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FEeUT, OB ERRN, B—IBRADIXSHAY Yy XV IR —ARAXT 1 & L, RikMERE% 4
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ZRT.

RHXTIE, WHRET IV WOMFERZMT 5. Zhid, Fig 2.1 10RT & 5 R ayomikT —
RDOZLEIET. () THEMD 3 MR T —ZOIEITHD. AP TIOLDIZ, HTHRRLTWVS.
(b) % (a) DEMBET — X OHITH 5. FEBEOFGUIIIX, ZOLS5CYERETVOREICHES Nz
FUZ 3ITDFERERE (RHBET — &) 2D, (c) FYHERE TV U TERAR Y ML E Ve UTERR
U7flTd 5. BERRED S DR T MIVORHAIEIZE L TIEARIZTIERS.

21 FLBHIC

Wb He BB YR FER I » B2 R 7 F VK HeEs A HE )L RS ) - I _Loem 7 Bt Hes o= =0 o\ VR St [ BR300 Vo AR

(a) Object model (b) Object model (c) Object model
(Surface representation) (Point cloud representation) (Point cloud with normal vector)

Fig.2.1 Representation of the term ‘object model’.
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Input scene (Point cloud data)

Recognition result

Fig.2.2 Basic pipeline of the model matching method.
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T—RANR—2IZBGF S 5 PPF a2 HliE L 72 [9]. EMEEME O LIcBL TiE, PPF ICHiz@ite L
T, Visiblity Context % fI1Z % Jji% [26] A3 5. 3 RtZE[M % Visible space, Surface, Invisible space
D 3FEHEOBEMEICHEL, BEIZHWS PPF Iz s DM AT 52 &, PPF HE:OMGM
FEEERILLZ. ¥51Z, Kinect DX BHT—HAITHEDL VI T 714 Vv XDOMHZHITRE L,
PPF 27 27 A F ¥ % MU 72 Multimodal PPF[13] IZ& > T PPF BT A TV T4 T« %@
ZFEDRDHD. LPLULARRS, WITNOFEELELBAEDZDIZIEEL <O PPF BAETHH, WD
A MIKRELTHVWEETH o 7-.

2.2 R PMNURTHEE

YA D 3 IRTTI 72N B R DPRE I IIRIE = DD 3RICHAPBETH 5. REFIETIXEE RN B R
WEEZERTEEODIZINSD =M%, HBELEZ—2DM ML, ZDOOMY LKA 545 3D X2 b
IRTEUTRET S, BETFETIEID R MUVRTHPIBEDHEANTH D, HBEDORZ M7 EHW
52T, UKD BEREEE DT 5.

RZFUVARTIEF P & PPOSEANART ML dgr,dgo BN Q1, Qe TR I NS, £/, ThTh
DEMRZ PVOEI L1, ly, BARZ MVEIOAEEZ 0 L RS, Ldo>T, X MVOEI L ZOM
DAEIERZ MURTZHRETENTIA—RTH L. ZONAT A —XIFEBIBUE 2 LB X Ears, @&
WMEREN S KRB KD ITHET B, N T A =X EFFHMREDOBRIZOWTIX 254 HilZ TS, Fig.2.3
123D RZ MIVRT DR ERT.
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Fig.2.3 Structure of the 3D vector pair.

R MVRTFREEE UT, f(sp, Sq1» Sq2) ZFED. sp, Sq1, Sq2 BENTN P, Q1, Q2 DIEFEN
7 MV n,, Ngi, Ng2 &, APQlQQ DIFEFERTZ Mbvn ZHWTA (2.1) Lo TEHAEI NS, ZDLE,
BIERITHALN T PV E 5.

sp=rcos(n-np)~', s, =cos(n-ng)t, s, =cos(n-ngp)? (2.1)

Spr Sql» Sq2 \FEMEART MLVORTAHEZRLTH YD, BRELHINTEARLEETHS.

2.2.1 BEBUES N 3 RTRED S DIERN T MIVOEHAE

REFETIE, BAENRLTEANT—RIZZEL VY7 71 2 X TR X - MEERK 72 3 ot ez 48
ELTWS., 207, WHRETILVER DT —XIERTH BB X Nz 3IRTTABER D .

HERAL S 7z 3 IROTREED S DIERRAR 7 DIV DOFHREIE SR [38] TRESNAFEHE Y OEHD T — X
MEMMAT2FEEZRATS. BROGIT X 2HVWCEREEHT 2720, =y FOEREZD
FFEED YT HELD BFH A XITHEER RS D 5.

9, EHAED O3 WIGEREHWTR (2.2) 12k o> THAEITH C Z2/ER L, BB Xo, M, A2
(772U, M <A1 < X)) Z2HHET 5.

C =

S

K
Z(Pz‘ -p)-(pi—D)" (2.2)

pi X 3ICH, P I3 p; DTHMEERT. COR/NEHEN Ao DEARZ LA +n £721F —n 257
Fig.2.4 IZHH X NIz iERAR Y MVl Z 777 . Fig.2.4(a) I3HE I N/EMR T ML EFRAITRLT
W3, %7z, Fig.2.4(b) ¥ Extended Gaussian Image (EGI) [21] RIZHERART ML E <y ¥V 7 U7
RTHb. [ FHLOERTH>TH, FADME2FFD72D, EGI DRKIIERPHHLTVWSE, T
D&z, R (2.2) 1IT& > THHUZERICIZAE OBEKRMERD 0, BEENRZ MLOHEOIEE % BEEN
IC—RILRET DL BRETH L. £ T, BINDAENRY ML v, 2D, BTORIZHL TR (2.3)
72T R p; DIERGE T 5.

n; - (v, — pi) >0 (2.3)

16



3 o

(a) Estimated normal vectors. (unflipped) (b) Extended Gaussian Image of norinal vectors of (a).

(a), (b) reference: http://pointclouds.org/documentation/tutorials/normal_estimation.php#normal-estimation

Fig.2.4 Distribution of estimated normal vectors. (a) Estimated normal vectors having ori-
entation inconsistency. (b) Extended Gaussian Image (EGI) of the orientation of all normal

vectors of (a).

%égigg; el {qy

¥
(a) Estimated normal vectors. (flipped) (b) Extended Gaussian Image of normal vectors of (c).

(a), (b) reference: http://pointclouds.org/documentation/tutorials/normal estimation.php#normal-estimation

Fig.2.5 Distribution of flipped estimated normal vectors. (a) Overview of the flipped normal
vectors. (b) Extended Gaussian Image (EGI) of the orientation of all normal vectors of (a).

Fig.2.5 12X (2.3) 2 HWTEROME 2BEL2H1%7R7. Fig.2.5(a) T, Fig.2.4(a) & FARIZHEE
SNEMANZ PVEFERMTRLUTWS., F—FH LEOERAMAP —EDM S IBEINTVWSE I &M
bird. F7z, Fig.2.5(b) 13 Fig.2.4(b) & FRIZHEE T Ntk 2 PV E EGI RITx vy B2 U 7H
Thd. B2 B I o =mlt il v Yo fonz 25 ReT — X ThH 57280, #EfIE EGI ET
FERARIZAHL TN S,

SWTLBE DI EATHI N S RDZEERT ML e, BAMNEEZZET S ZLICLBEHERZ LD
EDBIEIZ L > T, BEBULI N7z 3IRTGHBECHN UTLEMIZIEERANZ MV ERERTLZ 22 TEH I L
ZMERL 7=,
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Point cloud data of
the object model

|

Extraction of Calculation of feature descriptor
3D vector pairs of each 3D vector pair

AN

Geometric parameter
of 3D vector pair
I, 1,0

Extracted
3D vector pairs

3D vector pairs with
descriptor

Generation of 3D
co-occurrence histogram

Co-occurrence
Extraction of distinctive histogram

3D vector pairs l

Occurrence probability
of each 3D vector pair Calculation of
I occurrence probability
of each 3D vector pair
Distinctive 3D vector pairs

Fig.2.6 Overview of algorithm for extracting distinctive vector pairs.

2.2.2 REBIRJFWICED AN MLRTER

3UTTMEE TNV ORI R 2 P L RT 2 BIRT 2 FEZ2 T 5. MIZE 2 Fig.2.6 1259

Fig.2.6 IZB\WVT, KFFAEIT—X%ERT.

[Extraction of 3D vector pairs] Tld, HEHUL 3 RTRHERBIINIMKRET IV ERT MLRT %
BT 555 A=K 11,15,0 E AN L, 3D RZ MLAT 2BIT 3.

[Calculation of feature descriptor of each 3D vector pair] I&, BT N/ZRT MLRT TR
TIZN U TRBE f(sp, Sq1, Sq2) ZRITH S.

[Generation of 3D co-occurrence histogram] i%, F&ENE 3D X7 MURTHEHNLERT ML
RYEHOZE D 2 e U 3Vt e A M7 T L2 FRT 5.

[Calculation of occurrence probability of each 3D vector pair] i%, it X 75 L D#H
HT—Rpo, ERTMVRT TR EHERERLT 5.

[Extraction of distinctive 3D vector pairs] i, 2 TDXZ MR T ) SEFEMHEDO T ML
RT7EZREL, T—EARX—RAZEHRT L. BHRINZLOVREINRT NUVRT7THD, FFIZHNWS
ha.

IRz, 73y Xngemd. £, SHROEEOO BRI LTXY T >
TEBIRI. I, BEERDENT MVRTEEIHT 27200 TH D, YHAE TILOMNAE
BONBZOVREICY YTV w7 2EI25. &7z, Vil BITAAET D rlUdhe a0 iE LA HEE 2 A &
FZAoNd-OHIRLTEHL.
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Voting

Computation of feature
SSps $42 8,2) from normal vectors

S

g2
Point cloud data of
the object model

3D co-occurrence histogram

Fig.2.7 Overview of generating of the 3D co-occurrence histogram.

TR BB LT, R (2.4) 21729 3 D0 3 RGE-ERY FLRT {v,|0,--- N —1} & LTH
B 5. L1, Lo, 03HIT 25 A—KTHD, thy, th RHREETHS.

Iy — Lq| < thy (2.4)
ly — Ly| < thy
X (24) DITFHE 2RI MVORTMIZEATEIEZMETHD, T2/ 27 MVENENOEZIZH
TEEMTH D, th 1T D T — X AHOMBED 2 FFREEIZHE U, thy 1k th) DA T 53T OO HipH
IZPRET 5.
51T, MHENZRTONS MVRTICHUTHME f 2535, 2LT, R (2.5)(2.6) 2@MY
L& DT 8y, 801,800 BA YT IZAL U 3T L A NS T L h AT 5.

{ lcos(dg1 - dg2) ™t — 0] < thy

N-1
h(sps Sq1,8q2) = Z 6(vn) (2.5)
n=0
d=1 when{vy(sp)=sp}N{Vn(sq1) =841} Vn(8g)=5¢,}
{ 6 =0 otherwise 1 1 (2.6)

CANT T LDEYE Y IYHEE T VIZEIT DR f(sp, sq1, sq2) PERAEEZRT. Fig.2.7 12 30T
L A NI T LDEROMTE2RT. TORETIE, URD3 ATy T2MKRETVIZEENDERT b
IVRT DEIZFHED BT

1. MEKETUDLOERT MVRT RS VT VT
2- 4:#@% f(Spy Sql, Sq2) @%:I':El
3. f(Spr Sq1s Sqg2) WRTEVDfEAEA YT AV b

Fig.2.7 Dt A+ 75 AE 3L TH 7%, HH L Fig.2.7 TIIRED s, 1245 2 kit 2 b
TILDEBRDELUTRRUZ., 72, FL AN T LAFBEBDODLNE DD S NHICE ~fk~ 7k T
FLTH5.
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IoIT, HEEANT T LD 112725 X512 (2.7) TEHELTEZLI2L-T, &EXT ML
T DIEEMER Ph 2 KD 5.

h(Sp; Sq15 S¢2)

L L L
Z Z Z h(sp, 5q1,5q2)

sp=184q1=1842=1

Ph(sp,sq1,5q2) = (2.7)

ZIZT, LEIEEv A NS LA0BHEKERT. ZOBFHIIRB AT LCEATIL Y YT 70
DZEM I REEZ HEEICHETRNETH DD, FEBIIZ 16 & U, 72, Ph(sp, sq1,Sq2) 13RHEE
F(Spy Sq1,8q2) ZHDRT MLRT DFAEMREZRL TS,

BRI FREMERDIENRT PIVRT ZYURE T IV MR T 2 MO %~10% BEZERL, 72—
ZZEERL, REICFETS. 20L&, BRINEZRT MUATR—riflZEh LGS, 2271 —

S&

Va VT BHEMEAMK T 5. 22T, INEBITBEDIC, R PVRT RS BIESHKIC K
SHRASERT 5. %E%ﬂ®ﬁmx7bw&7#6M’”~&N~XA%ﬁ?5ﬁ,:@&% b
YRBRY MVAT DD thegtracmm] BIZ T TIZF — X R— 2 BRI N R 2 FLRT BFAET

LA, BkEAXY TT 5.
2.3 R NIRRT ERHWEAEBERAZH

231 7iTYXLBE

BIRENTIZANT MVARTREEZ W YRDAEZSHEEY 2 —IVIZDOWTHEIT 5. EFIETIZE
DR A TN —2 a IZHIRT B 72D, BN TEHR 4] R=Z2D 7NV T XLEZHNT, HHHZR
BHRPOB/BONTLEBMEFZMETHILITL- T, BMRNLRMNELZRAZENT S, MEZBHEDOHN
% Fig.2.8 17T

Fig.2.8 IZBWT, KFTHRI N7z Vector pairs of an object model, Point cloud data of an
input scene, Point cloud data of an object model I¥ A JJ7—4 T® b, The most consistent
(R,t) & Refined (R, t) 3117 — &% %K73. F72, [Checking geometric consistency between
the object model and the input point cloud data] 1%, % < OEEZGS N2\ < D DL
Wi s, BHEEEOEVHDERTETIEY 2 -V THS. VPMIEOREMT VIV AL LTI,

T CB A MEDP D20 o 7o BB & Bl aRelift R & 4228, KITRd@ED, #EIZICP 7
TVRALZBMTEILIZE ST, RiHELZW EIELILETES. £/, UFZIZOTLVITY XA
BEATY TTEIIRT.

3D R MNURTIZK BAIERBERH

1. ATALER
2. RZ P VAT R
AN BTN S TRTORT MVRT V= {ven|m=0,..,M — 1} Z#H.
[Repeat M times]
3. BB AR & B AL
(a) WIBA cp = (Vin, Vs) DIRTE
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— an input scene

Vector pairs
of the object model

|

Accumulation of
vector pairs to
the discrete feature table

Extraction of vector pairs

Point cloud data of Vector pairs of

the input scene

Discrete feature table

R, 1) Accumulation of (R, t)

Computation of geometric
to the voting space

transform (R, t)

Voting space of
accumulated (R, t)

J

Detection of transform (R, t)
supported by many vector

Valid
Checking geometric consistency transforms
between the object model and

the input point cloud data pairs
Point cloud data of
the object model S The most consistent
transform (R, t)
N
[Additional module] Refined

Refine of the transform by —>
using ICP algorithm Transform (R, t)

Fig.2.8 Overview of algorithm for recognizing position and pose of the object using vector pairs.

(b) ZEMRED T), DR
(c) B
[End repeat]
4. BBHD Y S ARY) v T
5. ET VA
6. BMEY 2—)b : ffBELRHADEIE

1. Ti, B E UTHIRE T VD OBININZRT MUVRTEZ T — 7T 5. Z it s

REGHEATEZODITRTHSD. 2. TRANIWICHHEIPSDRT MURTHREZEZRS. BHEX

NERTZ MNARTEF =TI NEHEIRZ MVRT 2 FAWT, 3. TIEEEBERHE2AERT S, ERK

SNTZEBNE IR EREEABREI NG, 4. [T TREZMD» S AR RER e RoBEe Rt L, 2
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WHREIN- RG22 AT 5. 5. TIX, MEINEZRBGE 2 HWTYIMKE TV 2 RAZEEE L AN
V-V EDOBEEEEEB IR, BEDNIWE DR RRKZEHSEREL TS, 6. XEMNMOEY 2 -
ThHb. 6. THICP 7LVIV ALE2HNTHEINMEZAZBIEL, SHEELTS.

232 HIMALIE - R NLRTHH

...... > Sg1

— The number of

S 4/ associated vector pairs

- Indexing A
into the table T R
e 2] | [ |
0\/P SqZ v
b Table of the vector pair

Extracted vector pairs

Fig.2.9 Overview of the indexing vector pairs into the table.

ASIBRICRBE S T—kRX D v v T ) VP ET AR ERET A Z ik, S* 25
5. PHREZR T —XEBEOMBICEH T2 TEGFT TS, SIURTHHADY L, RO/ H
EVPHICET 2L ARTIETRETZHEZRET . #iRiEN (2.2) OH-SHATHIOFEGE N, A1, Ao
(72720, Ao <A1 <X) ZHWTR (2.8) Ik->THEINS.

Ao
Ao+ A1+ e
vy T T, CHRESD 3R EEEE Fig.2.10 12R7. HSIX S 2R, Kz s* %
R
RILELDSHE T L7z, S* 95 Ly, Ly, 0 2 DRI MU RTETRTHRIT S, Z4UTiE, Ly, Ly D
A RO N 2L, SRORTDORTHAN I THEIRHIIRZ FURTEUTHRET S, 2V

(2.8)
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Fig.2.10 Overview of the reduced point cloud data. White dots mean original point cloud S.
Red dots mean reduced poind cloud S* which has large curvature.

HEAMOKRT., ZOBRIZE, BALREEOSE+LORMAEZS IS BELRHL,. TZT, S %
kd AREEEIZEH L 72 FCHRE2B IR ZLIZE->TEEAT S, ZZTHRIEBINAERYZ MLRT %
Vs ={vsm|m=0,...M — 1} &9 5.

23.3 ZEBRIREMEHRELE

MAET NV E ANY = DS ERET 5. Ui, T—7IVICERINEV,, & S* ol
INh V, WS, BUF, (a)~(c) 2 FIHE BT 3.

WSERDRE WG cp = (Vin, V) v BT =TT 7 AT B LItk o TRESI NG, T2
YALET—T VDO YHIZERINTVWETRTDORY MLRT ZRISHEE CITBEINT 5. 2 O#H(E

TR MVD IV LEIRPARETH 5720, FEHEICEEICHISHEZERTEI N TE S,
RBRFMOEE : AR INZTRTOMIGH c (Z/H LT, v % vy MIBESGDE T DHMALHE T %5t
HEs., ZOTPEBEFHTHS. a) DM TIEL K DGR ER I NS 7280, WHRZH OB HIIE
IARNTHEIENEFLV. 22T, R (2.9) 1TRT HBMARTHIEE D AT I MR Z o [l 5% 5
R %87 5.

R = M. M, (2.9)

ZDEE, M,, & M IZRZ PNURTRSFHEINS 3Ix3THTHD, TNFTNOERDIERT MR
T a2k T 5 3 HOMENZ ML p,q1,q2 ZHWTR (2.10) TET.

_ qi1—p az—p (a1—pP)Xx(q2—p)
“4“[ Tai—pl  Tas—pl Mqlfp»qq2fpn|} (2.10)

M,, & M, ORERIZMUAZIISS A —X 2 HNT M,,R=M, IZL->TRHINE. ZDdH, RDEF
BIZE M OFEDBRRBRETH DD, X7 MUVRTOEBMNT A=K 0% 90 BIZHET DI L, fiil
ENERTZ FARTIZHLT, 5423y bOFEMRERLEZ#EHTSZI2E->T, M,, & M,
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YK 44

ZEc =D
SEL (K
Model coordinate system Scene coordinate system
p
q, B
Vi
q, Vs
qQ P
(a,-p)x(a,-p) : R 9 ~P
Jla:—p)x(aa—p) il M7 ol
E Local coordinate system ._3":
0. -p
g~ Na-p N L (@ -p)*(a,-p)
|a: —p] ’ (@, —p)x(a,—p)|

Fig.2.11 Overview of calculation of the rigid transformation.

Fig.2.11 TiX, £9TMIAZHZBHTIURETIVERERTRING vy, ¥V VEBBERTRINT v,
EENENO - AIVERERTERL, AP Z2RACET. FRICBLEZEOEMNRT FVE ty,ts £ 5.
D E, ZDOORI VR TE M, M, IZZ#T5. ZLT, M,,, M, 2fiE&btET5 R %3t
"5,

B XYZ o & > THRSNAREEMICF U THREZTS. ZOEMICEIYEEL DM E % % E
T5. LEzdoT, 2LOBEZELEEIVEROEIMIETHATEENEVI L2 EKRT 5. HFEE
EIXEARMT & T 2EKLERZ PARTOA TRy bRZ bV d. ZHVTR (2.11) 12k >TEHE
h, BEEHICBT 5 E LG T 2 EBEOREMEA Y271 AV hT 5,

E = (d, — tm)R + t, (2.11)

ZDEE, =D v, ZX>THONZERDOLEBEHVFE—D E 25461, EELTI 7R
YhLZW., Zhik, MEOMNEBEZBIZBE VT vy, & v lE—J—HIETHEL 0D ZLIZEIVT VA,
2F0, Vv-rdDHEHFIEMTSNEIMEETFNDEIE—EHDATHIRETHS. HEOKRT%Z
Fig.2.12 IZR 9.

Fig.2.12(a) ZRZ7 bV RT7 ATy bRZ FLVOBFEZRLTED, Fig.2.12(b) (&3 2 H ~DE
BRHDOEMOBFERLTCVAS., BEODLVEENSNSF~FKIZLD X HICHEBLT.

234 ZBERHGDISRYIVVT

BEMEIRT LS, LEWMEULLOBE 2B RFEBOEEZERL, £ OBENDORFIZMFED
N7=T 2 VLT TT 285, BRESNEEBRIZE, EBoEBRERHPREIN TV S TREMEN
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Voting space

Vector pair

Voted coordinate
Blue : small value
Red : large value

(a) Geometric relation of
the vector pair and its offset vector.

(b) Geometric relation of the inout scene and the voting space.

H5. %
T
Ty
T Ryu, Ry, ..., Ru Inlier
! u=1(0,0, 1)
Averaged pose hypothesis
Ty Unit vector Ru  Outlier

R.u Outlier
Pose hypothesis which are voted

into same coordinate of voting space

Fig.2.13 Overview of the clustering method of the pose hypothesis.

£, W—OREEEICEEN T Sz T OEERLH AT A =2 R ERAFHHEANZ ML u 2HWT
Ru #3159 5. £ < OEEEEH T A — X XFIEA—~OEHEZ/RT 720, RuldBEB LAz <.
—JT, BB AHNT A -2 MSL UMz, RuBHIN LT I AXY) V727w, &b
BEHDL NI T2 UT, T OV EBIRS. 77 AX) VIIZIZUTOFIETEZ 5.

1. RuBHZ U T kd KEARKT 5.
2. kd KIZWHUTRu, 22TV & UT thyy OERRFECEZRZHARS.
3. thyo DHPICTRADEER L -7 T 2385, (1314 7LT5.)

thyot ZFEYILIZHWE RN T A —XDERBEETH 5. EEIMIZZ T D Ru, x5 L THD Ru,
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MEEUNEZA Y IATERDEIICHELZ. FELIZELTI, TO>5, [HiEks%2£T R I
WATHITH B2, BN EBEMEITEIeNTERY. 2T, R%2 XYZ 241 7 —MIZEHL,
ZTNENO T LI, [FEfTANC AT 2 HE2 85, FEGH R 248 (2.12) & LZEE,
R & XYZ ZAA 7 —AOHAELBIIA (2.13) (2.14) D@L TH 5.

Mmoo  Mo1  Mo2
R=| mio mi mi (2.12)
Mmgo Ma21  M22
—1 -1 —1
x =tan " (mao1/ma2), y =sin~ (—magp), z = tan" " (mio/moo) (2.13)
cosycosz sinxsinycosz —cosxsinz cosxsinycosz + sinxsin z
R = | cosysinz sinxsinysinz+ cosxcosz coszxsinysinz —sinzcosz (2.14)
—siny sin x cosy COS T COS Y

RRKEBREOIIAIETEZT O, EABEKRSZRT ¢ [ZBEL TXREMEET 5. DL EOEE
WZE-oTT DHEINS.

2.3.5 EFIEE

R XN LSNPS Y — OGO ELESZELSRLTWE L E, TORBMNEHZ W
THURZERR L 72K E TV & AJ) 3 ROCRBFDREIIIER 12D s, 22T, BRI NEHO T
25 ERBIETMEDEWCESRHZ WL T B 72012, BEEWU -YMKE TV & A1 3 IRt REEE DA
R B I3\, b ik DD W EEMKE 2 Bk 2 slilifi R £ 975, BRAFEIZIER (2.15) 2HW5.

M

Error = arg min{z IRpm + ts — ql|} (2.15)

T/ (Rt) 570

M FEBEICHOWEYRET VO R TH L. pm FVERET VO m FEHD 3IRILHDAENRT MLV TH
D, Q¥ p, ODEREFERTHS. ZOMEHBIZHOSNIMEKET VIZLFF DT — &% +H D 3 IRt
BThrZ iz LT, ANWY—=VEVY YT 74 X THREIN 1 FHE»S5D 3IRGEEEET — X T
HbH., ZDH, ANY—VTEHSNEERET—XIZ 1RO EFTHOADRK 50% TH5. L
oT, R (2.15) OFERICEIEI NS X TOMNAICHET I LT TERINSGZD, AHLrTLAEI
AN KELBRDGEDND 5.

ZzZT, A (215) ZBWT, HIAEEBUZMEETIVEONT, LYY 774 VA oBHlXhzn
EFMEINDET—XHEHIRLUZ ECEAEHBEZB IS, ik (2.16) 2HWCHIBRT 257 —&
ZHWrd 5.

{ d(Rn,,,v) =1 when Rn,, - v <0 (2.16)

0(Rn,,,v) =0 otherwise
n, SYWMEKETLDO m FEHD 3 IRTHEDFERERZ "V TH 5. vIFEBAEERRZ hVTHY, LYY Ty
1V XOHRREE BT B EHIZEETS. R (2.16) 1ITBWT, B OHIZE 0I12T 5T — X E&2HIbR
WNHEET5, Thbdb, BRALEBBEOVMERETVDEDS S, REHEDHNED 0 & b kE L 55K
R ML ESDEZEHIBRASRE L.
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REFECBII2UMAET VE ALY — v e OAEHAEZ, X (2.15) &KX (2.16) 2HE L7 (2.17)
U7,

M
Error = arg min{ Z (0, R, v)|Rp, + ts — ql[} (2.17)
T/(R,t)

m=0

AGERHRIC Wz % Fig.2.14 1ITR7.

Fig.2.14 Overview of the result of the model matching module. White dots represent the
input scene. Blue dots represent a transformed object model. Red dots are points which are

used for calculation of alignment error.

Fig.2.14 2BV T, HRIFAN 3RILHR, FRVZBLEHZOVKRET VERL, MERETILVORD
WT, BEFEIZHNONEZLDEFFTRT. BIRART PV EENT 2 MDA FEEFEIZH NSz
ZEehbnb.

T OICHAGIRE OGO -DIZX (2.17) OFRMITHIV B2 5. MKRETILOFED 10% B
SEMINTVAREMEF YL, TTILHREINTVE T L0 EENKEVGEICHEERT
BY15. U EOMIIZ X > TAS 3Tt OffE%2F/MET 5 T 28GR T 5.

23.6 BMEY 21— : MBEBOBE

KEVa—NVE, 77V 75— a vDERT SAEBZBHEHE IS TEMTS2EY 2 -V TH5.
BIBEDE Y 2 — )V & TTHE S NIALE LT ED W THIERZH L 2R E TV O 3 otriBte AJ1 31
TREEZFWT, ICP 7T XA 5] 2@HT 5 Z LT & o THHAEHMOHERE 2 M ET 5.

ICP 7 VT ) ALBRKENMNEGDE I NIABELEBZYMMEE UT, 77— XSO BEME R OX
ST & DRSS S OMUAZEHROHEE | 2 DET Ik >T, MEREHEEEL, fMEGHDER
ZEHIRT 2T NIV ALTHS. ZOMDBEUVEHERXILE) BHBEOMEEZF > TH D, RIS
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5720, PIHEE UTHEDOEWHIEKE % 5.2 5 WEVRD 5.
ICP 7 VIV AL TEGTINDNIIILTDOEY TH 5.
ICP 73" X LADLEOHE

[Repeat K times]

1. B oMISH T Y = C(P, Q)
2. S S OBUKZEIRORSE (T), 1, dry1) = X (P, V)
3. WUKZ O Pyyy =T}, , P

A, WURHIE dy, — dpyy < 7

[Repeat end|

REER OIS T © Vi = C (P, Q) IXBE C 12 & > THIAE TV 3 IRt sBED UL % AT 3 IR
TTRENPSE DY TEHEEY2a—-NVTHD. P,Q IxThTh, k FEFHOLHZEM L 7-WAKRET VD 3R
TERBEE AT 3Lt Z R T, V) 1 Py OBEEROEATHD. ¥V OEETHLIMEET VDR p
X2 AT 3 IRGERBEO Bl AU (2.18) ZHWTIRET 5.

y = arg min ||q — p| (2.18)
qeQ

® (2.18) ZYMEET IV EZMHEK T AL TORIZH U THEAL, RTENROESY 2RO 58EMFEEZR
(2.19) TET.

Y = C(P,Q) (2.19)

WHERO S OBIGEROHEE :  (T],,,dr1) = X(P,Yy) 2BV, B X 1380 PY, OLESD
iR BUMET ZRAEH T, | 2KDZ. dpyy BZDL EOMEADERETH .
BE X 1330 (2.20) 2L -TEREINS.

_ | tr(Epg) Al
X(Epq) = [ A Spq + SL — tr(Zpq)Ts (2.20)
ZIT, ¥y ETREDOEY THS.
1
Spy = = D P — wllyi — ) (2.21)
Pi=1

fpy iy W&, P EY ZNTAOELERT. Efz, Al Ay = (Spg — SL)ij DEFRES B S S 1
PZHIRT DV THY, A=[Ay Az Arp] TERT. 28, I3 13 3x3 QHEFLMTH 5.

X () DEKEA R SVHR#EZ (AR E R TR xp = [0 21 22 23]T THB. T512, K
(2.22) 1T &k > THALPUCE Z [BIHEATH R ITEHT 5.

:1:3 + 3:% — 33% — x% 2(x129 — T0X3) 2(x123 + T0X2)
R = 2(x1m0 + x073)  wE— a2t + 23— 2% 2(w2x3 — ToT1) (2.22)
2(x123 — TOX2) 2(xoxs + zox1) :c% —x2 —z2+ x%

SEATREI AR x, 13N (2.23) D@D TH 5.
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Xy = pry — Ry (2.23)

R (2.22) (223) KL THRLSNZ R, x DYk + 1 HHOMIKLZBOBERRT, , TH5. X (2.24)
Z&oT, Tj,, ZEMAULYHRE T VO 3IRITHAEEE AT) 3IRTTREEDFAE d ZFHH T 5.

N,
1 P

d= FZHYZ —Rp, — x¢|? (2.24)
P =0

BIAEZE#ROER : Z27TiF, X (2.25) Z#EHTS. KX (2.25) T, HHORKEE T ZH\NTY)
HETFTND 3 Rt Bt % AL T 5.

Pepr =Ty P (2.25)

IERHE : ERCXTOMBORRIC, TIXTOMOEBEUEREOMTHEZBIRD. dpy—dy1 <7
EoT, MEOWENLEWMET Rl Ro oKL ARL, T, | ZEENLHE T 5.

2.4 TEHAMAEEZEERBLENY MUIRT7ERICK22H#BOSEHEL

AHITIE, T—2HO TABIHIER] 2D Frrz 22l 2 R ERGEIRITIMA S 2 812 &> T, &l
XIS RRR R EBLT 2 FIEICOWTEHIHT 5.

PR W B RS D EGETFE [59, 60, 8, 48, 40, 39] 1£T — & X — A DK & At 1 OFHE M D
FIZRESEHRT S, LrULAs, BRINZHEREILTULEANTY -V THEIEN S LTRSS &
V. IS ORFBACERIRTIEICIE, SR ICREUIDSRN TV A EITHNIS MR o T, O EENE
MERNT B & WS @l R ME D 5.

ZZTARMETIE, MEARETNVEEKT 2T —XEOANY =B 28I REM %2 Hific> I 2
L—hLU, TEIEHRHUAPSLRELTHIMEI NS 2R ERET 5.

ZUT, @il & MhEtE] 28 a0, 2 DOH\EEZMLT R MUVART ZEIRT L2 2128
TR RE % SRR LS 5.

241 HHAKDOERE
IS SRR I BUE AT Y — Y THIIS WA WRE L LTI, BT 220882505,

1. fho¥kiz k> TRINTWAES
2. WikEHIZL->TRENTWEES

Fig.2.15 IZIXH6MAY =V IZBWTHKET A7 V=V a v ollzRT. ZOMTIEREERTHbN 3
DOYMRIZEE > THHT 5. Fig.2.15 T, WKIZE > TEINEHD 25 TRLUTED, Object A
& Object B 7% Object C Z2fELTWB Z bbb, ZD& ZE, Object C 2RHTEDLSITLizL
LT%H, Object A, Object B AD TR LIZHWEIFEZ DR ETHS. THIZI>THAY REED
DGR, WHEGOIIDZZEPREIND. 2O XD ITMMOYIKIZ & > TEE Nz Object C D& S5 7%
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Occluded region by Object A and Object B

— Occluding object

Occluded object

Fig.2.15 An example of occlusion of randomly stacked objects in the scene. Object C is
occluded by Object A and Object B.

YIADRBIIEE TRV EEZ SN, LD oT, 1. OFRMIC & > TEHl S i WREBUS 2 R oWk

ERBTHILBEYF VI VATLOENMM EOFNIEELS RV EEZ SND.

—7i T, Object A ¥ Object B D & 512, —F LIZEES N-PKIIMOYAR L O FHz LI E
F5ZeDTESAREMED W28, D& D BYMKDNEZBZEMOEENER LIZEy F U 7Y AT A
DOYERER EIZBWTHEHATHS. LALAENS, Y= hTIESHAREBOHSHED & LI ES iz
MATH->TH, 2. WHINTEHI SN VFBUEOELET 2. ZHRECURASORIREIZ L > TH
SRIINBENLVTIAIN—=T a3V ThH5.

U7zhioT, AIZETIR 2. BT 242V —Ya VR THZ 2128 > TS AR 2 SEE LT
5. ZhuzlE, 2. 2V 3ab—bT528I&-oT, MEKRETIVEEET 2T — X OBHITTREN: % 5
BE2Z212&oT, ¥VT7A20—=YarD) A7D[E, Z&E L0 TERIE NS T — R &b o R
BIRT 2 /125, DT, ABHRDOY I a2V — b AEEZRRS.

REFECHBUSHRI S N MERO L SICER L, 2O S BRITRE 2 8 2 Bl e ¥
5. ZhuzlE, —BNREEREEBIRS. TRbb, HAHAEZERRZ MLE USRI YAE
TOUDRET — R 28 U, BB DOE (i,7) BEIZE W TIRE HEHENIIIE W T — X 5% W §HH &
HET 5. Fig.2.16 (2 D H U3 2 W B BBl 2 7= 5.

Fig.2.16(a) I3WHAE TV & SR DAL EBIfR 2 /R 3. SRRST BN E D S MR E 7OV ED % [ % 7]
WTW3. 7z, BRI MLV EREMRE LRI REINTE D, ZOHICYROERTT — X % i
T 5. Fig.2.16(b) I (a) DAL LB ONABHT — X SHETH S, MEH*>, BEIZET 5T — XK
DHIBRENT VWS Z EAbh 5.
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(b) Observable points

(a) Viewpoint and projection plane

Fig.2.16 An example of projection plane and its observable points. (a) Geometric relation of
the projection plane and the object model. (b) Observable points of viewpoint (a).

242 HEHAKROEH

Yitke 7TV O EBIIERIL, YIRETVOREMIZ K ROBHRE 7 VX LZREL, LB S YK
ETNVOERNDOBRREZ DN T L LICE>TURET NV I R L IHERE LTHEIT 5. mip OFH#E
R IERX (2.26) 1T &> TEMHEINS.

1 K—1
Obs(p o(p, ok) (2.26)
k=0
ZZT, o, FBHIARIANRY ML, §1F o0, ZIEME T L FHITYRE T V2B LTz & 1T p 2BIHIA]
BET 1 23288 TH 5. 500 KOBHED» S BRI NYIERET VORBHIEE 7S —< v

TTRRUHIE Fig.2.17 \ZRT.

Fig.2.17(a)(c) ¥¥MERE TV, (b)(d) EBIEd 2 aBiHlR<y 7 Th 5. AHHEIEL LDIZD
NTH~F~E~RICRD XS ITEBINT VS, YIROIMRERER 3 OB & <, EAID TOH
BIRMEL R ERBB SNz, 72, WKRETVIZIEAKOEAIRTH->TH, <®ﬁ£#bﬁ
HIRTHEZREB Y & 2 D THRWEADBFEET 5. TD XD RiEVE Fig.2.17(d) OMIZIRER 5 O A B 12
MEXNEZEibhd.

N7 MVRT v OFBHIE Obs(v) OFHEI, YMEETVORBHIELFAKOT 70 —F TEHHET 5.
HDEENSERT MVRT DB HEARIBIX, R7 MUVRTEZHBRT S P,Q1, Qs 3 A& B HEHT
BHBLETHD. THhbb, Obs(v) ik 6(P,0),0(Q1,0),6(Qz,0) DRKERMRLY LTRETE3. L
5T, RN (2.26) ZILELEZR (227) Lo TEHEI NS,

K-—1
Obs(v) = — = 37 6(P,01)8(Q1, 01)0(Q2, 01) (2.27)
k:U
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e

(a) Object model (view 1) (b) Observability map (view 1)

(c) Object model (view 2) (d) Observability map (view 2)

Fig.2.17 Object model and observability map. (blue: low observability; red: high observability)

243 HEHAMEMEMEZRELANT MILARTER

ke TV o B I NAERT MV RT OAEHIE Obs(v) & FEEME Ph(v) 2G5 21T
£oT, 2ODEEERML U7z, RIIZENBRRT NILVRT Z2ENT S, X7 MLRTOESEEOFR
FiikERA (2.28) 1TRT.

I(v) = wObs(v) + (1 —w)(1 — Ph(v)) (2.28)

X (2.28) TIF, AIBHMEEME L T2, MEAMERHE L T202HHicE L5112, RZPLRT
% 2O0DBEOEAM SEEME UTAMIiT 2282 Lz, w BHAKOEASTA—-RTHS. ThT
NDNRTRA=ZDONT Y AZHT HEEIEL 256 IZTHRRD. £7z, Obs(v), Ph(v) (ZELD 5 2 fif i
MRELLERD720, TNENHEENTHAKETHRLUTEL.

METRE [(v) DIEDEWRT MVRT ZHIZT — R R=AZEHT 5. I Th, 222 THHEL
FIEEFRRIZ, LRI MVRT DR theptraet[mm] BANIZ T TIZT — X RXR—ZIZHBFI Nz
2 NIVRT BEET DG, BREAFY 7T 812&-5T, BRENERY MLRT & BRI
xes.
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Geometric parameter
of 3D vector pair
1,150

ql> *q2>

|

Extracted
Extraction of vector pairs Calculation of 3
. occurrence probability
vector pairs .
of each vector pair
Object model Calculation of
I observability
of each vector pair
|
v Observability of each 3D vector pair
Integration of observability

factor and distinctiveness factor

v

Vector pairs used for matching

Distinctiveness of each 3D vector pair

Fig.2.18 Overview of algorithm for extracting 3D vector pairs by integrating observability

factor and distinctiveness factor.

Fig.2.18 IZB VT, KFIAHNIT—XTH 5.

[Extraction of vector pairs] ¥, FEI NN PIUART EZRET HHEMANTA—RIZ-HTEHA
7 MUVRT ZMRET VP ORETEEY 2 -V TH 5.

[Calculation of occurrence probability of each vector pair] %, XNz~ T b7k
BOREMEL2ZENTLEEY 2 -V TH5.

[Calculation of observability of each vector pair] I, I 7=RT MLRT O % H
HTBEVa—LTh5.

[Integration of observability factor and distinctiveness factor] I&, <727 LT O a1
CREMEOREMEERAET DI LIZL T, RMIHVWDIRY PURTEZBEINGTZ2EV 2 -V ThHD.

25 HRERCEER

2.5.1 #MEEFTI

PHAKETNVE LT, Ly Y77 A v X Tt SN BB 7R 3 IRt mifE 2 g U 72, BE—E OYIHKRD
L AR L 7 St E B L. 20T =R BNR 3ITET VDT =R 74 —< v hTH
%, STL® PLY BRXDT— XD =My FNIZRBEZRESEDL I LIT ko TEK L.

P—T 2 AETNLVDORTDONY FIZHUTK (2.29) 27T 3MILH x 2T VR LITHEIES. H
EIED 3WITHRDOBUT NNy FOHBIZIGU T, BESEHEOEEN—EIZRD XD ITRET 5.
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a, b, c
(72721, (
ik, Rt
B L DAL S

Original normal vector

Normal vector calculated
by using the method
described in 2.2.1

Fig.2.20 Difference of surface normals direction between the original normal vectors and the
calculated normal vectors by using the method described in chapter 2.1.1.

YR DBOE S TlE, =AY FOEBIIEREZ I -V THEAIZOFLTWS., 221 DAHEZHAWT
ERRR 7 MVEEET 5 &, EEARITESPIHAET 5. WIKORIIZNT 2EMERZ ML e UTIEE]
EWEL WD, WARRBHRIIBWTIRETN—Y— Ve B 388 AROR —MAEETH S, #BHE
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DIEKRNR T NIVITFTE DIEARR 7 MV ED L DT =R EE2AVWTERHT 5720, /1 XK Zmfd
ERENEEZSND. £I T, WEKETVOERSI% 2.2.1 DFIED FIEEMH o 72iERAR 7 SVICE
SR 5.

3 IRTTHBED N BATHIDEA R 2 NIV OEHRIEL S 5. 2.2.1 TIX, HAHRICIERT 5 AN
MEEBIETEH, LYYV ETHRLZRAET — X U TOREMNRAIETHE. 207
b, REAMAETVIZEWTHALAZEYNICHRET 2 Z L IERN$ETHS. £IZT, TOT—XDFE->TW
BUEMMNRI MVOAEEZIELTHILIZEST, TRTOT — XIS BEM A% EL S FE L7z,

E72, STL % PLY WROVHAE TV T — X IEHICER G APYERORME NN TWEHENRH L. T
DGEIX LD AIETHEMARZEBEARTRETH 2720, HorLOH 3D ET Y VIV 7 b EAWTHER
FilE KIS T2 0ERH 5. KFFETIEETY vV 7 M2 UT, Blender[6] ZH\W=. 77V 77—
v a v % Fig.2.21 IT/R7. Fig.2.21 T, MIKET V2T 2 =43y FOERPKETHRR
I TWAB. Blender Tld, =My FHMNTHEMARZELET LI LN TES.

# Blender =3 (=@ & ]
@3] i R slenderrencer $ D

Fig.2.21 Overview of Blender.

25.2 AAT—%

ATHNZER U ZAEBRGEOIESBAY -V, LYV 774 v R 2AVWTEBRDIESBAY — V2
WUz 3R mBEZ W=, AT — ZIXRWKZ 1289 140 BIFER L 7=.

AI7—%: 3D-CGDETY VIV 7 bTHb Google SketchUp[43] &, TOYHLTY Y DT 55
A > T®H % sketchyphysics[44] ZFH\WTHEKL 7=.

SketchUp Tld.skp EWO DMED 7 7 4 VX% HWT 3D-CAD 2/Ekd %2, 7532714 0&
AZED, FERUZET VT 70V % STLHEATHITEZ LN ARETH 5. SketchUp DHEAFERE 1L
3D-CG DIERK T 573, sketchyphysics DEAIZ LD, L7z 3D ET V%> T, EIPYHAR L
OEMELZZRUZYHEY I 2L —2a v aEITTEHEILNTES. Fig.2.22 12 Google SketchUp 12 &
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BEADMEE RO Ial—Ya vYOkTERT.

[= WJIIH BEN) DAS(C) WER) F=idT) Do

@ﬂ-‘&&k“ﬂ’i&“’ﬂ&@- sieed i/l.(‘ &.ﬂﬁ&&ﬁfﬁ"’&lé" sLe ey
<20

Fig.2.22 Overview of physical simulation by Google SketchUp.

Fig.2.22 Tl, DO EHIZEBOMKREZHEL, VMKEZE L TR TH L. YWIRALX, BHOMHE LY
EDRTFHELULNSIEOBAY —VEEKTAZI N TE S,
ANLTF—RIFLLTOFIETHERL 7=,

1. ETV U T RNEYBI YL EMEETLVDOIXSEAY —OFBE (STL 771 )V)
2. EHHRZGEAARZ MLV E UT-BRERZE I & 2 MRS (EigT — %)
3. BRI RO BERUIAME (0.4[mm] €y F O 3 KICEBET — &)

BRI NLSBAY — v, HEEG, 3 UOtRT — X % Fig.2.23 [ZRT.

RF—%: BHa-NLYI T 74X THDB, () A=A Y 3 »® Cartesia 3D Handy
Scanner HS-01 (BAF, BIZL VY774 VX EFHT) 2HWEZ. 2OV VY7 74 v XOREREIZK
SEAREE 0.3[mm] TH 2. FHllET N7z 3IRICRRET — X Dl % Fig.2.24 2R3 . Fig.2.24(a) ldAIY—v
DABTH D, Fig.2.24(b) IFFHUIET Nz 3IRITCEHTH 5.

253 ZBRINERI MLRT

REFIERIZE > TRREINZARY PIURT % Fig.2.25 1IZRT. AREEAALZERZ TR MR
TERBETLHZZEDEZLWVD, ARTIDEDMDADFRE Uz, WIRFIEIILATD 3 FIETH 5.

1. WMEHMEDADARZ S LR 7 FEIRF
2. ABIHIMEDAD R 7 N LR Y FEIRFE
3. AELHIME M EME DA IZ LB R M LR T EIRFE

MWEMEOARIZEH L TR MURT 2 #IRT 2 FETIE, Fig2.25(a) O FEITRT L9512, IEAE
BIP5E L DRY MUART PRSI NIz, ZHRFEBRICHNZYHRET IVIZBWT, IFABROERE
MWEL, ZIhSHEEINERT MUVART ORE DR EMRIMED 572 Z L ICRFT 5. Kz, w8
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(a) Object A (b) Range image of object A (c) Point cloud data of object A

(e) Range image of object B (f) Point cloud data of object B

(g) Object C (h) Range image of object C (j) Point cloud data of object C

Fig.2.23 Overview of input dataset. (a)(d)(g) Synthetic scenes. (b)(e)(h) Range image of
input scenes. (¢)(f)(j) Point cloud data of input scenes.

HIPED AIZIEH U TRZ MLRT 2#IRT 5 FIE T Fig.2.25(b) 1R T £ 512, ABHIEROE W IXA
IS DRZ PV T RGP S 7z, aTBIE L EMEDRREIZ K 2R MV R T EIRFIETIEA]
BHIMEDAIZTIEH UTARY MIVART %3RS 5 FiE L FAROEREAITH b, MEMEOAIZHEH U TER
THFHEIINLUT, ABHIROENMEDBDAEIZZ K DRT FILRT ERI N7,
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Top
view

Bottom
view

(a) Distinctiveness only (b) Observability only (c) Observability +
Distinctiveness

Fig.2.25 Extracted vector pairs by three methods, distinctiveness only, observability only and
integration of distinctiveness and observability.

25.4 RIURNIRTERES B/85 X —4 EBHMEBEDE R

N MVRT ZHET BT A - LFRFHMREORBRRZIH OIS 572017, IR & & B OMERE [,
I, #ZALE RN SRME B Z o7z, EBRIZHVEEFLF— X 1% Fig.2.23 ® Object C Th 5. il
123D 7V v RIZTHEB L7 Object C &L Y Y7 71 ¥ XTI L - EIlET — 2 ITH LTB 2o 7.
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FERZ F 72 B
WARTHIZ 80 & L
AL ORI
MAEDVYMETH -

alignment error
[mm/point]

Fig.2.26 Relationship between the length of displacement vector of vector pair and the accu-
racy of estimated pose.

li, lo PEWE ZRIMEADERENKREL, RABDIIONTHNEGDOEEEI/NS K R DHEAHN
Hotz. ULNULRAS, 2Tmm 2Z 3 L MEADLERENKELS o7z, B, WKE T IVIZERN
40mm OERRIZNIET HREITH S, Fig2 27T IZIRAEDRKEN N TA—=RDRT FLRT LED
INEIR T2 T A =R DRT ML RT OH %R,

Fig.2.27(a) IZ/RTRT MVARTIIYHMRD L & Pl & FRIEIRL TWbd. X7 MLRT %
RS 2 MDA RKELRDTEZZLICENLUT, THRPFARCBHILIZS K ko722 &%
EETORKNEZZ NG, ZD7D, X7 MVART 2HERT 5 3 B FRKRHZBHIE S 2HIPHT 1, o
ETCELRITREVHEICHET S Z L TREAMOREVIBENEBT LI NP o7, BRBEMEDDE
Mo 7287 A — X% Fig.2.27(b) 127 [} = 24[mm], Iy = 15[mm] TH Y, EEHLEHEFHMEIX
1.22[mm/point] TH->7z. ZORFOFEFHEIIHEIL 90.7% TH - 7=.

2.5.5 FREMEBEDLEER
2522 TER U 72T — X 2 AW TIRBMERED LI EBR 2 1T o /2. IR TFIEIIBA T D 5 FIETH 5.

1. SHOT ¥ [48] + Correspondence Grouping % [47]
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(a) [, = 30[mm], ,= 30[mm] (b) 7, = 24[mm], /= 15[mm]

Fig.2.27 Two examles of extracted vector pair. (a) Vector pair with large alignment error. (b)

Vector pair with small alignment error.

2. FPFH & [39] + RANSAC R—ZEFIL T v F 2 [33]

3. RZ MARY GHEMDA) + X7 MLRT v F 2 (BT, VPM &&7.)
4. XZ MV RT (ABHMEDA) + VPM

5. X7 bVRT (A[EEME+HHEN) + VPM

I 5D FHEIE Point Cloud Libraly (PCL) [41] 2 FAWTSHEE L 2. VPM L2 & % #25504E =41 %
Fig.2.28 12" 7. HAIFZAT 3t Z R L, D& OYRE TV % Bl RO MMAZ R X — &2
BEOWTEBLMIE T AN 3RGFRBHCEREDE . 72, MR L UMM OMKRE R 2.1 1R
¥. EERIZ CPU : Intel@ CORE™i7, Y Z2F LA EY : 4GB THEINE VAT LATE I Ko 7.

Table 2.1 Relationship between recognition rate Pr[%] and processing time T'[sec].

Feature Matching Object A | Object B | Object C | Object D
method
Correspondence | Pr 51.3 77.9 33.6 20.3
SHOT[48] G ineld
rouping[47] T 27.78 19.46 33.69 22.48
Pr 54.9 11.5 73.5 31.0
FPFH[39] RANSACI33]
T 0.67 3.97 1.07 0.91
Vector pair Pr 40.7 31.0 47.8 33.6
(Distinctiveness) T 0.27 1.41 0.39 0.72
Vector pair VPM Pr 97.3 100.0 94.7 85.0
(Observability) T 0.47 1.76 1.76 1.99
Vector pair Pr 99.1 95.6 92.0 85.8
(Integration) T 0.44 1.76 1.42 1.81

SHOT ##& + Correspondence Grouping % : SHOT Rf#iEIL 352 IRt TH 5728, NI b
RYEHHE T 2 LS AR DR IR R EW. AT, BWEPRESI N IEZSBAY —> T
&, FEEE ORISR DR T — X 2 BAR T W), ELWVHRRANE SIS oz, §E
R LT, RBBRVMOFIERICH L TEDL - 7.

40



(c) Result of object C (d) Result of object D

Fig.2.28 Example recognition results for four datasets (superimposed on input point cloud).

FPFH 8 &+ RANSACR—RXETILI Y F VT : ZOREFIRIZBGLDOX G D AD 5 BEK
ﬁ%%&b RANSAC IZ & o THE DS WEBRH 2 HTHRE 5. X =Y VNIZA- /il E 7

YINTEHETTEVOT, EEAREIEETH S, FPFH RiiElx SHOT R E IC AR TREED
ﬁmﬁﬁ@%%%@m# DIZNEWV. LALAEDYS, BHHoTF— X S2RMadicbEe 35720, &
EHYIMA & B U 7 OWIA D 5t T — X 2 HELE L TEAR T o7z, D78, SHOT FiEE & FkkIC
HIREAFES NI L, BEBEMETLZEEZONS.

VPM % : VPM EIFMMFEC AR TEEICRBT 2 222 TE 2. ZhiE, SHOT Fi#&E> FPFH
KR DY 352 RJG, 16 IRTLTH B Z LI U T, R MVARTIIFHEIRGCED 3 TH Y, RelrEne
WS Z &, MREERIIERANR S MVE LD IV AFEPBER L, R E T — I L 2T — 4 R —
ANDT VX ADATRIGHERETAZ LN TEEZ RO THELEZOLND. MAEOAIZEHL TR
7 MIVART % BT 5 Fik (Distinctiveness) Tld, MARETIIZBEWTEREDOBMWEFRD? S R
FILRT 2N 5720, BOMNISHPHIRS N, BEEPBELEBRHBERS T eV TE . Le
Uh s, BUIRATRER R MART 2L EIRLU TV Z ERHNTRBRME T U, RT FLRT
D ERELHE |2 ] BHIME 2 F\W 72354 (Observability, Integration) Tl, MEMEDAIZEH U7z @ R Tk
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FOBLELTHINRERBTE L7200, FMEP M LU, 2 FEOZMBIERIZFIERAETCH 7. L
PURDS, WBARDOARZFHLUNT FILRTERIE, YEE TV O ETBREOR DR DR L
NE=VTHBEDD D INTZIRTH > 255121, RT FIVARTH OGNS & B ANE a8 SN

b yn ITHOEEE Nddbhn >\ N LT 2 Al X 20 - 3 L AL S > ga 7 1 F_ A +H ZF2 . 3 M ok )3 s e s
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Fig.2.29 Relationship between recognition rate and processing time in the case of various value A.

ATBLIE D LR E WIS A EEREIN R D E K 72 B8, MEERERI AN A U7z, 2SI EME & R L <
R MVRT ZBIRUTAER, HOINIZREART MV ERONRT MVLRTOERI N, K2R
PEBRI NI EDRFERTH S, KT, MEMEOLENENGEITIE, WHERFEIZEHE S D720, din
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ERORZ MRTIZEBZERENB Z bG8, HEEAZ KRELTEHILICE-T, RildEREA
MEEREAL BN EZNAT PN FHBEKAGEFXHAT PMaleEl-72AY#E 2 LA FH~ HEH

Fig
ICP .

(a)Before alignment by the ICP (b)After alignment by the ICP

Fig.2.31 Results of pose estimation. (a) Before alignment by the ICP. (b) After alignment by the ICP.

Fig.2.32 I8 WVWT, HBIXERFHEICLIFEFEEETH D, HRIXICP TV TV X LDHEHEDEE
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LU DEHH A XEFRET B &, MEADEAREAKEEIX 0.6(mm/point] THITH LinokEEA S
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Fig.2.32 Alignment accuracy for each dataset.
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7. B AL TICRT.
2.6.2 Y RT LD
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LYY 7744 : Cartesia 3D Handy Scanner HS-01 (iRt AR—2AE Y 3 V)
ARy h7—L4A : MELFA RV-1A (=ZEEERN S8
ORy N7—L%IEEAIY hO—5 : CRI1-571
HEAPC: LYY 774X -akry b7 —LEHEHPC, YikEEA PC
By £ Jw% : LEGO Mindstorms # &+t > JE8 5 18 16

AR S .

VAT LD % Fig.2.33 IZRT.

ARYATLZET B SMTHBEOREN Sy XV 7 ETORNENHATS. £7, LYY 771V K
Ty =YD 3R EIET S, ZO3MLREET— X &Ly Y774 X - aiRy b7 — LHIHH
PC 5, YAREAH PC ~NEE L, MRDMNEZSZZMT 5. KIT, VEKDAEZRHANIA 2%
YUT AV - uaRy b7 = LG PCNEEL, BRY T —ADNT IO —FFTREFRONER
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for the 6-DOF recognition
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PC for control the range sensor and the robot arm

Fig.2.33 Configuration of the bin-picking system.
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< Range sensor: Cartesia 3D Handy Scanner HS-01
(Space Vision Inc.)

---—---*-- - e

/' Robot arm: MELFA RV-1A
(Mitsubishi Electric Corp.)
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3
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J

L
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Fig.2.34 Overview of the bin-picking system.
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(a) Physical markers. (b) Robot hand touches the physical marker.

Fig.2.35 Overview of how to calibrate the robot coordinate system and the range sensor co-
ordinate system. (a) Physical markers which are used for calibration. (b) Robot hand touches
the physical marker.

G U 7 3ok z T hEnfssle LT, A (2.30) TKRT.

aj aj
ACam = ) ARobo = (230)
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‘iy tRobo = TCam2RobotCam Ths. ?%%%tilﬂ-—}lx W F . 3-—'C§°Eﬁﬁ‘%%%7ﬁ’%é ZD7=
O, RS NI DOEHEEE D Rrope 2 3 (2.32) (2.33) 12X > TEMT 5.
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Too Ti0 T20
(2.32)

RRobo = TCam2RoboRCam = o1 Ti1 T21
To2 Ti2 T22

roll = tan=t(r12/722)
pitch = tan™! (=72 A/T12712 + T22792) (2.33)
yaw = tan~Y(ro1 /T00)
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Fig.2.36(d) &8k L 72WRDE EADT 7o —F DT L7V —LTh5. BELFTINEET
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LU OB, SRR S R Z2HWTORY h T —LADFHXEDOEE (n—)L - ¥y F - I—)
EHEEBLTWS

Fig.2.36(e) Tk (d) DRV Y a Y S5WAE EA S 50(mm] #HEL TWD. ZOHMHIER O [ & I2E
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BB ETT I N TE 2.

Fig.2.36(k) ld0 Ky N7 —LDROEHE Y Y ¥ 2T 570012, WHMBICRIETETHS.

Fig.2.36(1) CIREEL VYT 7A VR TY—VYDT—XERFLTWS. ¥y 27 U750 st
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Recognition result

(d) Approaching upward in

a vertical direction of the object.

(j) Placing the object 2. (k) Return. (1) Re-acquiring the input scene.

Fig.2.36 Overview of the bin-picking by using the robot arm. Principal frames are displayed.
Point cloud data are attached upper right side of each frame. Recognition results are displayed

by colored points.
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BAIN—Y a VIZHERERBEDN TR TH D Z & AR Uz, SHGSIEERRCHRTICYRE T U0 5
BIRENZARZ MART 2T —TMELTEL Z2IZE 5T, JIVARET S Z & @&z )i
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MR E L RB T & 2R U,
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(Special Issue on Vision and Motion Control), Vol.27, No.2, pp.174-181, 2015.
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(a) Object A (b) Object B (c) Object C

(d) Object D (e) ObjectE

Fig.3.1 Examples of object models of the ESB
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Fig.3.2 Distribution of S, values and the number of keypoints which are extracted from range images
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line segments histogram orientation @
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(Green lines) directions

Fig.3.4 Overview of calculation of the o(f)
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Fig.3.5 Examples of GRF for two objects.
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Fig.3.6 Overview of the procedure of the proposed method
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Fig.3.8 Relationship between dominant rate of normal vector of the object model and recognition rate
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(a) Object model

(b) Generated range data (range image representation)

Fig.3.9 Object model and generated range data (depth image representation)
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Fig.3.10 Relationship between viewpoints of correct matching and the object model. ( Red
dot: viewpoint of correct matching by the VPM. Blue dot: viewpoint of correct matching by
the GRF matching.)

Table 3.1 Recognition rate % of two method. One is the GRF matching proposed in this
paper, the other is the VPM

Aspect of appearance

Indented shape | Plane like shape
GRF matching (proposed) 2.8 % 94.6 %
VPM 94.8 % 68.9 %

3.5.3 WE5BAY—VICNT BAEBERZRHO MM

?m%%':{%k L 2RI R GG T 272012, EBEOXOSHAY -V IIHT o MERBRBEB 0>

 ANE#T - REEYOMEET VR ESEALZY VR LYY T 74 VAT L 113 ¥ —

YThD. KR, VHE/FEFEOMAED R 2RO, BOEBICTHWZYARET VE#EELR. W
BFEITRE T (Strategy switching) (212, SHOT (SHOT i [48] + 3D hough voting[47]),
FPFH (FPFH & [39] + Papazov & D Fik [33]), VPM %, GRF & (KFETRZEL ZEmBR
DEBARBO =D DIRE HIE) TH5.

k1L, Point Cloud Library[41] ICHB I N TV A B EZ H\WTHEE L 7. RilE P.[%
F Tlsec] O HgAE R % Table 3.2 12233 . EEIX CPU : Intel @ CORE™i7 860, Y AF LA EY :
12GB TR INAE VAT LTE IR o 7-.

VPM £ & 38R 84.1% TH o720, ¥ 7 AV MoizE D ANz ET GRF & L#HeadT5 2
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Fig.3.11 Examples of recognition results
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RUTWS. MRET IV ANY =V O AR L MBEEDLDEINTVE I ERbN5.

Table 3.2 Relationship between recognition rate Pr [%)] and processing time T [sec]

Feature Matching method P, T

SHOT48] 3D hough voting[47] | 20.3 | 22.48
FPFH[39] Buch[33] 31.0 | 0.91
Vector pair VPM 84.1 | 2.72
GRF GRF matching 64.6 | 0.50
GRF+Vector pair | Strategy switching 94.7 | 3.06
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ZOBIDE ST, IELK T AV TF—Ya v Inghros2581%, €7 A Y NAOEERH RN RLE
2325 28X, FEMOBVFEHANOEGELURET VL B2 %5. 207D, GRF 2#Kd
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(a) Input range data (b) Result of segmentation (c) A segment consists of two objects

Fig.3.12 Typical example of false case. (a) Input range data. (b) Result of segmentation. (c)

Mis-detected segment consists of two object’s range data
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Fig.4.1 3D keypoint matching performance. (a) Recall vs. 1-precision curve. Keypoints were

matched to each other by using a SHOT descriptor and four types of LRFs. (b), (¢) Example
matching results for SHOT-LRF and the proposed LRF with the SHOT descriptor.
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: Y
Support region 36 bins 0 [deg]
Polar histogram 4
Fig.4.2 Overview of the method used to generate DPN. Left indicates a point cloud within the
support region centered on the keypoint (red point). Center top indicates the tangent plane of
the z-axis of the DPN-LRF'; 6 shows orientation of the projected normal vector. Center bottom

shows the polar histogram. Right shows the DPN-LRF on the point cloud within the support

region.
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(a) Chef (b) Chicken (c) Parasaurolophus (d) T-rex

Fig.4.3 Point clouds used for experiments.
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(a) Original model (Chef)
(Surface representation)

(c) Downsampled data of (b) (c) Occlusion data of (b)

Fig.4.4 Point cloud (Chef) and its disturbed versions.
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Fig.4.6 The relationship between the estimation performance of the z-axis and x-axis of LRF,
and the point cloud density.
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Fig.4.7 Relationship between the performance of LRF on the ISS keypoint and the downsampling rate.
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Fig.4.8 Relationship between the missing rate and the angular error of LRF. Vertical axis

represents percentage of LRF has error within 10 degree.
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Fig.4.9 Relationship between the performance of LRF on the ISS keypoint and the missing rate.
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Fig.4.10 Recall vs. 1-precision curves for four conditions.
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Fig.4.11 Computational time of each LRF.
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T—RAIRCEAIATHBEILHFEGIEDL, V=V 2EREFFELRIINT 5 2 &L DT E 2YERERMOMAS
DEEHERTDHILIZEST, ETAIVFUIECI o TRAELUZEZMERENT LI LN TE S.
IRHMGERL 7L T AL CTIRBEELRZLIE, YL RERE2f-TRAa72E LTS &
TH5. XHk[19) OFETIE, ETFTNT Y F U IEIC K > TR S N REMGEHEED 5 & — VAR % R
LTy XI) v ruUT, Ay—r (M) & omBReEzRMETsIiIcksT, ¥—V
IR 2 ik E e o7, Xk [1] TIX, EFNEY—VOlT—R% 3Tt LTHY, 250
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5.2 WMURMEBAM LRERRMICED RERIRAE

5.2.1 XFEHEBERFAHDOIR

AEITIE, RETIVERRB IV —L 7 -7 OZYEEFHT S, {EROET VY F VT, B
7R EE, TRbbE—DYERETIVE AN — 2 DO—8 WEETIVEERLEHD) O—HEAWE
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ROFELZELUTH, ANTY—VIZBTIRVIBADEZHHTEI LD TEIMERETANRFIELR N
CERAMPATEIENTEND, ZTOMEZENTLIIENTELZIEITTHS. LdioT, BETEY
Fr I HARTRRBWER, TabbY -V ANy =V 2RO —BEEVWERAIT LTI LIX
EHEZ R 2 RS 220D L LTHY L WR 5.

5.2.2 REFEDOHE

BETER, HHEREY 2 -V ERIFEY 2 -V THERINTWS., BETEOUHOFEN%Z Fig.5.1
2R

IREERE Y 2 = WIZ DWW THHT 5. £31XUOIZ, Model matching €Y 2 — VA EET 5. €
TNy FUTHRIZE ST, Wk H 2ERT 5. 2I2TIE, ETVIA477 028 RBRINT
WBEMME M = {M;,..., My} AT =D IRIEHRBES ITH LTIy F U7, YiREMRE
H={hiy....h,} ZHEKTB. h X7 (M;,T;) THEINTWS. T; IZUKREHD 6 B HEOE
ZHTHY, MKETIV M; ZANY =Y SAMIBEGDET 5720 DEBEMNTA =R THD. RIZ
Scene hypothesis generator T, W< D2 OYkGMZAGDES Z LI1Z &> T — VARG hs(X)
ZEKTS. XX, ESndOby AN VI X ={z;, ", 2,} THY, 2; =1D& ZIT, VKER h,
MY — ARG hs(X) DIREHRZ L UTERI NI 2R,

MEEEY 2 —id, S & hs(X) DEEEGWEZERT LV a2 -V ThHb. REFIETE, X OHOMLEED
Ey bEERTHILIZEST, S EERBFLEDOEH VY — VIREZERT 2AGDEREE <.
U7dio T, R RNEMREMDY A XL 2" THD. BEFETIE, REEHNELHRIBEIZX > TH
S N7 A A B b S, IRET» 51X, FEMME A FER T S K ETIC DO WTEIIAY 5.
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] Hypothesis generation g iea <
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Model matching

Model library

#

Input scene

Veri f’ cation Object candidates H

B = ===yl e S T T T T T Yy e ____________ ______

. N Scene hypothe51s generator

Calculation of
consistency

= ===

Scene hypotheses

Combinatorial Optimization

Fig.5.1 The overview of framework of the proposed hypothesis verification algorithm.

5.2.3 BEZRHEM: fr(X)

O, KAy — v OV RS RIS 5. BRI, RS — > b ORI LS E D
IZZERMBNIZEZR D H o TWEpnE S 2N 5. BHIICIIWIRR L 2 E2RKICERIRETHRET %
ZEEAHEETH D7D, TOLSBEAICHEEIYE fp(X) OEZETIE. fp(X) EX (5.1) I
FoTEHEINS.

1 L
fe(X)=1=3 > Chi.hj) (5.1)
,JER
Clhi, hy) WFBHEBRTH B, WIS hy & hy PWZERIICER D &5 TWAEHAIC 1 2ETHKT

H5. Rt hs(X) FTHEMER>TOWBYREHOT RS, AR E%%%wté1w~7%rﬁ

VA ERE L OEZR D S VWOHE I, EWMERDOTHBETVEMAT 5. Figh2 ICRET S THBET
V% RT.

FHETIVIELALRD 2FHHDIKIZ & > THE S N 5.

1. Outer sphere (Red) : ¥k s HzEK.
2. Inner spheres (Gray) : ¥MADIIRZELIL 72, HEBOREDES.

HRIIMEO THE2UET 2 -OOREEME T I T4 TIIRTH S, Lizh>T, @ERTHOHEN
HEETHS. 2DDHRPTFHELTVWEEE, ROFMAEVHED LD ;5 (Z2DROHFULHE D) < (=20
ROBEZEDAER).

REFIRICBIT 2 THHEE, UTO 2 BBEOHEIZ k> TUE % &b U7z,

1. Outer sphere [d] 1O T ¥ &
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(b) Collision models

Fig.5.2 (a) Object model. (b)Collision model of (a). Red sphere is a circumscribe sphere of

(a). Gray spheres are approximating object shape.

2. Inner spheres Al ® T #HIE

H U, WKR LA 2N T VAR, WHE L IZE>TFHRLTWREWI 24T 22N TE 5.
IR CTFHBPRI o TWe, L2185, 1ERZT TS FESRI > 2561, WREEHEE L
ZERI R ER D 2RI LT\ e ART.

Fig.5.3 13— Y RGEHIZE T 2 FHHEDHRDO—HITH S, (a) BANY—OM#iTH 5. 12 D
MENEIZHESINTWEY = Thd. (b) BTFHETLELTREINZY—VIRHTHSD. 0D
V= VARELE 13 HOYIMKERMIZ & > TR ST WS, AVWTEHBETIVIETEHEZEZ LTk
flizRL, O EOTFHETNVETELZEI L CWAYERBEMEZ RS, 207 —A T, BEOYMEKBEMEA
FHE2BEILTWEDT, fp(X) DMEANEL RS, (¢) Z3IDY— R EHEET 2WkE/ZL > &
VYT URERTH D, HOBFEEMRGEH DA VT A% RT.

Inner Spheres Z’ERd 70D Fike UTIE, YREREROES & UTEMT 23K [53] DFIED
HEHAPEZONDED, AR TIEFEHTHOYBTEI L LTS,

5.2.4 WREVEAM: fo(X)

ZDHEIE, ¥—AR# hs(X) DIIRIEEAVEZ FEM S 5. BRMICIE, Bfmge LTL o xY v
U7z A1y — vk hs(X) B OBEIBSELE % X (5.2) IZ& > TEHEAT 5.

1 N
N ¢

Is(i) & Ins(i) 1S @ hs(X) BHEEEIARIZEB1T 2 i FHOBERMETH S, N X Is(i) & Lrs(i) DEBS
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() Input scene (b) Collision models of the scene hypothesis (c) Scene hypothesis

Fig.5.3 Example of the collision detection. (a) Input scene. (b) Collision models of the scene
hypothesis. White models have not occur spatial intersection. But colored models have occur

spatial intersection. (c) Scene hypothesis of (b).

DO % B DEEBO G 2R T, B Sim(Is(i), Ins (i) ER (5.3) L LTEHI 1D,

{ 1 ’qus(l) — Ihs(i)‘ < thg

0 else.

(5.3)

thg WE AN Y — > OEREHEDFHAKE EIC GO THE T 5, HEmEOELZICET L EWET
H5.

5.2.5 mE{LUNE

REFHEORIEY 2 — LT, R (5.4) ICL->TEESNNBEK F(X) 2BAMLTEEY M X
EHSET 5, AL bR @<

X = arg max{F(X) = wfp(X) + (1 — w) fs(X)} (5.4)

w2 DDEEOEAMBEERT. ZOMOREMICET 2ERIIBRT S, BEFETIE, mEl%E
WA T VTV XL [17] Ko TR EERIZEY RARNY V7 ZDEDE LT-.

5.3 ZEERIEREER
531 F—%tv b

REFEOMBEZIMT S572012, AT —XR—ZA%2HMHU CRIBUREZE B U 7. YWIKREE DO
FAMEOFHIGT 572012, WMEORLDHHT —XIZL > THRIN/Z 2 D0FT =X v b (Laser Scaner
dataset, Kinect dataset) ZF|H U7z, BANIZZENENDOHNAZRT.

Laser Scanner dataset[29]: FfiERL — VA X v FTIREINAZ 50— &, 5DODA v ak
Hanz=MmkeET VTR EINET -2ty N ThbE. V—rHIIEETHEMEKICIE, Effir—2&L
TRBBHTHINE DB TENT WS, 5 DOYEKRETNDSH, 12 (rhino) IF5ERAELFEE TIVIZ
o TWENo D, EERIZIZHAVWEDR 2., ERICHW:EZY =2 TF—XOH L 4 DUKE T ILOH %
Fig.5.4 12757
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(a) Object models (mesh representation)

7=

977
UHW
R

(a) Object models (mesh representation) (b) Input scene (point cloud representation)

Fig.5.5 (a) Examples of the Object model (mesh representation). (b) input scene (point cloud
representation).

Kinect dataset[1]: Kinect ¥ > THEFI Ny —rF—X & 35 MEOYIARE TV THEINT
W3. Laser Scaner 7 — X+t v b EFEKKIZ, &Y — Y HOYMKIZN U TEALHITHNEID B TH5NT
Wa. RERTIE, BbICEML 12 HOMEPERL TEPNTWE Y — Y 2R UK. ERICHWE
V=T =X EYkE TN OHI%E Fig.5.5 IR,
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Fig.5.6 Relationship between recognition performance and the value w.

AHEEICTERLTIE, Y=V TF—XIZE DY TONTWAERT — ZROZRENIW LT, [ifiz& EiTHE
FRAINELZ TN R 728 7= A R B 2 AR U, SRERERRA T — & 2w R Lz, &Y —r T —RITK
HEF 100 [HDOZRBUR T2 FHE U720, A AEbE ol T < SEREPIX 2100 Th 5.

5.3.2 EEXRRMHOEMME

BEARE w I FREFEORBUEGEZ AT IREEERNRNTIA—RTH L. RERTIE, w OHEEH
% [0,1] TEALI YRR SRMMEREO L2, T— X1y M Kinect W=, #EHE % Fig.5.6
WZRT. BIZEWT, Ml Recall, Precision Of, i< w OEZRT.

w=0D&E: wh 0 DKL, EEEBMZMEHETIC, BRGESEOAZHWTRELT S Z 2%
RY. ZOEEE, YRR OEMNARERD 2B LR WD, @1 % <, Precision 2ME< 725
2. 12fADMENRENTH BT —> (30 V=) I28WT, g 15.5 HOYKZ M U 7.

O<wDEE: MEFEAMEZZEBTLZI2I2E-T, 1 ¥—2%720 O@EBHED 1 DI ICHRE WD
Y EMRLE. LD ->T, BiEom EDkdizl, WhEREOERMEZ2ER T NI VnEeER
LS. LrLAEDVS, whKEL KD TESL Recall MEFL .

DL QMBI AR R E Fig5.7T 1R T, (a) ZANY — v OEMEE, (b) 2R, (o) &
EfED Y — U R@iTH S, (b) ITBWVWT, MMRTHAR 2 DOUWAEPMIETETCWiRro7z. 2 DOWE
WGBS A Z 2%, BEEEGTIZ 5O BB NI VWS NS T2 THB. T, TDL D BYRHNIEL
CHHTELZELTH, BIRWEAEOEMED EFRADR L, BRNRERENAEL A ELBRVWI L%
HMIELTHED, #HHREUTRRHEOREDO Z EMAPRLZEEFEZO5NS.

BREMEEPEDL D, w=03DLETHs. URDOERTIX, ZOfE%E W TRMMEEE % i
T5.

5.3.3 FREMRED LB
RETFEOEIM 2 RN 272012, 2FEOT —X 2y MU TRl Rz EE L 7=, b
BRFREIZUTD 3 FETHS.

1. GoHV [1]
2. Proposed HV (S)
3. Proposed HV (S+P)
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False positive

Undetected

(a) Initial object candidates (100 objects) (b) Recognition result

Fig.5.8 Recognition result. (a) Initial object hypotheses (surface representation). (b) Final
recognition result.

GoHV X Aldoma 52 & > TIREI N2 KEMEE T )V TV XL Td 5. Proposed HV(S) IZ#EE L 7=
RFRREEEL T L TV X LZBEWT, BROBEEMEDAZEIGE L LUz FETH % Proposed HV(S+P)
13, REUARBBEEE T LT ZLZEWT, RS L IEESEN 2 FARICMHE L2 FETH
5. BlEFEHMEERRNBEDOFEAEA w =03 ThHd. WTNDOFEE C++ SiETEELTED,
Point Cloud Library[41] Z i\ 7z, EBIZH W PC DAy 273 CPU : Intel Core i7-6700 3.40GHz,
RAM : 16GB T %.

REFIRIT X 273 R M %2 Fig.5.8 127 . (a) 1T Fig.5.3(a) D AN > — VIZTEE U - Wik ilift &
FRHZRRURERTH D, A5 100 HOYKBERNL > 20 v 7E3nTs Y, Effx 121, RS
Rz BHEDTVE. MR KHEA Y Va7 —RLTLY XYV ITL, ANy —VidRtos#te U
TLy&) 7 U7, (b) BERERFEICL 2BMOMR, Ko VR KRG THS. YWD EIRIcFRI N
TVWBEF MO ¥ T2 A TH 5. 12 MOMBRE IR > 7207, Z0 6L RTIELWHIHRIK
HTH o7,

88



Table 5.1 Recognition performance for Laser Scanner dataset. (1: processing time)

[ LY IS AR | ‘ LD NN | ‘ Trnnlniaa ‘ T v maamvsan ‘ M Tananal ‘

False positive

(a) False positive result for HV(S) (b) Correct result for HV(S+P)

Fig.5.9 Example of the false positive of the HV(S) and the correct result of the HV(S+P).

Table 5.2 Recognition performance for Kinect dataset. (T: processing time)

Method Recall | Precision | F-measure | T [msec]
GoHV[1] | 0.1 0.94 0.93 2559
HV (S) 0.96 0.75 0.84 713
HV (S+P) | 0.97 0.93 0.95 613

% 5.1 X FHEIT BT 5 Laser scanner dataset X9 258 MEGETH 5. FIEHV (S) OFRE RS
&, Precision #* Recall & 0 H{EWFER L 2oz, 2, ZOFEPEBRHEZZELILPTho722
LT B, RS N ERE Fig.5.9(a) CRT X 51, BEMIEER TS0, BHECEHE
UZAZRWEMARLE & 72 > Tz, RRETFIE (HV(S+P)) TRAEESEBMZFHET 20T, #ESEMET
SEBILENTE, ZOMERMMRTSEZENTER (Fig5.9(b)). L7zhi->T, BIREEMED A% H
W35 HV (S) LI L T, Precision 23t X 17z,

# 5.2 FEFEIIHBIT S Kinect dataset [T T H2HFMHERTH S, ZOT—Z Ly NI — oy
B ) A XBL N2 Lk, mHEEMED, I5IHERLRTNIER S ROIIERE T ILVENDZ W (35
%) 7-®, Laser scanner dataset & D BHZENEHVE VWD, ZOT—XEy MZHLTIX, GoHV
® Precision D d @h o 7273, BEFED IFIFAFOMETH - 72, BEFIEIE Recall $ FKRHZ ED >
72728, HWIRFEORTHRS BMEEE EP o2 W 5. IR OB s & KT 5 &, RETFIE
RS EETHY, kD GoHV EDOB L2 4 EONBEETH S Z & 2R L7z,
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5.4 i&im

ARETIE, KRENZREHREHCAERGER OYREEFE L2 RE L 2. REFETE, ALY —rv4
e s — O EYMROREER (DIRER) OMAGLEIZL > TR I N Y —VikEi2BET 5.
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BEIRT D218 5T, ANY—ve—HMOE Ny — U REEER L, EEROYEDEE % FHIZE
FERR

REFIEE, ANY—rv ey — VORI EMEICMA T, ¥— VK2R T 2 SYARORLE 5
BMEAREET 2 Z A TH 5. ZhiTiE, EEICTHHEDNTRER THE TV 2IREL, YWiko%em
72 ER D 23T 5 2 EBARER Z L 2R L. BARART — R R—2% W EROME, (FH
P - AUELER O BT B D TREEDARGIMGEIS 7V ) AL & i U T TH 5 Z & 2 EiE L 7=,
DARIZ, AETHSLMIIR - AmE BT 5.

(1) ¥— VARG DOB BB 2 MEE T 2REZ2 720D HiEL LT, WERET VI LIZTHET VEMA
THILEHMALL. MERALOFHEE2F v 73270 0RBMHELT Y I 71 TTRRIIKTH
HIlint, THETNVEEBOROESL UTREIT S I L2 REL-.

(2) BRET BIHMGETL 7V T AL T, ANY—rv ey — VRO BIRNE S L & — U KH DL
EEBMED 2 D DOEEEEZ TS L, IheikRbd s, Z0LE, 2 DDMHBEDEARBHLT
WM AL T A 2L, ZOEERERBNZ 0.3, BRWESMEZ 0.7 IZEL I

IR R L RS T ER L.

(3) 3AD YHATHDON v Fv—2 L UTHEART — Xy % 2% (Laser Scanner dataset, Kinect

dataset) FHWTC, GRERMEREZ KL 72, REFIRIE, MEROIGHBEERL 7L T ) X4 [1] LU
TREBMERM E L2 2L, £/, MHELEEIZS W TIIHERTFER L R U T 4 563
ThdI ezl T,

KREIBRDBEBOR—=A L 2B FMIILATD 1. OEBEEFBICTHERFTATH D, RFORRILE 19 [
FROZHE - HfEY v ARI A (MIRU) OA—JVHE (Bivh) ITRIRBEATH 5.

1. Shuichi Akizuki and Manabu Hashimoto, “Multiple 3D Object Recognition using RGB-D Data
and Physical Consistency for Automated Warehousing Robots”, 11th International Conference
on Computer Vision Theory and Applications (VISAPP), 2016.

2. Shuichi Akizuki and Manabu Hashimoto, “Multiple 3D Object Recognition using Shape Con-
sistency and Physical Possibility”, £ 19 [FIHE& O - #ES R Y v 4 (MIRU), 2016. (&
WA, A—7)
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6.1 FHMXDHURDEN

AT, BiE¥E, BIXOWR - ATEXEOHZ ERW U ZYERRHR S AT LOZODET IV Y F ¥
THEOBRERALFIEZIRE U7, DINIZ, S£20BClRE SN 0RY NV a VY AT ANDOKREDE
MR RIS 5.

6.1.1 HEPHFICHITZEM

HEFBFIZBEWT, BRY N7 LI LB OFMAMME Y F VTV AT LAOEMEDZDI1TIE, BT
D 2 DDOREDFAEL T\ .
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(2) EHEMER < BT 2 2 L DT E2MAIRICHIRIA D 5.

ZHIZRHLT, (1) T EMIEE L CREERETAIYF VI THDE, RZ MRy F T
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CRMEOMBIAIZBWTENTH S Z & 2R L 7=,

(2) ICXT BRELE LT, AUV BAMET VY y F U EERE L. #ROET VY Y F
Y I, SEHEAR AR ORI T B R REBME N Z E SR T H o 2. FHEBIR ORI R L
7-RER BT d % Global Reference Frame(GRF) 2% L, VPM i£& GRF % #GHIZE] 0 & 2 ads
LYY FUTTEILIZE ST, NEYOMINEEITHAT L7 WL E R EB L 7.

6.1.2 HY—EXSHFICETEM

Vi - B EEZER LRy bV a Y OEMMEDDIZIE, BEID 7D QMBS AV
AT, BEEYIEREEAR, R E YRR AR, éiéia&m®7u4azw~#n%@%5.%®¢
T, RETIHERINIWREHERICEBT 27200y 3 VHTZFFL 7-.

TR 285 72 0121E, ERDET IV Yy F 2 ZTEIZLATR D 2 DO MBS % g U2 1)
BoBRVWEEZLND. ()W%?~&(3mﬁﬁﬁ)®%£§muﬁ?éﬁﬁﬁﬁ$+ﬁ.@)%@ﬁ

DYIEPEIZ L E X 0TV B5E 1 X RHMEA ﬁﬁ??é.
(3) LTI ,_®ﬁﬁmwm AR E LGEIc, VT—F 07T ARV ARBERELIZ WE
WORMDIRET 5. ZDGHAI ﬁMT—a@Mﬁ#%%??»ti@é%ﬁﬁ%wt@,%%%%@

%(MW)@@%@#&T?% EDFRRID N 72 o TW 2, AHIZETIE, ZO XS RHIZHE W
THHEBMOE W LRF 2%, EFVYy F o7 OMEEmE E2ER Lz, v F Vv 70RO SEEN
b lld, RHERAEY a3 VElT 2T 2BICRET 2HARNZAILTH S, Lzn>T, KX
WCTHELEF—FRA VYV Ay F U BRI ZORRICE T AFMEESBO TENE WZ S,

(4) IZBIL T, RERDETIY Y F U ZHEFMERETIVE ATIY — v O—8, b b/RAmi 7R
DHEEM>T—HEG (2237) 2EELTWEAEDIZ, AHY = HIZSEEOYENEICRES 1
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TWBHHZIE, o DA AT DOHNEL REGEMRDH Y, HRBPFRIND Z DMEMT
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