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mcmlogical use. The optical appamtuscs which compost 

ARSTRACT our 313 active sensor are one (or more) camera and one 
projector, the camera calibration has been widely malysed 

The 3D active vision system ilivstrated in this paper notably in stereo-vision systems [FAURT] but with regard 
has been developed far a geometrical study of object to acrive vision system using a projector. few works have 
surfaces. Indecd, al l  our work has k e n  directed towards been done in this area. 
the geometrical exploitation of the calculated 3D data. This For the projector calibration the 3D rcfmncc data 
is the reason for which the projected grid is  considered as are the 3D projected grid ndes,  in order to avoid dl 
a network of curves rather than a graph. manual measuremtnrs of these data - source of mis&xs - 

In order to calculate the 3D coordinates we must we propost , in section 4 an optical and autonomous 
first calibrate the camera and the projecror. An originat method for the projector calibration. 
calibration system is proposed in this paper which The major problem of 3D active vision system 
calibrate the projector front the camera and permits to projecting an entire grid of lines is the correspdtnce 
avoid the manual measurement of the 3D projected grid. problem solving between the original and imaged 
The features of our calibration system are the efficiency, @&.We propose in  section 5 a reliable method for rhc 
the autonomy, the precision of the reference data calculus, correspondence: each imaged curve i s  labeled 
and the sped in calculating the system parameters. independently from the other curves by using global and 

Another imponmt conwibutian of our w o ~ k  is the geomemcal cons~aints. Thus, all the 3D ~d points can 
correspondence probl'ern solving. Different from orher k calculated and not only the grid ndes, 
published methods. the correspondence is done curve per Our 3D sensor provides two families of 3D curves 
curve without any ambiguity by using geometrical and and permits to tackle easily a geometrical study of object 
global constrainrs. Thus, with the help of our 213 and 3D surfaces. mis third level of our system will be djscussed 
methods. all the 3D curves on the object surfaces can be jn section 6. 
calculated and not only the Prid nodes. 

Rnally, the two'famices of 3 0  curves provided by 
our system allow us to calculate easily the shape 
parametem by using the concepts of differential geomety. 

1- INTRODUCTION 

In the recent years, 3D vision system using a 
structured light have widely been used in computer 
vision. The simplest projecrs a single spot and q u i r e s  a 
bidirectional angular scanning in order to pararnetri?~ [he 
object surface. The most common projects a laser plane 
which provides one parameter of the surface and the 
second parameter i s  defined indirectfy . Moreover a very 
dense map must be computed in order to use Monge 
patch. Contrary to previous methods the grid projection 
provides two independent families of 3D c w e s  which 
parametrize the object surfaces[GUI87] [GUIY I ] 
ST086 1. 

Out 3W active vision system using a grid have been 
developped for a geomemcal study of surfaces.This is the 
reason for which alI our 2D and 3D proposed methods are 
based on curve idea. The 2D methods used in the imaged 
grid extraction and which compose the Tmt level of our 
3D active sensor will be discussed brievly in section 3.  
For more details sce [GUIX7j[GU192]. 

Obtaining accurare three-dimensional measmmcnts 
From a 3D acrive vision system using a grid is  a task 
requiring precise calihrarion and reliable matching 
between the imaged grid and the original grid. 

Thc calibration system descnbrd i n  this paper has 
been developed panicularIy for an automatic and 

2- THE SYSTEM ARCHITECTURE 

m: sensing -1 b): Image of 
environment sc~nc wth the projected grid 

1: 3D active s c n z  

The proposed system consists of the following 
thm Icvels : 
1) Rrst level : ZD F s s i n p  
(filtering, skeleton and Imaged grid cmctions) 
2) Second level : 3D processings 
(calibration, oorrwpondcnct, 3D mstitution) 
3) Third level : geometrical study .of abject surfaces 
(surfaa paramePrimuon, shape paramm cmqumdons) 

In view of the lower level importance in the 
mprchension of the dcveiopcd 3D methods, we give a 
brief dcsnipltion of this level. 

3- 2D PROCESSING 

W e  describe the imaged grid with the highest 
p*sion. In order to do this, we carry out an efficient 
filter DRF[SHE8&]. The extractad contours fiom the 
Iaplacian binarv irna~e are smoothed and I thick 



connected skeleton is obtained by using an algorithm 
hsed on a distance function. 

Once the intersection points (or ndcs ) of grid 
curves are detected, we extract the imaged grid curve per 
e w e  by using a directional p d m .  

We reconscjmte the imaged grid frwn the extracted 
curves. Thus, we obtain a segmentation of the imaged 
grid in c o n n e c t d  components. 

This IeveE has btcn developed in ondm to txttacl as 
much a s  aossible the 3D i n f m t i o n  on obiect surfaces. 

whm: figun2la) is the initial image, figure 2fi) is the 
f i l h g  result, figurt2(c) is the skeleton and image2(d) 
shows the extracted curves. 

4- CAMERA AND PROJECTOR 
CALIBRATIONS 

The calibration of a 3D active vision system 
consists of computing both inuinsic and extrinsic 
parameters of the projector and the camera This optration 
is necessary. on the one band to solve Ithe corrwpondcnce 
problem between the irnagd grid nodes and the original 
grid nodes. and on the other hand to mnstinrtc the 3D 
scene. 

The most frequently used approach existing in h e  
bibliography [FAUg7] consists of computing the 
perspective aansformatjon mamix h m  where the camera 
parameters are derived by using the properties of thc 
rotation matrix. The disadvantage of this approach i s  on  
the one  hand the indirect calcutus of the camera 
parameters from the projector transfornation matrix 
coefficients, and on the other hand the equations allowing 
this calculus are non linear and very sensitive to errors. 
Indeed, i t  has been shown that a small m w  in the 
calculated coefficients of the pcrspxnve transfornuon 
matrix (due to the noisy 2D and 3D data) induces an 
important emr on the derived camera parameters and 
above all on the calculation of the intrinsic parameters. 

Conh-ary to the previous approach, our r n e t h d  is 
rarhcr vectorial. In our case, the perspective 
mansformation matrix is not explicitly computed but the 
camera parameters (extrinsic and intrinsic) are calculated 
dircctly from a recursive succession of linear systems. 

In the mmaining of this paper, vcctors are denoted 
by bold characters. 
a) Coordinate Systems 

Whm: 
- (0.1 J.K) is the world coordinate systems 

- (R,,I, J,,K,) is the CCD camera donormal reptre 

such that: R, is the camesa opcic center at a dismcc f, of 
the image plane, (u,) is the imge planc and & is the 
camera opric axis (the digitized image is 512 x 512 
pixels). 
- ($,I, J,,K$ is the projector orthonormal rtpett such 
that: 4 i s  the projector opdc center at a distana f, of the 
grid plane, (I,Jp) is the grid plane(slidc) and K, is the 
projectur optic axis. 
h) Reference data 
- The camera calibration pattm is a grid at l ints drawn 
with a laser printetlyingon 2planes(physicalmirt)anda 
3D Calibration p i n t  is determind as the intersection of 
two lines. 
- The projector dibtation psttnn is a @id of lines 
on a ransparent suppon Islidel. 

The projector calibration n d a t t w  tht k l a d g e  
of the 3D projected grid (optical &)nodes . In  practice, 
it  is hard to measure manually the 3D coordinates of the 
projected grid with a high precision. In d m  to avoid all 
manual masmmnts  and to get the system mm practical 
and precise, wc propost to call brare the projtctor f m  the 
carnem. So. we use a slide grid with an orienration of 45' 
and we pmed i n  4 smges: 
1 )  we calibrate the camera by using the physical mire 
(figure 4(aN 
2) We proicct the orixinal fid onto the mire 
p lanes . ( f i~ (b ) )  

- - 
3) We calculate the 3D projectEd grid (optical m h )  fram 
the camera parameters and the imaged grid 
4) We calibrate the projector from  he original ~d nod= 
and the dculated 3D projected grid. 
The calibration precision depends on the precision ofthe 
reference data: physical and opncd mirt d w ,  imaged 
n d e s  and slide grid nodes. 
- Physical mire and the slide grid llre prwided with a 
precision of 0.1 mm and O . O l m m  respct~vely. 
- Imaged grid node wrnputations: from the image of the 
two superimposed grids ( the mire and tht projected grids 
(figure q b )  ,), we have to exmt and to mgniz t  h e  two 
grids in the Image. In order to do this. we have developed 
a reliable method which calculate mathematically wjrh the 
highest precision the imaged grid ndes of both physical 



C) Problem lormulation 
We assume [hat the camera and the projector 

perfom a perfect perspective transformation with center 
R, and R, respectively. So. by using vectoriat geometry 
we get the relationship between: 
- a 3D space point M and its corresponding image M': 

C 

- and a 2D projected grid node N' and i ts  3D projection 
P 

Projecting the rejatironsh;. (1) onto the vectors I, 
and J. and expressing the r e r u k n g  relationship in boh 
world repwe and camera repere we get for the camera h e  
following system: 

L pour k = I ,  ...., n 
where: 
{ Mh / k=l,n) are the 3D reference points expressed in 
(O,I,J,K) and (iCk,jcL) the 2D coordinates of their 
corresponding images. 
(a,.P,) are the 21) coordinates of the image origin 
(orthogonal projection of Q onla the image plane). 
k, and k, are, the interpixel distances In the I, and J, 
direct~ons 

Likewise, we pet from the relation (2) a similar 
system for the projector parameter compuranons. 
d )  Calibration system resolution 

Our objective is to calculate a set of a, and 6, 
values which converge on the correct image origin value. 
This conveFgence IS assumed verified when Kc is 
perpendicular to the vectors I, and J,. In order to do this. 
we propose lo replace the non linear system IS) by a 
succession of linear systems (S)(n) .The unknowns of 
each linear system are: It.J,,K,,(OR,,I,), (OQ,S,) and 
~OQ,'K.). 
T h e  main outlines of our technique are the fotiowing: 
Each linear system (S), is derived from the system (S),.l, 
as follows: if (I,Ce-lt,JPL),K.ln-l') is the (S),.t solution, 
then we get the system (S), by setting: a,cnl = ap1, + 

stan with = P>) = 0. Each linear system is solved 
under the constraint II K, II=1 and the used numerical 
methd i s  the pseuduinverse. 
5 )  Precision test 

We test the precision of our calibration system on a 
polyedral reference object manufactured with a precision 
of 0, lmrn . Our precision is of 0.7mm for a distance 
between the system camera-projector and the object of 
about 3.5 m. 

In order to calculate the 3D cwrdinates from the 3D 
active vision system using a projected grid, we have to 
solve the correspondence problem which wi l l  be 
discussed in the following .wction. 

The correspondence problem consists of 
establishing the link between the projected grid and the 
imaged grid. Different from other published 

rnethods[ST0861, the correspondence problem i s  solved 
curve per curve by using global and geometrical 
constraints. 

Our method chmcteristics are the followings : 
- n e  correspondence between an imaged grid curve and 
a projecred g i d  line is done independently h r n  the other 
curves. 
- Each connecred component imaged grid is labeled 
independently from orher components. Thus, the hidden 
nodes can tue detected . 
- We do no1 have to distinguish berween horizontal and 
vertical cusves ( curves resulting rcspcctivcEy from 
horizontal and versical lines of the pmjecred @dl: this is 
done by the algorithm. 

Let us define some notations: 
- d, (resp-d,) denotes horizontal (resp.vdca1) line of the 
projected grid. 
- P, (sesp.P,) denotes the plane defined by the projector 

focus i& and d, (resp.d,) . 
- M,' Iresp.M,') denotes the intersection between the 
camera ray R a ,  (line from the camera fmus Q, to the 
imaged node M,) and the ho6zontal plane P, (resp. the 
vertical plane P,) 
- E , =  I M: I x  suchthat Q M , n P A # O ]  and 
- F, = { Myi / y such that Q M i n  P, +: g ) 

( n = intersection symbol 
- M,, M,,l ,..., M,,c,.l, denote n mnsecurive n d e s  of 

the imaged grid curve (C) 
AIgorit hm UCA (uniform correspondence 
algurithm) 

For any irnagcd curwe (C), we intend to find the 
corresponding line. Since this line may correspond to an 
horizontal or a vertical line, we do a search among the 
horizontal and vertical lines. 

The algorithm consists of two stages : 
1st staffe : For the node M, of the curve (C) we 
compute he quantities : 
I1 M;M;, II = min I NM', 11 and I1 M:,M: It = rnin R *q H 

h t ~  5 F, 
2nd stage We use the neighborhood 
consmints.~herefore, if we assume that the curve (C) 
corresponds ra the lined, and the node M, i s  the image of 
d, n d, then the neighbor M,,, of M, must cornspond ?a 
d, n dy,,(or to d, n d,,, ) and so on. Thus, for the 
horizontal search , we associate at each d ,  !he sum U, 
defined as follow : 

l m - I  

uX =C II M ~ M : ~  11 if IT M : * ~ M ~ + ~  II < 11 M:''*;!~ 11 
-1 

I m Y t  
HI b t  U, = CII MPM:, II tr II M F ' M ~ ,  II < 11 M, M,*+* 11 

rr;l 

Likewise. we associate at each vertical line of the 
projected grid the sum U, : 

"=l 

Decision : The curve (G) corresponds to the horizontal 
line d,, if U,, = rnin,(U,) i s  less than U, = miny 1U,), 
and to the vertical line 4, else, 

From the imaged curves hl and l,,, we ieconstitute 
by uiangulation the 3D corresponding curves A, and &. 



ficureS(al: input image : b i n v  Image 

&,E 5IcI : skeleton lirure..s(d) : UCA rsult 
( numbers show the corrcspondlng lines) 

Notice that - with the help of out 2D and 3D prucessings - all the 3D curves can be computed and not only rhc 3D 
grid ndes. 

6- GEOMETRICAL INFERENCES 

The i n t m s t  of our system appears in the surface 
gwmtaical study. Indeed, we show that we can extract 
important informarion on the surface shapt from a few 3 0  
clrrves. Fn order to do th is  we fvs~ d e f  ne mathematically 
a parametrization of object surfacw. 
a) Surface parametrization : The 3D calculated 
curves ate necessary and sufficient to define matematically 
the pmmeerization r OF the surface region GP containing 
the 3D pmjccted grid. Thus, GP is defind 'by: ( r(u,v) = 
[x(u,Y) , Y(U,V) . z(u,v)] whew ( u , ~ )  moves along the 2 
curve families hl and h}. For more details see [GUBl]. 
b) Normal f ield computation: From the 
parameuizauon a we calculate the three fundamtntal vector 
fields for the: surface pwmeuical study: 
- 2 mgent vector fields X, and &such that : 
X, : hl 31  and &: Am + 3 3  

M += (ih.Ih)CM) U -3 @cb)IM) - the normal field n : 

(,(ill drplh rii.ip : : m a 1  field 

c) Surface curvatures: The surface shape depends on 
the normal vmtor field changing according to any tangent 
direction an the surface, this variation can be derived from 
the normal variation according to the curves A] and &. In 
d c r  LO calculate the suface curvatures we first, calculate 
the covariant derivative of the normal field according to 
any tangenr direction on the surface. This covariant 

derivative V V  n can be deduced from the normal 

variation according to the 3D m c s  At and A,,, : 
Vy n = vlV,y n + v2V,*,n wirh : 

Since the existing formulas of the Gausian and 
mean curvatures From differential f m s  (connection and 
dual forms) in the litterature can not be u s d  under our 
hypolhesises. we have becn obliged to recalculate these 
curvatures from our parnmctrization by using Gauss- 
Godazzi formulas, 
In order to calculate connection and dual forms, we 
define an orthonormal local. repere (M,R1,Rm,n) on the 
surface derivad from the r t p m  [ M, r'l,rtm. n). So,  
the calculated connections are the following diffmntial 
forms m3 1 and 032 : 
oll : V + fl(Mo)dvl(V) + Et(Mo)dv2(V) 
0 3 2  : V 4 f l(Ma)dvl(T) + rZ(Mo)dv2(V) 
f l  : M - + V , W I ~ I . R I ;  Tt : M + V , l m a - R ~  
f l  : M +V,lla mR,: $ 2 : M 4 V r ~ , n * R ,  
dvl : ( ~ 1 . ~ 2 )  + v l  ; dv2 : (vl,v2) -+ R 

And the calculated dual forms 0 I and 02 : 
* 

e ~ ~ = r l  GM +v2 x : w o = ~ ~ -  
CM E~ 

Where: EM , FM and GM arc the fisst quadratic fm 
efficients. 
Finally, we get the following H and K ComruIas : 
K =  rtn-tzrl 

2 KM ( G M - ~ K  
EM 

L 

CM / ; ~ ; [ o M - F ? )  
EM 

These formulas applied on the object in figure 2(a) 
show a plane surface (both Gaussian and mean curvatures 
are nearly zem) and an elliptical surface. 

CONCLUSION 

I n  conclusion, the results obtained fmm the 
experimental tests show the retiability of our mhods 
based on the curve idea. The features of our system using 
a projected grid are its simpliciy (the low cost in [he 
system construction), its efficiency (the surfam properties 
are caIculated from cvwc fittings) and its prtcision 
(accurate system calibration ). 
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