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Dense 3D Reconstruction with an Uncalibrated Stereo System
using Coded Structured Light

Hiroshi KAWASAKI T, Yutaka OHSAWA, and Ryo FURUKAWAT

1 Department of Information and Computer Sciences, Faculty of Engineering, Saitama University, Shimo-Okub
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Abstract In this paper, we describe a new active stereo vision system using coded structured light. Generally, a 3D mea
ment system based on coded structured light consists of a camera and a projector, and both intrinsic and extrinsic parame
these devices should be precalibrated. Self-calibration capability of camera-projector system will eliminate the precalibr:
process and greatly improve its convenience and practicality. To achieve this, we propose an original self-calibration me
which can be understood as a camera-to-camera self-calibration method with one camera replaced by a projector. Th
posed method is based on epipolar constraints, and there is no limitations for shapes of objects (e.x. planer object) or c
models (e.x. affine camera). 3D shapes can be directly recovered in Euclidean space. We also propose a simultanec
reconstruction method which utilizes all captured stereo pairs to increase the accuracy of 3D estimation. Further, we prog
simple solution to remove ambiguity of scaling by attaching a laser pointer to the projector, which is important for the pract

use of 3D reconstructions.
Key words 3D reconstruction, active stereo system, uncalibrated camera system, self-calibration, coded structured ligh



1. 00000

300000000o0ooooooooooooooooooo
0o0o00ooo0O 2000000000000

gooooooooooooboooboobooooboooooo
gobooooboooooobooobbooobboooobooooooo
goooooooooooooboobooobooobooooooo
gboooooobooooboooboouobobooooooobo
gooooooooobooobbooobooooboooooo
gobooooobooooboocobooooooooonn

goooooooooooobboooboboooobobooooo
000000000oo0o0o000o0o0o0o0o000000 3000
gooooooooboooooooooooooooooan
goooboooobooooooobooooboobooboooooboo
goooooboodoobooooobooooooobooooooOoo
0000 3000000000ooooooooon

gooooo300o0oo00oooooobooooobooooooon
goooooooooooooooobooobooooooo
goboooobooocooooobooooooboooobooooo
o0oooooooooOoooooooooooOo PCcOCO
goooooboooobooooboooobobooooooooboo
gooooooooboboooobboooboooboooooog
goooooboooooooobooobooooooooooo
gooooobooooooooooboooooooon

e 000O0O0OOODOOOCOCCO3ODOOOOOOODODO
goooooocooon

e [O000OO0OO0OOUOOOOODOOODOOODOOODOD
gooooooooboobooooboooooooboooooa

goooooooooooobooobobooooooooo
gobooooboodooobooooobooooboooobooooooo
goooooooooooobbooobooooobooooooo
goboooooooobooboobobooobooobooooo
goooooboooooooboooboouoboboooooooobo
ooo

gooogooooooooobbooobbooobooooo
gooooobooooobooooobooooboooboobooooooo
gobooobooooboooobbooobobooooooooog
ooo

gobooooooooooobboooobooooboooooo
g30000ooooooooooOoOooooobooOoOOooo
gobooobooooboooobooooboooooooooo
gooooobooooboooooboooobooobooooooo
goooooboooobooooobooooOoOoOooOooobooOoo
gooooooooooboboboobooboboboDboon
goboooooooooboooooooooooobooooo
gooooooboobobobobobobobobOoDbOoD
0000 300000000000000030000000
gobooooooooooobboooobooooooooog
0000o0ooooooooooo 300000000000
oooOooooOoooooooospoooUoooooooo

gobooooooooooobooooooooobooooooo
gooooood

2. 0000

000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
000000000000000000000000000
0000000000000000000000000 [1]0
000000 [4000[600000000000000
0000000000 30000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
000000000000000000000
000000000000000000000000000
0000000000000000000000000000
0000000000000000000000 ([7J00000
00000000000000000000000000000
0000000000000000000000000000
00000000000000
000000000000000000000000000
0000000000000000000000000000
000000000000000000000

3. bDOOoooo

oooo30000000000000000DODODODOOO
goboooooooobooobooooooOoobooooDooboo
olgoooooooooooooooooobooboooo
gboocoooocooooooooooooboOobOoboboo
goboooooboooooooboooooobooobbouoooDooboo
gooooo
goboooooooooooooooooooooooa
goboooooooooooobooooooooobooooooo
goooboooooooboooooooobooooboooood
goboooooooooooboooobooooboobooooboooo
gbobooooooobooooooobooboo

e [O00OO0ODOOOODDOODOOODOOOO

e [(JO0OO0OOODOOODOOO

e [O000OO0OO0DOOODOOODOOODOOOODDOO
gooooooao

e [000DOOODOOOOUODOOODODOODOO

e [JO00OO0O0OO0OO0ODCOODOCOOOOOOOOOODOO



Target object

Laser pointer

Projector Camera

01 0000 300000000000
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Fig.2 Example of binary patterns for coded structured light.
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Fig.3 Coded images by structured light.

gooooooooboooooooooooooooooao
goooooboooooboooooboooobOooboooooooo
goooooooboooooooboouooboboooobooooobod
gooooooooboooooooooOoooboooooooo
oooo f, 0000

3.3 00000 30000

goboooooooooooboooobooooboooooo
goooooooooboboobooooooooobooooo
gobooooooooooobboooobooooobooooooo
0o00ooooooooooooooooooo 3gooooo
000000ooo0o0ooo@soooooooooooon
goboboooooooooobbooooooooooooog
gboooooboooooooooooooo

goboooooooboooooooooooboooooog
goooooooooooooboooobooboooobooooooo
gooobooobcoobooboOoooboooooobOoboOobooooon
goooooooooooobooooooooooooooooo
gbobooooooooooobboooboooooooooo
gooooooooooobooooooobooboooooo
gboooooooboto zoooooooooooooboooo
gooogooooooooooobooboooboooooog
gbobOoo xooboybooooooooooooooooo
gooooooo

oooooooooooo fp00000000O0D0O00O
gb:000000000000000

(upi7 Upiy, — fp)t 1

oooo
000000000000000000000000000
000R,000000000¢, 0000000000000
000 ap,fp,7, 0000000000000 Ry(ap, B, )
000D0000D0000D0 |t 00000000000
00000000000000t, 0000000000000
000000000 200000 (pp,¢p) 000000000
0000000000000 tp 0 tp(pp,¢p) 000000
i00000000000000000000000000
000000000000000000000000000

(uci7 Veci, — 1)t (2)



ooog
gooooooooboboooooooboooooooooo

gooooooooobooboooboooobobooooboooooo

oooooooboooobobooooooooooon

T{Ryp(ap, Bp, Yp) Y upi/ fps Vpi/ fps — 1)t +tp(pp, p) (3)

JodobooOodr-00000000DOO0000OoDooODOOa
goooo
$(Uei, Vei, —l)t 4)
0000sODD0OO00D00O0O00
000200 (3)000 (40 3000000000000
Jdo0bo0ooooOoOooboObOOoooboOoOooboboooooa
goopoopo200000000000

Pei := N (Uei, Vei, — 1),
qei(0, fp) = N {Ryp(ap, By, Yp) Hupi/ fo, vpi/ fp, _1)t %)

00000000NOOOODOO0O0OOOODO0000000
Nx:=x/|x|00006:= (ap,Bp,) 0000000000
0000000000000000000002000000
oo
Ei(0,7, fp) =tp(7) N (Pei X qei(0, fp))  (6)

0000’ 0000,7:= (pp,¢p) 10000000000
ooo

Ei(6,7,f,) 000000000 (0,7,f,) 00000040
0000000000000000000 (6,7,f,)00000
00000000000000000000000E:(6,7,fp)
0000000000000000000000000000
0000000000000000000000000

DC’i(07T7 f:ﬂ) = HtP(T) X qcl(07fp)||/”pc’b X in(97 fP)H7
Dyi(0,7, fp) = |t (T) X Peill/[Pei X Qei(O, fp)- (7)

000000oo0oooooooooooooo 200000
Ei(0777fp)D

w1(07 T? fp) = {EC‘DCi(07 T? fp) + EP‘DPi(ev 7-7 fp)/fp}717
Ei(0,7, f) = wi(0,7, ) Ei(0,7, f) 8)

000000000 06 000000000000000
0000000000000000000000000000
0000000000000000000000000000
00000000000O0O0O0O0O0O0O0O0000
00000000000000000 f(6,r,f,)00000
ooooooooOo

K
fO,7, fp) = Z{Ei(e, T fo) ) )

KO0OoOOooooooo
0000000000000000000000000000
0000000;000000000000000 (6,75, fs;)

gobooooboooooooooo

OF; OFE; OF; OF;
Ao + ASB + Ay +
90,2 1 95,271 90,27 gy
OF; OF;
Ao+
90, a5,

i=1,2,- K

Ap

+ Af=—FEi(0;,75, frj),

(10)

00 Aa,---,Af0000(0,,75,f,;,) 0000000000
OF; OE;
So T ag
0;,75,fp;) 00000O0O0O0OON >60000000000

ooooOoo)00o00OoO0OO0OOoOoDODOOOOODOOOO
goboooobbooobobooobooooooobooooooa
Aa,--- , Af00000000O0O0O0OOOOCOOOOCOOO
gobooooboooobooboooboooobooooooooa
gooooobooooooboo

ooooooo 0060 =0;,7="15,fp = fp;

0j+1 = 9.7 + (AQ,AB,A’}/),
Tit+1 = 7; + (Ap, Ag),

frg+1 = fpj +Af. (11)
OE;
@0 ap 000000 0000000000700
P
) 9dc;
OF; (pcZ x E)J_ i XQei
= wi(0, fy)tp - — o Beixae) & (12)
Oay IPei X qeill

gboooobcoobooboU0obooOx,y 000000 xO0OO
O0yOd0DO0D00D0000 (000,x1y :=x—(x-y)y/|lyl*)0
OFE; OE; OL;

gooooooooo
0By Ovp Ofp

gEiDDtpD pp00000qe O pp, O0O0O00OODOO
Pp
8E~‘i:8wiEi
Opp  Opp
Otp
+wi(8, fn) Do N (Pei X qei)- (13)
Pp
OE;
000000 00000O0Oooa oo0ooooo

P

0(0oooo0o0opooooopooUoooONx600 MO
oobo0o0o0ooooooobooMOO0000 Mme: 0000
0000 Apin 00 Anin/Ame 0000000000000
oo0oMO 600000000000 0OOOODOOOOOO
oooooo

0 (@3)000000o00uo0uoodn N (pei X 9ei)
oobobooooooMOoOoOOoOoDOOoOoOoOoOboOobooOooDo
goboooobooooboooobooooobobooooboooooo
gooooooooobooboooboouoobobooooooooo
ooboooobboooooooooo

gooooooooo g0 R, 0000DOO0O0O0DODODbOO
ooooooo 30000000000000D0



3.4 00000000300000
goooooooooooboobooooobooooooooon
goooooooooooooboooooooboooooboooo
goooooboooobooboooobooooooooboooobooOoo
gooooobooooobooooooooooooboooooooo
gobo0oooooooooooooog 2000000000
goooooooobooooobooooboooobooooooo
goooobooooobooobooooboboooooooobooboboo
goooooooooboooooboooooooboobooooboooog
gboooobooooboooooOoooobOoOooOooOooooooo
gooooooooobooooooo
gboooooooooooooooooooooooooo
ooo0oooo0o0ooo0ooo0 3000ooooooo
goooooboooooboooooboooobOoooooooooo
gboooobooooobooobooboouooboboOoooooooboa
gobooooooooobooooooobooooooobobooOoono
goooooodooboobooooboooobooooooooooo
goooooooooooooooobooobooooooo
oo0oooOO0O0o0000Oo0O0c00000s8.300000000
gooooooooobooobooobooboooobooooooo
gooooobooooooooobooooboooobobooooboooo
goooogo3gooogogoogo
goooooooooooooooooboooboooooooon
gobobooooooboooobooooboooooooooaon
goooooboooooooooboooobOoooooooooo
gboooooooooooooooooobooooboboan
goooooooooooooooboooobobooooooo
gooooood
gooooooooooooooooboooobooooooo
gobobooobooooboooobooobOoooobooooooo
goooooooooboooooboooboooobooooooo
Oeg,00000000DO000O0O0OCOOOOOOODOODOO
goboooooooobooobboooboooobooooooog
gobooooboooooboooooboooobOoOoOoboooooOoo
gobooooooooooobbooobooooobooooooo
ooooooooooo00ooooooOobo00O000i1000
goboooooooooooboooooobooooooooon
gooooboooooboooooboooooooon
3.5 0000O00OO00o0oooooooooo
3.3000000000000000000D00 30000
gobooodoooooooooooboooobooobooooo
gooooooooooooobooobooobooooooo
goooooboooobooooboooooboOooOooOooooboo
gooooooooboooooboooobooobooooooo
oo0oooooOoboobz200000000000000O00CO
gooooooooboooooboobooobooobooooooog
o000oooOoOob00o0oooOO0O0000o0ooOo0s.4000
o000 30000000000000000B0DOD0O000O
gooooboooooboooooOoooooOoobooooooono
gboboooobooooboooooboooboooooooooo

0000003000000000000000000000
0000000000000030000000000000
0000000000030000000000000000
(00000 (4] 00).
000000000000000000000000000
000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
ooo
000000000000000000000000000
0000000000000000000000000000
0000D000000D00000000000000000
0000000000000000000000000000
0000000000000000000
000000000000000000000000000
00000D00000000000000 300000000
0000000000000000000:0000000 3
0000000000000000000000000000
000000000 d(i=1,2,..N,), (N, 00000000
0)00000 j000000000 60000000000
000000003.3000000000000 300000
00000000000
00000D000000000000000000
Stepl 000O0O0DO00O0O00O0O0DODOO0O0OOO0O
00000000D00000000000000
Step2 000O0D0DO000D0D0000O0O0O00O0O0000
00000000 30000000000000
Step3 00000006 O000000000000000
ooo
Step3.1 00000000 j=1,2,.,N.00000000
00000000
Step3.1.1 0000000000000000O00O000O0
di(i=1,2,.,N,) 000000 j000000000 6,00
oooo
Step3.2 000 ¢;000d;(i=1,2,..,N,) 000000
000000006 000000000000000000
00000000000 x00;0000000000000
0 65 := e s, Bejy Ve te; 00000000000 00000
000000Trans(f;,x) 0000000000000000
00000 Proj 0000

Q) ==

N,
> IProj(Trans (65, upids/ fp vpids/ fp — dpi)")

i=1
— (tteij veiy)' I
[l9J-DDDDDDDDDDDDDjDDDDDDDDDDDD

goboooooboooobobooobooooooobooooooboo
goboooobobooobooboooo



0000000000000000000 d(i=1,2,.,N,)
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000
Stepl 000000000000 j=1,2,..,N. 00000
0ooo
Stepl.1 0000000000000O0O0O0O00OO0OOOO
j00000000000000D0000000 60000
000000k000000000000000000 dgy 0
0oo
Step2 00 00D0D0DDO0000OO0OOOOOO dy =
SN dk;/N.OODODD

3.6 000000000 O0DOOOO

000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000

00O000000000000
010 00000O0000000000000
020 0000000O00000000000000000
0000000000000000000
030 D00000D0000000000000000
0000000000000000000000000000
0000000000000000000

000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000 100
0oooooooo

000000000000000000000000000
00000000000000000000000000000
0000000000000000000000 3000000
0000000000 (Zpm Ypm 2pm) 0000000 300
000000000000000 AQOOO0MZpm Ypm Zpm)*
000000ADDO0O00O0D0OOOOOOOOOOOO000
000000000 (&pm ypm 2pm) 000000000000
0300000000000000000000000000
O A&pm Ypm 2pm) 000 000000000000000
000000000000000000A000000000
000

01 JOo0o0oopooooooooooooo
Table 1 Parameters estimated by calibration and from data.

By calibration From data
fp 0.0338[m] 0.0329[m]
(op, Bpyp) | (-9.3°,-31.6°, -13.0° | (-8.2°, -30.9°, -12.7%
tp/|ltp]l | (-0.610,0.446,-0.655)(-0.581,0.441,-0.684
4. O O

41 0000
000000000000000000000000000
0000000000000000000000000000
000000000000000000000000 20cm0O
00000000000 4a)-(c)00000000000
00000000 3000000000000000000
000000000000000 3000000000000
0000000000000000000000000000
0000000000000000000000000000
00000000000000000000000
000000000000000000000000000
0000000000000000 50000000000 3
0000000000000050000000000000
0000000000000000000000000000
000000000000050000000000 3000
0000000000000000010000000000
0300000000000000000000000000
00000000000000000000000000 20
0000000000000000 f0000000CO000O0
000000000000000000000
00000000000000000000000000
000000000000000000000000 «,=0,
Bp=20%,7,=0",t5,=(1,0,0),f, =0.05 000000000000
0000000000000010000000000000
0000000 100000000000000000000
0000000000000000000
00030000000000 4d)-H000000O00 4(c)
000300 (ABC)ODDDIDDODOOOOONDOODOD
000D000000000000000000000O0O0
0000000000000000000000000000
0000000500000000000000000000
00020000000500000000000000000
(900 0000000000000 D000D 2000 (RMS
errors)J 000000 300000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000
0000000000000000000D00000000
3000000000000000000 300000000
00000000000000000000000000000
0000000000000000000000000000



(e) ®
04 00000000:(@00000(MO0000000(CO000
000 3000(d30000000()00 300000000
00000030000 00000000000 3000

Fig.4 Scanning of a cube with known size: (a) the scanned scene, (b) the
scene lit by structured light, (c) 3 faces used for accuracy estima-
tions, (d) reconstructed 3D points (single-scene reconstruction, self-
calibrated focal length), (e) 3D point set acquired by single-scene
reconstruction, and (f) 3D point set acquired by simultaneous recon-

struction.
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Fig.5 Examples of the scanned objects:(a)(b) an ornamental bottle,

(c)(d)(e)(f) a china figurine, (g)(h) a helmet.
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Table 2 Results of angles between estimated planes.

Actual value Single Input Simultaneous method

Projector focus Fixed | Self-calibrated Fixed | Self-calibrated

Angle between A-C 90.00° 89.95° 90.23° 90.17° 90.06°

Angle between B-G  90.00° 89.87° 90.99° 89.88° 90.56°

Angle between A-B 90.00 90.39° 92.09° 90.07° 91.33°

03 300000000oo
Table 3 Summary of 3D reconstruction.

Single Input Simultaneous method
Projector focus Fixed | Self-calibrated Fixed | Self-calibrated
Averages of signed errors of angles from 90°0.02° 2.65° -0.01° -0.52°
RMS errors of angles from 90° 0.10° 3.78° 0.07° 1.79°

RMS errors of 3D points from fitted plane 00.72 mm

0.77 mm 0.62 mm 0.65 mm

Occluded region Occluded region

(1]
(2]

(3]

(4]

(5]
(6]

06 0000000000O00: (@00000000000000
00 30000000MO0000000000000 300 [7]
000000000 (M000000000000000)(®d) -

gooooopoooooo 300000
Fig.6 Scanning a intricate scene from various view directions: (a) the

scanned point set with the first camera position, (b) the scanned [9]
point set with the second camera position, (c) the integrated point
set, and (d) the integrated point set shown from the top.
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