B [] i
HEAFT A0 — A AR

b) FRLUER & o X TEMMER A, S5 E S Z I8 R



- 10 - SR B R

£31 %

UTAYBR T Z T A AHRURR BE 4 foe A RV h T s AR I 4 1% 1%
o W AWHEOZ AR, BRI WARBUEZ R SR AT -
iy = /(L =1)% + (a = a;)* + (b, = b;)*

dy = (xk—xi)z*‘(?’k—y.’)z (12)
m
D; =dyy, +?dxy

Hrpod,, WBR SR BUA2E R, d,, 183 w5 R 25 R E
D; AR IARAEE 5 S NP7 s A IR, m P15 250,
e B 52 R B UL SR i L, D, HUE
R, GEIIBASE AR

T R RIS S, XA R T R R, AR L
FF RO 28 x 28 XS AR RAR R 3, TS 2 AR 4R
SIS TR I 9 P

S S
25

(a) TERSIR IR (b)SLIC 7ERRSE KRN 18 2
9 WMRRIL R
Ren 2 A ") fdi Fi§ GPU 1 NVIDIA CUDA HEZRSZFH SLIC 44
2, BeN S R 10 ~ 20 A%, 4R fff SLIC ReR FH FS5hf R 4.
Lucchi % N7 FI AT SLIC 43 B Sk AL 3, SR 5 AR 1% 3y
T S (IR SR S DA T S T IR 45 S AH B ) S A
R S, 38t T A% O ARARAAE B 2544 [R5 43381

3 ZRERNTEE

R T2 T A BT 0 LR AR R 3 B MR RE
AR SCAE Berkeley benchmark FrifE 808 5 F b7 17 X%F EL 5256, 56
JEA B A4S entropy rate( ER) [°] Neut-based( Ncut-B) 18] su-
perpixel lattice (SL) (5] Turbopixels ( TP) Lol sich® | g E
FrR/IN 321 x 481, 43 Ik 29 200 AR R BOZE R, W l&l 10 pr
No ALAE W ER FERSF R T BRI 55 S ERIR
R ITEIRA KA, 43 E155K 1B 7 A a] 298 1.16 s Neut-B
AR AR T BRI R, LR R R A EO g n, 1R
FITEAR TR, B T & 9 b I ) L, 431 321 x
481 K/NYIE A 200 MBI 2 5 % 2 min 47, SL AR
SR PR B, K29 0.36 s AR R 3 F AR R (HR B
PR 0 BB o o ™ 37 B i A R B W52 . TP A SLIC 53
ARRE A AL FN R R R R R 5 TP X SRS AR 2

FE 10 ZFE R R I E R

1117 SLIC M3 SR FF 3 B2 IS 15 32 AR 25 T Tl BAT B s ) £
B, R A AT R 73 R8O . fENA7 ) 3.00 GB,
AbBRER A Intel® Core 2 fHLAS b, % FiASFIEIR R 0 5B IE
AR IR DX EEAS SRR 1 s o

R ZABIGE S EIF R X H s

Bk rWmbE (321 x481 ) /s || B SyEIhnI(321 x481 [ ) /s
ER 1.16 TP 12.65
Neut-B 118.20 SLIC 1.23
SL 0.36

4 BHRENEAFRIAK

R R AW IR FAE 2003 4F 4 Ren 458 M HR I #1R R
SR PRI T PR P BRI A R SR DX, AT LA SR IO R 2 A
15 2R WA, SR B R R AR R AT 8, ol LU PR BEAT 19
B TRRING L, R — S OLI A5 A . I 10 450K R
RWBTFAEE PN IMI R TR, O TR ML e s
EANAE LIPS 25 N

TEB & oy B b, VF 2 BUA 102 T R o B,
Neut' ™ IR A 23 625 L R A 9 8 0 22 75 B 5%, D81 %
S 2 BRI AR I RS RN e 3 T — L8R A, e - Sk 5
M LA AT ) I I R ROP ARG, 2l 4 TR R A 19
PG BIARBR T o 7ESCHK[ 14 ] R J SLIC 55354 B 1R B
BRBENBERR PR AR R W P A R RSB
P 51 SR REAT BRI (R A SR B ik 514215 2 AR B, 4
B 11 BioR e #ESCHRL1S | A, AT SLIC supervoxels 773, fiE
B FVEAACARZR IR 3D [ER, BAE S 2 PEAIR, ok
DT X IAEIESR , e AR R ERE . Kohli 258 A1 i e 4 fi]
Ko I8 TR AR (97080 7 Be i IR 2 [/ — AR AR Y (Rl

() EIEEME&

(byEIE % (BEEE
B BIRERET EM 855

TE NGS5 AG T, Mori 25 N7 S8 1145 43 1 o i 15 %6
B R A IX S, R0 AR %8 B I 5 A6 6 719 0 DU B, 4R )5 T
B AR IR M 2H A ok . Mori! ™ B 240 I /E Wik 31, 2
B T AEEMG R EAE R A SCR RER B IR L S T R
RGPS T AR R R, g 128 R

B 12 AR )
7E H AR AT, Wang 25 A I o 18] 00 36 #7132 4
Pt TR FDBAR ZOR SR (R 254 5 50 B R BR ER Tk At



%14

IRE, T RET BT EAA LR

<11 -

TTA— A2 AR RS A AT , (7 B 2 45 e v 1) 4%
LFR D HARFIE 5o M4, BRERAE S e A2 it 3 —A
FAR—1 AR AL (E, Il i f5e K5 B0 Al T+ 20 A a4 10y ik ek 45
Ro R ERERUF AL B E bR b BRI AR (A ZE A
KR, 0P 13 TR o Zhou % N 4R IR K IR S 1Y
HKCFHEBRERTN 5, A RO PO R R 5 1 sl e
PRIGHIICHE , R A BT O B AR A P . Lin 26
SEBL T AR IS A A TE AU BRER A R OO B A
BEIABEAGER P A RO R T AR 590 14 591 55 58 SO
W, Wang % N o #8258 56T H AR JA RS £ L A A%
FORME R H R BRER R, 4R T —A> i Z2AER RS S0
BERY Z S EAE Y AT AL R R A D0 T FE AR 333 i 8OR 4

(e)lemming #1055

(Hlemming #1102

(g)transformer #17 (h)transformer #52  (i)transformer #124
13 R BT H RIS

A5 2 8 T LR A A 45 A0 BRAT 45 1 JE A )7 1T, Gu 2
ARG 20 T IR 500 2, eIt B B0 1R %
T I PREUEG SIFT $RAE T2 IR b SCOUSE SR R R AT, 2%
JE R 25 ) 4 35 O 1 R 3R BB IF E AT 3 25, Tighe 5§
NS KB AR B TR SR T A R S
WOH F B G ARTIT 5 o Fulkerson 258 A\ Bk T 1EEI% 1
{1 FFIRR 1% 20 00 ER AN 2081 E AR S 7 o AT A9 D i e
Graz-02 Fil PASCAL VOC 2007 ${#E4E | 2058 R R T3
A V2 UGy 807 v

5 HXRiE

A TR R P HIRIE R R BUIR 3 B X AR R A
HARMER I BT 7 o0, s IR R C TR
U — T LAY TR, 2 N AU R S BRRCR %
BT E NS H ARG . ey S B EORT I | SE PRI A 23]
SRR R I T BT T B S AR, Sk i AT AR S B
SR B R R A ARG R EIERA%A
AOPLH AN KL, B X S 4 TR BTG 6 25 1) 305 DAIR 3 T
IrEIRCR
S 3k
[1] REN Xiao-feng, MALIK J. Learning a classification model for seg-

mentation| C ]//Proc of the 9th IEEE International Conference on

Computer Vision. Washington DC:IEEE Computer Society,2003: 10-17.
[2] FELZENSWALB P F, HUTTENLOCHER D P. Efficient graph-based

image segmentation [ J |. International Journal of Computer

Vision, 2004, 59(2) :167-181.

[3] SHI Jian-bo, MALIK J. Normalized cuts and image segmentation
[C]//Proc of IEEE Computer Society Conference on Computer Vi-

sion and Pattern Recognition. Washington DC:IEEE Computer Socie-
ty,1997.731-737.

[4] SHI Jian-bo, MALIK J. Normalized cuts and image segmentation[ J].
IEEE Trans on Pattern Analysis and Machine Intelligence,
2000, 22(8) :888-905.

[5] MOORE A, PRINCE S, WARRELL J, et al. Superpixel lattices
[ C]//Proc of IEEE Conference on Computer Vision and Pattern Rec-
ognition. 2008 :1-8.

[6] LIU Ming-yu, TUZEL O, RAMALINGAM S, et al. Entropy rate su-
perpixel segmentation [ C]//Proc of IEEE Conference on Computer
Vision and Pattern Recognition. 2011 :2097-2104.

[7] VINCENT L, SOILLE P. Watersheds in digital spaces: an efficient
algorithm based on immersion simulations[ J]. IEEE Trans on Pat-
tern Analysis and Machine Intelligence, 1991, 13(6) : 583-598.

[8] COMANICIU D, MEER P. Mean shift: a robust approach toward fea-
ture space analysis[ J]. IEEE Trans on Pattern Analysis and Ma-
chine Intelligence, 2002, 24(5) : 603-619.

[9] VEDALDI A, SOATTO S. Quick shift and kernel methods for mode
seeking [ M ]//Computer Vision. Berlin; Springer-Verlag, 2008 .
705-718.

[10] LEVINSHTEIN A, STERE A, KUTULAKOS K N, et al. Turbopi-

[

xels: fast superpixels using geometric flows [ J]. IEEE Trans on
Pattern Analysis and Machine Intelligence, 2009, 31 (12).
2290-2297.

ACHANTA R, SHAJI A, SMITH K, et al. Slic superpixels, EPFL
149300[R]. [S. 1. ]:
(EPFL), 2010.
ACHANTA R, SHAJI A, SMITH K, et al. SLIC superpixels com-
pared to state-of-the-art superpixel methods [ J]. IEEE Trans on

[11

[

Ecole Polytechnique Fédéral de Lausssanne

(12

[R

Pattern Analysis and Machine Intelligence, 2012, 34 (11):
2274-2282.

[13] LEVINSHTEIN A, SMINCHISESCH C, DICKINSON S. Multiscale
symmetric part detection and grouping[ J]. International Journal of
Computer Vision, 2013,104(2) ;117-134.

[14] LUCCHI A, SMITH K, ACHANTA R, et al. A fully automated ap-
proach to segmentation of irregularly shaped cellular structures in EM
images| C]//Medical Image Computing and Computer-Assisted Inter-
vention. Berlin: Springer-Verlag, 2010 463-471.

[15] LUCCHI A, SMITH K, ACHANTA R,et al. Supervoxel-based seg-
mentation of mitochondria in EM image stacks with learned shape fea-
tures[ J]. |IEEE Trans on Medical Imaging, 2012, 31(2) . 474-
486.

[16] KOHLI P, TORR P H S. Robust higher order potentials for enforcing

label consistency[ J]. International Journal of Computer Vision,

2009, 82(3) : 302-324.

MORI G, REN Xiao-feng, EFROS A A, et al. Recovering human

body configurations: Combining segmentation and recognition[ C]//

[17

[

Proc of IEEE Computer Society Conference on Computer Vision and
Pattern Recognition. Washington DC:IEEE Computer Society,2004
326-333.
[18] MORI G. Guiding model search using segmentation| C]//Proc of the
10th IEEE International Conference on Computer Vision. Washington
DC:IEEE Computer Society, 2005 :1417-1423.
PANTOFARU C, SCHMID C, HEBERT M. Object recognition by in-

tegrating multiple image segmentations[ C]//Proc of the 10th Europe-

[19

[

an Conference on Computer Vision. Berlin: Springer-Verlag, 2008 :
481-494.
[20] FULKERSON B, VEDALDI A, SOATTO S. Class segmentation and



<12 - Wt A

£31%

object localization with superpixel neighborhoods [ C]//Proc of the
12th International Conference on Computer Vision. Washington DC:
IEEE Computer Society, 2009 : 670-677.

[21] WANG Shu, LU Hu-chuan, YANG Fan,et al. Superpixel tracking
[ C]//Proc of IEEE International Conference on Computer Vision.
2011 :1323-1330.

[22] ZHOU Xue, LI Xi, CHIN T J, et al. Superpixel-driven level set
tracking [ C]//Proc of the 19th IEEE International Conference on
Image Processing. 2012 :409-412.

[23] LIU Li-wei, XING Jun-liang, Al Hai-zhou, et al. Semantic super-
pixel based vehicle tracking[ C]//Proc of the 21st International Con-
fe-rence on Pattern Recognition. Berlin ; Springer-Verlag, 2012 :2222-
2225.

[24] WANG Wei-jun, NEVATIA R. Robust object tracking using constel-
lation model with superpixel[ C]//Proc of the 11th Asian Conference
on Computer Vision. Berlin:Springer-Verlag,2012:191-204.

[25] HOIEM D, EFROS A A, HEBERT M. Automatic photo pop-up[J].

ACM Trans on Graphics, 2005, 24(3) ;577-584.

MAJI S, VISHNOI N K, MALIK J. Biased normalized cuts[ C]//

Proc of IEEE Conference on Computer Vision and Pattern Recogni-

tion. Washington DC:IEEE Computer Society, 2011 :2057-2064.

[27] MOORE A, PRINCE S. Scene shape priors for superpixel segmenta-
tion[ C]//Proc of the 12th IEEE International Conference on Compu-
ter Vision. Washington DC:IEEE Computer Society,2009 :771-778.

[28] MOORE A, PRINCE S J D, WARRELL J. Lattice cut -constructing

superpixels using layer constraints[ C]//Proc of IEEE Conference on

[26

s

Computer Vision and Pattern Recognition. 2010:2117-2124.
DIGABEL H, LANTUEJOUL C. lterative algorithms[ C]//Proc of

the 2nd European Symposium on Quantitative Analysis of Microstruc-

—
N
=}

[

tures in Material Science, Biology and Medicine. Sturrgart: Riederer-
Verlag, 1978.

[30] FUKUNAGA K, HOSTETLER L. The estimation of the gradient of a
density function, with applications in pattern recognition[ J]. |[EEE

Trans on Information Theory, 1975, 21(1) . 32-40.

[31] CHENG Yi-zong. Mean shift, mode seeking, and clustering[J].
IEEE Trans on Pattern Analysis and Machine Intelligence,
1995, 17(8) : 790-799.

[32] WANG Jue, THIESSON B, XU Ying-qing, et al. Image and video seg-
mentation by anisotropic kernel mean shift [ C ]//Proc of European
Conference on Computer Vision Berlin: Springer-Verlag,2004 :238-249.

[33] TAO Wen-bing, JIN Hai, ZHANG Yi-ming. Color image segmenta-

IEEE Trans on
Systems, Man, and Cybernetics, Part B. Cybernetics, 2007,
37(5) :1382-1389.

[34] XIANG Shi-ming, PAN Chun-hong, NIE Fei-ping, et al. Turbopixel
segmentation using Eigen-images[ J]. IEEE Trans on Image Pro-
cessing, 2010, 19(11) : 3024-3034.

[35] CIGLA C, ALATAN A A. Efficient graph-based image segmentation
via speeded-up turbo pixels[ C]//Proc of the 17th IEEE International
Conference on Image Processing. 2010:3013-3016.

[36] REN C Y, REID I. gSLIC: a real-time implementation of SLIC super-
pixel segmentation| R]. Qxford; Department of Engineering, Univer-
sity of Oxford,2011.

[37] LUCCHI A, LI Yun-peng, SMITH K, et al. Structured image seg-

tion based on mean shift and normalized cuts[ J].

mentation using kernelized features| C]//Proc of the 12th European
International Conference on Computer Vision. Berlin ; Springer-Verlag,
2012 400-413.

[38] BOYKOV Y Y, JOLLY M P. Interactive graph cuts for optimal
boundary and region segmentation of objects in N-D images [ C]//
Proc of the 8th IEEE International Conference on Computer Vision.
2001 ; 105-112.

[39] GU Guang-hua, LI Feng-cai, ZHAO Y, et al. Scene classification
based on spatial pyramid representation by superpixel lattices and con-
textual visual features[ J]. Optical Engineering, 2012, 51 (1)
017201-1-017201-8.

[40] TIGHE J, LAZEBNIK S. Superparsing: scalable nonparametric image
parsing with superpixels [ C]//Proc of the 11th European Computer
Vision. Berlin: Springer-Verlag, 2010 352-365.

(L% 5R)

[14] DESNOS A, FILIOL E,LEFOU I. Detection of an HVM rootkit ( aka
BluePilllike) [J]. Computer Virology,2011,7(1) :23-49.

[15] KYTE I, ZAVARSKY P, LINDSKOG D. Enhanced side-channel a-
nalysis method to detect hardware virtualization based rootkits [ C]//
Proc of World Congress on Internet Security. 2012:192-201.

[16] RUTKOWSKA J. Red Pill or how to detect VMM using (almost) one
CPU instruction [ EB/OL]. (2004-11-17). http://www. securite-
am. com/securityreviews/6ZooH20BQS. html.

[17] RUTKOWSKA J. Blue Pill detection [ EB/OL]. (2006-03-12). hi-
tp://theinvisiblethings. blogspot. com/2006/08/blue-pill-detection.
html.

[18] QUIST D, SMITH V. Detecting the presence of virtual machines using
the local data table [ EB/OL]. http://index-of. es/Misc/vm. pdf.

[19] FERRIE P. Attacks on virtual machine emulators [ EB/OL]. http.//
www. symantec. com/avcenter/reference/ Virtual _ Machine _ Threats.
pdf.

[20] ADAMS K. BluePill detection in two easy steps [ EB/OL]. (2007-
07-02). http://x86vmm. blogspot. com/2007/07/bluepill-detection-
in-two-easy-steps% . html.

[21] Virtualization technology for AMD architecture [ EB/OL]. http.//
download. microsoft. com/download/9/8/{/981{3fed47-dfc3-4€74-92a3-
0887822001e7/twar05014 _winhec05. pdf.

[22] MYERS M, YOUNDT S. An introduction to hardware-assisted virtual
machine (HVM) rootkits[ R]. [S. 1. ]:WhitePapers DB. 2007.

[23] LI He-shuai, ZHU Jun-hu, ZHOU Tian-yang, et al. A new mecha-
nism for preventing HVM-aware malware [ C]//Proc of the 3rd Inter-
national Conference on Communicution Software and Networks. 2011 ;
163-167.

[24] SHEN J, LIPASTI M. Modern processor design: fundamentals of su-
perscalar processors [ M]. [ S. 1. ]: McGraw-Hill, 2005.

[25] MILENKOVIC M, MILENKOVIC A, KULICK J. Demystifying Intel
branch predictors [ EB/OL]. http://www. ece. wisc. edu/ ~ wddd/
2002/final/milenkovic. pdf.

[26] FERRIE P. Attacks on more virtual machine emulators [ EB/OL].
(2007-08-31) . http://pferrie. tripod. com/papers/attacks2. pdf.

[27] BULYGIN Y, SAMYDE D. Chipset based approach to detect virtuali-
zation malware[ R]. [ S. L. ] :Intel Corporation, 2008.

[28] GARFINKEL T, PFAFF B, CHOW J,et al. Terra;a virtual machine-
based platform for trusted computing [ C]//Proc of the 19th ACM
Symposium on Operating Systems Principles. New York: ACM Press,
2003 :193-206.

[29] Fi, M EfH. NewBluePill S22 AR 4 & L[ M]. Jb . k4
K & a4 2011 :55.

[30] WMware. Timekeeping in VMware virtual machines [ EB/OL]. hi-

tp://www. vmware. com/ pdf/ vmwaretimekeeping. pdf.



