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A stereo matching algorithm based on Census transform and improved
dynamic programming
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(1.College of Computer Science and Technology, Harbin Engineering University, 150001 Harbin, China;
2. College of Computer Science and Information Engineering, Harbin Normal University, 150001 Harbin, China)

Abstract: A stereo matching algorithm based on Census transform and improved dynamic programming is
proposed to the problems of traditional dense stereo matching methods, which have high false matching rate in
the textureless areas, depth discontinuities and occlusion. The initial local matching cost is calculated by sparse
Census transform correlation, and the raw cost is also optimized by a dynamic programming method by involvoing
bidirectional constraints of row and column simultaneously. Meanwhile, the confidence and texture of each pixel
are measured for reference image. Finally, the disparities of non-confident or textureless pixels are estimated by
fitting parameters of a plane model for the corresponding segment, and the dense disparity map was obtained as
well. Experiment results demonstrate that the proposed algorithm achieves high matching accuracy and
robustness, especially in the textureless areas, depth discontinuities, and occlusion as well.

Keywords: stereo matching; census transform; dynamic programming; bidirectional constraint; vision

navigation

SEAARDEFCAE Ay AL o 5T rh i B R S
WA ZEALER A H 00 W AR 5 B Tl
P SA I b RAE B ARG AR B R B R U
ST SRS IR A 1 1 Y Scharstein 25

Wi B HA: 2014-05-02.

ELWAB . HEKARFRFAIE4(61100004) ; BIRITH A RBHES
4 (F201320).

EERAT: [TTH(1989—) 53 LA A
TKREEN(1962—) , 5, Bofz, W42 S0,
M1E(1963—) , 95, B8, [l AE S0,

BIS1EE : 196, menchaoguang@ hrbeu.edu.cn.

ST AR DC e i AR A4 o DT A 115 DR RC AR A
I WA 25T SR 22 k. AR iR D i T
(ANTR] , S7AARDC L5303 1T D43 Sk J5EF DX 3k 1) D i
Bk T RRAE A U R R T AR B
A DG B AR LT KSR 535 o, Zabih 251
FEHAYAESE Census FEHE  FI R R B /DK &R
VEARABLPE DN B | fife e 1 PR FLZE A B8t 72 v 2
FDCIRAE SN A2 T A 0 2 2% B 5 B bR
PG 2 ] 1) J P 2 S5 T s s P DG TRC A AR AR AT 1 )
ARALSE Census [AFR LY B2 g A8 4 7 C1 g rh



53

FIFHE, 45 AES R 3h ) B S AR DT B3Rk - 61 -

DRI KRFEIGE , A RE S B B R 55 P 2 4
W N E R DLECRS AN &, OF AR O SRR
AR AR B AE BT 23 H BRI .

AR — R T HE SRR S A g S
R SEAADC E SR | 25 T S AR 18 3R ] ) R 25 24
oW R EE Y Census 30321158 DC AR A, 38
DB AR R 5 B BR ER S(EAY HEBE, # XN
IR EIEAR T 0 SRR AU T
HC AR R W 22 () R, A A 4 1 1 42 )R
(R R S AS R 7 | G B v B kG B B
HATRG VLA 5 & e i, el 22 0tk Ak
PRI ARSI TR AN i S R P A | e 2
AR 22 15 B iy DL RO SR
1 #pizFIitHE
1.1 B Census FFSHTHRMIBLERANITE

Census 784 (1) AR J& AR C R 2 S A p
O H— NI DX, JE AR D O R 2R K B (E 5 3
LRI AR 2K BE B AT 0T LA i DG B AR, X i
AR A TAE S BUB Bk A5 LR B AR DL R TG,
)5 A Hamming B SE T AR DL R B2 i
F Census BT IE—F B BE A % &
FASBAR R [A] A 25 29 o8, A 22 45 R 0 P i A R 2
F520e iy DAASSCHE B 5L TR Census JE S 4L
S AR SR G AR B TR L O HAR S Y
Census AR (% A LI 000 B85 I ARt T 2% 46 78 11 1)
HUCMER R I IR BE AR, AN RE 58 5% 1) 4 iR FE P 722 46
FA AR R AR SCE 20 AR 3R 3R R 1 -~F- 2 18
VER 73— kA, IR 8 0 N IT AR R
JR A bl SR R BEA, O HLAERR —17 L)
RN — MR R 15 A B E AR X, 284
RS 3 T A A 8D L AR B 4R A 1 DS FC R e,
WU IS 1Y) Census 2845 n] DL 52 5% i i JIT 26 B
SCREDCB R R AR D, T8 b DX S5 3 4 B o
F UG AN TR] [R5 s 1 3k i AT RO Tk
TE TR PR MR R ) A A W A i R 1Y 1%
PEHC.

Wil Census IEZSEUL (1) L BLAN AT 1 7
1(a) HH B Census S UL e AR, Horp
BISZER 3 S M AZ S 1R 3R, B 1 (b) IiE5e
Census 3F 2 8% 4 (9 BEAL. XF R T IR R
(u,v) HFTHHL Census IESHUEH, MG R
(u,v) APOER—-DMEIEZGRE O W, HE o
R n xom, & 0N 2GRS HHE

[(u,) BN N

’
n

D i[@+uJ+w

I(u,w)="
nxXm
Krpe 1(i,)) MER(i,)) BIKEE;n': = n/2],
m': = m/2 | DIHEAE P ORRITERAN
LBIRAG E I IEL (u,0) R

(3 S 16 +ug+0) ) i)
— nxm-1 ’
PRSP RERS—17 L% — 3] (1 4%
RFEIRIEAE 1w + 1,0 +)) 56 ORISR 510
P T (u,0)’ FUE TP 43 AR 2 5 0% B 39 1
I(u,v) BEAT HLEE, T 3KA5 — 2 bit 75 5. 5
Census R EIR N
T(u,w)= & @ E((u,w)' J(u+iw +)),I(u)).
SR AT K A B BRI £ 5 XN
01, if x <y <z

I(u,w) =

10, if x>y > z;
£(x,y,2) = 00, if y < min(x,z);
11, if y = max(x,z).
N=M={-5,-3, -1,1,3,5}.

ET M Census JEZ 808 #1990 46 (XM 11
5k ] Hamming FF 519 75 4 , Hamming R B 7R
PN LR R Z [ EAR R 6 8 B AN R LR B 2 H
SR, AH R 057 B0 22, Hamming B 25806, DT fig
AR BN PR R SOBAR LA I A T 3R

C(u,v,d) =Hamming (7T (u,v) ,T(u +d,v)).
K T(u,0) T(u,v) 5350852 K H bR
GHIMEZE (uw,v) SN AR Census 284t bit 455
BB NI TR Census P A 115 58
Ee ¥ Cu,v,d) PRAFAERL 2223 (8] 1] DSI T fE
2L Bl A FLR B 0 iy A,

(a) T Census BT (b) 1455 Census AR
Bl 1 #E Census EESHTIRRE
1.2 173 E LR B2 K B B A S B
F T2 (B 354 (0 2 M DA KRyl 33 s 1) sy PR
P, ST ARG FCTS ZLAE B 42 )R DR AL B AR 3R A5 2



£ 62 - MoK E L

N

»y,

L
F

e

EN 547

T LA 22 18] Bl A FLA R S — P X A i 2
HEAT LI 42 Jr DAL S I 2 BR  U E HE f o%
iR, T AR A A e s R I R 2 0 22 TR AR
1”5%E"Jﬁ]?&%ﬂliﬂjﬁg@Eﬂﬁﬁiﬁkzﬁﬂﬁéﬁﬂﬁ
] b (R 22 1 S M Y R ZRAARE LA
ﬁLI‘EE,@%/'\TXTET”%%ZIETJE’JQ’W@E%U {454 i
A0 22 P L A B S 1 2R BR800 AR SR 3
TATHN R L3 (4 3N A R T3k 78 2 SRR w)
IR DERCARAT YRR AL B, 2 AR F S AT Oy m) B A
FHZIN 7 10 it AT 2 R AL LA SR AP T (A0 22
K. e s 2R e s s ECH
E(uw,d)=E, (u,v,d) + E_ ., (u,v,d) +
E o (uw,0,d) +E_.(u,0,d).
K. B (u,0,d) FXTWARZE S (u,0) H(u+d,
v) Z ARG VEECARAT, BIE SRR C(u,v,d) ;
E (w0, d) REAREEAT 7 ) b0 1 249
T, PR Y R F LA T J5 1] b AHARAR 3R i Z (6] 1
AELMGE 0 (w0, d) RHEILES T7 W Y
I AR, R 2R 451 7 1n] EARARAR &R
BB ASE LS E e (w0, d) R 3 35 7 5]
T, SRR R R AT A
WA Z BE i BRI BT AR ZeAT 07 ] A4
I T7 1) AT e Rl h TR AT 7
] 1A% 1851 Jy 1] - W M 2 B, AT 1) E A bR
BE,(u,v,d) WM E,,, (u,v,d) 3
AT I LRI AR E,, 0 (u,v,d) VIR
WEPHETIIN E e (w,0,d) A
E(u,v,d)=E, (u,v,d) +E_ , (u,v,d) +
E,u(u,v,d).
ISR BT 7 ) A — S92k
P AR 3R i Z ] () DR LA R A TR A«
E.(u,v,d) = ZC(u,v,d) +

ZM(@>
2 Ao Vo, + Now)-
K. ZC(u v,d) ML V NXTRAR RS2

IEﬂE’J%JJil“IEEMHJ"Z%H/\ O BT R T
TRLGA,, jﬂ@?uﬁéﬁﬁﬁ@%ﬂ%ﬁwwh NI
AR AL BVTES % G ] WA R R i
BN, HAT BRI AT, R AR DS B
A LR SRR
MRAEATREAT 7 1) A5 B AY 2R N RE 12 R4

XE8 75 1) 2R A7 3 25 ML LA, 5107 1) BE 8 pR KL
E,(u,v,d) R4 R RERACHY pR %L, AT i B 33
E . (u,v,d) FHRESN 5 ) b 022 20 R

(u +|,1,')) +

E oo o (uyv,d) FIHEEAT J5 10 1 9 LAk 45
E,(u,v,d) ZH%.
E(uyw,d)=E, (uw,d) +E,,
E.(u,v,d).
I BRI 2 R e A U R BGHE A T
EISIK )
E(u,w,d) = z;yC'(u,v,d) + z;y)\diac(dw,),
diyiny) +E(u,v,d).
o z Clu,v,d) HEFLY U NI RNEEEZ

ETJE’J%)J!Z‘*IE@MJETJIZ@ Fie IR F ik iy 4 Rk 2
PRORIU) e L2 4]
d= argerlr)linE”(u,v,d).

HPAT R UC EC A FIR) IR A 22 45 A7 T 22
FErh AR R I S0 TR s A B8
2 MEHEM®M
2.1 EGAEESSEEEEN

IR I T 9 XL a) 29 o 1) sh 2SRRI B T L)
B hVCEC Y AT A B AR b T T AR 55 SO X
S BT S B R VT BT AR A AR X HE TS SRS
PR R DX I, AR SO H T A0 01 S 0 SOk
FVRTAF P 1 7 s

BER (u,v) WAFHER RIS W ARIE AR
Hrikig

A( u,v)j

CM(u,v) =min(255,1024 . .
maxcost

KA A(u,w) MER (u,0) BMERLICE Z
% ;ymaxcost j‘?ﬁ’iﬁﬂﬂ@ﬁ’ﬁfﬁfﬁ
TR (u,v) MBEEMEE RSE N nox m B

1 n' m'
™ =—— I(u+iw+j)° -
=S S st i

> 21(u+i,v+j)] :

( 1 n' m'
n X m;: -n'j=-m'

FERFER R SRS AR Kl i S B 7
A, RN, A R SRR A Al DL
(ENWIAEIL2E L T AN T 2 T U458 R R R ]
MLZE T THRAR B A 22, R AU IZAR R R
PIER L2

lh,v(u’v’d) +

if CM(u,v) =71,
DM(u,v),
DMiniL(u’U) = A TM(u,v) =T,
0, otherwise.
(1)
2.2 BEB{SINERETEE
R AT 35122 A SRR 2 TR0 5



53

FIFHE, 45 AES R 3h ) B S AR DT B3Rk - 63 -

PG B IR U 4 25 & IR R A 45 AE AT
E 5L M 2E, B mean-shift 2 Xf &%
MG HEAT X 38043 E]) . mean-shift 515 F) FHHE R 4 4
(AR BE - H o A W R AR M S AR S B T O
2 R EUR R AT B — R B A S X

Xf TR G S B, w7 e 4 A R
M. Ko B2 d () IEXRFARZE AT
B (x,y) WERECH

d(x,y) =ax + by + c.
L oy BBV EK (x,y) WABFRd HiZBE
XA 5 (a,b,c) 2P B SHL, 7T L]
TR/ NS SK AT T S 4L
Ala,b,c]" =B. (2)

b WAL TTCRE N vy, 1] BRED
HiMNTUE RN d(x,,y,).2(2) ATLURI N

ixf ixiyi ixi

. a

;xi%‘ Z{ylz ;yi b=
c

;xi ;yi 1

_ixidl_

i=1

;yid

X |

2 m R B D AR 2R S B A ORI

SHE MR (SVD) R figiZaik K.
[a,b,c]"=(A"A)” A'B.

P (A"A) ™ N A"A B Moore-Penrose 140 %, 1]

H1 SVD k75,

3 HEmkE

25 LR  ARSCR PR E 2 K.

KHEA BRI .

1) R 5L Census A% #5351 X4 5 % K% Al
H ARG EAT R VT e b 8 AR BRI 4h D A RAR

2) FIFHAT 5 XL 1] 249 5119 3 25 30 K1) 57 X6 40
LRUCEARAN AT 42 Jm A AL SR A s L 2, HL Ak
SR KA A, =20,A,., = 15 KR,

3) X&H BMEE G R s AT AT AF PR 8
PERTIN 8 AR AT 1R R SISO R R A0 8. X T
FERME BRI, B T EGROF A TR KR
& EIOT T LA MR, T AR 7, = 200

TR AT B Y R X TR SR R Ak, Sk
T A REBEIE AT SHER EE , 7EA R HER 1
51z 55 R (1) [W) B RE A% A T 1R 55 S0 X 3 B
7, =20;

4) ¥ FREUE X 2 2% R AT Bk 43,
[ B 1 mean-shift 5335 X7 2 2% R HE 17 K BE X
BorHE

5) & S8 a5 o0 B0 T 280, KR AT
F1BE 5AELME R M2 (8 2 F LA 1
ZERE

6) FIHEA R G I ML M 22 K.

T

FAZERIG
5 BRI

!

FTHE Census JEZ5K
ARSIV S A5

HTAT IR ) 25 ALK
TR IR 2E A

ST 5 SR
AR

SET

I FH mean - shift B9 %
AT X I8 531

M2

B RN

2 Hikw
4 I At

R T SR EAS SO B A RO SRR, AR S
FIH VC++ 2R B2 523 1 i $2 55 12 S 30 X 4 5k
Middlebury %7 7 AL 58 B e P 4R Y 4 bR
HEST AR 158 . 4135 Tsukuba Teddy . Venus FI
Cones B4, R~F 433 384 14 E x 288 12 &K,
434 1R Ex 383 14 K 450 1% K x 375 1% R M
450 IR FE X375 1B R, BB C k1T TR IE,
2 RAFAE T [ 4 07 1), 10 22 48 R Y L A9 B
KA 512 16,20 .60 Fl 60 43, il 1 X L iR &
1853 | AT I X 0 AR SCARVE Y DC FEARCR [ 3
G TARSCR I S A

(7] Fsf g 3 B bl D A SCERE B ST AT e 45
FASCEEI T I AR SO K B B A
SR 2 M 2 25 A ST AR DG T BRL k (DP R



- 64 - R E L

4T 4

2 —Fh B v /& Humenberger 2512 $2HY ()
it Census JESHAR W AR LBV 1% 07 0

() AT
FrEN 22 P

@ZF KB (bRt 2E

H AT E S 5088 0 28 R %) 503 vh O B 4 i — b
(T8 % RTCensus 55.92) .

(A SRR A () ASSCHE AR
P UNIHEEN JEXLLIE]

B3 AXHEEIELAESIELER

B4 2510 T 3 MRk Se e a5 R B, AT LR
th, DP S A i R 2 [P PR, WA i 2%
BORMT, (ERL 22 85 2R TP A3 W] I ) SR SRR
FECT SR 2E M AR ABAR FE A% 3% s RTCensus 5.7
A R 22 e S B e CUOCR B4y (B AE W)
PRI AL GEEPH BN SE X0 ) | 77 26 i SR 2R
BRSSO X IR R AR R DR VE I s A SCRETS

FHEN AL 22 K]

B2 45 AL T DP 535 Fll RTCensus 895 1
SEEGEERE TRl 2 R T AT S0 RO ) 22
S R ER T ARBCREN , HFH 4 5
SR A B AR, 76 55 S0 IX a3 Y X S AR 22 R
T4 DX AT B (1% DT FC AR S AR 55 Ah AR SO
HIRILA AT BRI T Census A8 He , i 15 53
HA — 2 Wl s fe ).

()AL
T ER

RTCensus B33t
BARRI 2 K

4 ETHRAEIEERGH I MEELELHRER

RT3 FS N RS2 80 i B AE RS R
DC R 7 1 B B AL LB 25 5. 2% 1 2 Nonoce (JE

AL ) DX R R DE IC AR 5 ALL (LA 5 X A P
AR ) XA B R DL IC A s Dise (22 ANIELE) IX



53

FIFHE, 45 AES R 3h ) B S AR DT B3Rk

- 65 -

R FEIRVE RO AR th 3R 1 3 i AL R R, A
SCHR HH A SR A R DX AR DRI 22 A

TS DX 15 DE C R AR BT AT DP BBk R
RTCensus .32 , BUS T 55 5 14 DT ek J

£R1 ANXEXEDPE% RTCensus EEMEN LW ERILE

ARG ELR /%
=A% Tsukuba Venus Teddy Cones TFYE %
nonoce all  disc  nonocc all  disc  nomoce all  disc  mnonoce all  disc
AR 3.13 4.20 11.9 1.08 1.87 13.6 5.68 11.6 17.1 3.79 9.26 11.3 6.73
RTCensus! > 8% 508 6.25 19.2  1.58 2.42 14.2  7.96 13.8 20.3  4.10 9.54 12.2 9.73
DPI* 83k 4.12 5.04 12.0  10.1 11.00 21.0  14.00 21.6 20.6  10.50 19.10 21.1 14.20

AR L SR 45 2 TR, AR SCRE A U
T LSRR VEBE ], 553 DR RE IR A R B,
A 55 S DI | G P DXl R 26 S i 8 DX Bl L
A REFRTRENE.

5 %

“a

AR SCHR T —Fh T AR SRR S RN Bl 5
R STARVERCSA 2 R FIF B Census 22431 54)
UG R ERVEFCARHT , 4438 2 T 47 0 RUn] 1Y) 4 Ry fiE =
PRI, I FH U 2l A8 LR BB R iR i il 22, XF
RS S AEAE X IR R T 2 T A
REBWIIR I 22 45 R il KIRFEE AT T R
SOHE B DL AR AR Z SR PR E R,
AR T 55 S DX TP DRI A 25 A 3 2
DX Il WE 22 25 SR B 5 ) SIE S 45 SRR I i SR E A
DT FCAKCRANVE B BE D7 T A TR Seny sh 2 ALK
ST AR DT FL AL RS B PR UT ) L F Census dES
OB AT AR DC R BRAR T B DR VE LA, m IR
e VG TS PR B 230 A vy 1 0 2 R 22 1, 15 B - 1 D
BCRCR.

5% ik

[1] BROWN M Z, BURSCHKA D, HAGER G D. Advances
in computational stereo [ J ]. TEEE Transactions on

2003,

&

Pattern Analysis and Machine Intelligence,
25(8): 993-1008.
[2] HUMENBERGER M, ENGELKE T, KUBINGER W. A
census-based stereo vision algorithm using modified
semi-global matching and plane fitting to improve
matching quality [ C]//Proceeding of the 2010 IEEE
Computer Society Conference on Computer Vision and
( CVPRW ).
Francisco, CA: IEEE, 2010 77-84.
[3] KUMAR S, KUMAR S, SUKAVANAM N, et al.

Human visual

Pattern Recognition  Workshops San

system and segment-based disparity
estimation [ J]. AEU-International Journal of Electronics

and Communications, 2013, 67(5) : 372-381.

[4] SCHARSTEIN D, SZELISKI R. A taxonomy and evaluation
of dense two-frame stereo correspondence algorithms [ J ].
International Journal of Computer Vision, 2002, 47(1/3) .
7-42.

RHEMANN C, HOSNI A, BLEYER M, et al. Fast cost-

—
(9]
[

volume filtering for visual correspondence and beyond
[ C]//Proceedings of the 2011 IEEE Conference on
Computer Vision and Pattern Recognition ( CVPR).
Washington, DC: IEEE Computer Society, 2011.
3017-3024.

NIERADKA G,BUTKIEWICZ B S.Features stereo matching

based on Fuzzy logic[ C]//Proceedings of the Joint 2009

[6]

International Fuzzy Systems Association World Congress
and 2009 European Society of Fuzzy Logic and
Technology ~Conference. Lisbon, Portudal, 2009:
1188-1193.

ULUSOY I, HANCOCK E R. A statistical approach to

—
3
[

sparse multi-scale phase-based stereo [ J ]. Pattern
Recognition, 2007, 40(9) : 2504-2520.
ZABIH R, WOODFILL J. Non-parametric Local Transforms

—
o]
[

for Computing Visual Correspondence [ M ]. Springer,

Berlin-Heidelberg: Computer Vision—ECCV' 94, 1994

151-158.

FIFE W S, ARCHIBALD ] K. Improved census transforms

for resource-optimized stereo vision [ J]. IEEE Transactions

on Circuits and Systems for Video Technology, 2013, 23

(1) 60-73.

[10] TORR P H S, CRIMINISI A. Dense stereo using
pivoted dynamic programming [ J].
Computing, 2004, 22(10) : 795-806.

[11 ] COMANICIU D, MEER P. Mean shift; a robust
approach toward feature space analysis [ J ]. IEEE

and Machine

Image and Vision

Pattern  Analysis
Intelligence, 2002, 24(5) . 603-619.

[ 12]HUMENBERGER M, ZINNER C, WEBER M, et al. A

Transactions on

fast stereo matching algorithm suitable for embedded
real-time systems [ J].

Understanding, 2010, 114(11): 1180-1202.
(&mEE K

Computer Vision and Image

4r)



