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Abstract. This paper deals with the problem of 3D structure estimation of a set of geometrical primitives in an active
vision context. Our method is based on the structure from controlled motion approach which consists in constraining
the camera motion in order to obtain an optimal estimation of the 3D structure of a geometrical primitive. Since this
approach involves to focus on the considered primitive, we present a method for connecting up many estimations.
It is centered on visual 2D information and rough estimation of the structure of the studied primitives. It allows
us to have an optimal estimation of each primitive of a scene composed of cylinders, segments and polygons. Our
method has been implemented with an automata network using the real time SIGNAL language. These automata are
able to connect up the different stages of the reconstruction process: selection, focusing, optimal estimation of the
selected primitive and, simultaneously, rough estimation of the other ones. Real time experiments on a robotic cell
are presented and experimental results are given.
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1 Problem statement

Many applications in robotics involve a good knowledge of the robot environment. For such applications, the
aim of this paper is to obtain a complete and precise description of a scene using the visual data provided
by a camera mounted on the end effector of a robot arm.

The observability of the camera motion which is necessary for the 3D structure estimation characterizes
a domain of research called dynamic vision [7]. Furthermore, when the camera motion is controlled using
vision data, dynamic vision becomes active vision [1][13], which generally provides more precise results. Our
method is based on the structure from controlled motion approach, which consists in constraining the camera
motion in order to obtain a precise and robust estimation of geometrical primitives such as points, straight
lines and cylinders [3][6]. This related work deals with the reconstruction of only one primitive, which is
insufficient to consider real scenes containing several objects. In this paper, the reconstruction problem is
handled at two levels:

— local aspect: Since the method proposed in [6] involves to focus on the considered primitive, it has to be
successively performed for each primitive of the scene. This local aspect of the reconstruction is divided
into four steps: focusing, recognition, optimal estimation and spatial localization of the primitive ;

— global aspect: Developing perception strategies to get the spatial organization of complex scenes is
necessary in order to obtain a complete map of the scene. So, we present a method for connecting up
successive estimations of different primitives. It has been implemented with an automata network using
a real time synchronous language.

The remainder of this paper is organized as follows: the next section describes a method for 3D scene
reconstruction based on an active vision paradigm. The third section is devoted to perception strategies and
their implementation using an automata network. Real-time experiments dealing with the 3D reconstruction
of scenes containing several objects are finally presented.
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2 Scene reconstruction

2.1 General overview

The aim of this work is to investigate the problem of recovering a complete and precise description of a 3D
scene using the visual data provided by a camera mounted on the end effector of a robot arm. In particular,
we are interested in the reconstruction of environment constituted by cylinders and polyhedral objects. In
order to obtain an optimal estimation of the structure of a selected primitive, previous works have shown
that it is necessary that the camera focus on it and realizes particular motion. So, if we consider a scene
composed of a set of geometrical primitives, the estimation has to be successively realized for each primitive
of the scene. For doing that, a database containing 2D visual data is first created. With this database, a
selection process focus on a primitive, and after a recognition process based on a statistical test, an optimal
estimation of its 3D structure is performed. After each estimation of a primitive the database is updated,
then, a new selection is done. When all the database elements have been treated, an exploration process is
required in order to ensure that the whole scene has been reconstructed.

2.2 Focusing on a primitive

According to the hypothesis that the scene is composed with polyhedral objects and cylinders, all the objects
are projected in the image plane as a set of segments (they will be called limbs in the case of cylinders). The
first step in the whole scene reconstruction process is to build a 2D database composed of the set of segments
in the image for the initial camera position. The database is simply obtained by extracting the edges in the
image with a Shen Castan filter, and using a Hough transform on the edge image (see Figure 5a).

A weight is given to each element of the database. This weight is function of the position of the corresponding
segments in the image in keeping with a given strategy. The segment with the highest weight is extracted
from the database, then, an optimal estimation based on this segment is performed.

We now describe the different steps of this optimal estimation.

2.3 Structure from controlled motion

In order to get the spatial structure of a primitive, we have used the 3D reconstruction method developed
in [6][3], which has been applied to the most representative primitives such as points, straight lines, spheres
and cylinders. A geometrical primitive P is specified by an equation of the type: h(z, p) = 0,Vz € P where
parameters p represent the location and the 3D structure of the primitive in the scene. These parameters
can be estimated using a structure from known motion method. More precisely, they are obtain from the
measure of camera velocity 7', parameters P, which describe the position of the primitive in the image, and
P, which represent the motion of the primitive in the image due to the camera motion.

When no particular strategy concerning camera motion is defined, important errors on the structure esti-
mation can be observed. This is due to the fact that the method is based on the measure of E, the temporal
derivative of P. The exact value of P is generally unreachable and the image measurements only supply AP,
the “displacement” of P between two successive images. Using AP/At, instead of P, induces errors in the 3D
reconstruction. To suppress these errors, a fixation tasks is required: the primitive must constantly appear at
the same position in the image while the camera is moving. Furthermore, effects of the measurement errors
on image data and camera motion can be minimized, leading to a robust and optimal 3D reconstruction
if the primitive is located at particular position in the image [6]. The camera motion must therefore be
controlled in order to reach these particular positions. Such camera motions combined with the fixation task
are performed using visual servoing i.e, a control law in closed loop with respect to visual data [8].

Optimal estimation in the case of a cylinder. A cylinder can be represented by an equation of the
type:

h(

z,p) = (z —x0)* + (y —v0)* + (2 — 20)” — (aw + by + cz)* = r* =0, with @4t =1 (1)
z,P)= 0 Y Yo 0 Yy — Y% aI0+by0+CZQIO,
where 7 is the radius of the cylinder, a, b, ¢ represent the direction of its axis and zg, yo, zo are the coordinates
of a point belonging to the cylinder axis. Assuming the non degenerate case where the image of a cylinder
takes the form of two straight lines D;(p;,0;), (i = 1,2), it is possible to use the proposed 3D reconstruction
method to estimate parameters (a, b, ¢, &g, Yo, 20, ). More details about this derivation can be found in [6].
In order to obtain a non-biased and robust estimation, the cylinder must always appear centered (p; = —p2)
and horizontal (§; = 2 = T) or vertical (6; = 0 = 0) in the image sequence (see figure la) and the camera
has to turn around it (see figure 1b).
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Fig.1.: (a) Optimal cylinder position in the image (b) Optimal camera trajectory during the estimation task
(¢) Optimal straight line position in the image

Let us note that this method can be applied using only the projection of one limb. A two limbs based
estimation provides a more robust and precise estimation. But it is impossible without a priori knowledge
on the structure of a cylinder to determine the position in the image of its two limbs. To solve this problem,
an estimation based on one limb is first performed. This estimation is good enough to predict the position
of the second limb in the image by projecting the 3D estimated cylinder in the image. Then, after a simple
matching algorithm, a robust estimation based on the two limbs can be performed.

Optimal estimation in the case of a straight line A straight line is represented by the intersection of
two planes:
al+bi4+ci=1
with¢ a3 + b3 +c3 =1 (2)
aias + b1b2 + ci1c0 = 0.

h(z, p) =

arx+biy+cz=0
asx + bay + caz+ds =0

In that case, we have to estimate the seven parameters representing the location of the two planes. As
previously, the effect of the measurement errors are minimized and the discretization error is suppressed if
the line always appears centered in the image (p = p = 0) and vertical (§ = # = 0) in the image sequence
(see figure 1c) and if the camera turns around the straight line.

This method provides an optimal reconstruction of 3D parametric geometrical primitives. But, some knowl-
edge on the scene are necessary, such as the nature of the considered primitive. To achieve an optimal esti-
mation by generating adequate camera motion, we first have to determine which kind of primitive (cylinder,
straight line,. ..) the camera is focusing on. In such a way, we have developed a recognition method based on
a statistical test. Furthermore, as can be seen on equation (1) and (2), vertices and length of the primitive are
not taken into account in the previous method. So, we have developed a method, based on visual servoing,
to estimate the length and 3D position of the vertices.

2.4 A maximum likelihood ratio test for primitive recognition

The only information we initially have on the considered scene is composed by a set of 2D segments extracted
from the initial image acquired by the camera. We assume that these segments correspond to either a limb
of a cylinder, either a 3D segment. As the structure estimation method is peculiar to each kind of primitive,
a recognition process is necessary. Vaillant [14] proposed a criterion to determine whether the considered
2D segment corresponds to the projection of a 3D segment or to a cylinder limb. The observed segment is
assumed to be part of a cylinder, and according to this hypothesis the radius of the cylinder is estimated.
Since a 3D segment is characterized by a zero radius, the criterion proposed in [14] is based on the probability
for zero to be in the interval of confidence: r — 20 < 0 < r. Our experiments have shown that this criterion
is not always able to correctly detect which kind of primitive was observed. So, in order to obtain a robust
criterion, we have developed a method based on a maximum likelihood ratio test.
To determine the nature of the observed primitive, we firstly assume that it is a cylinder, and a one limb
based estimation is performed. When this estimation is done, two competing hypotheses can be acting,
respectively:

— Hy: the observed primitive is a straight line (or a segment). This hypothesis implies that we have to find

a radius r close to 0 ;

— H,: the observed primitiveis a cylinder. This hypothesis implies that we have to find r = r; withr; > 0 ;
A maximum likelihood ratio test is used to determine which one of these two hypotheses is the right one.
Let us denote Ly and Ly the likelihood function associated with hypothesis Hy and H;. Assuming that the

cylinder radius follows a Gaussian law of mean r and variance o2, we obtain:
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The likelihood ratio ¢ is given by: ¢ = log f—; [5]. Substituting in this equation for expressions given in (3)

leads to: ~
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The resulting criterion for determining the nature of the primitive can be stated as follows:
max§& > A
1

where A is a predetermined threshold.
Optimal parameter 7; satisfies the relation % = 0, which leads to 71 = 7. Using this relation, & can finally
be expressed in the form:
_ N7? .

=28 @
Clearly, hypothesis H; (cylinder) is selected versus hypothesis Hy (segment) if the obtained value for like-
lihood ratio € is greater than A. This threshold can be easily determined by experiment. Indeed, when the
primitive is a segment, the reconstruction process using one limb gives a low radius, with a very high variance
(leading to a small value of £). On the other hand, when the primitive is a cylinder, the estimated radius is
close to its real value and the variance is small (leading to a high value of &).

2.5 Position and length estimation

As previously stated, the optimal estimation described in section 2.3 considers that the primitive has an
infinite length. In order to determine this length, the vertices of the primitives have to be observed in
the image, which generally necessitates a camera motion. For accuracy issues, this motion is performed in
the direction of primitive axis A, at a constant range (see figure 2b), and until one of the two vertices
of the primitive appears at the image center (see figures 2a and 2b). Once the camera has reached its
desired position (m; for example), the 3D position of the corresponding end point (M7) is computed as the
intersection between the primitive axis A and the camera optical axis. A motion in the opposite direction
is then generated to determine the position of the other vertex (Ms). Such camera motion, based on visual
data, are performed using the visual servoing approach [8].

Fig.2.: (a) position to achieve in the case of a cylinder (b) camera motion along the primitive (¢) position
to achieve in the case of a segment

2.6 Polygons generation

When all the 3D segments of the scene have been reconstructed, it is interesting to group these segments into
polygons. Our goal here is to get from a set of segment a set of polygons. In a first time, we look for closed
strings of n coplanar 3D segments. A coplanarity condition is given in [16]. At the end of this process, we
have a set of strings of coplanar segments corresponding to polygons and some isolated segments or unclosed
strings. Next step is devoted to transform these strings of segments in a list of coplanar points: the vertices
of the polygon.The equation of the carrier plane can easily be computed by solving a linear system using a
least square method. Then, the segments are projected on this plane and the coordinates of the vertices are
obtained with the intersection of two neighbor segments [15].

This method gives us all the polygons of the scene. Furthermore, it strongly improves the accuracy of the
vertices position (see table 2).
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2.7 Exploration problem

This problem, raised by the fact that we must make sure that the whole scene has been reconstructed, has
not been yet taken into account in our scheme. Future work will be devoted to determine viewpoints able
to bring a new 2D database on which will be performed the complete estimation process. Such viewpoints
will be determined using the estimated partial map environment and the part of the 3D space which has not
been already observed. Finally, the environment reconstruction process will end when all the primitives in
the scene will have been observed.

3 Implementation with an automata network

As previously stated, our method consists in successively focusing on the different primitives of the scene. We
thus have developed a method for connecting up several estimations based on the definition of an automata
network.

General framework. This whole scheme has been implemented with an automata network using the real
time data flow synchronous language SIGNAL [10]. These automata are able to connect up the different
stages of the reconstruction process: selection, focusing, optimal estimation of the selected primitive and
concurrently, rough estimation of the other ones. Previous works [9][2] have been done to formalize reactive
behaviors of vision “guided” robot with Discrete Event Systems (DES) [11]. SIGNAL is an equational syn-
chronous language based on DES. Programming such a state transition networks with this language remains
to the same framework and allows to use the same formal tools. Each state of this automata is combined
with a certain task such as the creation or the update of the database, the structure estimation process, the
camera moving task using visual servoing, etc. The transitions between the states are discrete events and
are function of the image data, the estimated parameters of the primitives, and the state of the database.
The automata network, which manages the tasks sequencing, has been written in SIGNAL and internal tasks
(parameters estimation, visual servoing) have been written in C.

Automata networks. For a given position ¢ of the camera, a database p(¢) containing the observed
segments is created. These segments correspond with the limbs of cylinders or with the projection of segments.
A selection process (C) (see figure 3) chooses one of the segments. In order to obtain a precise estimation of
the structure of the selected primitive, the camera focus on it using visual servoing. The optimal estimation
process can be represented with a five states automata. First the likelihood ratio test is used to determine
what kind of primitive (cylinder or segment) the camera is focusing on (&.q). After this test, an optimal
estimation is performed using the appropriate estimation process (in the case of a cylinder, the estimation
is based on the two limbs in order to get a better accuracy &;). Finally, the length and the position of the
considered primitive is estimated (L. or Lg).
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Fig.3.: Automata network

At the same time, a rough estimation (€,) of the structure of the others primitives is done (rough since
the camera motion is not adequate for these other primitives, therefore leading to inaccurate results). The
interest of this estimation is that it provides 3D informations about the scene which could be used in the
exploration process. Each optimal estimation ends when all the primitive parameters have been accurately



computed with a sufficient precision. Each rough estimation ends when the corresponding segment gets out
from the image or when the optimal estimation ends. The database is then updated, so as the 3D map of the
scene, and a new segment is chosen (C). When all the database elements have been treated, an ezploration
process (€xp) should be realized in order to ensure that the whole scene has been estimated.

Application programming. The application of the SIGNAL language to vision and robotics demonstrates
its adequacy for task-level robot programming. Tasks and vision algorithms appear to be particularly fitting
to the data flow nature of the functions between sensor data, estimation process, and control outputs.
Constraining their execution intervals makes it possible to easily specify the sequencing of robotic tasks and
perception strategies [12].

There are many interests in using synchronous language like SIGNAL for a robot vision application. SIGNAL is
an equational data flow language perfectly suitable to our estimation tasks which are performed using control
laws in closed loop with respect to vision data. The implementation of such a loop is easily realized using SiG-
NAL. The source code of the application is very close to the specification because programming is performed
via the specification of constraints or relations between all the involved signals. For the rough estimation
tasks, which are simultaneously performed with the optimal estimation tasks, the parallelism is explicitly
taken into account at the specification phase, and the SIGNAL compiler manages all the synchronization and
communication problems.

4 Experimental results

In order to demonstrate the ability of a robot to get a precise geometric map of its environment, the proposed
active 3D reconstruction method has been implemented on an experimental testbed composed of a CCD
camera mounted on the end effector of a six degree of freedom cartesian robot (see Figure 4). The image
processing part is performed on a commercial board. It consists in tracking the projection of the straight
line or the limbs along the image sequence and in determining the (p,#) parameters describing the position
of the line in the image. The extraction, maintenance and tracking of the contour segment (in fact a list of
edge points) are achieved in 40 ms. The method we have used is described in [4]. Tt is based on a local and
robust matching of the moving edge-points constituting the selected line.

Fig.4.: Experimental cell (camera mounted on a 6 dof robot)

Cylinder scene. The first example shows the reconstruction of a scene made up with a set of 4 cylinders
(3 with a 25 mm radius and one with a 40 mm radius). An image of this scene is depicted on Figure 5a.
Figure 6a shows the successive estimated radius of the cylinders and their estimated position expressed in
the initial camera frame. After each estimation of the parameters of a cylinder, the 2D database and the 3D
map is updated. Then a new segment is chosen for the 3D reconstruction process.

Figure 6b shows the reconstruction of a cylinder. It is divided into two parts: the estimation based on one
limb and, then the estimation based on the two limbs of the cylinder. This second estimation is far better
than the first one. Let us note that the radius r is given with an accuracy less than 0.5 mm when the camera
is at one meter from the cylinder. As far as depth zg is concerned, the standard deviation is less than 1.5
mm (that is 0.15%).

Figure 6¢c shows the rough estimation of the second cylinder parameters in parallel with an optimal recon-
struction of the first one, then the optimal reconstruction of the second cylinder. Let us note that the rough
estimation is far worse than the optimal estimation. It underlines the fact that active vision can significantly
improves the estimation accuracy. Figure 5b shows the 3D map of the reconstructed scene.
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Fig.5.: (a) Initial image and extracted segments corresponding to the 2D database (b) reconstructed scene
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Fig.6.: (a) Successive estimated values for the four cylinders (b) zoom on the {!* cylinder (c) Rough esti-
mation of the second cylinder parameters in parallel with an optimal reconstruction of the first one, then
optimal reconstruction of the second cylinder

Cylinder and polygons scene. The second example (see figure 7a) deals with a scene composed by a
cylinder (whose radius is 40 mm), a triangle, a rectangular polygon, and an oblong plinth (on the left of
the image) which seems to be a cylinder. The first three objects lie in the ground plane, the last one is in
another parallel plane located at 20 cm of the first one.
The difficulty here is to make the correct choice on the nature of the considered primitives especially in the
case of the plinth. It allows to demonstrate the robustness of the maximum likelihood ratio test that we have
presented in section 2.4. Indeed, each time, the correct kind of primitive has been determined after the first
estimation based on one limb.

N

(b)

()

Fig.7.: (a) Scene observed from the initial position of the robot. (b) segments corresponding to the 2D database
(¢) View of the reconstructed scene

The parameters of the cylinder have been estimated with the same accuracy that in the experiment described
above (see table 1). For the triangle which has been recognized as a polygon, the distance between the median
plan, which is computed using the six end points of the segments, is never more important than 2 mm.
Concerning the spatial position of these points on the line, an error of 1 cm around the correct position can
be found. The position of the end points is detected with an accuracy of 1 pixel in the image. Because of the
distance between the camera and the segment, a 1 pixel error leads to an error of 1.8 ¢cm in the position of the
point on the line. When these points belong to a polygon, the error on their position decreases significantly



when they are computed as the intersection between two segments. The position error of the vertices is then
around 1 mm (see table 2).

length (mm)
parameters”estimation standard deviation object |segment|real length| before after %

@ 20148098 0.001293 correction|correction |error

b 0.988958 0.000176 1 297 277.74 297.75 10.25

¢ -0.005324 0.002089 triangle 2 183 171.73 185.35 |[1.28
Zo -125.90 1.3807 3 348 330.17 350.75 [0.79
Yo -11.51 2.8776 plinth 4 889 886.77 - 0.25
Zo 1363.64 2.8564 5 889 876.11 - 1.45

r 40.51 0.0179 edixia 6 500 466.03 - 6.79
length 655.39 plaque 7 500 489.71 - 2.05
|cylinder] | 658 ] 65539 [ - ]0.39]

Table 1.: Estimated parameters of the

cylinder with their standard deviation Table 2.: Real and estimated length of the segments
and cylinder, the length after correction is given
when the segment belong to a polygon
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