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Onbody Realtime Disparity Image and Flow Generation System based on

Highspeed Correspondance Matching using PC

Kei Okada*!, Satoshi Kagami*?, Masayuki Inaba*?* and Hirochika Inoue*?

This paper describes PC-based, robust, real-time disparity image and flow image generation system, which is able

to be embedded in robot’s body. Real-time feature is carried out in three steps: adopting recursive correlation

method, optimizing algorithm to second CPU cache, utilizing MMX instruction set. Consistency checking method is

adopted to achieve robustness, we integrate into recursive correlation loop to achieve realtimeness. Finally evaluation

of proposed method is denoted.

Key Words: Realtime vision, Disparity image generation, Optical flow image generation, Recursive correlation,

Robot vision.
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Fig.1 Recursive correlation calculation: N(x+1,y,d) is able to
calculated using N(x,y,d), Q(x,y,d) and Q(x+1,y,d). Q
is also calculated using Q and P
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HY 2720 I3RETHEROMBME L KD S HBEHEEEL M 5.

FEBOHER (z,y) TOBREME [(z,y), [2(z,y), ZOHK
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Fig.2 Optimizing implementation with (a) normal correlation,
(b) simple recursive correlation, (c) cache optimized re-
cursive correlation. (Algorithms (b,c) don’t work when
x=0 or y=0)
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P(z,y,d) = |Li(2,y)— (2 + d, y)|
rink, & (1) 1%
N(z,y,d) =Y 0" S0 Pla+ i,y + 4, d)
Qa,y,d) =31 P(z,y+j,d)
L¥nk,
N(@+1,y,d) = N(z,y,d) — Q(z,y,d) + Q(z + W,y,d)

LEROICHETE 2 (Fig. 1). 512 Q(x,y,d) A bHR
MICEETES. Tabb, UFOL> k5.

P(w,)|h@w b@+¢W|
(z,0,d) = Z P(z,j,d
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N(x+1 y,d)=N(z,y,d) — Q(z,y,d) + Q(z + W,y,d)

(3)
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unsigned char  I1[NJ[N], I2[N][N];
unsigned short P[W][N][D], Q[2]1[n][D], R[N]I[DI;
asm volatile("pxor %)mm7,%/kmm7"::); /* nm7 = 0 */
asm volatile("movd %0,%/mm6"::"m" (I1[y][x])); /* mm6 = I1 %/
asm volatile("punpcklbw %%4mm7,%%mm6"::);
for (d=0; d<D; d+=4) {
asm volatile("movd %0,%%mm1"::"m" (I2[y] [x+d])); /* mml = I2 %/
asm volatile("punpcklbw %%mm7,%%mmi"::);
asm volatile("movq %%mm6,%%mm2"::); /* mm2 = mm6 */
asm volatile("movq %%mml,%%mmO"::); /% mmO = mml */
asm volatile("psubusb %%mm2,%%mm0"::); /* mm0 = mm0 - mm2 */
asm volatile("psubusb %%mm1,%%mm2"::); /* mm2 = mm2 - mml */
asm volatile("por %%mmO,%%mm2"::); /* mm2 = mm2 | mm0 */
asm volatile("movq %/4mm2,%0":"=m" (P[y%W] [x]1[d])); /¥ P = mm2 x/
asm volatile("movq %0, %/mm3"::"m"(Q[(y-1)%2]1[x1)); /* mm3 = Q */
asm volatile("paddusw %%mm2, %%mm3"::); /* mm3 = mm3 + mm2 */
asm volatile("psubusw %0, %%mm3"::"m"(P[(y-W+1)%WI[x]1[d]l)); /* mm3 = mm3 - P */
asm volatile("movq %/%mm3, %0":"=m"(QLy%2][x1)); /¥ Q= mm3 x/
asm volatile("paddusw %0, %%mm3"::"m"(R[x-1])); /* mm3 = mm3 + R */
asm volatile("psubusw %0, %%mm3"::"m"(Q[y%2]1[x1)); /* mm3 = mm3 - Q */
asm volatile("movq %%mm3, %0":"=m"(R[x])); /¥ R = mm3 *x/
¥
J

Fig.3 MMX implementation of Equation (3). Absolute difference is impremented using
2 sub instruction and 1 or instruction to avoid using branch jump.
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N(0,y,k, 1) = Z, Q1(i,y, k1)
N(z,0,k,1)= Zj Q2(x,j, k1)
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WREZ TR LTV, 2EROXIGREZFET 272010, B
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3.4.2 MMX 4% iz FiE
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ST R ERIRIZ 36 1T 2 HHBIE B OIS B RFAG 12 ” Left-to-
Right Right-to-Left Consistency Checking(—BMHiHIiE)” %
A3 [7,8].

4.1 —EMHFFEE

— BRI A RO B O RIS T D BOHl O Eifg o R
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EROMEE, TH/MEBICR L TRad 5 &/ MER Z & i
BEEZTY], [thbohmhbEEREEELBIRT S O 2K

DB 5725 Z LICEHEET S &, MBEEITAER S EH
%, EEH»OAESRE T LEITES, HEREII—ER
ZRWE LN AEBIE ST 2 BELY LR EDBRIRE ZER 2Rz
.

Bto T—EMFHMEIEI Fig. 2 (c) @ y OA—FHNOKEIC x
FRDO—F A v HELDTITY ZLic kb, HERMIT30% R
BT 2BETITZ 5.
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fgcc(gas) ORBBOTDICANRT L RO Y —RLFRF £ 3 — a VIL@H
D x86 DHFRELMZRoTNHZ LicEE SNV, %%mmo0,1,2 X 8 E7FE
+%5 MMX VPR &
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Table 1 Realtime Performance of Disparity Image Generation

PentiumIII 700MHz
Cost Function without CC | with CC | sub-pixel
a) Simple Correlation 1312.2 2915.3 2624.9
b) Recursive Correlation 27.7 41.2 43.3
c) Cache Optimal Correlation 21.2 27.1 29.0
d) MMX Imprementaion 13.4 18.4 20.9

(unit:msec) (N=128, W=13, D=32)

Table 2 Realtime Performance Result of Optical Flow Gener-
ation

PentiumIII 700MHz
Cost Function without CC | with CC | sub-pixel
a) Simple Correlation 1656.9 3013.0 2925.5
b) Recursive Correlation 65.4 78.3 81.0
c) Cache Optimal Corrleation 33.5 42.3 49.2
d) MMX Implementation 19.8 27.2 32.6

(unit:msec) (N=80, W=15, D=8)
a) Simple Correlation, b) Recursive Correlation, c) Cache

Optimal Corrleation, d) MMX Implementation.
Column : 1)Without Consistency Checking, 2) With Consistency

Row :

Checking, 3) With Consistency Checking and Sub Pixel
Interpolation.

Fig.4 Left Top: Input image, Right Top: Disparity image
(brighter is closer), Left Buttom: Disparity image with
consistency checking, Right Buttom: Disparity image
with consistency checking and sub-pixel interpolation

5.1 Oy MEHAEGLESRT L

AKETITIA CPU AWz oAy MERATREZ Eifg AL S X
T LAOHEEZTRT. TERR Yy M PC L RBAER— F&E
# UEBLEEITW R0 ITET 258 R v FOFFEREAC
ThiTwa 9,10, ZhbouRy F2X7 A, PCAICH
HENTZHERT N ZABRFATRE, ERINET ) r—va
v, BARBENFIATE, a7 MU RTF MUk B BESR
uRy FEEERAREL W o RSN H B, LA CPU 2 AWl
BT 2T L08Ry hAT A RICEETAZ LT, R
FABEEZITORD D, BREERRLITBEZAERL, V—FRAr—7
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Fig.5 Real-time optical flow generatio experimen. Top: Input

image, Middle: Optical flow, Buttom: Optical flow with
sub-pixel interpolation.

Ry hOFEHIET S, LRy homi, B, 1T
BV FRERFIREZR BRI Ry bR T ANFERICRS.

7z, WEBBERY AT LTI, AT LVADRATHDOES
OBV ALPEELRMEL 2->TL %, 22 TReRY MCiEH
THILZEME LTANERCTHESNE, B LTHEL
TW3 200U RATOBBEFEETHIC—TVL, A ¥—
L—RENFZAT VAEBERY ALEBIZEG X 5 HEEEAL
7= [11].

BB AHRIEET Bt848 LW H EER D AA IC Z A=

HAaRy FERE 1846 5

F¥FFY—b—FE2HWE ZON—Fy=TR I TAEA L
THEiB%Z A€ VI DMA %7 28 E2FD, Linux AoTA
ARARTARABRARENTHOBZ LD, BEHICERNEEGOLE
VAT AEBETHIENTED, LVIRHEERF-TVS.

5.2 RILE, RUZLEORE

EEOrRY b RAT ATEIHGREBROERIZ, EED /A X
OBRESLSTEHRICEOFILE, ROV TS B LV TOHRED
WEDOHRNENNEIZ D, ZID OB ERH L TRTE
VAT MK AIATe.

5.2.1 LoG 7 4 VZIZ L BRTLED MMX 2 X 5 Eik

BB D 7 A4 RrE, EFRILICSREROSD S LoG 7 4 V&% MMX
ICEVFEELEZ. MMX IZLBFETIIL VR BOT — ZRIFI
HET5Z LT, PentiumlIII-700MHz Z fVW 7234 2.91msec
THUETEDS. ZOBOT7 A VFOREESIIXTXTTHY, HE
DRE 11128 x 128 Thotz.

5.2.2 BT T ALV OREORHEE D FELE

TR ESS T 7 vV EEEA L. RAEERRICBIT
BH T EAOHEEREY d IZUTORTRDS.
1 N(z,y,d—1) — N(z,y,d+ 1)
EN(x,y,d— 1)+ N(z,y,d+ 1) — 2N(z,y,d)

2T, N(x,y,d) idEsE (z,y) LEE (z +d) & OHEBET
HB. INERAWAHZET, fEFd+d eHESNS. Tu—
OHBEBRFETHD.

5.3 EB

ARFEOERIMEZ TG L2, FBUE PentiumlIII-700MHz (4
/N2 100MHz) %AW T linux 2.2.13 ETfTo7%. C S3BiX
2T gee-2.7.2.3 #AWVWT, 72 MMX iX gcc ETAH T4
TRV TITEAWTEREINE.

Table. 1 [Z{RZEEE AR OLERK %2, Table. 2 27 v—
AR OB 287, Fida) SAD 2 X A3 AR L 1
ZHE (X (2) ) ZHEMICEELZSEES, b) BRHEBEEEA (X
(3) ) ZHMICEELESHA, o Frvyva2EBRLERE
BIE 2 EE LB, d) MMX 2fVEEE, 0Frnsho
NR=DarDYT7 MTZTIZHONT, 1) EEEHIZIThRVE
A, 2) -BHFHEEC XA EEEHMEEZITo 256, 3)FEE
PG 24TV 7 7 BVIEIC & W REE HEE L5 A O FHE R
FRBILE b D ERT.

REABGAEROLIEFERE Fig. 4 I2R°7. EBRIIBIMRET
1Tolz. BRy MIFFERETHRE SN JROB-1 2 fvWz. Eif
LB, TS Ry MIER ST PC TABETE 5729,
BATOTHNEHRTES. EENI AT TEHELNZEE, ET
PEEE (FTE 7 AL, fFSEERER (Ve B
ED)THD. BOESHI A FITEVERTH Y, BEWLRD
AMIDBFBHTE B, ZHICESE o Ry M BRI EEYE)RE
TEZER L [12]. NFTA—FTN =128, W =13,D = 32
Thsb.

7 u—ARONEFERE Fig. 5 2R T. EFINASER, A
FIERATF 4N 7o — %3t E L —BEHFEEEZEA L2l
1, BEITRATTF 4 AN 7 a—E a8 L — B MWE6E % 58 A
L, &I T BNEICESE T T4 N7 —EHEL
FHATHS. RFRA—FIEIN=64,W =9,D=8Th3.

E:
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6. 8 H» Y Ic

AR THE, EHRACTEENCITH TSRy MoE D EER
RS, 7n—ARkE ERFR T 2O ORRLEARS 27
LOEEEER L., aRy MUK TIIERME, =52 ME,
oRy MERTREMENEEIC D, EREMMEEERT DI,
eI B HZE B A R OBTFE TR R E 2 A\ 2 FiEs &
LNTWA., R TR DR TCEIREEREREEZREL 7 r—
AERCEA L. ¥£72, UH CPU ~FEEOBEND AE VHEH
BEEBICL DTy v v a~ORELE MMX Ak sd3E
ERERT. F72, uNR MEERERT S 20— BEHEFHMEEIC
Y BEHETMEEEA Lz, FOBITr AR ML 2 R
WA ERT D2 ENBEICRS. ARE, —EMmEE R
HBEEEN— TIPSR Z LT, AEVHAE, HERM L
KEEDHZEELEETHIFEERT. ThHOFEEHANTH
Ry MEWTTRERERMME, o AX MEZETAERAEY ZT
LEEBHE L.

AL TR LIV AT ML ElE, 8h& 2 P oBRz2 e
RTHIERTES. ZhEoRy NIEKRTHZET, vAhy
MIBELRFEREZESRCTE, FE 47 AEOERKEICKT
5, BENRITEBEZERTIRENIES LE2 5. S5, X
XTIEHBERY h~DERHEZIEE LY AT MERE LT 1. Lk
DOEBNEL 2T L TIE, vRy NEEOVRT LAEHATHE
WOHBERREL ESNBZ L LIZLIEDHY, ury b~0OFIA
DEEEZR S HZV. SRR TR TR, BHRMaRy b [13],
R e ARy b [12], EREFARREaRy b [14] 28 THAESHh
TW3,

2 £ X B
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