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Camera pose estimation using branch and bound method
with linear programming

Ma Wenjuan
Department of Digital Media Technology, Zhejiang Sci-Tech University, Hangzhou 310018, China

Abstract: In this paper, we introduce a new algorithm for estimating camera pose from point correspondences. Generally,
the camera pose problem could be formulated as an optimization problem. The current methods transform the problem into
a set of second order cone programming ( SOCP) feasibility problems which obtain the global optimal solution by searching
the rotation space. In this paper, by relaxing the second-order cone constraints to linear constraints, we propose an
improved method that combines branching and bounding with linear programming (LP).  Our method cannot only get the
global optimal pose but also runs two times faster than the curreut best method. Our approach has been tested on a number
of synthetically generated and real data sets, and the results demonstrate the accuracy and the high speed of the proposed
method.

Key words: pose estimation; global optimization; branch and bound; linear programming; second order cone

programming

D AL E B 0B R0 R T A
WA AR LA B 2B X BE LA A
R TR
FABHUALZ A TR T AL 8 ST 15 52 00 FRAGHLI AL 22 FH AR MR T T AR R Y

MR R R R A E R O RE ), AR e R R MER R € BHR
1841 4F, KM EALSUR LT i iy — D E . HLA RS TR B 45 8 — R 3 4k s LU
FEATR @, [ 2 2 AL e B IR 4 BOEMR R, BE R FC, eSO T, BN 7R M

U7 FI A :2011-06-15 ;&[] H #7:2011-10-24

BEEUIE WD T R2ABIE s 2455 H (1004838-Y)

FE—EEE A DIUR(1982— ), %, PP, 2010 4R F 1 R0E KRS U 5 B R G L 20, ERMEIT 5 10 B R G AL
HFHH NS . E-mail ; mawj203@ 163. com

0 3

T

© [ B BT 2R BT A



555 1

PR AT LR B AR e (DLT) S0 5R 15 5%
BUBLE Y o BORR I 2 R R R ok th bt
IRJE HEATARL DAL . BARIZTT ik LU B R, (H 2
T IR AR R AL B A R AR e . S T3R5
AR, — SR TR AR ZEN) L WA 2R
PRACFE 2R h 7, SR, BB R A (R R
BRI R 2 MBSO T, A0 E $AR B
e C,

SCHRI8-9 T4 M T BB AL AL LA 11 1) el 4 5 —
MR LRk XL R T 2RI RE , 1
HBLARZE I 0RO R AR TES 520 3 E ik
SRR (8 G R W S BE RS . 7 SOk [ 10-11 ]
o VEE A I 2 LT B — R A5 R L, Y%K
LB 25, JFH LR 21 03 3 0T vk b AT =
DA ISR LA o 207 1 SR s 2 73 SO TR Y
FEXIARMERE S0 73 Ah—FiR AR 23
(7 AE SCHR 12-13 ] i X Rh 5 vk A e ==
[6] SO, 368 2 A — 2% 87 ) 9 ALl Tl AL A 8 e A
fige , LA A1 AT LA RE Y, 5 ELACBCH E He SOk
[89JMTTEITZ

ARSCH SCR[ 12-13 b ity I vk AT 1 et i
B I HEL AR O LR PR LR, BRI T — R Es A
SCEFE LN I i 2 /e 75 k. 5 SCHk
[12-13 ] R AR HL , AR SO ik e PR UE 42 R eI A
F4 Tr] e B AT S PR R SR i 1

1 Eafznin

[EP TR B N gy 1= 7 VB R f A
W HERL S FNZ MR, L B o3 S R . ik s
A SR LA
1.1 4R4E R A R A0 22t 40 X1

AR (CP) R ILAR SR S AR 4 L 1) —
Pl Hodse KRS 7 T2 A 00 A SO0 SR i
X5 HOR A TR RBAS DRAIESR AT 1Y 4 R SR A o

WRPREL f: R" - R B E SO — M 8 H
TR x,y edomf, L} 0(0<6<1) ,f7AE:

flox + (1 -0)y) < 6f(x) + (1 -6)f(y) (1)
WK fRRO N R, — NI e Sy

min f,(x)

s.t. fi(x) =0 i=1,",m
K fo R R MR AE R

(2)

Y SCUE 45 B 0 S0 R PR R A BB ML A 1 695
min f'x
st Ax +b,[|<¢x+d, i=1,-,m (3)
Fx =g

Krf, A, e R HERRELF e R™" [ JZ A B
PR Jg B e AL 4] 1] JE ( SOCP) , i 2R SOCP [1] i vh
WA B bR eR L, PRI —A> SOCP Al 47 1)@, JE X
H

find x

s. t. HAix +b,.||$ clx+d. i=1,+m (4)

Fx =g
75— ZRAFERAN AR Rl Ry e M (LP) B X
H

min f 'x

s.t. Ax <b
1.2 SXEREE

O3 SR SR RAR N R SO0 RH k.
FEA SRR ISR AR AR B LA IR A BT T A
fift CECH A BR) 28 AT R . A e ARy
R, A AT B0 A 2 T AN W 1 Oy ke /N Y
LR 30 IS TENITE TR
i B (FROE S ) o AEERR I SR, R LR A BRGE
H BRI AT AT AR 86 1 AR R — P 30 X
R 2 TR AT IR T HIE T 4/ 17 1%
R X —id i — BT B R T AT O Ok, %
AT R TARAT ARG FER . DR PRk —
A LRSI A o

2 [rEMETTRIZ R

2.1 [a@iR

EACTRATE H BRAGAIL AL Ak 11 1] ) B30 i

o BWHEE—RIINY 3 GEri X, (i =1, -+, n) FIXF L

) EHZR AL v, B TR AR MUAR X T 1 5 Ak A R 1 e

MR R FFASHLA A& Co ansCik( 13 ] prik, 78

FRGCIRZEN L wBUE R T ALEAG TR AT LU

RN minmax P Ak [a) L, B

rgicnmiaxL(vi,R(Xi—C)) (6)

Kb, 2, - )V REPADREZ RN I, TR

RS ER R R S B . S T 5, RS

BRHTARAR R R, X HEC(6) i BHR AR BR v, s 4
BHLH.OF) 3 4E i ny Jr I ki, B
_ R(X, -C)

T IRGx -0

(5)

(7)

© [ B BT 2R BT A



696 FEE R EIE R www. ¢jig. en

LRSI v, () K FoR v, B v, (0) Z T E
P TR T AL A 2 78 502 R 2 B A SR A 2 (v,
v.(0)) %N FRABIE &, 1

Hvi X ;i(0> ”
W < tan(g) (8)
G T
v x v(6) ||—s’v"'§(0) <0 (9)

Krfr,e" =tan(e) , () 6 LR AIEA, B
EHTRE R(X, - C) NERARBA & R A1 C 1)
LI, I LAz Il R E ™ 1Y, AN i B R )
KA. SR, MHERHFEE R O 50, 12 S o] 1
PRI, SCHR [ 13 38 5 7R e A 2 (Rl R R 1S B A iy R
PEATEAGAUOL AT T 27 R F 4 3 k44
KIehzs h) el R A2 I8 2 0 1 Jiel
AT LU m RN ISR . TR )
A3, AT LAABERFA S BRG SMIIST 5 A, ST 7 RARZE 5
BB INIST IR . X AL BRI RS /NS
A XN FH A AR B R o B4R r, FR,
rp /ST TR S UG R A RRIE RS AT H#E S )
AN r, < Bo, Horb o ST/ iR K i —2F,
TE/INSE TR N FIWTE AR R W 2 AT A TR

%HE X,,R, &,

Ik C,éorel-o,0]°

WE 2L, ,R(X, +érxX, -C)) <
e +30°/2

(10)

fr,6r J& 6R = R'R W1 Rns B e, RiRE
BI(E . Al AT m s (10 ) T, IR 4% /N Sr J7 ik
e 35, 5 WPE /NS T IR 4R EE4y ) , H B A BE )
Fak o SCHRL 13 T 07 0K SR A0 Ak T R 4 i oK fi
— RG R AT IR . — SO A R
U R R 18 4 22 I 4 FH R PERLRIE X ffi b
FRAGAIUOL 2 Ak T m) AL, B9 R 5 A5 B AR K4
FET R AR AR SR TN 0 S R N
RIS G R
2.2 MERMTTIE

W 2.1 35Tk, SCHRL 13 ] A i J7 kR F Bk A
P G S 0o 2 — M e R T 28, AR S
FHV- T A AR 22 7 G, K 29 B3R 7R 4k 1 LR B
Ko FHEBRTEATEEOF T OCR AL 1 s,

BI1 bl TN RSO R O, Rt A
G S AR AT LA o N S 850 B 0 — Ak, 2F 1 R

LAVES
BEQBURIE Y 1|, 5 BRI A p, = [, w,
w]" IR AT M R p = L,

01" 4 g, = (e 2) " HIEGIRT LS AMOIER —
ARG LR ¢ = e y]" .

TUBRE q, Fp, BIIEF R o, B AR TG q, =
[y 2] " i 2

X
g )4

f a ’,'/Ps

&/ | |

b

BT EUGERT ([ o) FIIEIEAF T ( HZK ab) ) 2 4EA]
Fig. 1 The two-dimensional diagram of the image sphere

(circleo) and the image plane (line ab)

xu, +yu, +2u, = COS
{ x yy z (11)

X+ y2 +z =1

p Ml q Z I BREE AT LLFRAR Ry
1rx 1ru,
TR
% ~ 2xu, U,

2

+ 5+
2 2
z w, o ou]

2

d =

X4y _Z(xux +yu,) .\
Z 2u, u

2(cos o — zu,)

z 2u, u

1

2
z

1 2cos o
2Tt
z 2u, u

mﬁd=%~h$a+#%ﬁﬁﬁﬁﬁwﬁ

V4
KA — LT S (H) 2 ISR AR . «
FIR q, Ml p, ZRIEY K, IR 4058 Ik — 2 AL 7F
[u, —o,u, +a] Mo Bz W FER A (12) 50T
DI RIIEE d (W EcKAE, i8R r(a) o HELRUL,
DT p, R () WRAL S BT 6] R 4
BRI g, PG AL g, b g, W2 2 (p,,q,) <

(12)

© [ B BT 2R BT A



555 1

IS B A6 S R TR R BB 45 1 697

a. HR(10), a = &, + 30772 4 KL
(] 1 242y

r(a) =r(e,,, +30°/2) (13)
é\pi = [ui Uil]r %%l/l\@'fngﬁ/ﬁ,mu/ﬁ\:Xd‘m
B3 4 ek 5 (10) h Ay AH [E, BP

R(X, +6r x X, = C) ,ZERE B 09 F i A b 7]

PLR RN
ﬁi _
[v] CIR(X +5rxX, - C)
R(X +orxX -C)
KPR, =123 LRRME 7. ERZIRE
AT LIS Ny

(X, +6rx X, -C)
(X, +orxX, -C)

= =

(14)

R (X, +6rxX, -C)

u, —=
_ f3(Xi+6rxXi—C) (15)
R,(X +6rxX, -C)

R,(X, +érxX, -C)

FEA(13) 153 ZFriE 2y R
R (X +érxX -C)
(X, +6rxX, -C)
(X, +6rxX, -C)
(X, +6rxX, -C)

U — i
N 1‘)1',

v;

u;

=

= r(‘gmin + 30—2/2)

=i =

v, —

(16)
A (16) Y B e AR 30 (10) o Z B HE 2 0R
AR Bt 30 ) 35 B, 2R A AE — 4> (C, 6r) 3 2
A (10) PR, B 23X (16) PRy, Bl
B, A0SR R (10) 2 T A7 89, 8 4K 1T A [7) i

—EAAT,
mE X, R
F¥H C,orel -o,0]°
T 1

R (X +érxX, -C)
“iTR(X, +orxX, - C)
R, (X, +érxX, -C)
"TR(X, +orxX, - C)

g r(gmin + 30-2/2)

(17)

A7) B M 20, AT LR ] — B i

RHREN(C,6r) o FHIHIEH] L, {8 (17)

L, 58, T fi

R(X, +6rxX, -C)
YTR(X +orxX, -C)
(X, +6rxX, -C)

(X, +orxX, -0) ||,

= r(gmin + 302/2)

=i =l

v, —

(18)

ST
R(X, +6rxX, - C)
u.

- = <r(e,, +30°/2)
" Ry(X,+érxX,-0C)

H

R, (X, +érxX, - C)
“"TR(X, +orxX, - C)

r(e,,, +3c°/2) ,i=1,,n (19)

L (19) 45 2n MM REE 0 A LUHRSHL A
HOL A A R L, SRR L, Sk,
K1) Py n AR 0 DT, H R —
AT HESNI X LA [ B JIF A 24 ] i (17) AT A
i, 20(20) ML E AT 4T

HE X, R

F¥ C,orel -o,0]°

<

=

T P 1S Tk T} PPTP
" RX, +orxX -C)
30°/2)
|y R IX O
" R,(X, +8rxX, -C)

36°/2)
(20)

Al LIAS e, iR R (10) Al 47, A8 A1)
A (17 ) WasE I AT, TR LR (R (20 ) Al A7, AR
Pt I i AR HG 3 A A A A Y B, 4n R TR
K (20) Al F7, A lap = (17) AR A7, (A 3R]
A (10) WA AT,

AR SEEWTR 5 SCERT 13 ] 284000, R 40 X
FE SRR e 23 R T 2R el 1 i A 2Rk
r=or o FORBER RN, F IR ER N
LR XFEITA Y 3 YRG5 nl L2l w1
BRUA B, AR, N T RIS K ERA h AL E
SIS IR € = [ - m]’ SR C 43I
IINHST T B G R S R S TR 5 B 8 B
ST BEAE ST TR RS 1R E AR /N it sk 2 bRk
P E U . PRI, 0 S A8 AT LI AR A -

1) B lEs 22 18] (Bk BY) Fith sl & A9 SMD)S7 1k
C.=[ -m,w]’s ¥ h ik C 5# /N 525 1K
D, S AE—A/ NS R, TR L 5 R HIW
Af#(C,or) i R (20) , 3% &> AT A7 0]
WIR R B (20) ASATAT, A4 m @ (10) AN A]
15, XA/ NS IR 7

2) 53X AN /NS T AR AR SEF- 43 1l 8 o an
SO /INST 7 A T S A B R e 45 18] (BR BE) o

© [ B BT 2R BT A



698 FEER KL www. ¢jig. en

17 %

BRI ICER AR AKX A/ INSL T R 5

BLZ/NSL T AL R A SR Ak
AR SCIT ARy S ST R R A — RV Y
AT D, R SRR (13 ] o By — [ R ] 2
ARG 2. T HE SR S UEA SCRA A
Rtk o

3 SLIGHR

3.1 R

ARICHE ek IR T 75288 4
PAZHESER =1, (ALIFF) ,C=[ 000]",
RIEARHLAL bR 2R 45 TH S AR AR B F A, B4 20 23 1]
a s R EHR B 1 51 73 A fE—1> 500 x 500 153K Y
BAUER L, e R AR AR EIRINME N 0,77 228 o
AR T A, o DA 0.2 31 2 B 2) 10 AME, B o
SrOIE 0.2,0. 4, -+, 2, 3 i FH A SOk A SCik
[IBIRRER R C IR SHMEE. T R,
SRAFH) R 5 BAR M 1A JE R 3R, 25 R UN1ET 2 By
X T CARAH C H5EAHL 00 0]" 24 €
KRB ANIEL 3 PR

3.5

| |——Hartely /7 i
> GARFS

RIC )

02 04 06 08 1.0 1.2 14 1.6 1.8 2.0
o/

B2 A7 Hartely J7 R H) R 5 HARSS R HUEL
Fig.2 The result of our method and Hartely et al’s method

compared with the true value for R

02375
0.237
0.236 5
0.236
023551
0.235}
0.2345¢+
0.234

——Hartely /1%
R GRS

C/ecm

02 04 06 08 10 1.2 14 16 1.8 2.0
o/tBE%

K3 A7 Hartely J7 iR C 5 B HLRREE R
Fig.3 The result of our method and Hartely et al’s method

compared with the true value for C

AL B AR 345 143 s SCER[ 13 157
PO 351 s, b vl UL, 5ok [ 13 1 S A L,
ARSI AR U B B[R] B, 28 50k B i 17— 1%
VL ES
3.2 EXXW

R Pt R R G R T
FLESYS XTIk 2 UG, HUARAE AU 2 R4 R0 3
Hef5 BAE TN, AFE 36 MREIME 328 &GS,
T 3 IR IR 4 B, B IRER A 22 2
154 ANFHAE S 0T Ao 2], 3¢ B A Fh i R
JHEHLECE R 2.0 GHz CPU,2 GB 4%,

K4 ey 3 i

Fig.4 Three images of the dinosaur data set

S H A3 SR AR SR SRk [ 13 ] 530
XTHTA 1) 36 BRI KGR AL 1T T HAR LA B S 5L
R FN Co PR I715AR 22K FH 3 S8 FHEAE i e 25 (1)
AR B A A , 48 2R 2 1 5 2 WA 3 43391 Sk ]
ikl @it (20) FX (10) B A A, g AR
K5 27 s, B S 3T 38 3[R RERS B AR SC
SR Hartely 77361 938 30 16, %5F 36 18 141 fry 552
B2k LR B AR S0 07 1 [ Hartely 118 7 v 8 5 42 18—
U Lo B 6 B MR it 38 R 5 HAEH
BEER SRS R S B R B2ZEH R'R WA E
0(0<O<m)kFIR, 45 R BRI RN ETE 5 BAR A 1%
ZHTE SO LI T BRI C 5 R

1200 w

= Hlartleyjiy‘)i

1000l - SO
800 |
600 r

»
=

400 ¢
200 ¢ “ “
0 5 10 15 20 25 30 35

it

KIS ASCOT M Hartely Jy ik s B ]

Fig.5 The computation time of our method and Hartely

et al’s method

© [ B BT 2R BT A



555 1

S £ 243 5 SRR MR B R 699

{E LA RIS, A MRG0 € 5AfE C'HIZEM
BOREE R C AiR2E, AR BRI A T R 15 /) C 55
FUHIZEHRE /N BB A5 R R W], A SCHR A
PRAESK e A B2 B[R, 78 02 HESCRR 13 ] 953k
T

| —Hartley j571:
=== 3T

K6 SRR AT g R A 8] (1 22

Fig. 6 The difference between the rotations R computed

using two methods and the ground truth

1.94
1.92
1.9
g 1.88
O 1.86 b ] 1
1.84
1.82
1.8 . p y y v v -

—Hartely /5 V2
- KTk

K7 SRR TR I Y C FIEE 2 8] i 22
Fig.7 The difference between the translations C computed

using two methods and the ground truth
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