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Abstract: Several methods to improve the accuracy of 3D measurement of metal objects have been pro-
posed to suppress the effect of interreflection by modulating projection light. However in those methods,
the number of projections is much larger than that of the gray code method which can minimize it. In this
paper, we introduce geometric constraints to a correlation based method with 2D random patterns. In order
to estimate the measurement accuracy in actual operations with target scenes and the number of projection
patterns, we create an observation model of the projection patterns and estimate the accuracy of the corre-
spondence by numerical analysis. In the experiment, we confirmed that our method can suppress the effect
of interreflection and reconstruct the shape of optically complex scenes even when the number of projections
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was limited to 30 frames.
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Fig. 1 The figure shows two examples of which the direct

Projector

reflection component and the specular interreflection

component superimposed.
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Fig. 2 When the specular interreflection component does not

satisfy the epipolar constraints and when it does.
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Fig. 3 The system image of the proposed method, in which

multiple 2D random patterns are projected and pho-
tographed and then time coded. The proposed method
can separate the source of information when the pro-
jected lights are superimposed on each other by specu-

lar interreflection.
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WA T H B % RO B 5 RFEIE AN S WA TILRER
JCDFERDS T3 /NE K e B EHEMEN S, 72 N 550 T
r_y D7 0.2 AT OB E I T ORER & DD TRV &
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Fig. 6 Distribution of the correlation values in the experiment

for the real scene. The figure shows the largest (left) and

the second largest (right) correlation values obtained by

ZNCC.

Number of pixels

0
0 o1 02 03 04 05 06 07 08 09 | 0 o1 02 03 04 05 06 07 08 09 1

s correlati Cross correlation

N= 50 N=20
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VB A H N T A I RETH 5
Fig. 7 The histogram of correlation values for the scene in
Fig. 6 shows the number of pixels for the largest and
second largest correlation values obtained by ZNCC,
respectively; the regions with correlation values close

to 0 are background areas.

BELONL., Binld T v a3t $ 4729, belief
propagation {7 EJE P & O 1R % H W72 1EHIE % fi
T ETHRGICHRETE L,

FE— T A ERIC L Y HBEO ST 7 R 76 %
X 6 1277, CORTEZHOMBEIIMHBEEEZELTH
Y, First I REEHNTR O - 7 kOMEE (F Lw
AT dH A AREMED E\Y), Second (d 2 7 H OAMBIMET
HhH. 72720, TOMITEATEHPEZRL TR W) T
HHZLIEET L. K6 OHEEO A N T 452K T
:ﬂ—‘?_ 6 &7 006, BrilzkkE, First OMBME

BV W—)T, N—QO@% D 2 KA OMBIE
iNEﬂO®E W LREL B TWAZ ENGHD

L KR CIRIERFEZFO L OO 2 RT 7230, EAMLICE 5/
A4 ABFIBEAL TV,
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4. FEER & FH

REFEOHEMEZ DD B 725, S ELETAE L
LEBEAMELEREIT o, ERREZN 4 IR,
B 8 (a) IRV H ) FEHUERGH THLT VIR LTET V7
Ve T N—=FRETHLMEE -2y — 2, 55kl
A ) KEALELEL bk Z A BHIEEA (A5 > 7 4 — PN
=—»3D 7))y Zith) T, K8 (b) AEH LI 8(c)
EFEWO M, TIVIMLFT »FIV X YRR C &
HRGFCTH 2 EEHEG (K 8(d) &EEDKRT IV LI 8 (e)
o2 i) #ZNFNERELLY— YRV,

# A 1% Optronis ¥ D€ / 7 1 /1 X 5 CP70-1HS-M-
1900 & Hvy, AJJW{GDOfFIZEE 1,024 x 768 Wi & L
72. F/270Y 27 %13 TEXAS INSTRUMENTS #®
DLP2000 % JH\, 70 = 7 ¥ W DML 480 x 360
W#EE L7, INHIZDODWT Zhang DF v 7L —T 3
VI XY ZYRIZHTT S ProCam ¥ AT L DONES - At
ENT A F F R (19].

FERICH WG G 0 % TR 0B %
FEITHR 2T D720, SNIbZA ESE57-012, IRET
FOFEHEIZBWCITOY 27 GO 5 x5 WFEE 1 HFE

Target Objects Camera image

Gray code (GC)

ERZL, MZROFLEMIEEE Lz, Lo THRE/ Y —
2B END T 5 L5 5 OFHIL 480 % 360/ (5% 5) = 6,912
FETHY, SNOEDERICIIA VLY XY A AT %W
7z [20].
REFEZHEMT 5 LENRY AZICL > THRETR
& False positive rate, Cy, 13D 5. 4 EO5HTIE, O
Ry ML BT =27 OIS 27128V TE L xR o
LHBHEEEEMGONDL EEZLNDL T & &2, False
positive rate & 0.005 & L, MBEDRMEZ Ked> 7z, F2hR
D3 G IS A D B 720 r_ . = 0.25 THET 5
XY & D b G T O AR L, o, AT0.2
BUTHEZNRTHLLEEZONL, ®XITr . =0.257T
ROZABEEOBIE Cp, LD B/NEH 04 ZBMEE L, &
DAL EORIBIEAS S N - Wi % Ao & L7z,
RBD7z0, 7L 43—’ (GC) LAY 7 M (PS)
A GbE L TEEFEE L, AR L) ISR O
WENKE WD, GC DORTHIEZ M $ 5 LEHIAAR
WEL otz £2CTGC TIIR/IMEIEZ 30 WFEE L, &
A WG EOREHEIH L7 OY s & EiG ORI %
15 WEDOSREETIHSD. 209 2 CIERED 1% 30
WHFEE L2PSZHWA I LT, L0 Eo@iEs RIS

Position encoding map

Proposed

Partly enlarged view
(GC, Proposed)

8 GC, BXU, N =50 OHEDIRFELEIZ L BT ORER. £ FIRTEES 1L
<y TDEIIN, HBONTHEEE FIWICH - BICER L TRRL T

Fig. 8 GC and the result of mapping by the proposed method for the case of N = 50.

As shown in the coordinate encoding map on the upper right, the obtained

disparity values are periodically transformed to black and white and illustrated.
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9 N =30 OWFORFEEIC L B TALOMR. /i1 2 EKR— Tl
Fe FH7zaE R, RO =R, G T ER - FHI%
ERATE IR A V7oA R. R SLY v 713 EOME S
W, ISR IS TEAT SR O A RIC KL 2 2RSS N5

Fig. 9 Decoding results using the proposed method for the

case of N = 30. Left: The result with epipolar con-
straints, Middle: The enlarged images of a part of the
results, Right: The result with epipolar and depth con-
straints. See the top left figure for the coordinate encod-
ing map. In particular, the black frames show the dif-
ference between the results with and without the depth

constraints.

SbNBIEENE L7z, R GC T 10t (Kin i1k
EHWL20, 27 - RVWEZNEN5H), PS Tldx
PR (A7 TH) L LT—RIIZHVSRTWS 43
EL, BEf1AKTH 5.

4.1 BITZHHOMRICET 32X

FFIoERTIE, BITEHBOMREHERT L. B9
ETNVIBLFTT 7 (K8 (a) DA G) 1 Zxt
LAHBSE S & 0 15 5 N7 IBAHT#E R T, A3 ER—
FHIFI DI A FVTAER, AlEZFITmZ TRAT S G A
AW RTH S, RRE OO BT T 77— 3 ViRIC
FIRENDREFILHTHRERICBIND /A ZDEPS, T
EAR—ZHFITIMA BAT S MR V5 2 & T, FmEtHE
RN Lo TR Z o 72 & BN B3I T OFR ) ML T
EH L EMERR L.

4.2 ERFEEDHER

RIAZ, BEA RWARISRS DA IOAT I AR 2 8 12K,
CITIERHRE R T VLD, B A TEEOKE R0
IBfHF SNz 7a Yy 2 7 YIS, 15 BRIFEO HE O %
FoiE L7242 R LTWA, THEb 1) & GCOATH
L 722 D5 ERE IS IE LT 5.

(a) DFRMUAIRIE TV IV L FT7 2 ZIVOMARLED Y,
C OISR CHEEAN LKA 4 LS. GC TIRZOHEBTKA
ERAHOAHT O AR SN LAY, FREHE T BT
BB ENTWD, KRIZ (D), (c) DIFVHIROD 5
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Proposed N=50

10 FEBEY—r (K47, 1 8(a) OIREICHEE. A hek
W, RES (N =30), A EfELT—8 (RER
N = 50)
Fig. 10 Shape reconstruction results of experimental scenes
(Fig. 4 left, Fig.8(a)). Left: Conventional method,
Middle: Proposed method (N = 30), Right: Data as
true values (proposed method N = 50).

§

’ Near
GC+PS Proposed N=30

SR OBAITIE, WIS RMAIIMADD Y, Filh
MEGAE L T d ., RIS, R Tk
BAEL 2 (c) TIEHREZENFRSNL DS, TN
RFELIERFTHS.

72, (d), (e) TV IFNndimvotila A5, GEMT
MER 2 FoWETH Y, &5 5 b RIUMMAE TRV
KEIDSFEL TS, ZOL) BLEAETY, GC T~
RIS T 2 LEIATZ A 2 LG5,

4.3 3 RITEHANEE O 5T

TVIBLFET 7V ERBEIEE SN Y —
(K 8(a)) IZ2WTRDZBEATEEEZR 10 Z/RT. 2
ZTIE, RO L NIZHAT ZEPSEBOWKE GETHEF» S
B L 72 BRI R L 72 E B LERIFL T 5.
AT SHEEART TOMEEXB B X 300-400 mm THE
BRL 7.

R TIE GC & PS 2 L THEZ KO TW 575,
T U N—= MNETE R BT I ENTEX LR TIEIBBOR
BIFICIBRETA SR TWE, LaLl, TIVIBL T
T VI NVEZEDOMECHREA LK F R ), ZORET
IR TR R R E SR, F72, B shzifagicown
THRS BT EEP LK EEN TS, —FTRERE
(N =30) OEITHERTIE, WTFNOWEKTD BIFICBIR
PEILENT WA,

ZOY— Y TREROBEMIGZ 5N TWEV, D7k
W, [ — Ik LRR L2 % Y % r_ | OF%E TR
AT OBIE TV H S, 5018 BIF R ETCRE 2% 5
N5 ERRES S NH0gid (N =50) TRHL 765 5%
RIEfRE L7z, SHICHT 2T, BLUY, BiTE
HOFHH A RT (B 11). 22T, HEukE
(X 11 72) 1ERTR OB CHIL SN b5 2B FEOEE T
HbH. RIS, FFEICOVWTIIERELIREEEE LD
FHETLFABREDETRIETH L 05 hb. —H7T
VB T VIOV TIE, HERE T IS
F)39% T o720 L, RELETIEIN =300 & Z12E
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Z (Box)

uZ (Angle)

Error [mm]

Box

Angle

Reconstruction success rate [%]

GC+PS  ProN=20 ProN=30 Pro N=40
Reconstruction method

11 f2 BOnosdE, A SRl ORAT ST (Z #h) OF
Hixdiis. GC+PS [ fEkik, Pro ! e %k

Fig. 11 Left: The success rate of shape reconstruction. Right:

Mean Absolute Error in the depth direction (Z-axis)

GC+PS  ProN=20 ProAN=30 Pro N=40
Reconstruction method

|

of the measurement points. GC+PS: conventional

method, Pro: proposed method.

TCRIIEDH 5% TH ), S SISy — a7
N =20 DBETOREEM LN LG50 5.

BATEEDORAEIC D W T O RIS, fERE - 5L b
WHF O ET IV IR L FT ¥ ZIVIZHARGREIVRE W
ZENG,;A. L, TIVIBLFET Y 7 VOEFIZD
W HERE TR 0.87mm TH - 72D 2xf LIRE
HiE N =30 OEAIEED S 0.15mm T, N =20 D¥
ETHERLELDOEHETHL Z LGN 5.

7272 LR FEE I EE I OIS RO TR 258 L v —
ANB D, 72 ZETNVIBMLTT 7 (F 8 (a) A1l
DM KD UM TEEE R OIS 5, S 55U o
I OB ST ¥R — il & BAT ZHIF O 2 DDA
2L CLE) LD ) A, TOL) REHREK
GG LB SOOI T 25 W56, BR o 72RHE A
LMD REE DM MIC LA T 5. 7272 L2 L ) s
Th, Mo THEITLEINLMFELWE2S K& LHETL
T EERL, MEADLER EQMBLIIN 5 EEIL/N
SV,

4.4 EHBIRERE

FHANCEE S % BRI PO B § 4. Bk o FF{I 5
BRclE, ftskike LTGC & PSOMFHIZEY 14 ol
BOHRELIZE VIIREFHI L 72, GC B CIREHE & Mk
DPAT S PRBEZ 155 720121F, 20 < 480/5 <27 £ 1) 14
B (AT RIVEGEZENZEN TH) CRHU2STRETH 5. —
BT, RFEFEFERIZELD 20~30 HIEE O TR
ST EHITEHSTEDL T DGl Lo T, _EH
X GC AL L DERERENSLETIEH L b DD, Hf
FHIHIR OB AN X0 @K BB ORI LIS E X
S ORI Lo o%E L TRARIBITCA e % 2 & % iR
L7z, F70, BRI RO O R EE S 12n U T
FEETE, MR 2 L CHE RS B
GBI @ SN & Tl @ { TEARSEICBWTIE, &
D EMOEBECFHINC O AT 5 2 e TEL LWV FIED
T 5.
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ProCam % H\>, SEliAHE SGHA L 2 WD 3 Kot
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