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d’avoir deux caméra, ou seulement une ?
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Abstract _
Most of beings have two eyes to recognize their environment. But
the basic principle of a vision system is “one eye + motion”. In this
paper, we first demonstrate a new proposition, that is :

In machine vision, 3D scene perception needs necessar-
ily two images, but not two cameras. The basic structure .
of a vision system is one camera with its motion (called
“dynamic vision”). '

We will then give one application of this proposition to the recon-
struction of a 3D polyhedral scene by a moving camera. This problem
is decomposed into the following subproblems : (a) how to approximate
a edge image by a set of 2D line segments; (b) how to match the set
of 2D line segments within a sequence of images in order to obtain the
dynamic parameters of 2D line segments; (c) how to recover the 3D
line segments from the knowledge about the camera motion and the
dynamic parameters of 2D line segments and (d) how to interpret the
set of 3D line segments by a set of 3D polygons.

Key Words : Dynamic vision, Motion, Image corresponding velocities,
Reconstruction of 3D primitives, Edge linking, Matching of 2D primitives,
Interpretation of 3D primitives.,
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Résumé

En vue de percevoir leur environnement, beaucoup d’animaux ont
deux yeux. Mais la vision de base est “un ceil avec son mouvement”.
Dans ce rapport, nous allons d’abord démontrer une nouvelle proposi-
tion, & savoir :

En vision par ordinateur, la perception d’une scéne 3D
a besoin nécessairement d’avoir deux images mais non pas
deux caméra. La structure de base pour un systéme de vi-
sion est une caméra avec son mouvement (appellé “Vision
Dynamique”).

Ensuite nous appliquons cette proposition pour résoudre le prob-
léme de la reconstruction d’une scéne 3D polyédrique par une caméra
mobile. Nous décomposons ce probléme en quatre sous-problémes : (a)
comment approximer polygonalement une image contour; (b) comment
mettre en correspondance les segments 2D dans une séquence d’images
pour estimer les paramétres dynamiques des segments 2D; (c) comment
reconstriure les segments 3D & partir de la connaissance sur le mou-
vement de la caméra et sur les paramétres dynamiques des segments
2D et (d) comment interpréter un ensemble des segments 3D par des
polygones 3D.

Key Words : Vision dynamique, Mouvement, Vitesse relative aux

im-

ages, Reconstruction des primitives 3D, Approximation polygonale, Mise en

correspondance des primitives 2D, Interprétation des primitives 3D.
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1 Introduction

Computer vision is a science studing how to perceive and how to under-
stand the visual information about an environment. Many techniques of
perception have been already developped : monocular vision, stereovision,
laser range finder and structured lighting detection, etc. Concerning the
second subject of research, many of studies have been contributed to :
shape from shading, shape from texture, shape from contour and shape
from motion, etc. (see [HOR 77], [ALO et al. 85),[IKE et al. 81], [IKE 84],
[WAN et al. 87), [BOL et al. 86], [LOW 87], etc)

Recently a new study has been investigated concerning the use of the
camera motion to help the visual perception and how to merge the different
perceptions corresponding to a sequence of images. This is known as the “
Dynamic vision”. If the motion is controllable, it is said to be the “Active
vision”. (see [ALO et al. 87], [RIV 87], [AYA 88]).

In the field of dynamic vision, a fundamental question is asked :“Does
one really need to use two cameras or only one camera to realize the 3D
scene perception?”. The 3D scene means here a 3D static scene. We give our
answer to this question by defining a new proposition, that is :

In machine vision, 3D scene perception needs necessarily two
images, but not two cameras. The basic structure of a vision
system is one camera with its motion (called “dynamic vision”).

In the world, almost all of the animals has two eyes to recognize their
environment. But these two eyes do not work dependently. For exemple, the
bird’s two eyes cannot observe the same scene at the same time. Each one
observes two different parts of its environment at a time. So each one per-
ceives and understands independently the scene because each eye can give
itself a motion necessary to the 3D scene perception! But one may ask why
the animals do have twoeyes? There are two reasons for that : (a) firstly two
eyes can widen the fields of vision and (b) secondly two eyes allow to have
two images for the 3D scene perception in the case of static observation. (see
the figure 1).

3D perception by a moving eye is the basic principle for an animal’s
vision. This capability can also be realized in a machine like robot!.



Figure 1 : Some animals whose two eyes do not observe the same scene at
the same moment

In the next section, we will give a mathematical demonstration to reveal
the principle of 3D primitives perception by a moving camera. In the third
section, we will apply this principle to the problem of the reconstruction of
3D polyhedral scene by a moving camera; this section is divided into two
parts : we first treat the problem of the perception of 3D line segments and
then we deal with the problem of the understanding of 3D line segments.
Our research works are realized in a dynamic vision system named VIDYR,
that is presented in the fourth section. At the end of the paper, we give some
results.

2 Principle of 3D primitives perception

Without a-priori knowledge about the scene, the perception of 3D static
primitives necessarily needs two images which can be acquired by one camera
moving between two different positions or by two cameras. In the later case,
one can consider that the first camera moves to the position of second camera
so that the second image is acquired. So two images can always be considered
to be acquired by a moving camera at two different positions.




2.1 Motion vector: the representation of image correspond-
ing velocities

The camera motion plays an important role in the 3D scene perception.
Because the images are acquired at some discrete times, so we are just in-
terested in the average motion velocities of camera between each two time
samples. These motion velocities are called the image corresponding veloci-
ties. In the following presentation, the camera motion will mean the image
corresponding velocities.

If we work in the camera’s coordinate system, the camera motion is in-
terpreted by the motion of the 3D static scene. In the following presentation,
the motion will mean the motion of 3D static scene in the space of camera’s
coordinate system.

Considering a 3D point P moving during the time At from the position
P, to P, its motion is composed of two parts : the translation component
t(t) and the rotation component 7(t). So the image corresponding velocities
of the 3D point P is defined as (see [XIE et al. 88d]) :

{ Ve = T(t)

AS(V) = s [R@)T — RO (1)

with :
T(@) = [ t(u) du
(2)
R@) = M2or(t+Ot-u)

where (V;,V;) are respectively the translation velocity and the rotation
velocity; AS() means the anti-symmetric matrix of a vector; T R() means
the trace of a matrix and R(t)7 is the transposed matrix of R(t).

These equations tell us that the image corresponding velocities do not
depend on the motion paths of camera but only on the discrete positions of
camera.

If X = {X1,X,, X3} represents the coordinates of the point P in the
camera’s coordinate system, we have then :

X=Xt+0t)-X(1t)=V:+V, x X. (3)
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Z
Figure 2 : Motion vector: P, = P,'P.,-“ and the Speed Path:

PPy + PyP3+ P3Py + ...

where X means the average derivative of X with respects to time.

In the figure 2, X is represented by the vector P’IE, we call it the motion
vector. We can now define the concept about the velocity path which is the
curve composed of the set of motion vectors. The velocity path is determined
only by the discrete positions of camera at which the images are acquired.
So different motion paths may have the same velocity path and the image
corresponding velocities depend only on the velocity paths.

We will see later that it is the motion vector which gives the unique
solution of the 3D scene perception.

2.2 Principle of triangulation

We use the perspective projection as the camera model (see the figure 3).

A 3D point P will be projected to its image p according to the following
relationship :

zxX=0

{ (4)

z3=f



camera image plane

Figure 3 : Camera model : Perspective Projection

Where (z = {21, 22,23}, X = {X1, X2, X3}) are respectively the coordinates
of an image point and of a 3D point and f is the camera’s focal length.

We think of z as the 2D static primitive. From the above relationship, it
is obvious that one cannot find P from the knowledge about p. This is why
we have emphasized that the 3D perception needs necessarily two images,
that allows to extract the 2D dynamic primitives : z with its derivative &.

We give now a proposition about the principle of triangulation :

The 3D geometrical primitive is only determined by its mo-
tion vector and its corresponding 2D dynamic images

Proof : We will demonstrate this proposition in two steps :

o Step I : Geometrical illustration for the triangulation of points :

In the figure 4, first drawing the ray s from O to p and the ray t from
O to p + p; we know that the 3D points P and P + P can only be
localized at the rays s and t because of the perpective projection of
camera. Then we draw a subset of lines from the points in s to the



Figure 4 : Triangulation Principle

points in ¢. These lines must be parallel to the motion vector P. We
get in this way a subset of vector :

{(PsPs)]i=0,1,2,..}

Among these vectors, it is obvious that there is only one vector which
is equal to the motion vector : Py;P;; = P. So the position of the 3D
point P is unique, that is : P = P,; and P+ P = P,

Step II : Theoretical Analysis :

We have given a geometrical illustration about the principle of trian-
gulation in 2D space. Now we will make a theoretical analysis in the
general case of triangulation. Before that, we first want to define the
concept about a “geometrical primitive”. All of the geometrical ob-
jects : line, plane, surfaces of higher order, etc; can be considered as a
set of 3D points. So a geometrical primitive is defined as a subset of
3D points which can be characterized by a geometrical function like :

F(X,W)=0.

where X is the coordinates of a 3D point and W the parameter vec-
tor. Then, an object is considered to be composed of some geometrical



primitives.

After the motion with the image corresponding velocities (V;,V;), the
geometrical function of a geometrical primitive becomes :

dF(X,X,W,W)=0 (5)
X=Vi+V, xX

That is : .
dF(X,V;, V., W,W) = 0. (6)

From the following equations :

F(X,W)=0 ) )
dF(X, Vo, V,,W\W) =0

We get : .
G(Ve, V;, W,W) = 0. (8)

We call it as the Characteristic Function of Geometry about a
geometrical primitive.

By the perspective projection of the camera, one can obtain its image
of a geometrical primitive. This image can be characterized in the
camera coordinate system by the following equations :

f(z,w)=0
{ R(w, W) =0 ®)
And their derivatives :
df(z,&,w,w) =0
{ dR(w,w,W,W) =0 (10)

We call the equation dR() = 0 as the Intrinsical Relationship
Function about a geometrical primitive and its projection image.

10



According to the following equations :

{ G(Ve, Vi, W, W) = 0 (11)
dR(w,w,W,W) =0

we see that the 3D parameters (W, W) can only be determined by
the motion parameters of the camera (—V;, —V,) and the 2D dynamic
parameters of the geometrical primitive projection (w,). It proves
the proposition presented in the introduction section, that is to say
that one must have just only a moving camera to realize the 3D scene
perception.

3 Reconstruction of a 3D polyhedral scene

In this section, we will give one application of the proposition about the 3D
scene perception. The goal is to recover a 3D polyhedral scene by a moving
camera. We decompose the problem into two subproblems : (a) the percep-
tion of 3D line segments and (b) the interpretation of 3D line segments.

3.1 Modeling of a 3D polyhedral sceﬁe

In a polyhedral universe, we are interested in the 2D /3D edge informations,
that is : the 3D polygons of a polyhedral ob ject; the 3D line segments of
a 3D polygon; the patterns in an edge image; the chains of a pattern and
the 2D line segments approximating a chain. So a polyhedral scene can be
effectively modeled by its 2D/3D edge informations. The figure 5 shows this
modeling,.

3.2 Perception of 3D line segments

The resolution of the problem is realized in three steps : (a) the polygonal
approximation of an edge image; (b) the matching of 2D line segments and
(c) the triangulation of 3D line segments.

3.2.1 Polygonal approximation of an edge map

The edge images are obtained by an algorithm developped according to the
method presented in [DER 87]. We have then studied an efficient algorithm
for the polygonal approximation of an edge image (see [XIE et al. 88b}).

11
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Figure 5 : Multi-level primitivés in a polyhedral scene

12



oy

Zg Td

oz ox

Figure 6 : Contour element ¢ and its causal region of neighborhood

First, we resolve the problem about the edge linking. In our method, we
have defined a contour element which is the subset of edge pixels localized
consecutively in the same line of the edge image. In this way, the edge
linking becomes the linking of the contour elements, that can be done more
rapidly. With each contour element, we associate to it a causal region of
neighborhood, that is :

z € [itg - 0Z,%yq +0$] of yE€ [yc - ayvyC[ (12)
z G [zg - Uz,xd] if y = yC

where (z4,z4) are the X coordinates of the two end points of a contour
element and y, is its Y coordinate (see the figure 6).

By scanning from line to line the image of the contour elements, we take
the following linking operations : the creature of the chains; the lengthen-
ing of the chains and the closure of the chains. The algorithm of contour
element linking produces a set of simple chains that can be directly splitted
into a subset of 2D line segments. That means that all chains do not have
any branchs and the contour elements belonging to a chain are sequentially
localized in the X and Y directions (see the figure 7). The parameters of
the 2D line segments are estimated by the least square method.

13



chain j

chain i

Figure 7 : According to the definition of the contour elements, the pattern
ABC is composed of two chains : AB and CB

3.2.2 . Matching of 2D line segments

The matching of 2D line segments within a sequence of images is a very
difficult task. In [XIE et al. 88c], we have succesfully resolved this problem
in two steps : (a) the temporal matching of 2D line segments and (b) the
spatial matching of 2D line segments (see the figure 8).

In the temporal matching, we work at each instant with two images :
the present image and the next image. The goal is to estimate the 2D line
segments in the present image and to predict their corresponding 2D line
segments in the next image.

First, we extract the contour in the present image and make the edge
linking. With each edgel, we know its position and its orientation. Then we
use a selected template presented in [BOU 85] to estimate its normal optical
flow. Finally, from the informations about the edge linking and the edgels’
normal optical flows, we can estimate directly the dynamic parameters of the
2D line segments by the least square method. We model a 2D line segment
by its pliicke coordinates (see [RIV 87]) : (m, 1). So for each 2D line segment,
we know the values about (m,!) and their derivatives (,1). The 2D line

14
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Figure 8 : Temporal and Spatial Matching of 2D line Segments

segments parameterized by (m + 7,1 + I) are called the predicted 2D line
segments in the next images. The figure 9 illustrates the described operation.

Having resolved the temporal matching, the spatial matching becomes a
trivial task. In each image, we know two sets of 2D line segments : (a) the set
of 2D line segments estimated at the current instant and (b) the set of 2D line
segments predicted at the preceding instant. The spatial matching consists of
the matching of these two sets. This is done by finding the nearest neighbor
among one set for a 2D line segment in the other set. In [XIE et al. 88c],
we have defined a distance measure to determine the nearest neighbors.
The figure 10 shows the combined matching of 2D line segments within a
sequence of images.
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Figure 9 : Temporal matching : Estimation of dynamic 2D line segments
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Figure 10 : Matching of 2D line segments in a sequence of images

3.2.3 Triangulation of 3D line segments

A 3D line segment is modeled by its pliicke coordinates (see [RIV 87)) :
(U, H), so its equation is written as :

XxU=H. (13)

And its Characteristic function of geometry is described by :

U = V.,xU.
{H V. xH+Vex U (14)

Where (-V;, —V;) are the image corresponding velocities of the moving cam-
era (see [RIV 87]).

A 3D line segment is projected generally to its corresponding 2D line seg-
ment that is also modeled by the pliicke coordinates (m,!). So the equation
of a 2D line segment is written as :

zxm=1 (15)

According to the perspective projection, it is easy to find the intrinsical

17



relationship between a 3D line segment and its image (2D line segment) :

l'xH+lx}'I. =0
meH+mteH = 0 . (16)
PeU+Itel =0

From the above equations, we can find the unique solutions about (U, H ):

1. Calculation of U :

U= axl
"ax"l
' (17)
a=Ii+Wtel
2. Calculation of H :
‘ H=ke(mxIxU)
_ —~Lte(SeU)
k= (L+WteL)te(mxixU) (18)

L=(l3-1,L -3l -1)

Where (S, W) are the anti-symmetric matrix corresponding to the vectors
V; and V;. :
3.3 Interpretation of 3D line segments

It is assumed that the 3D line segments belong to the polyhedral scene. So
it is possible to reconstruct the 3D polygons from a set of 3D line segments.
A 3D polygon is a limited region in a 3D plane (called support plane). A 3D
plane is generally parameterized by its normal vector N and its distance p
to the origin of the coordinate system; its equation is written as :

NeX =p. (19)
So the identification of 3D polygons consists of :
1. how to estimate the normal vector N of the support planes,
2. how to estimate the parameters p of the support planes.
3. how to localize the polygons in their support planes.
The figure 11 illustrates the above three steps by an exemple of the

identification of a block.

18



1

Step 1 Step2 Step 3

Figure 11 : The three steps for the identification of 3D polygons
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3.3.1 Estimation of orientations of the support planes

Given a set of 3D line segments, we classify them into some subsets so that
the 3D line segments in each subset form a group of parallel support planes.
To do that, we have studied two efficient techniques (see [XIE et al. 88a]) :
(a) the dynamic Prediction/Verification method and (b) the generalized
HOUGH transform method.

Knowing that the subset {U;|i = 1,2,...,k} of 3D line segments be-
long to a group of parallel support planes, the normal vectors N of these
planes can be estimated by the least square method, that means to find N
minimizing the following criterion :

k
J(N)=min [ (Ui e N)|. (20)

i=1
3.3.2 Estimation of the parameters p

For a given normal vector N, it may correspond to some parallel sup-
port planes having different parameters p. We first project the mid-points
{M;|i=1,2,...,n} of the 3D line segments (belonging to the corresponding
subset) to the axis 61\V>passing through the vector N. In this way, we obtain
some clouds of 1D points in the axis ON (see the following figure).

Axis ON

LLLLL 0. L00000.. hda'a'ddaadd

_ The centroids of these clouds correspond to the parameters p. We use a
technique of the linking of 1D contour to localize these clouds in the axis
ON and to find the parameters p (see [XIE et al. 88a)).

3.3.3 Linking of 3D line segments

Given an estimated support plane, we need to know the existence of some
polygons in it and their positions. For a subset of 3D line segments in a sup-
port plane, we may first build a neighborhood graph of these line segments
and try to find some closing boundaries in this graph. If there are not any
closing boundaries in a support plane, it means that no polygon exists in it.
The figure 12 shows an exemple of the linking of 3D line segments by the
neighborhood graph (see {XIE et al. 88a]).

20
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Figure 12 : An exemple of the linking of 3D line segments by the neighbor-
hood graph. The dashed rectangles correspond to the real polygons. The
numbers represent the line segments and the S;s represent the vertexs
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4 Experimental results

We have developped a dynamic vision system VIDYR at IRISA. The archi-
tecture of this system is shown by the figure 13, which includes :

1. The control unit of VIDYR :
It is the central unit of the system VIDYR, that manages the com-
munications of the data : the parameters, the results and the motion
paths; and also the addition of a new application into VIDYR.

2. The simulation subsystem VISYR :
This simulation tool has been developped at IRISA (see [HEG 87)).
The 3D scene is described by a CAO language LGRC. The synthesis
of images is based on an algorithm of “ray casting”. This simulation
tool allows to have a sequence of synthetic images corresponding to
the selected motion path.

3. The subsystem of a moving camera :
A subsystem of the robot arm AID has been developped at IRISA (see
[CHA et al. 88]). We have implanted a CCD camera at its wrist that
is connected to the image processing system EDIXIA. The camera can
move with the robot arm by following a selected motion path so that
a sequence of images can be acquired.

4. The graphic window of dialog :
The host of the system VIDYR is a Sun workstation under UNIX.
We have used the functions of the SunView* and the SunCore* to
create graphic window that allows : (a) the graphic interface between
the system VIDYR and the users, and (b) the graphic visualization of
the results.

We are developping the algorithms presented in this paper in the system
VIDYR. We give some results below (the resolution of image is 256 x 256) :

1. The figure 15 shows an exemple about the polygonal approximation
of the edge image. There are 3331 edgels in the contour image and
2256 corresponding contour elements. 47 chains are created, that are
approximated by 74 2D line segments. The execution time is below 6
second of cpu and the size of the region of neighborhood are (cz =
l,oy =2).

22
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2. The figure 16 shows an exemple about the temporal matching of 2D
line segments. The maximum 2D velocity is set to be +11 pixels. The
total execution time is below 68 seconds of cpu, including about 40
seconds of cpu used by the contour extraction.

3. The figure 17 shows an exemple about the temporal/spatial matching
of 2D line segments. We can find that the short 2D line segments and
the 2D line segments approximating a curve miss to be matched. The
execution time is below 8 seconds of cpu.

4. The figure 19 shows an exemple about the triangulation of 3D line
segments. This algorithm is currently tested with real images.

5. The figure 20 shows an exemple about the identification of 3D polygons
from a set of 3D line segments. The variances of orientations of the
support planes are below 8 degree and the variances of the parameters
p are below 10cm. The exeucution time is below 2 seconds of cpu.

5 Conclusions

We have given a new explanation about the 3D scene perception. The princi-
ple of triangulation developped in this paper proves that the basic structure
of a vision system is one camera with its motion and that the 3D scene per-
ception can be efficiently achieved by a moving camera. This idea is applied
to the problem concerning the reconstruction of a 3D polyhedral scene using
a moving camera. We have dealed with the problems of : (a) the perception
of 3D line segments and (b) the identification of 3D polygons.

We are now developping the presented work in the dynamic vision system
VIDYR, especially the recursive estimation of 3D line segments within a
sequence of images and the generation of the local motion favourable to the
estimation of 2D dynamic primitives.
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Figure 14 : The sequence of images used to show (a) the polygonal approx-
imation of a edge image and (b) the matching of 2D line segments.
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Figure 15 : An exemple of the polygonal approximation of a edge image.It
is shown : (a) the edge image; (b) the image of chains; (c) and (d) the 2D
line segments.
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Figure 16 : The temporal matching of 2D line segments. It is shown : (a)
the edgels’ normal optical flow; (b) the edge image; (c) the estimated 2D
line segments at the present image; (d) the corresponding predicted 2D line
segments at the next image.
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Figure 17 : The temporal/spatial matching of 2D line seginents. It is shown
: (a) the 2D line segments at the present image; (b) the corresponding 2D

line segments at the next image and (c) the 2D line segments missed to be
matched.
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Figure 19 : The triangulation of 3D line segments: (a) and (b) the matched
2D line segments in two images; (c) and (d) the projection of the estimated
3D line segments to the camera at two different positions; The figure below
is the 3D visualization of the 3D line segments.
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Figure 20 : The identification of 3D polygons. It is shown : (a) the set of
3D line segments with about 5% errors; (b) an exemple of the estimation of
the parameters p;(c) an exemple of the linking of 3D line segments; (d) the
estimated 3D polygons; (e) the representation of the estimated 3D polygons
in the Extended GAUSS Sphere.
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