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Abstract

The computatonal theory and an algorithm are presented which can recover
3D motion parameters and 3D structures of multiple rigidly- moving objects from
two-frame feature point correspondences without assuming smoothness of motions
nor structures, and without approximating geometry of projection onto the im-
age planes. First, the constraint equation for two-fold transparent 3D motion and
structure from correspondences in two perspectively projected frames is derived
based on the principle of superposition which is a universal computational princi-
ple for multiple motion and motion transparency. Secondly, a quasi-optimal lin-
ear algorithm is derived which estimates two-fold multiple motions and structures
from noisy correspondence data. The algorithm exploits intermediate constraints
as much as possible while keeping its closed-form nature. The algorithm can then
cluster the correspondences into two rigid objects in a single-shot manner as well
can estimate depths of the correspondence points as a result. It is proved con-
structively that the solution is unique if the motion and structure is not in special
conditions. Finally, a numerical simulation is presented for verifying the proposed

algorithm.
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+ETH D [14]o T vy GAP LEAFTH G4 BXU GP offfcid, RoF vy
AFEEHIRILT Bo
Gg,,;)) = (G Gk,+GkJG1, +G GE. +Gk,G ). (28)
7y GAB (LIFHEAT vy 0 LML) B, MOLARDEGE (3H2)? = 36 BTH
b, TEEOAREUREBET DL 35 KITOKRMATA—2%dD, FEOT VI
GAB 2 (28) 2T TARED AT A—2TH B GA, GP KafRcEsbdTih
<\ RGN BETH B, TORHRRRTEINDS,
G(zk)ka')‘ = Gliry G (29)
(EORENEUD! (') (3)
D&M, 36 WTZEficsi) 3 2 KABRABOFMHRECA>Twd, BRF 1,5,k
i3k OFRTOMEIH LT, FRAER (29) 2EEED b TEAL, Hlk
(i,7) = (", 7)) BB\, (k1) = (K,I) 05er, EEXL A, #WHLLT
@ﬁ%u&m ¥ 7oy HEROEHEE» O, EnicFfifick 3 5B bFET 5. ¢h
LbRERLT, 7 A5ER (29) s M AR HEXOHE. 19 ki,
C OHBERBEC X > TZo0F GA & GB kHRulkEAEAT vy v GAB sz
KHEE DB,

4 2FE 3 D EEOERIREEH R

HERRE (29) OSMRFELT X 5 RRPEERD 3 ¢ L X TENRE, FENCA,
ARIKICKT 28/ 8 HTOoobrb GAB BRIRETE S, LiL, chit, T03
TS DERD CHREETH 3, AT, L (29) REHEL, FBAT v Y1 GAB

2
3 .
2. 20 36 HORSE |GAP|| = \J > (G*},ﬁ) = 2 2 L X Ruic 36 KTED
1,7,k,0=1 €1} .
HEDOR7 FAEZED 5230 LTHEL., B§ohAcEART v A1 2SR Y &

B 2 EOERTH GA & GP 7 v YARIKCHRFT 2T A=) X8R\ ET 2, C
DHEE., WIEERFIE S ST LS, Tbcznd b, BHESHSOnMK AL B

‘i, SEHFERORESBAC I 2T [41]) %, SEAT A4 ZECEHLAL DTS
50
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CHEELEThE R bRV, Thbb, NA>8 NB>8BXUN =NA4LNB > 35
BBETH B, COLE, ZHAAF My (24) KB~ T, ERXTHOT v v AF L
EFvyr GAB KXo TBERAARD I AAF BB OB/MEIEARIE X v
Lk b,

N 3
L (Y Glam o maG)mygMa)”
E@(GAB) = S H3MEL G 50
- ”GAB”2N
a UDE/J\{EFE?%K HESn ftﬁ%—fﬂ/:f )] < I ‘déﬁ:—c 3 &EEZ?)) b 2, ﬂﬂ}g%u

TFicR<3,

(1) SABMEE heFAkT vy GAB D TH 3 36 BEOEBRE AT A —&
B L CBEFRORIKERF HERR 2R £\ my, & m/ OEET v YA %E
B L. KIC, ZOMSRFEITHE T 5 36 KCEAERTEERE. 2o/ NEAH K
SIBT 2EARY taA e LT GAP oREHEE B3, cor ¥y, GP i, S
BT % 2 ESHRHESF D,

(2) #EINALEERF I 1 GAB % 2HoHEATH] GA & GP cH#T 3,
G2 DS DFTRTTRAVYE, 36 Ho 3/4 CHENT 3 27 BORSEH W, &
BOEAEREC X 2 BB ETFHEOMEGE I > T, BEC I s THEWCFFT 551
REFHWICTHE T X 5 2ERTHOHZE G L GP %k» s U ETFR R HET
5, COAERL L 5T, EHT — 2 BPREARE T A ThE, EERTI~DODRISE
2TbND. Bon3 1 oRE {GA,GP) L T23L, FNFhoBEXTHOHE
2% 2% {-G4,GB}, {G4,-GB}, {~GA,-GP} vt i 2, ¥ bk, ThbD
FEARFTH & W LE - PEBICHET 5 L E K, K (8) KWRE N ZHOSE D TFAET
%o o T, WHEEH), MIREFH <7 A —Z2cBEL TR, kLT, 4EDE%
HRFEEL, SKE LT, 4Xx4 =168 D OEBFET 2, ThbDBHMRIT, KR
IKRT L5 K, BBCE—ZICELN230Thh, FRER D oORXBEMASENT
Bhv, BEon7 A—2HAECE-TR, ECBET 227 AvT—vaver oz
2V 73 —UfToTvAhAnC KEEL X 50 Lo T COBRETR. ¥ ot
HHN EOBEHAT A - F Lo THB L 2 DDHBRET LT,

(3) PHEIEE AT A% vl v, DEHEL LI, HEHEF—E2DIF2EY v
72T, EFNT A2 oSEMEREL, —ERTEHT . SEEEERT
LHTEANT A 1,7, OFB R, MEHEOI S22 ) v 7B LHEASX WA TR
BEhbhve A¥ALE, BTEAJ A -2 0E K, b &b & oRUERES O HEX
(1) ZHECAO0hE AR whbTHE, 7722 Y > 7k, REESHELD 2 FEHR
EEHERAVTH . £0IGasT {my, ml} KL T, 2H|EEREHET 2, 2D 2
REEC X > TS {ma, ml} 25 4, B EbbOYECBT 552 RETE 5o
Thabb, X /T 2REEER 52 2887 A — X ST 2tk R EIR T hiE &
o COLE, BEEBICET 5 EE AT 4 — 2 0 4 BSERO TR L E U 2 5Rss
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5% 50D7T, 771? VorZelLchl. co4ifoEFATA-ZDS b
BB OWTRETNE I e 27X FYV V7B T LAb, AKX (9) AT,
Ta,r, DIEEHEYBRET 5L X >T, BPEROEE T A — 22—V ICRET

%,
LT, chbBEBoTATY) XADFHEERR S,

4.1 E1BEE: BEATUVILOEE

1 Bk, 2 EEEOREAT v YA GAB 0 36 HORSERET B L TH D,
Ay, BHEMAE 1 22EE X,

4.1.1 1BEF >V ILOFTHE

St — 4 {mg, mL} (e = 1,2,---,N) L TRATER SN 5 4 RO
B v v AR EET %

1 Y ! / / !
Cijriorjrenr = v 2_:1 Mo (3) M () Mo (k) Mo (D) Mo (i) Mor(5) Ma (k) e (1) (31)

BIRE 1,7,k L1, 7 K, ERERHM 1,2,3 LnH{EREZDT, COEERE,
38 =656l e VWHSRKARE2 LAThEALDAVISIKCREL %, LAL COT YV
Y A DERF iaj}k,l,i/,j/,k',l/ i i7k7ilak/ @Fﬂﬁ@?ﬁﬁ& j,l,j/’ll @Fﬁﬁ@;ﬁ‘ﬁmﬁ
FTEABERD D, LaedoTs Cuny BT 2. COBMERERT S & KEIC

(315'1)

HELATNE A DAY ARD & (3H,)? = 225 HTH %o

4.1.2 BEHEHEXOREITIIOER
EEESERRROF D 36 Rr—RItEAEREIC 2 5.0

Mg = ADg (32)

e, g ik GAB ofS»ohD 36 KTE~<7 rAThHh, M . 36 x 36 O
EEEBTHC. £EDRDBHEET v Y v Cupinnry ODRGOEEETH 5. D 3

(41511

36X 36 DIEEERHTICTH Y, TOWDE, <7 br gD/ rnh, Thbb, GAP
DIALCYE > THREBIERDOARD, CCTR ERKFvIADI b a2—0Y y
FI AL FELEBED I A AT EH L. N REHETSH Y, R/IEHEK
WIST BEA~7 FAAEEERIE (30) OREREETH B, $F <7 trg %
GAB DA/ X > TEET S, g 12y 4 D 9 KTHFI<7 t o gy, g2, 83, 84 &
g=(gl,egl,el,el) LB LEDDTHE, TTTs

a - (o) - (e46%)

(33)
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o |
1

g3 = GA

~AB
(-'k))
(1)

_ (GAG )+ Gt G +GG .+ G \GE
o 4

(( k)7(ja l) = (1’2)7(2’3)a(371))' (33)

TH%, 77 M &, ROBBE L TEET 5o

M;; 2M;; 2M;3 4Myy
2M 4M 4M 8M

M — 21 22 23 24 (34)
2Ma3; 4Msz; 4Maz  8May

4M41 8M42 8M43 16M44

T TTy BEATTH Mpg & 9x 9 T M,y = MT, 3R D300 Th b OWMSFTFIEH
Bﬂi I n C(,'k."k’) @ﬁzﬁ}?ﬁ‘rﬂ 7 5o Wiﬁ\

(5147V)

Mz = (Cruiniry ) (35)

(5755°1)
cee, 4,7 = 1,2,3 @, fFRlofFid vy Fy 72T L, ¢ = 1,2,3, (1) =
(1,2),(2,3),(3,1) &\ Bl A v F v 7 27T 5. ROOMEFR. ThEThsdisT 3
g1, 82 PIEFCHIET 2 dD LT 3,
EHFTH D ZIROBCE LD,

D = diag[Dy, D2, D3, Dy (36)

T T, Dl,Dg,Dg, Dy 9x 9 5, I % 9/4(@%&’55‘]& LAt %k, D; =
IQ,D2:D3:219,D4:4IQ &'/?Hé%éhéo ‘

4.1.3 BEHREFERXOKEROITR

 (32) oEHEHER L REHE TR, W = VD = diagl,/21,v/21,21] &
L (D #—RoEEESHTIORS R, D = WIW 2@ T L=/AF5 W %
£3) g =Wg, M = (WI)-IMW-1 < &, EEEFESRIROEREN LT

IR EN B,
M'g = Ag’ (37)
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BTt 7 b g; OfEEL g:(i = 1,---,4) & L. ThicHihToEKRT vV
- AB ~AB
ARG = GEU;)) LEILTcticd b, HEENAERT v 11T

:\j 23: (655)2 =2 (38)

1,5,k,=1

< AB
‘G

LERAEE TV D LRET %o

4.2 E2BRE . BEXKTFOVILORE

5y AFHER (28) HIBLT, BTV I AOREEG T »LEATH G 2
GB %k 3, c OWHABERR, 28T 36 HoHERE b DEKRENAEHEX
RICAoTWD, EKT v A OFKRILEHZERT 5 <7 2 —% G*P oEfER
36 —1=35 RLTH %0 —H 2HWOEARTHOREEE 949 = 18 fFKEH, Th
FROERILEBLERT2 LEHER 18 -2 = 16 Kt kb LA ->T, HIL
KREHESR (28) i1y 35— 16 = 19 HOFEREEF AFER LAY, —RIC, 77—
FICAZXBEENDIHECRBEHFIEL Ao Lo Ty A b2OREEFEIC
YoT, thoDHERERTEBRT I EATRERD 5 C EHBECK D, ki,
COESE 19 KTOBEBER. FHRRK (29) 2HEBEL RERDO0bhADDTH S, K
(28) D 2 FEFERIROBKICERT 5o

3 -AB 1 2
e(G*, GP) = ,-J-;_l [Gg‘;; - - (G4GE + GL;6GR + GiGE + szG!?)] . (39)

z DEGEMB R B/MET 3 AT GA GP R EESRD S L LA TERE, AT v

VI ADBESRRTIREC A D, BAED LT A, COTAALF—BROBMEC X 5T,

7 v I AHERK (28) DT RTCOMDHER 2 RIRFICER/D 2 FEOBER TRBE ICH T

R%Z KD BRI AEZRVE LT WAV, LaL, X (33) TEEBLLERT v
DRAPLEB<I b AD5 b, gy R 81,8283 CEENSD 27 ORI ICH

T 3 HER R FEW T TR HB OB EREOEGHC X - THEREICKD 5T
BExRLUTRTECRENE L k. EB, BEX2BRLATNIA g4 O RERTHD
MRCBEIL TRETIEARD TH 3 C L XEHLLIC A D,

13 EEOBATI G 2, BAFT~2 b abT = [bir, b, bia] ([[bs]] = /b4 + 0% + 04 =
151 =1,2,3), BB~ 7 v 5 = [erj, o5, ¢35)7 (llesll = (fed; +e3; + 35 = 155 =
1,2,3)s BIVENOLDFEH G, KXo TRDIX S 2FH KK Z T L EFERLT

<o
¢1b{

G = | (;bd | = [mer,n2cs, 13¢3] (40)
| &bE
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zzty ¢ = ((,66) BXUy = (n,mm)’ &T5e. |Gl = V2 b

ISl = /@G +G+E=V2BX |nll=nt+nd+n}=V2 55HHHD 5,

G4, GF it LTy (b)T, ef, ¢, P ¥ ofEEAC3.

4.2.1 BRTIDOLEIZL 6%???0@%&??&‘9 b, BISY<2 FALDETE
ERT v G(,k) DGy T v I ATH B G (i = k R TRS) & BT~
D)
7y DK ﬁ@(@ﬁ@%r)@ %5

- A A BB BB\ (Aph
Ggg——(GG +G4G ) = { (o) (cPoB) + (cPoB) (o)} (a1)
LDV T v IAE, 7 g BIU g OHEELTHORRTE 2, COBR%
KHEHESNC, b IV DP 2RDLHDOUTOHET AT XLHEELN S,
1=1,2,3 DENTROFECONWT, HF j 27, BRE! 2FE T3 3 x3 A8
55 S;
~AB = AB = AB
GGy Gy G
B!
S; = | Guy Gy G (42)
G4 .49 .9

Gy  Guy  Guy
(31)' (32) (33)

LEET L LTI E B B, FOEEIEER%
S; = a;+s;+sg_}_ + cr,-os,-os% + cr,;s;_s?_ (43)

5, cov, BEEERTSTERT, 040 > 050 >0 T 5B, COEE, BEE
DEVEREHABEEICE, 040 > 0,00 =0 BXUoi_ <0 LA%xE, 8BERDoT

b ROARIK X > T b BXU bP OREAHEEIEOLL B

— 0,0 — 04 T4 — 00
bA BP =4, [0 g 4 [ 20, (44)
Oy — 05 Oiy — O/—

ZCT, HETEFR, FEOREHNEI L WSt s, A0 200F% b &
b? ot bEVELATNEADRVAR COBRBTRIREELEVT LT

%o _
BAFIR7 YA bRIEOHETHET 3 B TE S, COBER, ERKFv I
GM)@W%T//wfééG*szl%ﬁk?ﬂ%)&ﬁﬁﬂQ?Fkﬂﬁwﬁ@

(71) (37)

BERErEw5.

1
A B A A B B
GE!"% - (G Gk] + Gk]G ) =5 (77] ]1) (7]] ]k) + (77] ]z) (77] ]k)} (45)
J3
LT v I, R7Z v g BIU g3 ODHEELZGH O TE 5,
frze, 8i#£0(i=1,2,3) BBETH 3B, Si =0 0BPSE, TOTATY X5 EEET 3 25,
O LOEBERYRAOE Y CEL AR THETE Ch 2T 2 283 TE 5,

b
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7=1,2,3 DENFNOHELDOVT, BT 2fT BRF k 2H L35 3 x3 15
T; ®

~AB |
G(ll) G(lﬂ) G(13)
(54) (59) (57)
Tj = G(n) G(n) G(za) (46)
(75) (54) (55)
G(Sl) G(”) G(“)
L () (57) (55)

LEET D LA L A D X OREHESEE

T; = ittty + Tiotjotio + Ti-ti-t]_ (47)

2F B0 ROARK X 5T cf B#XU f oR#AKEEIEOND (KL T, #

0(] = 1,2,3) o2y ‘g)o

Tjo — TJ'_ TJ‘+ — Tjo

— it /1. 48

Ti+ = Tj- " Tit = Tjm (48)

CTT, MAFTR7 FAOBE L A, FEOREBHERR Y. AU 2 D0F% &f

P orbbHDIELAGLER bR IR, CORBETRIRES LA v,
BAFTRZ A, BB rA0FEoREHCEL T’ BEL G, 1 BRI

XGBCERTELLED, L, ZETIHE TRV AE, KHOTAT Y X LD

Hi AR 2 1k~ 7o

4.2.2 ¥ G LU n; OB EPEFEDRE
5 LCEtEah b, bB, ¢ 3 XU ef s bR (40) oBIREHVT, ¢

77
BIXU ) #RODDERELD, LS cnb{ﬁﬁolﬁf\ Ytk A ¥72x B ~D
BBRAREINTVAEVDT, Thd COEBETHRIET 5,

DI, 2 RRZEHH

GibT
e(¢,m) = || ¢bT | — [mei,mT2,MEs)
(sb?
3 p—
= Y (Cbij — mjci)’ (49)

i,j=1
PERMET BT L B EL D CORE AT A& (i, KL T 2R TH B, T
NEELLERATATY XAREL b, AROBALEE ¢ = 0l = V2T
B, chb 2lO=7 bARERLE 6 RE~2 trv = (T, -0 = ((1,(2, G,
1, =1, —13)T BT 3 1 OEREEME v]| = VICTE + ] = 2 TERT %,
TR b e OWHEM OB D LBEFHTHEH, COFMHTRDLNENT +
DEHEND ¢ L n PEHBLLTRDEDORBGTH 5, b & OF— & CEREIED
NEELWEXEOLNLZTTH 5,

17




ZH: vl =2 ob ety K (49) 2E/MET REE. Ko 6 KOCEAERECRE
BEndo

Uv=pv . (50)

p REAET, B/NEHED 4565 2RRETH Y, BNERECHIST 2EHF~<Z +

AR v ORBEHEHETH S, T, 75 U &, KA TEEE W 3 EAHTITD

5o .
I, V
U= > (51)
vT I,
Is X 3RDENTHIT. V i,
b11¢11 bi2€12 bi3li3
V = | bg1Ca1 boaCez bo3las (52)

b31C31  b3aC3p b33las

TEEIN D, EEEEE (50) A THE~ORBOWRE L NT A —% (;, n; O
%%m@l5mLf\ﬁﬁmﬁﬁcaﬁf%&>&5%&@h@@3@%n%nm%
LTy YHE~DORBIC21EY DEHRIERDZ 0T, 2T, 26 = 64 BH OEHEL 2
RELAThEADAV, TD5HT, 2B OARELVEASETHY, CD2FD
DIEMRE WHAD 7 A ANBL b DICHET 23T CcH b HELEE L RE
275 edic, ROFIEEFETT Do

(1) 64 @ oFEFHcBIL <A U D, EHEERNRE(50) 2%, 2hth
DEFHEICHT B R/NEAE & ZHICHIST BEHA <7 A RFHET 5o

(2) (1) TROZERNEBEEHBEL. HEHnb 2 02RFHT. £L
T TD2ODFER. BED I AT AL BECHET I L 2RET 5,

(3) (2) TRUHLABEOEA<Z v D b ( BIU n ORSEED
HL. |ICl = V2 |18l = v2 &A% X5 cHEPEBEx hclEE ¢, 7 2EET 5,

BHo (3) OHKRETRHESCBELT2# ) OFES1EAGEET 33, Thid,
ERTROHZOERECL 2D 0T, HTEFINDI D, CTTREDLD—F%
RONE I (KL ¢ &7 ORTHSEFBLTRALE )

BT, b, (i =1,2,3X = A,B) 8XU, &&,58( =1,2,3;X = 4,B)
PRE DT, K (40) KETE GX oHElil GX 25EHT 5 (MUTF. X ik A »
XX BEERTIDIDLT D), CnLE, BB OBEREHA AL r X b
THED by T2 2 AMREDSAERTHIOHEE LTI 7 b ACET I ZEATTE
DHEBEDFE % & - itk FEKILT 5,

KO T A=Y X AOEHE. (83 KB~ 7,
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4.2.3 BEAXTHDILHESZ L. BERITIINDZ R

FEATH GX OBRE. FEEOE—EHICEIT 3 FERBEXT 0T EFFTE 5,
Wi~ 7 rraik. GX(GX)T oR/NEAEICHT ZBIEE~<7 ta hX & Lok
bhdo ,

T, B—EHoBacE. FREH [h m, Gm| >0 ZFwTi#E~<s b
AOBFEFTTRETE S (16)[17] 25, ZEEHHOH A ICE, SHIEHES {my, m,} 25
EHo0PkICBT 2 0B REENTVwAWEY, COWREEFEEHEVIC LRTEL
Vo TORBREME, DD E 7o >0 BIU T, >0 poREEENIEEROT, B
DEE BB EHEHD 7 I XE Y v 7BIc, EECORKREHEHEVLIC LKEoT
COFRBERPRET DT LT 5o

EHEFFIE. BB (12) DUICH [11]. REREDR (2] Aol X > cEE T
¥ B, BRI, PUFEIC X BAECE. FR KX = GX x bX omshbiEbhs 4
KRENOBKEABCHET 3 BIEA =7 + Ad bEEFTHoHEE RY 2EFR
TRD O D,

G* OBRICEEL T, HHER 7 P A OFSORES LK (8) THEL 2 2EDSH
BUIFLET . T by GF HEK. HEOREUEDZ0T, WEA BIV B O
FRFRCABY OBHEEIFR-> TS, LeHoT COERRETIR. kT 42 =16
ﬁb@%%ﬁﬁﬁorméc&mﬁéo%%UY@Eﬁﬂi}—ﬂﬁﬁmﬁB—o%
MY, = [R5 RX} 2L, o0 S EOERAT 2 — 2 ik, ME_ = {B¥,IgxRY},

ME, = X RY}, mxus mME_ = (0¥, i< RY | ¢ 53,

4.3 FEIEE . BS54 Y L5 ESHERBOKRE

HEEIA T A — 2 BERECERHCR Do T, BEEEHOFERXTHEA (1) &
ENnOEINLAR (9) CESATHERBEANT A—F 1, I r, ZEHL, &
BWEF—EDIrIAEY vy 7RFT5E DI, FHIEH ra >0 BXE ) >0 2w
rﬁ%~%mﬁﬁ?5o?7zﬂﬂv7ﬁ\ﬁmjm2%§%

£(h,R, 7., mo,ml, my) = |,m’, — raRm, — b (53)

PHWTT S,

T, AR (9) Kb ESTEEIAT A -2 B MT | OBREOYAREE T A4
*a=1,,N CbioTHEL, thb% FX(ME). FEME,) 253,

Kic, cor D 2REEFRK (53) BHWTEHET 3, thE & = EMEL, 7 (ML),
FX(ME,),ml,my) & BLo ROBEFEET 2,

74 = {ala: N ,E;“g‘f}
> £7)

N
7% = {ala=1,,N,E4 (54)




T2, IX G Btk X OB TH B LEESNWISREHIGOA v T 7 2BERE
Fo TTTIR BEEA 2 OOPERICHAINE T L IFHFEINT RS,

B, EE ST A — 2R —BCRET 3, thit, acI¥ kLt 7 (MH) >
050 FX(MX) >0 &5 KR RATER ST A—5 MX % ME, ME_ ME,
BIUY ME OfhoRUEHEE X o EBICR, /A XOFER/NE T3 72D,

ROBERKICT 5EE) T A —F2FRT 5,

JMF) =3 {sgn(Fa(MX)) + sgn(il (M)} (55)
el X

T, B sgn() By KR CTEEE LS,

1 forz >0
sgn(z) = 0 forz=0 (56)
-1 for z < 0.

PLET, BRYHEDOEE)I AT A —Z LEBUED 7 522 ) v 7HBET L, Thedist 3
BN A— 2B HE XA

5 HBE#Ial—YavIckBREE

TAa) XLDIELEEZEI DL DODHEH L IaL—va v, GLBEHWT
B L e BT — F R AN E LCHoko EBINS A —# %, [Higis 14 = (0.683763,
~0.455842, 0.569803), 1% = (0.380143,-0.912343,0.152057), HiEfH Q4 = 30°,
QF = 20° CAE~27 +r b4 = (0.659062,0.746937,0.087875), h® = (—0.666667,
—0.333333, —0.666667) & L 7o ¥efsid. BE X,Y,Z oxhEhs, [-50,50],
[—50,50]\ [50,100] 7% % X[ &k ZEHENIC—RRICTRLE S €7 FEER, 29
thic 25 fHFo L Lk (N4 = N8B =25 N =50), FH{E~7 tAF—% m!, m, i
R01% o—BAh /A %252, BEHIELZd R ¥ v ITAai—42 Lt LTHYER, I
2 CERT — % B3 ICHEKT vy AERRoOBEFED I, B4 K ERFTH OHEERE
B 2B, 5 CHHES 2 b - FEAT A — 2 BAREOHER. 6 IGEIR S LA
EnZA—20—ERE TOEE, M7 3RTHEDRTKER L T0BEEY T Th
Klico THODHERBED» D, IELL b L OHEEIA<T A — X DHEENTRETH B T &
&y TOEEAT A-F D ESIKBAO-BRI TR Y v 7 Lipko 3 RS
DETHTRETH B T L B HEZT % 7o

6 EE®

AEL T ZE 3 KTRIEER) IC X 5 BRI _EORBUR O EB D 7 T HAFIK
HERXZ, BHROWMENHEHER T 3BhebEOFHEIES - TEHNL, 248
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D 3 RTREER S5 2 —2 %, 2HOBER L — AROKEASHE S b 7 A ¥ 7 —
vaver I RE Y v IEETIC, BEERNICRDIBERTATY XL ERKEL o
Xbic, EEXNAEBATA—ZCESA—BIIRZ Y v 7 ILE->T, 8%
BYHEKIC YT E BT LR Lo TN, FHY I 2 b —Ya vk X > TExOEWE
PHEE Lo KT A=Y X4k, HELEORFAG 2R L DD, FPREIRE TR
BR b < OWMREGF L REICTH T X 5 APEHPEETWMOIAN S LCE->T. /7 4
ZICHFLTHEBED v AR MER R ORRELBE T AT Y XL LB >T b,

COTATY XADFER T OEBERED Y. T OXRARRIC T
hid, 2BEORIEES T 2 7 v — 2 ORFBEIISOERP b—BICEE S, 2O F
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Obiject after motion

Image plane

] Object before‘ mbtion

1 SRTAEE & RSO R OB

Fig.1 Geometry of rigid 3D motion and projected
image of feature point correspondences.
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Fig.2 Sample feature correspondence data generated

randomly for simulation.

Two objects are generated and superposed for computer
simulation. (a) shows objects before motion. (b) shows
objects after motion. The feature points are connected by
lines only for display. See text for motion and structure

parameters.
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Fig.3 Distribution of the eigenvalues in the estimation of
essential tensor. ,

The 36-dimensional linear parameters are estimated
optimally by an eigensystem. This figure plots negations
of logarithms of the eigenvalues in decreasing order.
The leftmost point corresponds to the minimal
eigenvalue whose eigenvector is the optimal estimates.
Note that the first and the second eigenvalues are well
separated. |




—G‘-A

Estimated essential matix of object A:

C'B

Estimated essential matix of object B:

-0.189113 -0.158261 -0.70989 0.0852496 -0.613755 0.405199
0.106949 0.225127 0.611715 0.411329 -0.127486 -0.836072
0.537424 -0.83453 0.1169 -0.295747 0.692699 0.00963156

True essential matrix of object A:

True essential matrix of object B:

0.187865 0.150824 0.712458 -0.0844481 0.619377 -0.405951
-0.10301 -0.231092 -0.614874 -0.421921 0.129715 0.833094
-0.533406 0.833106 -0.117002 0.295409 -0.684235 ~-0.010596

M4 BARTHOHETERR EEE

Fig.4 Estimated and expected essential matrices of two objects.
The essential tensor is decomposed into two essential matrices
by solving several eigensystems. Note that the essential

matrices has the sign ambiguity.




A4 1.B
h h
-0.657565 ~-0.749269 -0.0787612 -0.67403 -0.334205 -0.65878
.4 1T B
—h —h
0.657565 0.749269 0.0787612 0.67403 0.334205 0.65878
(a) Translation vectors
DA B
R R
0.929521 -0.325633 -0.173071 0.207315 0.559199 0.802694
0.243841 0.89481 -0.373975 0.541867 -=0.748791 0.381697
0.276644 0.305416 0.911147 0.814494 0.355822 -0.458247
T P4 I P
I.R IR
0.143247 0.9574 -0.25073 0.948516 -0.072447¢6 -0.308332
0.978535 -0.174937 -0.108929 0.0312298 0.990137 -0.136577
-0.148151 —0.229745 -0.961909 0.315186 0.119916 0.941423

(b) Rotation matrices

®5 EATIIDARIC & > TED NESMEDIEN Y b
U - [EERfTHI D5
Fig.5 Candidates for the translation vectors and rotation

matrices obtained by decomposition of the essential

matrices.

Each object has four-fold ambiguities in the motion
parameters. However these ambiguities can be resolved at
later stage of structure recovery.




—h?

hB

0.657565 0.749268 0.0787612

-0.67403 -0.334205 -0.65878

True translation vector of object A:

True translation vector of object B:

0.659062 0.746937

0.087875

-0.666667

-0.333333 ~0.666667

(a) Selected translation vectors and their true values
(true vectors are normalized)

— — ———

Selected rotation matrices for each object: R* IR’

iA

iB

0.683464

-0.452411

0.572888

0.376014

-0.914064

0.151989

True rotation axis vector of object A:

True roation axis vector of object B:

0.683763 -0.455842  0.569803 | | 0.380143 -0.912343  0.152057
o4 29.803 QF 19.942
True rotation angle: 30. True rotation angle: 20.

(b) Rotation axis vectors and rotation angles computed
from selected rotatlon matrices.

X6 #iFtEE

NTXA—=GDFEICHEDVWTERE W

EHNTA—ZD—EREEZTDEE

Fig.6 Selected unique solution of motion parameters by
testing the sign of the object structure parameters. See

text for selection algorithm.
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Before motion ! After motion

(a); Recovered structure of object A
100
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X 20 * 25
Before motion After motion

(b) True structure of object A

57 3RTHMEEDETHEER & BiE
Fig.7 Recovered 3D structures of the objects.
The two superposed objects are separated correctly
and their 3D structures are recovered. Note that
absolute scales cannot be recovered in principle.
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(c) Recovered structure of object B
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(d) True structure of object B
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Fig.7 Recovered 3D structures of the objects.

The two superposed objects are separated correctly
and their 3D structures are recovered. Note that
absolute scales cannot be recovered in principle.
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