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Primitive Problems for Pose Estimation of
Known 3-d Structures from a Single View

TakesHr SHAKUNAGAT

This paper formalizes and analyzes problems of estimating a pose from a single view
when an object model and a camera model are provided. In general, pose estimation prob-
lems can be decomposed into rotation estimation and translation estimation. This paper
treats only the first, because the latter becomes trivial when rotation is correctly estimat-
ed. For discussing recovery of the rotation of flexible objects, a novel object model called
the vector body model is introduced. This model is represented as a graph consisting of
vector bodies and joint vectors, both of which are abstractions of a rigid body and a rota-
tional joint. Any object can be represented as a graph, and particular rotation ‘estimation
problem from object-image correspondence can be represented as its subgraph. Using this
formalization, this paper identifies primitive problems that are solvable but would be un-
solvable if any vector in the graph were not available. Problems are analyzed from a
combinatorial topological viewpoint. A theorem is proved for identifying tree-structured
primitive problems without any known vectors. Primitive problems with known vectors
and graph-structured primitive problems are also discussed in a similar manner.
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Fig. 1 Graph representation of three-dimensional
structure.
(a) Three-dimensional structure
(b) PVCG of (a)
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Fig. 2 Example of a potential vector constraint graph.
(a) Cylindrical object with 6 visible vectors
(b) PVCG for (a)

(a) ()
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Fig. 3 Potential vector constraint trees of rotational
joints.
(a) PVCT for a rotational joint with 2
degraas of freedom
{(b) PVCT for a rotational joint with 3
degrees of freedom
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Fig. 4 Example of matched vector constraint graphs.

(a) Example of MVCG created from Fig. 1(b)
(b) Example of MVCG created from Fig. 2(b)
(c) MVCG before Step (5)



2312 HROBZERIE

FEDOBEDDRF » FOHT, 25 v F(5) i~
PVIIER Y 5 7 OREEEELIE B L0 S BHRTHR
Ths. FIZIE, K4 (b)IZRK2 (b)TRINBEME
@ PVCG heB5n3 MVCG Th 3. chid, ®
4 () TRUIPEERIZH L TR 7 » 7 (5) 2 EfT
TR DEREN S,

z2ZT, PVCG & MVCG REBEE & ~7 bl
W77 TRINDD, T/ REHOEKIZ T E T
Big-Tw3., 345b B, PVCG dp T/ RHH
DIEHRAT C & OIS BT RE AR L TV B DI
L, MVCG tho A/ REHI EBOERIC DO T
DB (=xtisfy) HRERT.

ARMTIROHES L, K4 (a), (b)THRINS
957 MVCG THh-HEHIEREBEL Shic &
I, TOMEROEEREAHEET ARETH S, T5b
B, 12075 7FH KL T 1 DORNEHERE RIS
MIGT 5. COEWNLS, AT, MVCG 4[8E
¥'5 7 (problem graph) EIE3s. F 7o, [HES 5 7
PABEDEE, WISt 3 LHEMEMBER ABE 15
DV, KAEERBE SIS ARELER, EBo
E&D» S OREEHEEREIC B THRICEL 2EER
METHA. CHIKDWVTIE, 4.28BL04 38T
HLUI@mU 5.

3. RIBMETRREICEY 5—MR

3.1 FIRMEEAREEOES
FERNZESLHE, DE-EEIEAT O BT b
BHEWEEUBOTERKEETH . chicd0Tk
MTRELVSERLEOY, iR Uiz Lidss
BT 21800, B lextishg biEc v 9 3,
Thbb, G Rax tor» 2METH L,
FREBERMLTUOEA BV EELIENETH S,
COEITPRBUCIEL L, pORRMICHIET 2 &
B, BNRPREFAR—IEY 5 VAERS S FT
FHHETH 3.

bL b, H5RBHEEIEN L Db OE LI
IRTE, INOMWENEHEI R TR 215513,
HEEREZEI 2 Tl ST S, chig
KT B0, HEMBEHEEHSDICT 208
BhHBb. FO#INZ, TR (solvable) Tk 34
HEZRET 2BENLETSH 3. T, AT
&, TRTHL LRBOBRHEEREICRET X 3
TETHY, BE—RICRETE 2 LV S BTG
V. iR, EFAMR-REY g VIEOWE L, #

Nov. 1994

DEMEEBRECEETE 22 513, (—HBORER
AEEANBCEICk D) —BiEARD B T &3
RETHEZ05TH 5.

T, WERIMOMERERICES EEZ SN B
B, TEBRGDIROHNIEHT b BAERDZ L0
EiFD» 513, B/ (minimal) ORE, 3sb b, &h
e 1ROAENY PVHKEBIC L B & TETIE
RLMEPEETHS. COXHBEEEL, 4%,
EARME (primitive problem) &IEss,

EOFRENIER, 220D L VTS TELS
T EWTE 5. HF—IILIMEAYFIRME (topological solv-
ability) ICBES 2 dDTH D, ALY 5
Rpo, WL 75 7R (H 30 RARE) oL
NUTIROES . EOFEBIL L, COHERIT
DALE (general position) ERICREL -BHRTH
2. MIIIEEMTRME (metrical solvability) i
TEERTHY, MRS THETS 3 ME
DTS OEBTRILL T B0 B2 HET 5.
N, 7 7ERTEZ SN MEICBE 54850
AEBE, EEETORLIF2HBELMNNICITDES
&I L DD THERICIL B,

ARTE, MARNTREOLEEAL, SRR
BICONTRBRCERT A 21T 2, bbb,
RLAE AIAEBAIR IS  S AT 5 7 KB E 3
VRARBHDOLRVTHDES. OV ~vomh
i, —f&OAIE (general position) ABHCIREL I
LT, MEERICA TN B B B SR OREA
BT EEREARLLUTHET 3,

3.2 EFXMELURMEORER

—HRIT, 2ETERLILD SEEHEENED S5
TREMNEZ OGN LS, MERICEEN R~y b
NVOBHER 2 (FIAE, BEIREICLDINTO
SIRTLHMIRBTE D) THE0D, &FhBiEs)
B nTHERBEBARE LTHOHBER 27 T
5. =k, WHEELTRRO 2HEEAZI T I,
(1) MEEHIE : B & IMISHETHY, (I~
7 PVEED) X7 PvlilktD 2 N2 Lo e
PEEHTHE LWL DELZMETH B, S ML
&, COMRBIMAOHELBEET IMETEH 5.
BT, MFERAERZ BBICITISI I D &4 2
TOLENS B, KL, B~y MEOAERE
ONTIR, BEERL CEEELLEVhLH Y
YRUIRW. Fi, ETRME (-2 TREND) I
BHRRAENRTHD, 2 AHEAREBICHET S



Vol. 35 No. 11

20N

@ (b)

B 5 EAMETSOAFHEO

Fig. 5 Solvable problems which are not primitive.
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Fig. 6 Tree representations of rotation estimation
problems.
(a) n-Vector body
(b) Two bodies connected througha visible
joint vector
(c¢) Two bodies connected through an in-
visible joint vector

T 5.

(1) n~xz7 bfitk (X6 (a))

Ry PVEDS n THDBHE, HEOBOEBER
2n THDH. —J, BOWHEN » @, WL AERE
R Cn—3) EEETS. f£-T, n=>3 OFICRIER
TR TH5. n=3 OROMENE, EDOREHE~T by
DBRTRICIE » THIEFPRICIE B < D, BAAME
Thb. n>3 O, TIFEIENSELET 200,
N7 PVAKADHR T, EANEL 3~ FvEIAR
B (R7(a)) 0ATH5.

(2) 220~y PVAHADE RTINS b TE

EnTHaE4 (6 (b))
n Ny bVEIRE m Ny b VRBHRDSE R B N

AN A

(a) (b) ©
(@) (e) 0

B 7T Bl AR AR E O

Fig. 7 Simple primitive problems,
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Fig. 8 Examples of tree-structured primitive problems.
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Fig. 9 Examples of tree-structured primitive problems.

(a) Mechanical manipulator

(b) Small object gripped by robot hand

(¢) Tripod on a floor
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(b) Generated problem by Theorem 2
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R
[
\

[€))

DOEHN Y v ESUAREEARREE R ORR &
ERICHRTES. $ubb, HEl-28L0EH
1. 20K7 (a)BLOKT (b)D 20D &EARER
OBHO—BILTH > 7-DICHIBL, KT (a) &ERT

(e)DHITH OB/ CHEMBRIT 5. ThiE M
WTHEBREOBMNY b vESDABEEALELA
BTx%, GiEocy, FH1HET 2 EEDOL%E
YUTricmRLTsll.

EIE4: EAMEROR—/ —FALET B2 D0
W7 bvk, 1DOBAN7 PVICESHA B L,
FLOMBREAERMETHS. GEYIR)

BIEECEHB LI, BmNs bvEBIIO kISR
AHBICEENEIH S50 B 27 Pl LT,
TCHAZBHT R EBTELS, IITRL
BRI ERLETH 5.

4.4 KREETHORBBEOLEMTTRE

(1) kBE&ETROEAREOH

INFETOFMIITNT, BESAEETEZINS
BEDHERD F-T &I, X7 PV & B~
7 PVICE DR EN PRI, —BRiICiZ S5 TR
ZRD. AEITIRARTRERNS 5 7HEICED 5 EAR
BT ONTEET S,

RKTRW\WT F 7EEE B OEAMBEOBMTHEL
T, #EO» (4ERLE) o~z bRk BEEE~s b
NDIV—TTEGINIBANEZ N B FZLE,
K12 (a)D &k Sc&~y bk 1 DFDHHEN
7 PVEROEAIE, MROEOEHRE (Ki12(a)
OFITIZ, BEORM~NZ b B bhs, BEER
16) Ll (K 12(a)DHITIE, IRILHERE
HI2MH, A MENAES D, A5HT16) H—-ET
5. f-T, COLIWHEEIEABETDH 5.

ZCT, W—7NEET B0 AERED

¥ U—7 MR T BEHI N bovds 3 IRTZER T E B
TH B, V—-THEET B LI X > THERHHE
BEREIOMIIERERLIRIED. 08, X7 bk
DO ICBEAESE L TY—- 72 BRUOESICIE, v—
FHEAT B EickY, BERFHEELRIICEHCIZKE
BEREREL 2.

B0 R BASMECEY 5 EAME 2317

12 K& TROEAREEOF]
Fig. 12 Examples of graph-structured primitive
problems.

BicoW0T, K12(a) 2flicE > TEHLLEHILTE
. ZOFTE, LECARMRISFELET S, Th
SO, PTOLSICHETE 5.

9, L2HACHFEHERDH B, 4 DOWHE~RY v
LohicEseT AEINY v OOAERER (&
B8 ME) RIS HE TS 2720, WEpicios
BEREEMITHZ, T, V—FEBETS 4K
DOEfi~s P AVEOREREIMNTH ST ENEA
Nk, 4, v—7EBRT 2 4 OB~ by
% A,B,C,D -3 5. 7, AB HOMEA o BC
MomEs f, CDHoAEA v, DA HMOMAEL 0
TENENEKT. 2T, TRCON7 PARE#ER
HTH300, BEXICERTIHESEZRT 3 4ER
. - T, 3ILEMOAFIND LA BAERE ET
ZiE L., ALBOHAEZAENaTHBLIIC
EEcEEL T, BEEF Kb, o, BC
DOHTHAENB THAEH>CEABAEFULANET 5
INHEChET 5. —F, DA ORTHENTH S
IS5 DRFAZRLFHET S/NY RiCET 5. T
T, INETREND 2OOW|EE 2L, »2, CD
DETAENr TH5L571C, DORER, (42
OEEOED 1 DB 3OOHEDRL D bREL
BOEWS REERHLTEY) BHE 1 ClkENICE
ETB, (E-T, 320AKa, B, IMNHFLLNK
Bz, (420AFEOED IO 320AFE DO
EDBREBNEOIFEEARICT LI Thb
EIIPALIC y BB C ESF[EETH 5. Fio, 42D
AELZEELCRBETLE, £EMi~s PEIDIC
BESZEEHE1MEET 2 C LK b, §5bb,
V=T EEKT B A DOAERED S BLEED 101
D B ODHEEEPIITHY, #->T, K12(a)



2318 BB ESRE

CAEIN AWM BAERNRORIII12THS. (V=7
KT 5/ —FORMNIDBRE, V—ThAEBRT S
3ODAFEHEA (32DOAKDED1IDld 2D
DAEORMED bRELHMNEVSZEEFLTLD
IC) MNICEIRTE 25, 3DO0HEABESEL 2B
T, 3DODHfi~y bvED OEEE HER 0 &7
D, 3DODEMINI PVESAKREERNLIDD~NY
PV EEmIC I B, —F, v—TEEKRTE ., —
FOHDB 5P EDEAIE, 7 —FEB4DBEELH
BoZFRmiIc Xy, B~y raED ORERBEAR
LBz i, BRAEEAMIMICERTE3.)

7z, K12(b)D kS 22DV —F %2R 5 B
A HPROB S HHE (COFITH, 11x2=22)
LR OK (ZOBTIR, MERE: 3x6=
18, AU : 4, HFF: 22) BT B, ®X-T,
COXHINMBESEEARETHS.

(2) ABEETROEXBEICHT 2 BiEE
ThoOEARBEICIL TS, EHI1IEZHEHATSC
EDFHETH B0 5, H12(c) & (d) b EARNME
Thbd., X5, M7 (b)ERI2(c)HL TS, &
H1LAKROBREEVSELEST 205, FIAIE, K12
(e)DEHIUBEGIEAEICNL S, CDkD
1T, ABETROMEI VT O EABEIERICE
ET 5.

5. &b Y I

ST D Esgh A BIREE 0 & i 5 R
HEIES U T & 2 [EERHERE 12 D W T AIAREY AT A :
EUl, O, N7 rVlllkeEFveEz, <
7 PR E BTN i R ORI N Witk 5
AR ELUTHEREBRL . ~2 P afiltkE 0
I3 PVCG TEEHEN, $/, BAEEROSIGMT
BEZoNnTc & & DEEEENEIL, PVCG hok
BENn5 MVCG (=R, 57) TEINBZ LA5T
Ute. RiC, BEEZS 5 7 1T, [EEEHEERSE O o ik
ZAAEBANESLSH/ . Tbb, EiORE
OFEMNIEEERT & L biT, Fa~s brvisdg
BNTNTOAREEERLESEE 1k v Bty
bNBZ ERRLI. T, EBOEGREITICBT 3
NS OMBEONEMNT 2R, X551, B~
7 Y EBUCEAME, 3013707 7EEORAR
BICDWTH WU, BB, TTTRUZEm~Z +
NEE IO AREE AR O—ERIcH 3 2 BliEH
FETTY XL, FIZE, MREPICRLEZL S I

Nov. 1994

RT3,

AR TR FHRRE - EAMEORER, EEN
ICRFHERIC X 2 BBk EEEL b TIRY
WS, TOERBICHEZHEOBESE - HEB#ED
R, PROBENRELEI SN, ¥k, O
KOV RFLaEERLUILEA, <7 bVvBIkEFV
DYRT=ZT 4 v 7 WERE, BXE, =7 voE M
MHESESEELFEICES EEDbN S,

B CHREECNE&T B, R¥EREL, RIIE
B, Rl E SRCBRHNUET. T/, BEX
CERAZTRW . EGEEICEH N LET.

g £ X ™

1) Brooks, R. A.: Model-based Three-dimen-
sional Interpretations of T'wo-dimensional Im-
ages, IEEE Trans. PAMI, Vol. 5, pp. 140-150
(1983).

2) Lowe, D.G.: Perceptual Organization and
Visual Recognition, Kluwer Academic Pub-
lishers (1985).

3) Horaud, R.: New Methods for Matching 3-D
Objects with Single Perspective Views, IEEE
Trans. PAMI, Vol. 9, No. 3, pp. 401-412
(1987).

4) Ikeuchi, K. and Kanade, T.: Applying Sensor
Models to Automatic Generation of Object
Recognition Programs, Proc. ICCV ’88, pp.
298-237 (1988).

5) Fischler, M. A. and Bolles, R.C.: Random
Sample Consensus : A Paradigm for Model Fit-
ting with applications to Image Analysis and
Automated Cartography, Comm. ACM, Vol.
24, No. 6, pp. 381-395 (1981).

6) EEE : —~A : EHEFIAL oL KEH
DEFE, BHRLBEFELWHELER, CV334
(1984).

7) Haralick, R. M., Lee, C. N, Ottenberg, K. and
Nolle, M.: Analysis and Solutions of the
Three Point Perspective Pose Estimation
Problem, Proc. CVPR 91, pp. 592-598 (1991).

8) Shakunaga, T. and Kaneko, H.: Perspective
Angle Transform and Its Application to 3-D
Configuration Recovery, Proc. CVPR ’86, pp.
594-601 (1986).

9) Shakunaga, T. and Kaneko, H.: Shape from
Angles under Perspective Projection, Proc.
ICCYV ’88, pp. 671-678 (1988).

10) Dhome, M., Richetin, M., Lapreste, J.-T.
and Rives, G.: Determination of the Attitude
of 3-d Objects from a Single Perspective View,
IEEE Trans. PAMI, Vol. 11, No. 12, pp.
1265-1278 (1989).



Vol. 35 No. 11

11) Grimson, W. E. L.: Object Recognition by
Computer, The MIT Press (1990).

12) Lowe, D.G.: Fitting Parameterized Three-
dimensional Models to Images, IEEE Trans.
PAMI, Vol. 13, No. 5, pp. 441-450 (1991).

13) Shakunaga, T.: Pose Estimation of Jointed
Structures, Proc. CVPR’91, pp. 566-572 (1991).

14) Kender, J.: Shape from Texture: a Brief
Overview and a New Aggregation Transform,
Proc. DARPA IU Workshop November 1978,
pp. 79-84 (1978).

156) Nakatani, H., Kimura, S., Saito, O. and Kita-
hashi, T.: Extraction of Vanishing Point and
Its Application to Scene Analysis Based on
Image Sequence, Proc. 5¢th ICPR, Vol. 1, pp.
370-372 (1980).

] f>s

1 o

»5% G AEEEOARRE Ty 95, F/k, 1
T T b 1 DDFHERY b vERL, RAREFKN
7 bnvE2xy bAVEUEDSIEE A ARE To TE
. Tl % TokBx#Z 1o b D% T2 TH
kR

oL, T 5 T: KELEE, EETN
Exy b (EHiNs FEESD) KIS 2HNdT 50
5>, HHEOHMNI4TH5. —F, BAoMEDOHEM
21Thy, BEHNREOEMI To WOABERKDOK
31735, -7, BRHEOK EIWEOKODER, Th
E T iITBNTELVC LIRS, Tibb, T H
FEVFETH B, T: b FTRTH 3.
(REER#K)

I 1 EEAA
HLEAMEOARERE Th £95. i, LT T
HO 1 DOFMR Y b ERL, REEEEH~S b
WVF &2y VRS S I8 BEHARE To TET
Ty l% To CBEHBALEDE T2 TET.
cprXx, T: BERFETHACEIMEL XD
BHohThD. —F, CHHBEABETHS T &5,
ATOXH5icEBHEICLDIEH I N B, T5bb,
T: PEAETREOVERET S E, CNHBFHET
B5CE05, BAOBMEORCKTEAMEIELET
3. tha (T, CTe) 55, g, T: IKfHE2%
BRELCERBONAMEEL T £95&, T 37
WThb. 2T, T, & To DVEHFKRICKD, K
DIDDBEMEZLNS.

(1) T, 283a3KR To 2BTHE, To iU THE

BRasoBRRABHECST 2 BRME 2319

2B A E, TVCTI KT 339 ThH5. &
25T, T RE@ETH 55, T 3EXETIT
[AAR S (A
(2) T; 28 To OFHAR Ty CRFJEEHI~s b j
E1Ry bVRIENRSIES, 5B, FOADSIS
3) 2aUE4A, BHELHEHOBERLS, T— T
LELTREETHIRTTHD, chid T: BEX
BETHS LS REICKT 3.

(8) Ty B8 To 2L AENRVESE, T,cTidHKIL
$THEICED, T REAMETRIRNC LS.

PE-T, BEBEICLD Ty BEAEOKICIZ, T:
bELEAMBETHS C LR e, GEBRK)

FI2 3 DIERA

LEHIC K VIR 5. 3~y P BUARIED S
ERINBOABEEAMEET CRT. V0, T
WUT, EE2EZFRNICHEAL, chliEE®2%
BRETERORE T 22 5. Zhid, RD2D20
BAiCHT LG,

(1) T/ SREREGH 7 briEaERnEs, T/
32 Ny VAT HB. —F, 3.2 OFERLD,
n#t3 DEECOMBERBEAMETELLEDE, n=
3THLTRIES .

(2) T psiparAk To (RAIEBEEI~7 g 1N
7 FVEIED S35, HBVE, FOHPLILE) &
SLEA, HHELHEROBGRELL, T-T b
FLEMEEEETH 5 C EMHEHATE, chid TV &AL
BTN EART.

- T, WHEBEICLD, 3~ FVHUARED A
BRENITNE D BABEREARMERIEEL TN &R
I g g GIEBAH&)

(Fk 5412 F 17 HZA)
(ERR 6 4F 7 A 14 HERER)

RE & (E28)

1953 £, 1976 FRETRETY
 IRBETAER R ¥, 1978 £FRKE
B THTRRHER TS Rt
BT, B4 NTT AL DUk, #3%
' L HE o YEPa—AEYay, BR
vy PEY 3 VEOHEICHE. BE, ba—<vA4Y
27 = —ABIRBEHPIFR. 1998 F~94 £ -2
F—tn Vv REREPIFEE HREFE Tofy bV g
v EAAEE). T¥8t. IEEE, BEFEHEEE
SB&A.




