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National Chiao Tung University

Abstract

Estimating accurate camera pose with extrinsic parameters from this thesis
uses information of correspondent points in-two different views from:the same object.
First, using LMedS method to obtain‘a lot of solutions of extrinsic parameters, and
take the front “solutions with smaller median error. Use clustering based on
MST(Minimum Spanning Tree)to compute the information of ellipsoids of the local
regions. Fine cut the ellipsoids and clustering again until the ellipsoids
degenerate.Then we will get the solution with refinement and the variation of
errorsurface( = eigen values and eigenvectors of ellipsoid). Decide the executing
sequence of each dimesion by eigen values and eigenvectors of ellipsoid. Finally,
executing the 5D optimization search method base on Golden section search(GSS) to

find the optimized solution in 5D solution space.
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] (2.12)
le :Tz - Rle T1

4o % & 12 Essential matrix 4 f& 40 ke T 3-8 1 (yr,0r) 0 #3240
B A FT 5 unitvector > T2 77 &(2.7)5% ¢ hn=1- £ T:[tx t, tz]T AP
0°<p<180°,—-180°<OH<180° » 11 F = & Snfck t, 8 N yrenie > £ % yp & t o
ty £ O e F 2 A Sl ] Sl AR PRttt = B E R H oy
Ori f 3B &R AR LR AT A
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Pttt f R yr O

te ty t, Yr Or

=0 =0 =0 0=yr=90 0=6r=90
=0 =0 =0 0=yr=90 90=6r=0
=0 =0 =0 0=yr=90 90=06r=180
=0 =0 =0 0=yr=90 -180=6:=-90
=0 =0 =0 90=yr=180 0=6r=90
=0 =0 =0 90=yr=180 90=6r=0
=0 =0 =0 90=yr=180 90=06r=180
=0 =0 =0 90=yr=180 -180=6:=-90

# 2.1 4P 48 RN Ji A= T h s R AT
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% 3% LMedS = ;2 £z 4-f22 scit

*E P 4o Bt LMedS B 2 ok 58 el ] Lt ey TR PE
i ¥R E(E 0 N ) k3t E fundamental matrix> ¥ 12 {8 3] - Bk IR S B fE (4o
F2RE) F REFENHHME T AL DT F (4o 4000 Z ) 30 S o 5
- BfRY AR EAREL B (4 2.2 i) X hipl R ¢ 0 BNEL BRG] D
5B g -

B BER PR GRS LRGN EAP Y ERT ) F AR R
f% > $1* Minimum Spanning Tree(MST) & it {7 & F(clustering) » ¥ F|EF B ¥ it

¢ P rBEEROSE TR § L AFEFORIM R EEL A
SECELE Ca/AL - ECR R (reﬁnement) KEB RN L35 { denfzo 5o

3.1 * LMedS # ;& T»Zf" 25 N

T Aok 30 S P 0 do % i1 G 323t (noise) 2 outlier 3 o B ] T 3 E (least
squares ) i ¥ 1445 B A '3" ol 3 DI B {Jﬁ i B BE P 0F
“f T T A Csimulate data) 2 ¢F 0 FERI- 2§ S"z & outlier fh NG

B2 (LMedS) £ %5 cnF L (T B {50 B P @ epficie > 145 4 | HPR— e
I ERE & ER SR %%pri;ﬁ.ﬂ? {(a"b')|1—1 2,3,...m} >
r 1* 3 g A4 (residual) 'r = |axtby+l]| > fipt 2 BLI|RFPEY > £ 4 n e
i(jrt—‘ al’bl az,bz a3’b3 ......... am’bm
s M 2]
L ¥
Iv”nMedian
2 2 2
r-ln r-2n rmn
(Residual)

B 3.1~ T3¢ @21 R E
dogop T Y R F &R LSS L i RANSAC § &% 28
B £ & %4> @ M-estimator i & % T &g 4F i 418 0 4 3 ¥ & &8 B iteration
ERHE SR R R SRR R R AR 54 B A vEIE S
Sl BB TR aENRREY o AR E AR Sl ) T3P GRE S I
0% £ & w0 3R BEK Coutlier A A WRAZE 2 IMF LB L B R[BF Y ik
€7 AL (FACE - LRIB-FINBET i ¢ SR FTA ) > Fpx F wlan
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T 4 o
Ajpkd TMedS 677 2 2% e R Fifen B HBEP > €45t TP

FkEQES N 2)HRE - 5d 22 E Fundamental matrix » 4c b @ Foenp 38 i
+ 1% 7| Essential matrix > £ f 4! t i ¢} 3% 9‘&3;;}‘5*3{ H X E > 4ok 2 F 971k » &
JEP Pl g o] A iR o 1 F 'E K noise i & e R o

d ALt RN AR b 5D@4@%ﬁ@#,iL&£i' iR R

FEOfR € AR R TERIT o AT Rt t BRI SR > E ML ) cw p B R

uﬂj&é@&p%ﬂﬁ%@%%@ﬂuﬁwﬂﬁxi *ﬁmw%ﬂo
M 3 A B B¢ n=19, t=4000, p=50, k=8 -
L o

num |Yr Or OR. 1 Ot median Euclidean

et distance
1 29.6682 [141.4966 |-121.405 [74.1991 [317.2275 16.6906 9.6442
2 32.7053 [142.2839 |-123.827 [71.7361 |317.8237 16.8135 16.0297
3 28.8298 [143.0459 |-124.37 169.4278 |317.8257 .|7.8483 19.0224
4 27.6632 [137.5118 |-117.67  [72.2759 |313.0297 [9.4849 [12.6352
5 42.9453 (141.0924 |-123.253 [69.5353 [317.7244 19.49161 |5.8443
6 36.0949 1142.4432 |-123.678 166.3573 [317.6953 10.5248 [3.1184
7 36.1698 [141.7338 |-122.765 (70.313 [318.3048 [10.5706 [2.605
8 41.2414 "1139.2393 |-121.476 167:8386"1315:594  |13.5777 |4.7286
9 39.5726 |139.5241 |-121.497 165.219 ~315.1695 [14.2116 @4.7397
10  40.441 139.1832 |-121.745 [72.2206 |316.3319 [16.9895 |5.3676
11 [26.8339 |141.8992 |-122.442 [65.9585 [316.4764 [17.4494 [10.8159
12 35952  |140.8474 |-122.268 [70.2366 [316.5295 [18.3644 [2.3842
13 36.1866 [139.7995 |-121.099 68.0759 [316.4651 [19.4008 [2.2254
14 40.1426 |138.9176 |-121.799 [73.4008 |315.8542 |20.5001 16.2819
15 |41.1813 |138.0518 |-120.737 |[72.0803 [315.7656 [21.2277 16.4749
16 [38.5412 140.4795 |-122.203 [72.246 |[317.9028 [23.5363 4.1221
17 42.0116 |138.916 |-121.46 [59.9859 [313.762 [23.9649 [10.4997
18  [31.2562 140.4504 |-123.067 [82.2089 [316.9913 [26.2528 [15.0929
19  [27.7324 |138.1323 [-121.695 [84.0006 [314.6408 [26.7347 [18.7062
20  44.0845 |138.0402 |-121.22  [69.1971 [314.5459 [27.0404 [7.9877
21 [39.2174 |139.7523 |-122.002 [65.7418 [314.9225 [28.2056 |4.2131
22 [34.1051 |144.5874 |-124.428 [79.2075 [321.6133 |28.7583 [12.7789
23 [39.7403 |138.4553 |-121.839 [72.982 [314.6609 [28.9436 [6.3335
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24 40.3016 [137.4462 |-120.388 [74.8545 [315.675 |30.5953 [8.3298

25 [37.5271 [140.8688 |-122.647 [79.4313 |318.0791 |30.6358 [11.0618

26 [38.5522 |136.7595 |-119.898 [77.9604 [315.1862 |30.8471 [10.9956

27  36.5342 |144.2826 |-126.074 |62.7031 [318.0967 [32.9034 [7.6481
28  33.0913 [137.455 |-120.328 |82.0094 [314.8837 |33.2035 [14.9936

29  30.3879 [143.2053 |-124.89  [75.1401 |317.5832 |33.9414 [10.2232

30  37.9135 [139.0839 |-120.574 |71.2325 316.901 34.4179 3.9101

31 36.6619 [141.0545 |-123.984 |76.6479 |316.8203 [35.0664 [8.4294
32 36.5823 [139.7174 |-121.091 [68.635 [317.0821 |35.1031 |1.9552

33 32.7626 [141.1524 |-125.432 [57.9692 [315.6235 |35.1527 |11.8952

34 36.1102 |141.4645 [-123.204 |63.0327 [315.4508 [36.0942 |5.8658

35 41.574 |140.6714 |-122.425 |73.6503 |318.8567 - [36.4867 16.9624
36 |35.6502 |139.8613 - |-122.237161.0371. |316.0397 {36.9253 [7.7284

37  41.6971 [137.9025 |-121.734 [73.2427 [314.1947 {38.0765 [7.8595

38 143.509 136.4972 121111 175.9487 [313.9754 |38.1183 |11.2981

39 36.6372 1137.454 |-119.779 165.4183. 314.4691 |38.6548 16.0128
40  141.8516 [135.1086 |-119.111 [73.3729 |311.6951 [39.1149 [11.0038

41 28.8276 [140.0757 |-120.71 . {70.9901 |316.8792 140.0534 9.0647

42 |33.8341 138.2457 |-122.813 86.4725 |315.5252 40.202  |18.6781

43 |38.6968 [132.1669 |-118.152 [79.2233  |309.5387 140.6239 [16.5381
44 139.2984 [137.5257 |-122.517 |81.5958 |314.5076 41.1943 14.0438

45 39.4081 [141.5816 |-123.476 [78.4222 317.7742  42.6323 [10.3245

46 139.925  133.0681 |-119.809 [79.712 |310.2415 42.6791 [15.894

47  132.8718 [141.3361 |-128.416 |55.1156 |315.3274 44.0129 [15.3785
48  26.8601 [140.9493 |-122.368 [61.3312 |316.2955 44.4691 [12.6475

49  38.3801 [134.2182 |-119.886 [81.7184 |313.1246 46.231 |15.7173

50  21.7216 |148.5722 |-133.452 |57.1188 [315.7457 146.3699 23.5099

% 3.1 LMedS &% e 50 & 5D f3% HE 4 @&

ﬂéﬁi@&f%’%ﬁéﬁ BAEl B BT A A5 S (local
trap)> & 7 5 - 'ﬁﬁ,a;WE‘rm%ﬂfW@%VYgﬁ”l?ﬁ%ﬁﬂ’
BOBEG TR § 2Bk R F 3§ F(local regions) » Tk o 1 fE e

5Di& 3+ 5 Euclidean dlstance » Xt L ik kiE 2 Minimum Spanning Tree(MST) »
Bt oh 30 R fcfiz Bppdpagir 2 Ik S22 8o HREF - 407 B3.1 0 x
$h 5 1~508Echih 5t o FEAE ST 2BEH SHBiAp AR Y 5 @45 > yih T L Euclidean
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distance » % &k i & - Azengh2 B EESE o

2139 8 5273436 B 71213321630 1014 2315 24 37 40 3526 368 2 2545 31 129 3 41 43 46 44 49 20 11 4 33 47 48 17 18 28 19 42 22 50

% 3.1 Minimum Spanning Tree 7+ & [

r g § e gap # MST & = Hcis #F(clusters) > § ¥ 7 4 4 1 @ %i(cluster)B?? Nl
B H O F(cluster) i imrr o it 302 4o 3.2 & Arat o 0 o iF snak e o e fF A
9 e 1B F¥ (clusters) ¥ > & Jf e PF it 3 (clusters) mim *7 L B Eri § 7oA ¢ L
f# e cluster :

B = cluster ¥ 4 1R % % ¥ 5] E(local trap or local minimum) » 3% cluster

e 148 % eigen values % eigen vectors fim*z » H R A FitiEenz B3 4 o
W 3 cluster &3 ¥ i @ B f# » 3% cluster #5[f]148 & eigen values %2 eigen vectors

Winr > VAT G RS B ORTAE o

3.2 #~f32 3%

* ?fﬂﬁ-:-;kﬂq 4o i@ A $7 i3 4 # 2. Covariance matrix $1& & @A % #¥(clusters)Hif
Fl48 > 2 4o @ ¥R o K REFEAL B 0] dfE(=iciefg) o

§ % SD PR IAL S S BAE e B0 AT BT A2 BB RT A B

3+ 3 1 covariance matrix X ~ 1 0 4o (3.1)5%
D (% g —Mmeany)(X  —meang)’ (3.1a)
(% ¢ —mean; )(x,_; —mean; )’ (3.1b)

H ¥ n=fFE(cluster)? i BL¥c(=fF B #ic) meang 2 meant 4 Y] & n B fEIRS
T T 52E > x; RE X T4 B 5 % 1B 5D RIMFBD)E TR i»(2D) -

-17 -



A R~T & p heigenvalues ~ eigenvectors 2 mean 4o * % 3.2 -

R VR Or OR
Jmean 37.8616 |139.3263 |-121.8653

\eigenvalue 42152 [2.4175  |0.6472
$h 1 $h 2 $h 3
leigenvector -0.8384 |-0.5411 0.066
0.4893 -0.6937 0.5286
-0.2403  10.4754 0.8463

# 3.2(a) cluster 77 R mean & eigenvalues & eigenvector

T YT O1

mean 71.9678 315.8556

y/eigenvalue 5.2282 " 19846
h 1 ih 2

leigenvector -0.9888  0.1491
0.1491  0.9888

# 3.2(b) cluster £ T mean & eigenvalues & eigenvector

ST R E PFFIRE L ek @ R R R B AT

the longest axis of ellipsoid = \/eigenvaluemax \/C

(3.2)

max

H U ghd £ chE B TR 4Jeigenvalue st ¥ 4E o
# ¢ e =max{\Jc =xf(x—mean) = (x —mean) i=l~n} - i & B

Mahalanobis distance % = g e

Bt d NFRIE R R (S 0 FIS AP R A BRG] G T E
FlRg e B endni> > 200 BRI e /& 2/3 adf i tldmr > dor 3 2 4o T

Q¥ S5t pEr4%n, 29 5%l B&X 5L ,L,L, Ly, Ls)

(b) & fih } B~{8 5 B % & B ! (mean;-2L; , mean;-L; , mean;, mean;+L;, mean/+2L;) ,
1=1~5

()5 ht & — e 5 B ETT FFE D AR PN 2% 2/3 0 5 BT L E

5° W ATHRE L @ o

A7 w1 PAREFA Bl g 50 LR A e B IR

- 18-




ibm ot ERIRE AR ok A Fo A2 18 e 2 MST pF» H ik 45 220 5D shweighted
distance = [(Il]i-nlj)z-f—( nZi-nzj)2+( 1’131-1’13j)2+( n4i-n4j)2+( n5i-n5j)2] » H ¢ Ny = {:i:l, 12,
0}, nig = {£1,42,0} ,k=1~5 4o b4 33 :

num #h 1 #h 2 $h 3 $h 4 5
1 2 0 1 -1 1
2 2 -1 1 -1 2
3 -1 -1 1 1 1
4 -1 -2 1 1 2
5 -2 -2 -2 2 1
6 1 0 -2 0 0
7 -2 -1 -1 2 0
8 -2 -1 -2 2 0
9 0 -1 -1 0 1
10 1 0 -1 0 0
11 2 1 -1 0
12 -1 1 0
13 -2 2 -1
14 0 -2 -2 0 2
15 -1 -2 0

16 1 1 -1 0 -1
17 -2 1 1 2 -2
18 0 0 0 0 0
19 2 0 2 -1 1
20 0 -2 0 1 2
21 0 0 1 1 0
22 2 -1 0 -1 2
23 0 -1 0 1 1
24 -1 -1 2 1 1
25 -1 -2 0 1 2
26 1 2 0 0 -2
27 -1 1 2 1 -1
28 0 -1 1 1 1
29 1 1 0 0 -1
30 0 -1 -2 0 1

-19-




31 -2 -1 1 2
32 1 -1 0 -1
33 1 -2 -2 0 2
34 -2 1 0 2 2
35 0 0 -1 0 0
36 -1 -1 2 2 1
37 0 -2 -1 0 2
38 -2 0 -1 2 -1
39 0 1 1 -1
40 2 -1 -1 2
41 1 L B )
42 1 0 1 )
43 0 2 0 0
44 I v) B 1
45 2 Hij )
46 1 1 2
47 -1 2 F i
48 -1 -1 2
49 0 0 2 1 0
50 -1 -1 -2 2 0

% 3.3 w2 {s% 50 % f%¢0 weighted code
A FTS 0 P X B ek WRFIAEY 1 (i) b eigenvalue 31T 0) 0 B
Biflmr o NP wERGEL? OHGFRAEIPFZE > ok PRI Pl

Fldg L & B > T F w7 o

-20-
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¥4F WEIBHEDENPITE

AFERP Ao E 3 F i fEL Y s o AT Y Golden Section
Search(GSS)i# & i% %45 F| { 4o FEcnsh 28 £ ¥cfq > HHAE R L 0 1 pl e
f& e P ik FIFFIN

WECIERR G ¢ w0 H#-5D engp % S dicy B (camera parameter space)s = 3D E_
# 7 I (Rotation space)% 2D =# 7 F (Translation space ) » :&m £ * #fR] M %
fhE 2 2w T & = B 48 1D rotation eigen-space +2D rotation eigen-space
+2D translation eigen-space > I 14 FF] 48 & b7 $ & 0 eigen values + /] k&2 5
BAR Ak d L IFFAEEFER o

FFRYUGSS 3 AHLTSD E B ik G 30F 0 uPH ML 2 E
EQER=g) WES A
4.1 % &* x]4% 7% (Golden Section Search)

Golden Section'Search(GSS)#_#.— 7 F ¢ & {7 & & fZe048%F > & Binary
Search # fr . GSS & =0 17§ £ blfic @ y=0.382 & 7 &t &) > 7 12 X g
F 45 Fld it f# 0 iz GSS @3 * >% unimodal function» % 77 AOHF H#F 7 T3 - B
B+ AR EefEin 0 GSS 4 S D EEreniE o E H ezt Ay P F2t
unimodal function * GSS s & ;2§ * » Flpt 7 — & 272 g @ * A ar F
e % §K-5D 23 ik eigenvalue < R A i H - AR EF GSS 1P I 2B
BEfREom 2 Ags B3k M8 e GSS i * A2t unimodal function R o
1§ 3L GSS e 8 jF 4o T ik

F(a)

a b b, c
%] 4.1 Golen section search(GSS)-+ %, B
4rfBl 41> Ba% B.c i w28 HELIEIFRZ2F > AL * GSS fac

2 B3 - ] B e I -

Step 1 -

_21 -




b =a+y(c-a)
b,=a+(1-y)(c-a)

Fl = F(bl)
F2 = F(bz)
Step 2 -

While (c-a) >¢(a+c)
Case 1: If(F <F,))set

{
c=Dh,
b, =b,
F,=F
b =a+y(b —a)
e F(bl)
H
Case 2 © else set
{
a=h,
b =b,
F=F
b, =a+1=y)(c=D)
F, = F(bz)
i

Step3 - Set a=(a+€)/2 + & & {5 £ hjz

PG B GSS ek kA PR AFRRRE R T Y e B - R R

x_Z-
unimodal > 2 Z 4 GSSH g ic kB & p R A& REF - (DR A
Bt g IR 2 BhaE L B A )10 T - PR I‘Jﬂﬂﬁq‘%@gmﬁ;iﬁa@ SR
@ &2t unimodal éHH R ik i A 1 ﬂ’ﬂ%% GHD G UL FLEe
BLo el 42 A AP A AR EAER 22T T R E R R m#,a@\:‘ ?zigﬂ{—— a %
FLE(Q)4c % 2 B EEL B N IE N 2 BheR g BB o PlER LT E A R
Fenfe@e i §F B ] @ TehpFlE s ko LB GSSe

-22 -




F(a)

A b by by c
F1 4.2(a) GSS #cie % (1)

PR R () efgE 4o

B R hStep2 ¥ o J3f HAF AR A S 2 B (ab) % (b,C) 0 d

b & b dET kIEF R E & EHE (b)) & A (b,C) » FEH (ab) #F R

(b,,0) 7 £ fmp LR Ao e 4o W42 ) (8;0) I P .-;cgﬂ; & (b,,c) i— £

AP ATenS ¢ 5 A 4 (b,,0) Br- BRD,'=Db +y(Cc=Db) B F(b,' ) HE A

= 2 i case -

Case 1 : 4r% F(b," )2 F(b) » RIFR 5 (b,,0) iX i fmp s & » BRR & fuz B9 4
(a,b,) 34 7 GSS o

Case2:4c% F(b,' )<F(b) Rz 5 (b,,C) F & § % & 1&iE > » B#(a,b,) > (b,,0)
# 7 GSS

F(a)

a bl b2 C
1 4.2(b) GSS e % 3%(2)

P M2 (Q)ehiaE 4o

Al RGEY > T A e FE R B S ¥ s unimodal T k-] B (a,C) 2 B o frrd— B
4=F(@) 2 F(c)# * ¥ & » & &2t unimodal éhiFin ™ » — B4~ F(a) 2 F(c) thit
» E4cF(b) 2 F(b) -4t o MBI 43 56> @S2 Y (b,0) s EHE W
Fege o A (b)) AR BB AN BiE) @ ha fTsrie 2 ¢ 0§ (ab) ik
THRAFE APE I RF@) oD F ] EF(b)  B% A2 2 B case

_23-



Case 1 : 4% F(a)>F(b) > RIR R & 2 %5 ¥ (b,c) 34 7 GSS -
Case2 : 4o F(@)<F(b) > Blins (ab) T it B BHEE » A w$@b) > (b,0)
7 GSS

iriEd 0 GSS HiF fe R 2 B 4o T

Bk = =4 R hde ) > MHFg R T 0.01 & - EJ800*0618"<1 )

3 5 =t ¥ =iteration #c * = 1§ iteration 5t E ifk =n*1=14(F BAR)

it ts 0 GSS g fe R 2 B 4o T

Bk = =4 R e > MHFg R 5 0.01 & - E‘J800*0618"<1 )

3+ 8 =t #ic =iteration #k * & B iteration vt B K #ic +1{5 K 4o mﬁ%
=n*1+3=17(* BAR)

425 B 7 B B 3 f3230F =
DR 43 M RERREZFauise s B P €5 3F ¥ R E (local
trap) > — 4 ePdEH F P L 4R T F (REEYS Bl B 2R 0 A ANipRaR T 5 R 3 B e
FivyoE > ¥ob o d3bE - @R dherrorsurface A T A - R AR AR n
A H %> 2 3 37T unimodal function » #if & GSS g1/ * R RRE A
RIE>C 45 pe > @2 B3 @ % GSSo F]pbde ™ KB4 47 B 32 B doip e 50
7 B AP B R S
d 32D 2 e T fe3D ZFenR2Z B G » e A B E o
{LTWQDlﬁﬁﬁpﬁﬁ W AR EER > A F R YT £ & 0T hg
ﬁx’]‘fﬁ’ FAFHZLOT £ FyT % sFfd B ¥=3m 23D 5F R
7o AR Ff’mifé*ih“'ﬁ)—?wk’T‘*bﬂ 12 7 i -
HEEZ 0 feigenvalue | ed R o d error surface ¥ f I ¥ 3 MRT:
@ error % L > VT i FE— 0 ]ocal minimum - linear search » i&’g 5
PP Bk 2712 A HHE eigenvalue f-] AR i 1T P #D FE e value B T
MBS R R o R0 F error surface >4 F2 3R GSS iEL) 0 &
FRER Y EIE- WS Ea
B3P > ¥ yR eheigenvalue B0 » @ OR 2 oR #heigenvalue £ 7 % pF »
% wR £ OR #7H = i error surface(4c @] 4.3 #7771 ) 2 ¥ 14 'F" 4t 2 error surface #
i eom fd yR £ OR #7H = eherror surface(4r B 4.4 #777 )0 ¥
wEHEB mFE @ GSS kB A iEfE -

|

i&é

Y 'F" 4! error surface

-4 .



[FiR thetaR omaga] = [last vert hor | =20.8557 293.915

34.4453 Given last = 20,8557
295.5 e i i

29455 :

2935

y B = ver A{E

2925

|
33 35:5 34 345 35

w Bl = hor  EesheronE = 017147

] 4.3 error surface("’k T #ih 5 oR > & #h i OR)

[FiR thetaR omaga] = [vert hor last] 20.6557 293.915

e A 7

34.4458 Given last = 34.4458

y 8t = vert HI{E

292 29245 293 2934
w8l = hor  E/JveroriE = 01741

% 4.4 error surface(’k L #h 5 OR » =2 #h 5 yR)

294 2945 295 2955

Fgt AP eigen-value 9% ) 12 fBF s BB ¢ - R B3 TR B OE
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FfEEG Al = B Sk F"ﬁé"\gt?}: T_4c ] 4.5 » 1D rotation eigen-space %
R, ’ 2D rotation eigen-space % # (R, ,R,, ) > 2D translation eigen-space % &

( hor » ver)

R-3D

| | T-2D

Rver P
/I‘?Iast

> \ Thor

b s, a2

rl45 = ﬂ; %&2?&%&;{ ié Rlast (Rhor’Rver) ( hor » ver)
FRENGAE ArBl 4.60 R AR R GIOF > FIM AR, BARS 1 GSS N
BofETi b dfE A BAF GSS LR E MR, AR T Bank
73},'_?5 .

v

Ru @R+ iZg— Bherf 4 @ "'F{r] TR, HR 5 % - > f2D rotation eigen
space PR, R 1 14 GSS #5 4 g i Bl R =3 ie- BRAREL B G
R =13 ST T 50, GBS sz Ry, Bt cvb | & o HReniE 105 & 44 (7 GSS
B B At 3-8 Ry, R T BEamR L o 4oBl 4.6 0 nio- BRELE TS
T %R, =13 R, =1y # &R, 4R 17 GSS 45 B |

FIZo4eB 4.6R, AR - B aRLE i HE R 3D EHE S 5 (1,1,3)
35T > % 2D translation eigen-space ® 35 ! é’ﬁ&f} B kBIOHF > AT, AR
b L BRATEE 5 TR AD hd B (rn, ) 0 B AT, HA F 1 GSS 45 e

hor

i e

e A&V Ao T, R eigen value #-] » H error surface 1% F M
B A ER RS VR G E- iR B PE S RERT L T
T, L M GSSHeF pEATiRpF - B R L A T e it iR 3 BfS

4 R, EAHF GSSHF o
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" Global minimum
error value

ver

Rhor
B 4.6 2EHR 2 FERE IR

PEIWE R mF B R o T WP

Rlast A Rlast ] Rangele 1Rhor A Rhor - RangeRhD, J

begin initialize {R,. < R, —Range;
Thor & Thor " Ra‘ngeThDr ’Tver - [Tver L RangeTVer lTver + RangeTver]

fO_r RIast A Rlast +1

fO_r Rhor (_Rhor-i_1
fo_r Rver A Rver +1
for T, « T . +1

hor hor

do GSS alone T,, axis with error function

Err( Rlast ’Rhor 'Rver ’Thor ’Tver)

find minimum Tver_min

until GSS stopping criterion
until T, =T, +Range;

hor hor

do GSS alone T, axis with error function
Err(R Ry 1Ry T,

hor * " *ver * " hor ver_min)

find minimum T,

hor _min

last 1

until GSS stopping criterion
until R, =R, +Range;
0

GSS alone R axis with error function

—_— ver

_27-



D
o

Err(R
find minimum R

Rior s Ruer o T,

last * ' *hor 7 " *ver * " hor _min ?

T

ver _min )
ver _min

until GSS stopping criterion

until R., =R, +Range;
do GSS alone R, axis with error function Err(R_, Ry Rur min:Tror minsTeer min)
find minimum R,
until GSS stopping criterion
M RIast = RIast + RangeRm,
@ GSS alone Rlast aXiS WIth error funCtion Err( Rlast ’ Rhor min Rver min ’Thor min ’Tver min)

find minimum Rlast_min

until GSS stopping criterion
return R

last _min
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S5 ARLE

hAZHeaRm P o HEE RN AP 2BEEE PR X T L error
surface v » T B4R T E - B4t RBE R X 0] o TR B A S 3B
BT 2 S HERR S B 3M S R HB AR A HERT &R 4 S 2 ey
CEES SR
ERANHT 0 F2EPGT I 0G - SOHBRER 2R A ST
FEF LD fReni ¥ (ground truth) » 120t KB & & f24H0F 2 A7 R0 0 5D fEe
i

fRtfrz B Y A FAPT @ 23 W%@ﬁ | E W3 E F chiin o % 2R PR
SR R BEER b A SR R B DL R R E T e s 2 A E
fadiE 3D $ 88 BRLiEH gﬁmgﬂ,\; i_)gj\«fr}%:#%mbm,u B Aefd cndd 35 o

F o - B2 > d(cube)d 3D R > HBRHIL T AT B 5.1

@)
Bl 5.1 A&z 2 Hu(cube)™ L3 o et R EESMEL
Bt 7 S e B3R 5 B #74 7 (Gaussian distribution) » f23 < ] £ = 2 4

(cube) t. 2D ek B2:f £ > #-2 2 $8(cube) & 2D 53[}»,\? gk~ B E n%E T E 300
T 52 5 B ccube 22D F B iR p1 P,; (=289 pixels) » B~H 3%(28.659
pixels) 7 #23 % 274 # 1 3c(mean=0, ¥ X =0) -
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2.

syzMEE = (1000 25) . T= {4070 300)

L L L L J _L L L_
7] xm xm 0 1 &0 700 oo o 1000

Bl 5.2 = = §8(cube) & 2D F enfi ik
é%ﬂ:éL@‘Fjij%H§5$&rT :
7119 e ¥t R KR 5 b IRz & = 3D BE(R 2.2 &)
@l SRR S ME LS9 B Em PPy PP PP PPyt PPy
PPy ~ PisPis i PisPio > PPy 2 12 [ Z(RP,PP) ~ Z(RP,PR;) ~
4(P7P9aP7P1) X 4(P15P39P15P19) : L(P19P9’P19P15) s L(P3PUP3P15) ¥ 4(P3P15’P3P9) *
Z(RsP,RsPs) ~ Z(RR,BR) ~ L(RPR,RP,) » Z(RP,RR) ~Z(R;P5,R;P) -
#-F % cube if £ < 0 @ 9 B L T 5B e ground truth cube i £ T35
1P & (=40cm)
8 E2 3D 4 en9 B &£ B fo ground truth ¥ & B £ £ 13 4 (5 T 32
2 ARRL o
35 £2 3D 412 B & B {r ground truth ¥& & & (=90°) £ g 4 B 1T
% A -

U\

P 10 EFERE o
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51 Lz %
F AL &N FAoT
(1)33‘3«&?5@512 SE B i
(2) %% % 2B cube chk L (P 3%5 3o ) ABAS OB x Y
1@ 1% e (mean =0, HF L=0) TEP 4 > 5 2RP LT D9 BEHE

(3)

m-p%?iﬁ\\

19 ‘e ¥R gk ? E45:E P 10 24t B k3t B 01 oh 3R Sl fF > 12 LMedS

2 A4 4000 EAp 48 b 3R B fR g (TAfE o

4) /w\ 173 w0 50 B | %4 EenfE > 2 2 2 Minimum Spanning Tree(MST)

(5) ¥ MST #as #(Clustering) > F & # Covariance matrix #[f]#4 2. eigen values %
eigen vectors

(6) ¥ & FAFFIE o7 > 17 P4~ fR e iE(refinement) > & X #FFI4EI (2 - B
eigen value % 0) °

(7) k< * Golden section search(GSS)3% #p 1% ¢k IR edicend £ {2 | (a)if 4% 5D
Camera parameterspace = 3D Rotation space £. 2D translation space * (b)i& @
£ * #7148 cigenvalues % ecignenvectors 3 = & 583 7 :1D rotation
eigenspace +2D rotation space +2D translation space > (c)#& * Golden section line
search i Tk 305 49 % *F 3% S ficehi i 13

(8) ™5 T ende it 3R SR E A7E 2 3D B> B £ 3D {4 eube (iR £ B
e ground truth $+ 58 & £ 58 $ @ T 352 R o

ML R R R R

FEH- R ESPRTHS L
fi ~ A SR RAT R 5 1024(-k-T)xT68(
19 Bh4F et R BE A F Bt o H P

330 A A R BE A > fR R o
2 )i i Imgael % Image?2 > ,z\a %« 2
¥ View2 m;}’jr,{ﬁ'";;_sé:.ﬂ m9 —‘_L%c x iE‘.F% R

..........

View 1 (Imgael) View 2(Image2)

View | 2 View 2 2_ B it FEen*h 38 Sk ™
R T
0.6124] -0.7803] -0.1268] 0.4411
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0.6597 0.416]  0.6258 -0.8894
-0.4356]  -0.4669] 0.7696/  0.1203
v Freneh 30 S & 1) 5D ek T E L
yR OR ) yT 0T
39.6843 | 101.4559 | -46.9876 | 83.0882 | 296.3790

At F Y > % T 5 normal distribution (mean =0, &% X =) >

~ o] #_7 cube AR F Pk~ F & (5 300 pixels)e13% &

Y E Y 9.8324 B pixels) o View 2 e1119 B AL E 7 4o » 2 {8 cnE S 40T

= —-?‘

BT o
g By e X ™ w il & o] B X hT w efeit < )

1 -3.72704 -4.4568

2 0 0

3 0 0

4 0 0

5 0.424926 2.168381

6 -0.86687 -4.00717

s 0 0

8 0.037143 -2.13098

9 -3.26928 4.424792

10 3.759026 -2.25978

11 0 0

12 0 0

13 0 0

14 0 0

15 -1.092 -2.78659

16 -1.80507 -2.79693

17 0 0

18 -2.8215 -3.96807

19 0 0

f1#* LMEDS 3* % {5 e iF 50 B ef2 Tl de™
median [ & f#
numyR OR 0) yT 0T )
error  |Euclidea
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distance

37.5531

99.8379

-45.9876

84.8507

295.4805

3.7591

3.4748

36.0189

98.1725

-44.4523

84.5594

294.7667

3.9509

5.9504

34.2524

98.9948

-44.8329

88.6701

295.9604

4.1066

8.4581

34.2524

98.9948

-44.8329

88.6701

295.9604

4.1066

8.4581

41.2622

101.9975

-46.919

82.9204

296.2237

4.2725

1.6853

34.297

99.0591

-44.8852

88.7017

295.9782

4.4058

8.4178

38.4302

100.2002

-46.0319

82.9454

295.7285

4.7959

2.1229

42.6694

102.7989

-48.2871

81.3871

296.8592

4.9876

3.9405

O |00 | [N [ |B W (N [~

37.9832

100.8055

-46.1263

85.7353

296.3444

5.1658

3.3267

p—
S

37.9856

101.4448

-46.9422

85.262

296.6763

5:.2509

2.7752

p—
p—

39.0285

102.4825

-47.6271

85.1247

297.2173

6.3983

2.5968

—
[\

37.1346

98.3514

-44.7518

83.4899

294.4052

6.4641

5.0195

p—
(98]

36.7468

100.8538

=46.1187

87.6357

296.6693

6.8248

5.5237

p—
AN

40.9361

101.3863

-46.3703

83.1226

295.6708

6.83

1.5671

—
W

37.9234

100.0645

-45.4888

86.5125

295.7134

7.3285

4.4105

—
(o)

41.836

99.0254

-45.587

81.7029

293.4182

7.704

4.815

p—
|

33.7608

101.5377

-45.7873

84.3183

298.3971

7.7908

6.4901

p—
0]

37.7916

100.6108

-46.0085

81.8255

296.3045

7.9153

2.6182

—_
O

40.2755

101.4804

-46.5675

79.43

296.0941

7.9743

3.7403

[\
S

39.034

102.1562

-47.1281

85.59

296.9954

8.0272

2.7517

[\
p—

43.0691

105.5251

-49.7908

81.4445

299.102

8.0621

6.7815

N
\S)

43.7877

101.4997

-47.5225

79.625

295.1069

8.1503

5.5442

N
(98]

35.3524

101.5015

-45.9431

82.5251

297.7128

8.26

4.6856

[\
i

38.7429

98.4797

-45.5841

83.59

294.1984

8.3243

4.0891

[\l
(9]

38.0458

103.2024

-47.4385

84.4089

298.4583

8.4548

3.465

[\
(o)

40.3055

101.4212

-46.8773

79.5141

296.0962

8.461

3.6405

\
3

40.4335

102.1987

-47.1764

84.4869

296.8915

8.8006

1.8352

[\
o ¢)

39.1469

98.6854

-45.8275

84.2113

294.2206

9.0006

3.9026

N
O

39.2479

102.6772

-47.6295

85.8929

297.5577

9.1633

3.369

(O8]
[e)

38.4597

100.6116

-46.405

82.8523

296.2495

9.2038

1.62

W
—

41.1537

100.7348

-46.0954

79.4781

295.3784

9.3482

4.1844

98]
[\

40.4995

100.0858

-45.2736

79.661

294.933

9.3832

4.395
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33 [37.8155/99.4717 |-45.4176/81.8303(295.3497|9.4327 | 3.5406
34 140.3305|101.4924/-46.6713|81.1709]296.5068| 9.617 | 2.0521
35 39.7327)99.2624 |-46.3051|84.70551294.5661| 9.799 | 3.344
36 |35.7458|101.6899]-46.2794| 88.629 [297.6977)9.9243 | 6.9648
37 | 43.52 1103.6721]-48.8987|80.9707|297.532 [10.1068| 5.3934
38 [38.1212|100.6823|-45.5551|87.3407]295.9162]10.2978| 4.8365
39 36.1849|100.4142|-46.2364(86.0084(296.2496/10.3609| 4.7371
40 41.4011]101.8832[-47.0462(80.0084/296.5861| 10.498 | 3.5582
41 |38.611 102.1176-46.8123|86.9478297.2641| 10.591 | 4.1594
42 140.6352/101.7184}-46.7316(79.3856( 296.346 [10.6395| 3.8404
43 139.9681/102.0977-47.3653|85.8105| 296.649 [10.7301| 2.8494
44 142.2912/102.8843|-48.4694/84.4834/297.0423(10.7593| 3.6631
45 140.2495/.99.0221 |-46.7412(84:3908/293.9635| 10.804 | 3.7196
46 39.6722]98.4493 1-46.0531|83.5563|293.5848/10.8583| 4.2356
47 139.4335102.2773|-47.2754|83.3435|1297.4144(10.9246| 1.3991
48 [37.9033]103.3648|-47.8614(86.2076/298.3001{11.0188| .4.5827
49 39.7422/102.4623|-47.7064/86.5921|296.9656(11.0297| 3.7622

50 140.2511|101.8242|-47.812 [81.3859[296.2698|11.1722| 2.0115
# ¢ eimedian error T_& 40 -

median error = median of 19 ¥} J& 33 &k 7 error

12 LMEDS ¢ median error w 50 % #1iE > en MST 4c T Bl 917 -

il -
L

20323150 233427221836 122624334545 2 3189294316 B 8 25403043 111621 1028 46 13 47 14 4 17 3539 9 38 1 537 7 42 41 44
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LMEDS 4 4% ¢

B B % 3.7591 »
P E AR G Edhdn BT o 4o T T

$i5 50 BRiE (7 > 3]

LA u$R, Tk

R yR OR oR
mean 39.7412 | 101.3659 | -46.6089
\Jeigenvalue 1.1996 | 0.9086 | 0.2333
Bh 1 $h 2 $h 3
eigenvector -0.6952 | -0.6875 0.21
0.5798 -0.3635 0.7292
-0.425 0.6287 0.6513
- yT 0T
mean 83.7217 -296.6401
yeigenvalue 2951  0.5204
#ih 1 iih 2
eigenvector -0.9922  -0.1244
-0.1244 0.9922
R HFIIAE b £ Bhehs £ JC... Jeigenvalue, - 300
Bedox 3| ¥ = =(2/3%halfof B E#h *1/2)= 0.9633
T Pr b £ e £ = Cmn/eigEMVAlLE, L~ 0 0
Bedbox 2| H = =(2/3*halfof B Edh *1/2)= 2.0867
B pher 2 6 =k cluster spVEIIENVAIUE e iop s
2%t Cluster 1 R fw*7 27 B F gk 5 = (0.9633 0.7296 0.1873)
T o7 ch*r HF K 5 =(2.0867  0.3680)
iR w2 1 > 7 @3- B4~ chrefinement 3 %
yR OR ® yT 0T medi err
38.9598 101.2675 | -46.6782 83.5729 296.3703 2.1176
MRS P s 0 i - B dimension 4 R ehFE RN F AT E 0 - B A G T

fRd TR, $F B Y S22 2D error surface contour ("K T #h i oR, 2
B B 5 OR)4cT BT
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[FiR thetaR ormgR] =[r3 r2 vl ]= 41,1769

101.801

-47.8434 Given ni3 = 41.1769

e 10.3
1035} £% 5 E-aﬁ%
4 B B3] B
103} é 2@3{?@%
7=
1025} f
% 102+
é 10151
1011
1005}
100k
Hee 0 oeT; 7 TS ) s v T3 %
wE =Ryl SsherrofE = 09355
* GSS = 2 5| inb & fF g g i e T
yR OR oR yT 0T medi err
39.6869 101.4677 -46.9934 83.0828 296.3891 0.0676

HRUT AT A S0 LA E R S 8GEAL X & 0.01 & o media error = 0.0676

pixels.

yR OR ® 0T

yT

39.6843

101.4559

-46.9

876

83.0882

296.3790

v13Y Bl i R OB B A AE (5 3D e T

Error £Z23Ds | €2 3D €& 3D |E2E 3D (s e
Function |#i# & £ B |eid £ & g4 B 4o |4 B - ground

i ficie | frground | fr ground |ground truth| truth ¥ /& &

(pixels) |truth 3 /&8 [truth ¥R ¥ & R AR| R AP £ 9 ¥

EARABH|ELBH|ZBHEN EREL

wehtio |menfpit 1| T35(R)
(cm)
LMedS
i iz 3.7591 0.4494 0.3569 1.1359 1.0785
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A it |

2

LS

1.9021

0.3281

0.2656

0.6307

0.3877

N
3

0.0676

0.0012

0.0009

0.0055

0.0036
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EBE > 4o BT o

e

£ ) o

View 1(Image

He

te im0 m

i ] i

T

AL

P B BEAe » SR8 o
gzgl » 3 3R 245 R 5 1024x768 1 i Imagel % Image3 > #i¥ & 7
¥ View2 endF fcgh ¥ en 9 BLie » 23 o

19 BEFF

]

1) View 2(Image3)
View 1 2 View 2:2_ B It Fge7h 30 283k T ho T ¢
R T

0.8627| -0.1846, -0.4708]  0.6826

0.3878 0.839] ~ 0.3816] -0.6314

0.3245] -0.5118]. 0.7955 0.368
e Fr et 30 il & 11 SD EnkoT E

yR OR ® yT 0T
373003 | 1409711 |-122.3799 | 68.4080. | 317.2328

Bt F &

# pixels) o View 2 119 B3 fcghd @ 4o » J2 {8 NS S 40T £ 977 o

e ACEE B A X B0 B hdeat 4 A X bt B cagean A )
1 0 0
2 -3.72704 -4.4568
3 0 0
4 0.424926 2.168381
5 0 0
6 -0.86687 -4.00717
7 0 0
8 0.037143 -2.13098
9 0 0

-39.

» 2K 23 5 normal distribution(mean =0, &% % =o0) > &N H
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10 -3.26928 4.424792
11 0 0
12 3.759026 -2.25978
13 0 0
14 -1.092 -2.78659
15 0 0
16 -1.80507 -2.79693
17 0 0
18 -2.8215 -3.96807
19 0 0

f1#* LMEDS 3* ¥ & ¢ median error # -] e 50 i f2 40T ¢

num

wR

OR

® yT

0T

median

crror

B fR
Euclidea
n

distance

29.6682

141.4966

-121.405|74.1991

317.2275

6.6906

9.6442

32.7053

142.2839

-123.827|71.7361

317.8237

6.8135

6.0297

28.8298

143.0459

-124.37/69.4278

317.8257

7.8483

9.0224

27.6632

137.5118

-117.67(72.2759

313.0297

9.4849

12.6352

42.9453

141.0924

-123.253|69.5353

317.7244

9.4916

5.8443

36.0949

142.4432

-123.678/66.3573

317.6953

10.5248

3.1184

36.1698

141.7338

=122.765| 70.313

318.3048

10.5706

2.605

41.2414

139.2393

-121.476/67.8386

315.594

13.5777

4.7286

39.5726

139.5241

-121.497) 65.219

315.1695

14.2116

4.7397

40.441

139.1832

-121.745(72.2206

316.3319

16.9895

5.3676

26.8339

141.8992

-122.442/65.9585

316.4764

17.4494

10.8159

35.952

140.8474

-122.268|70.2366

316.5295

18.3644

2.3842

36.1866

139.7995

-121.099/68.0759

316.4651

19.4008

2.2254

40.1426

138.9176

-121.799(73.4008

315.8542

20.5001

6.2819

41.1813

138.0518

-120.737|72.0803

315.7656

21.2277

6.4749

38.5412

140.4795

-122.203| 72.246

317.9028

23.5363

4.1221

42.0116

138.916

-121.46/59.9859

313.762

23.9649

10.4997

31.2562

140.4504

-123.067/82.2089

316.9913

26.2528

15.0929

27.7324

138.1323

-121.695/84.0006

314.6408

26.7347

18.7062
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20

44.0845

138.0402

-121.22

69.1971

314.5459

27.0404

7.9877

21

39.2174

139.7523

-122.002

65.7418

314.9225

28.2056

4.2131

22

34.1051

144.5874

-124.428

79.2075

321.6133

28.7583

12.7789

23

39.7403

138.4553

-121.839

72.982

314.6609

28.9436

6.3335

24

40.3016

137.4462

-120.388

74.8545

315.675

30.5953

8.3298

25

37.5271

140.8688

-122.647

79.4313

318.0791

30.6358

11.0618

26

38.5522

136.7595

-119.898

77.9604

315.1862

30.8471

10.9956

27

36.5342

144.2826

-126.074

62.7031

318.0967

32.9034

7.6481

28

33.0913

137.455

-120.328

82.0094

314.8837

33.2035

14.9936

29

30.3879

143.2053

-124.89

75.1401

317.5832

33.9414

10.2232

30

37.9135

139.0839

-120.574

71.2325

316.901

34.4179

3.9101

31

36.6619

141.0545

-123.984

76.6479

316.8203

35.0664

8.4294

32

36.5823

139.7174

-121.091

68.635

317.0821

35.1031

1.9552

33

32.7626

141.1524

-125.432

57.9692

315.6235

3O L

11.8952

34

36.1102

141.4645

-123.204

63.0327

315.4508

36.0942

5.8658

35

41.574
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