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Samenvatting.
Blokland, E.; 3D workpiece reconstruction from 2D images.
Afstudeerverslag, vakgroep ER, Faculteit Elektrotechniek,
Technische Universiteit Eindhoven, april 1993.
Ben vision survey system (VSS) wordt toegepast voor het opmeten van coOrdinaten in
werkstukken. Vanwege het formaat van de werkstukken, moeten er meerdere camera's
gebruikt worden, die het werkstuk gezamenlijk overzien. Het totale VSS bestaat uit drie
delen. In het eerste deel van het VSS worden de camera beelden gereduceerd tot lijnen
plaatjes. In het tweede deel wordt uit de plaatjes een globaal 3D model opgebouwd en in
het derde deel worden alle maten exact bepaald.
Dit verslag behandelt het tweede deel. Beelden van naast elkaar hangende camera's
worden geanalyseerd om tot een 3D model van het werkstuk te komen. Hierbij moet
rekening gehouden worden met de positie van de camera's, de overlap in de beelden en
de perspectivische vervorming in de beelden. De structuur van het werkstuk is van
tevoren bekend in de vorm van een 'workpiece code'. Tijdens het reconstrueren worden
verschillende technieken gebruikt, zoals het verbinden van lijnen, 'stereo vision' en
'structural matching'.
Deze opdracht maakt deel uit van het ESPRIT-6042 project (Hephaestos II).

Abstract.
Blokland, E.; 3D workpiece reconstruction from 2D images.
M.Sc. Thesis, Measurement and Control Section ER, Electrical engineering,
Eindhoven University of Technology, The Netherlands, April 1993.
A vision survey system (VSS) is being used to measure sizes and dimensions in
workpieces. Due to the dimensions of the workpieces, multiple cameras have to be used,
placed above the workpiece. The VSS consists of three parts. In the first place an edge
detection algorithm, which produces line images. Next a top-view image analysis, which
produces a rough 3D model of the workpiece, and finally a side-view image analysis,
which has to extract the exact dimensions.
This thesis describes the second part. Line images of adjacent top-view cameras are being
analyzed, in order to produce a 3D model of the workpiece. During the processing the
position and orientation of the cameras, the overlap in adjacent line images, and the
perspective distortion have to be taken into account. The structure of the workpiece is
known in a 'workpiece code'. During the reconstruction several techniques are used, such
as line connection, stereo vision and structural matching.
This task is a part of the ESPRIT-6042 project (Hephaestos II).
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I. Introduction.

1.

Introduction.

The Measurement and Control section of the Electrical Engineering Department of the
Technical University Eindhoven participates in the ESPRIT-6042 project (Hephaestos II).
The goal of this project is to develop and implement a manufacturing robotic cell for
welding of large workpiece. In the weld preparation phase the workpieces are assembled
by hand according to a 'workpiece code'. This code gives information about the structure
of the workpiece, but not about its dimensions. Hence every workpiece has unique sizes
and no standard program for the welding robots can be made.
One of the tasks of concern is to survey the physical workpiece in the work area. Due to
the size of the workpiece, multiple cameras have to be used, placed at well-known
positions above and around the workpiece. With these calibrated cameras specific images
of the workpiece can be obtained. The survey is performed in order to obtain a threedimensional description of the workpiece in a world coordinate system. This description
is represented by a CAD file and is passed on to a knowledge base system, which can
program the robots.
The vision survey system consists of three parts. In the first place an edge detection
algorithm, which processes the grey-scale camera images extracting line segments
corresponding to the edges in the image [Buts, 1993]. Next a top-view image analysis
part, which builds a rough 3D model from the line images extracted from the top-view
camera images. Finally a side-view image analysis part, which adjusts the 3D model of
the top-view part and creates the CAD file [Staal, 1993].
This report deals with the top-view image analysis part, which combines adjacent
overlapping line images from the top-view cameras to reconstruct a continuous line image
of the entire workpiece. With this combined line image a geometric 3D model of the
workpiece is created. This model is used as input for the side-view analysis, which
matches the model with the line images from the side-view cameras.
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2.

The vision survey system.

2.1.

The complete vision survey system.

The complete vision survey system (VSS) can be divided into three blocks (figure 1)
[Stap, 1992]. The first block obtains grey-scale images from the individual cameras and
tries to detect all edges in the image [Buts, 1993]. That means every grey-scale image is
processed to a line image. A line image L in R3 is a set of line segments, expressed in
begin points (b) and end points (e):
(1)

Each line segment corresponds to an edge in the 2D camera image. Notice that a line
image can be disturbed due to noise, shadows, etc. , which means that it contains
incomplete line segments or line segments which do not correspond to real edges of
objects in the scene. Although the definition considers lines in three dimensions, it is used
as well for two dimensional line segments, with undefined z coordinate.
The second block gets the line images of the top-view cameras, which are pointing
perpendicular to the ground plane. Its output is a rough 3D model of the workpiece,
which can be used by the third block. The side-view cameras are pointing under a slant
angle to the workpiece. They have a larger focal length than the top-view cameras so they
have a larger resolution, but less field of view. The line images obtained from this
cameras are matched with the 3D model of the top-view image analysis [Staal, 1993].
The result is a CAD file, which is transferred to the knowledge base system to program
the welding robots.
workpiece code
camera
grey-scale
images

line images
top-view cameras
Low-level
vision

\---------~top-view

image analysis
line images
side-view
cameras

parametrized
modelMv

side-view
L-------.t image analysis

Figure 1: The complete YSS.
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2.2.

The top-view image analysis.

A top-view camera points downwards from a height of 6 metres perpendicular to the
ground plane. There are two of those cameras mounted on a gantry (figure 3). By
displacing the gantry to discrete positions along the work area and taking images from the
workpiece, the workpiece is scanned. The objects in the workpiece can be up to 2 metres
high [PPRl, WP2, part A]. On this height above the ground plane the fields of view of
the separate camera images still have to overlap. The cameras are equipped with a 6 mm
lens and a CCD chip of 6,4 x 4,8 mm, that means the field of view of one camera on
ground level is approximately 6400 x 4800 mm. The field of view and the work area are
illustrated in figure 4. For reference of measurements a world coordinate system (WCS)
has been chosen.
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Figure 2: Camera configuration.
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3.

The workpiece.

3.1.

The workpiece code.

The workpieces are assembled by hand according to a workpiece code [PPR1, WP2,
part B]. The workpiece code indicates the type, number, and arrangement of the objects
in the workpiece. The objects belong to a known collection, as described in [PPR1, WP7,
part A] and [PPR2, WP7, part C]. For every object minimum and maximum sizes are
given. There are three workpiece categories and each of them has its own specific code as
listed in table 1. The symbols in the workpiece codes are explained in table 2.
Table 1: Codes for the workpiece categories.
Workpiece category

Code

Bulme

xPy-xSy-xW

Stringer

xPy-xS-xW-F

Unknown

?

During this stage of the project only the Bulme category with 5 of the 13 objects is
considered. These object types are illustrated in figure 4.

T-stiffener

I-stiffener

Web

Plate

Figure 4: Visualisation of the considered object types.
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3. The workpiece.

Table 2: Meaning of the symbols in the workpiece code [Stap, 1992].
Symbol

Meaning

Detail

P

Plate

P

Planar ground plate.

S

Stiffener

I

I-type; an I-shaped profile.

L

L-type; a L-shaped profile.

T

T-type: aT-shaped profile.

A

I trapezoid shape (chamfer on both sides).

AR

I-type with a chamfer on the right side.

AL

I-type with a chamfer on the left side.

W

Normal web.

WS

Web for Stringer category.

R

a circular plate.

RF

a circular curve on the left side.

FR

a circular curve on the right side.

RFR

circular curves on both sides.

W

F

Web

Face plate

x

the number of objects in the workpiece.

y

the number of parts one object is made of.

3.2.

Foreknowledge about the workpiece.

In order to avoid ambiguities in the interpretation of workpiece codes, some constraints
are formulated [Stap, 1992] in addition to the list in [PPR 1, WP2, part B]. These
constraints are:
1.
2.
3.
4.

Stiffeners always have an east-west direction.
The overshoot of T- and L-Stiffeners is always pointing southward.
Webs always have a north-south direction.
Ground plates always have their longer side in east-west direction.

Figure 5 and 6 show a workpiece of the Bulme category with workpiece
2W. This code can be read as: 2 Plates in the x direction and 2 plates in
(2P2); 2 L-type stiffener (of course in east-west direction), each stiffener
(2Ll); 2 Webs (2W). Satisfying the four constraints, the relation between
workpiece code is always unambiguous.

8

code 2P2-2Llthe y direction
built of 1 part
workpiece and

3. The workpiece.

Note that figure 5 is an orthographic presentation (or parallel projection). The image is
described with the workpiece CAD date plus the 3D orientation of the workpiece. In
figures 6A and 6B the same workpiece is drawn, projected from the top. In figure 6B
camera parameters are involved.

Figure 5: Orthographic presentation of a workpiece,
with workpiece code 2P2-2Ll-2W.
North

w~

Plate
Stiffener
Web

T

f---------iI---------t------tt-_

East

y
x--~

South

Figure 6A: Parallel projection from the top.

Figure 6B: Perspective image from a top-view
camera above the middle of the work area.
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4.

Line image processing.

In this chapter some techniques, which are used during the reconstruction of the 3D
model of the workpiece, are explained. Before any recognition can be made, the line
images of the separate cameras have to be connected and filtered for all undesired
gadgets.

4.1.

The calibration.

Due to the fact that the reconstruction of the workpiece has to be done with an accepted
accuracy, the exact position and orientation of each of the cameras has to be known.
These features can be calculated by a calibration procedure, employed in [Faugueras,
1989]. The result of this calibration procedure can be presented with a 4x4 transformation
matrix and a number of extrinsic camera parameters.

ceo

Field of view

2.4 m
....

u

-+..

vI

~ ~! T~ 14.~~~

....

1----°1;--::::::~.~-1

-3.2 m

-•.. :::::::::....................

, yc

......

.

3.2 m

4.8m

Xc

.

6,4mm
-2.4m

•

6.4m

•

Figure 7: Projection of the field of view on the CCD, 7,; = 6000 mm.

The coordinates of the end points of the line segments in a line image are given by the
low-level vision routine in pixel coordinates (u, v). For the measurement of the dimensions
of the objects all points have to be known in the world coordinate system (WCS) (figure
4). In the first place the pixel coordinates are transformed to millimetres related to the
camera coordinate system (CCS), by using formula 1. The origin of the CCS is defined in
the lens of the camera, with Xc and Yc as drawn in figure 7 and Zc pointing downwards
from the lens to the floor.
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(u-C)

X

(v-C)

= -Sx.f. ·ze
e

The
The
The
The

Ye

=

Sy.;

·Ze

(2)

centre of the camera image on the CCD in pixels.
amount of pixels in one millimetre on the CCD chip.
focal length of the lens of the camera in millimetres.
height of the CCS above the ground plane in millimetres.

Due to the fact the transformation matrix is a 4x4 matrix, all coordinates have to be four
dimensional vectors. The coordinates in the CCS are multiplied with the inverse transformation matrix HI, which gives the world coordinates of the pixel:
Xw

Yw

Xc

=

H- 1

.

Ye

Zw

Zc

1

1

(3)

The 4x4 calibration matrix H is defined as [Faugueras, 1989]:

H=

R ll R I2 R13 ~
R21 Rn R23 Ty

(4)

R31 R32 R33 ~
0 0 0 1

The upper left corner is a 3x3 rotation matrix, the right column is a Ix3 translation
matrix, which expresses the position of the origin of the WCS in the CCS, and the last
row is a scaling vector.
In order to calculate the calibration matrix, a calibration pattern is placed around the work
area on the work floor. That means that every time an image is taken by a camera, this
pattern is in view, thus a calibration matrix can be calculated. This solution of a pattern
around the work area is not the final solution, because there is no guarantee the pattern
will always be visible for the cameras. An other solution is to be able to measure the
position and orientation of the gantry, which the cameras are attached to. Then the
cameras have to be calibrated only once with regard to the gantry. However, for the time
being this method has been used.

4.2.

Storing line segments in memory.

A line segments can be extended to a infinite line through that line segment. Such an
infinite line can be described by three parameters a, b, and c as in formula 5. The vector
(a,b)T represents the normal vector of the line and c is the perpendicular distance from the
12
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line to the origin of the coordinate system. This representation of a line has been chosen
to facilitate the related calculations. When the coordinates of a point are filled in this
formula, the result is the perpendicular distance between that point and the line.
Normalizing a and b has the advantage that they can be compared with the a and b of
other lines. Thus of every line segment the end points and a, b and c are stored in
memory.
with:

ax+by+c=O

a2 + b2

=1

(5)

In chapter 3 there is mentioned that in the top-view image analysis only north-south and
east-west lines are of interest, because all objects are parallel to the x or y-axis. Hence
after a and b have been calculated a check is made whether the line is almost parallel
(within 10°) with one of the axes. Two tables are stored in memory, one for north-south
lines and one for east-west lines. In these tables the lines have been sorted from north to
south respectively from west to east. All not north-south or east-west lines are removed
and not stored in memory.

4.3.

Connecting lines.

In general a line image is disturbed by noise. Hence it contains incomplete line segments
or line segments which do not correspond to real edges of objects in the scene. By means
of line connection incomplete line segments can be completed. When two or more line
segments correspond to the same edge, they will have the same direction, that means the
same a, b, and c. One of the lines will be the continuation of the other. To test this two
parameters Amax and Bmax are defined. Amax gives the maximum allowed distance between
the lines and Bmax the maximum allowed perpendicular distance between the first line and
the begin point of the second line segment (figure 8). In other words the begin point of
the second line has to be inside a rectangle around the first line.

Figure 8: Line segment and definition of Amax and Bmax •

The distance between the two line segments is calculated by the Euclidian distance
(formula 6) between the end point of the first line and the begin point of the second line.
For the perpendicular distance (formula 7) the coordinates of the begin point of the
second line segment are filled in the equation of the first line.

13

4. Line image processing.

(6)
(7)

Hence this procedure can not only be used for reconstructing edges which are disturbed
due to noise, it can also be used to connect several overlapping line images together to
one new combined line image.

Figure 9: Connecting lines.

4.4.

Reconstructing the height of a line segment in stereo vision.

With one camera it is impossible to determine the distance of a point in space to the
camera, but when this point is in the field of view of two calibrated cameras, the distance
can be calculated using a stereoscopic vision routine [Boyer, 1988]. With this technique it
is possible to calculate the height of an object in the overlap area between two camera
fields of view.
Consider a point, which is in the field of view of two calibrated cameras. From both
cameras the pixel coordinates (u, v) are transferred to world coordinates (§ 4.1.). The
projection line through a point to the camera CCD is defined as:

x

+

(X cam - x) • h = 0

A

(8)

Zcam

world coordinate of the pixel [mm].
the position of the lens of the camera [mm] in the WCS.
the distance of the point above the floor [mm].
In this project both cameras have always the same x or the same y coordinate in the
WCS. Consider the case the cameras have the same y coordinate. Then the functions for
14
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the projection of the y coordinate (formula 8) will be the same for both cameras. The
height of the point above the floor plane can be calculated by comparing both functions in
the x direction, resulting in formula 9.

h =

(XI -

X cam2 -

x )+
2

[

Zcam2

x2

_

xcam! - x I ]

(9)

Zcam!

A line segment can be defined by a begin and a end point. When, during the recognition,
it is concluded that two line segments correspond to the same edge, the original height of
the edge can be calculated. This is done by calculating the height of the begin point and
the height of the end point and calculating the average height of those two points. All
considered objects are parallel to the ground plane, thus a deviation between the two
calculated heights can only be caused by noise.
In the overlap area between two camera field of views the edges will be seen by both
cameras. If an edge is at floor level the two projected lines will overlap each other when
the two line images are combined. But when the original edge was not at floor level, the
projected lines will not overlap if both line images are combined. For an example
consider figure 10. In the left top-view the stiffener is projected to the right and in the
right top-view the stiffener is projected to the left. In figure 11 the line images from the
two cameras are transferred to world coordinates (§ 4.1.) and combined .

..
,

_

I----'-'·,_

[-0

"

--------,-----'I,---->_

I_IT~~

L...-----.-1DJ~1 T~

Figure lOA: Top-view projection by the
left camera.

Figure lOB: Top-view projection by the
right camera.
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Figure 11: Top-view projection of one stiffener by
two cameras.

In figure 12 I] and 12 are the projections of the same line I. The illustration shows an
algorithm for a graphical reconstruction of the height of line I. All camera positions are
known and the number of the camera from which the line segment was extracted was
stored. Thus per line segment two projection lines can be drawn from the camera to the
end points. When this is done for both the line segments the cross points of the projection
lines are the original end points of the edge.

y

x

......... height .

Figure 12: Reconstructing the original height of a line.
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4.5.

The top-view projection and the line connection.

In the previous two paragraphs is suggested that two line images from two adjacent
cameras could be connected without any problem, but there is a problem. Consider two
adjacent cameras with the same x coordinate. An objects, which is parallel to the y axis
has a constant x coordinate. In a top-view projection this object will only be displaced by
a constant value in the y direction, because of the constant x coordinate of the cameras the
displacement is independent of the x coordinate. In this case it will be no problem to
connect line segments, which are parallel to the y axis.
Now consider an object that is not parallel to the y axis, thus has no constant x
coordinate. Take for example an object, which is parallel to the x axis and is located in
the overlap area between the two cameras. The displacement by the top-view projection
of the object is in the y direction. But because the cameras are at different sides of the
object, the displacement by the projections also will be to different directions. Thus line
segment, which are parallel to the x axis, can not be connected, because there is no
guarantee they were extracted from the same edge in the workpiece.
Figure 13 shows an example. In this figure two line images from two adjacent cameras
are combined like in the example of the previous paragraph. This two cameras, which
have the same x coordinate, observe a workpiece with code IPl-3TI-lW. The web is
parallel to the y axis. There will be no problem to recognize this object. But the stiffeners
are parallel to the x axis, their projections overlap. The recognition of those objects is
impossible in this combined line image.
That means that when line images from cameras with the same y coordinate, thus parallel
to the east-west axis are combined, in this combined line image only east-west orientated
objects can be searched. For searching objects parallel to the north-south axis, the line
image from cameras with the same x coordinate have to be combined.

17
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Side-view

· . llOJtl·····./tlJ ·.
east

Top-view

north

south

west
Figure 13: Combined line images of two cameras.
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5.

Structural matching.

Due to the perspective displacement, described in § 4.5., it is impossible to process all
the line images at once. That's why it's impossible to start a matching routine for the
whole workpiece. But the entire workpiece consists of a number of objects from a known
collection of object types. With prior knowledge about the objects, geometrical structures
in the line image can be determined that will fit on a certain object. This process is called
structural matching [Sherman, 1968], [Waltz, 1972], [Waltz, 1975], and [Winston, 1975].

5.1.

Structural relations.

In order to be able to recognize the different structures with a computer, these structures
have to be described in terms of logical relations. Since the exact positions, orientations,
and dimensions of the objects are unknown, these logical relations have to be invariant
with respect to the possible position, orientation, and dimension of the object concerned.
This means that precise sizes or angles between lines in the relations are not allowed.
For the structural matching the following relations have been defined (figure 12):
If an end point of a north-south line lies within an ellipse around an
end point of an east-west line, the lines are said to have a L-junction.
Tjunc_ew: If an end point of a north-south line lies within a given range of an
east-west line, the lines are said to have aT-junction.
Tjunc_ns: If an end point of an east-west line lies within a given range of a
north-south line, the lines are said to have aT-junction.
below:
If both end points of a north-south line have a larger y-coordinate
than an east-west line, the north-south line is said to lie below the
east-west line.
If both end points of a north-south line have a smaller y-coordinate
above:
than an east-west line, the north-south line is said to lie above the
east-west line.

Ljunc:

2 .....

'1

1

1

1

2

.

2

Tjunc_ew(1,2)

2

1

1

L.junc(l,2)

1

T.junc_os(l,2)

Figure 14: Logical relations.
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5.2.

The stiffeners.

- The highest objects in the workpiece·are- the webs, but the space between two webs is at
least 2,5 metre [PPR1, WP7, part A]. The space between two stiffeners is between 0.5
and 1. 1 metre. Hence from the top-view the stiffeners are the most prominent objects.
From the top-view T and L-stiffeners are characterized by their top plate. The line
segments extracted from this plate could be interrupted, due to obscuration by the webs.
But with a proper line connection this problem could be erased. Hence from the top a T
or L-stiffener is recognizable by a rectangle in the combined line images, which will stick
out at the side of the top-view projection, because the top plate of the stiffener is closer to
the camera than the plate on the floor (figure 6B).
I-stiffeners do not have such a top plate. From the top-view only one line can be
extracted from the camera images, which corresponds to the top edge of the I-stiffener.
Whether the edge at the bottom of the I-stiffener will be visible in the camera image is
doubtable, because the edge will normally be in the shadow of the stiffener itself and the
other objects. The fact stays that the line segment extracted from the top of a I-stiffener
will stick out at both sides of the top-view projection.
Using this knowledge the structures of table 3 are defined. Only structures, which leads to
a unambiguous conclusion are considered. The first three rows of this table contain the
logical relations to which the 4 line segment have to satisfy to achieve to the matching
conclusion. The first column lists the perfect rectangle. The next columns use the
knowledge that a line segment extracted from the edge of a stiffener has to stick out,
because of the top-view projection.
When a line image is searched from north to south, the conclusion assigned to a line can
be: begin stiffener, end stiffener, plate (edge at the floor), or unknown. The percentage
between the brackets is the probability this found conclusion is correct. Every east-west
line segment is considered two times, the first time as line segment 1 and the second time
as line segment 2. If in both cases a structure is found, the probabilities are added if both
conclusions comply with each other, or when they do not comply then the most probable
conclusion is assigned to the line.
For the case that one of the small north-south line segments at the end of the top plate of
a T or a L-stiffener is missing, the structure in the fourth column is added. First is
searched for all the other structures, when none is found this structure of only three lines
are considered. Additional to this structure a test is done whether both east-west lines are
placed at the same side of the north-south line. A weak conclusion is assigned to this
structure, which can easily be overruled by another conclusion.
When I-stiffeners are present in the workpiece, the structures defined in the first and in
the fourth column are not considered, because those structures are exclusively for T and
L-stiffeners.
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Table 3: Structures of T and L stiffeners.
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5.3.

The webs.

From the top-view the webs look exactly like the I_stiffeners, only their orientations
differs. Webs are always placed in the parallel to the north-south axis. Similar to 1stiffeners, extracting the line segment from the top of the web will be no problem, a long
straight line which sticks out at the north and at the south (figure 6B). Whether the edge
at the floor and the holes in the web are visible is doubtable. When the camera is placed
right above the web or when those edges are in the shadow of other objects, those edges
will not be visible in the camera image.
For webs also a structure search could be done. But a long north-south line segment,
which sticks out the top-view projection, is the only feature, which is searched. Hence it
is much easier only to scan for such a line segment.

5.4.

The plates.

The outline of the workpiece is easy to recognize. Consider only the long line segments,
the most north, the most south, the most east, and the most west line segments belong
probably to the outline. When none of those line segments were recognized as something
else, they are considered to be the outline of the workpiece. Additionally those line
segments can be tested to have L-junction with each other.
When one of those line segments is already recognized as part of a stiffener or a web,
then the plate edge is invisible in the top-view camera image. All already found objects
are scanned for the minimum or maximum coordinate in that direction. This coordinate is
then assigned to the edge of the plate under consideration. The exact determination of the
position of the plate is left to the side-view image analysis.
A problem occurs when the workpiece consists of more than one plates. The edges
between the plates will probably lie in the shadows of the other objects. At this moment
no features are assigned to the line segments. That means a line segment between two
objects can be extracted from a plate edge or from a shadow edge. The edge of a shadow
is a dark-grey light-grey transition, the edge between two plate is a dirac pulse in the
camera image. Hence when features would be assigned to the line segments, a simple
check could be made whether the line segment was extracted from an edge between two
plates or from an edge of a shadow.
At this moment the line image can only be scanned for east-west or north-south line
segments with approximately the same length as the workpiece. When such a line segment
is found both ends are tested with Tjunc_ns or Tjunc_ew, whether they make a Tjunction with an other line segment. By a positive result, the plate in which the line
segment is found, is divided into two plates with the line segment as the edge.
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6.

A parametrized model for the workpiece.

Finally the 3D top-view model of the workpiece has to be passed through to the side-view
image analysis part. The geometrical data of each object is kept in a frame. An object is
described in its own object coordinates system (DeS). In a frame, an object is described
in its DeS and the position and orientation of the oes in the world coordinate system
(WeS), see table 4.
Table 4: Frame structure for the representation of the parametrized object model.

I

Slot name
Type

I

Explanation

I

The object type (P, T, L, I, or W).

H

[mm]

Height of the object.

L

[mm]

Length of the object.

W

[mm]

Width of the object.

X

[mm]

Overshoot (T) or secondary height (W).

d

[mm]

Thickness of the plates of the object.

x

[mm]

x-coordinate of the

y

[mm]

z

[mm]

(J

[rad]

p

[rad]

l{)

[rad]

oes origin in the wes.
y-coordinate of the oes origin in the wes.
z-coordinate of the oes origin in the wes.
rotation of the oes around the wes x-axis.
rotation of the oes around the wes y-axis.
rotation of the oes around the wes z-axis.

The parameters H, L, W, X and d describe the object in its object coordinate system. The
content of these slots depends on the object type represented by the frame. The content of
these slots and the assignment of the DeS in relation to the different objects is shown in
table 5.
The oes is assigned to the top of the south-west comer of an object. The z-axis of the
DeS is always parallel to the z-axis of the wes.
The resolution of the used cameras is about 10 mm, thus the thickness of the plates is not
detectable. Therefore d can not be measured and is always set to 20 mm.
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Table 5: Assignment of the frame to the object.
Object type

3D model in DeS

T-stiffener

contents of the slots in the object frame
Type = T
H = height [mm]
L = length [mm]
W = Width [mm]
X = overshoot [mm]
d = thickness of plates [mm]

w

L

Type = L
H = height [mm]
L = length [mm]
W = Width [mm]
X = unused
d = thickness of plates [mm]

L-stiffener

I-stiffener

Type = I
H = height [mm]
L = length [mm]
W = unused
X = unused
d = thickness of plates [mm]

L

Type = W
H = height [mm]
L = length [mm]
W = unused
X = secondary height [mm]
d = thickness of plates [mm]

Web

Type = P
H = unused
L = length [mm]
W = width [mm]
X = unused
d = thickness of plates [mm]

Plate
L
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The parameters x, y, Z, 8, p, and ({) describe the position and orientation of the DeS
related to the wes. The parameters 8 and p are assumed zero at this stage of the project,
because the objects has been assumed perpendicular to the ground plate. The definition of
the parameters x, y, Z, and p in relation to the wes is shown in figure 15.

North

East

West

y

x

South

Figure 15: Top-view of work area with the definition of the model parameters.
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7. The TOPMATCH program.
7.1. The implementation.
A reconstruction program called TOPMATCH has been developed in C, containing all the
functions described in the previous chapters. Due to the perspective displacement (§ 4.5.)
the line images can only be processed per row or per column of cameras (figure 4).
Stiffeners are searched first, thus the line images are processed per row of cameras.
In the first place the line images extracted from cameras 1 to 6 are loaded. The line
segments are filtered and connected. Next a structural matching is performed for
stiffeners (§ 5.2.). All found structures are stored and the line images extracted from
cameras 7 to 12 are loaded. Those images are also filtered, connected, and searched for
structures. Finally a stereo vision routine is started to detect whether one or more
stiffeners are detected twice and the height of the stiffeners is calculated (§ 4.4.).
Beside the line images extracted from the camera images, also the workpiece code is
known. After the stereo vision routine the number of found stiffeners is checked with this
code. When the number of found stiffeners differs from the number given in the
workpiece code a correcting routine is started. The first part of this routine is specially
build for the finding of I-stiffeners.
An I-stiffener is characterized by the long east-west line segment of the top of the
stiffener. The total line image of all 12 line images combined is scanned for not
recognized line segments with approximately the same length as the already found
stiffeners. If such a line segment is found the distance to the other stiffeners is checked,
considering the minimum and maximum distances between stiffeners as described in
[PPR1, WP7, part A] and [PPR2, WP7, part C]. If no collision with one of this rules is
detected the stiffener is inserted at the position of the line segment, with the same height
and length as the others. This routine continues till no more long lines are left in the
combined line images.
If still some stiffeners are missing another routine is started. This routine first searches
the minimum and maximum y coordinate of east-west line segments in the combined line
images. The workpiece has to be between those points. This size is divided by the
number of stiffeners given by the workpiece code. The result is the most likely distance
between the stiffeners. Now the found stiffeners are scanned for a interval twice as big or
larger than the expected distance. If such an interval is found a stiffener is added. This
routine continues till the number of stiffeners matches the number given by the workpiece
code.
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When there are more stiffeners found than there were expected according to the
workpiece code, a similar routine is started. Again the expected distance between the
stiffeners is calculated. The stiffeners that match least of an are deleted.
When all stiffeners are found the program continues with the webs. All 12 line images are
combined and the line segments are connected. The combined line images are searched
for webs (§ 5.3.). After this search again a stereo vision routine is started, which tries to
combine the detected webs and tries to calculate an estimation of the height of the webs.
The number of webs is also checked in accordance to the workpiece code. When a
difference is detected a correcting routine like the one for the stiffeners is started.
Finally the plates are searched. First the outline of the workpiece is detected. Inside this
area other line segments are searched, which could possibly be extracted from an edge
between two plates (§ 5.4.). When such a line segment is detected the plate, this line
segment was found in, is divided into two plates, with the line segment as edge. As
mentioned in § 5.4. no guarantee can be given for the detected plate edges. That is why
no correcting routine has been written yet.

7.2. An example.
The TOPMATCH program is tested with line images from synthetic and real workpieces.
The line images of the synthetic workpieces were made by a program called CAMSIM.
Using a CAD file of the workpiece, CAMSIM can simulate the output of the edge
detection program.
In the next example line images extracted from real camera images were used. For this
test a scale model (1: 10) of a workpiece (figure 16) was exposed to cameras attached to a
gantry.
From this workpiece 8 line images were extracted (figure 17) by the low-level vision
program [Buts, 1993].

Figure 16: The test model (2PI-4TI-2W) in a
orthographic presentation.
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Figure 17: 8 separate top-view line images extracted from the test workpiece.
Both rows of line images were loaded, filtered and connected, resulting in the two rows
of figure 18.
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Figure 18: Two rows of combined line images.
In both of this rows a structural matching was performed. All stiffeners in the rows were
found. This two rows were combined with a stereo vision routine. The routine gave an
average height of 814 mm for the stiffeners, the real height is 920 mm. Then the webs
were searched. Both webs were found, but due to the fact no web was seen by more than
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one camera in a row, their height could not be calculated and was set to the default value
of 1250 mm. Finally the plates were searched. Three were found, while the workpiece
code prescribes only two. Unfortunately on this· moment no correction routine is written
to correct this. Nevertheless, the plate edge in the middle was found correctly.

Figure 19: The result of the top-view search.

The width of the stiffeners has been calculated between 361 and 388 mm, although in the
test workpiece the width of all stiffeners is 400 mm. This is the explanation why the
calculated height was less than the real height. Always when line images extracted from
real camera images are used, the TOPMATCH program finds a width, which is less than
the real width. This is due to the fact the low-level vision program doesn't place the lines
right on the edges. The calculated length of the stiffeners is a little bit to large, but when
the height is corrected to 920 mm this is corrected too. All calculated sizes concerning
stiffeners are listed in table 6.
Table 6: Sizes of the stiffeners.
Real size

Stiffener 1

Stiffener 2

Stiffener 3

Stiffener 4

H

920

814

814

814

814

L

4300

4356

4344

4326

4342

W

400

361

365

371

388

Slot name

For both webs in the model a length was calculated of 4175 millimetres. The real length
is 4100 millimetres. But no web was seen by more than one camera in a row, so no
stereo vision routine could be started. The height was set to the default of 1250 mm,
although the real height is 2000 mm. If the height is corrected the length will become
3900 mm. This error is also caused by the low-level vision program and will be corrected
in the new version.
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Finally the plates are searched. Their length was calculated to 4364 mm and their width
to 4150 mm. The real size of both plates together is 4300 x 4100 mm. Instead of two
plates, three were found. In § 5.4. is already explained why this is not corrected.

7.3. Results.
The resolution of the used cameras is approximately 8 by 12 mm per pixel. Hence the
accuracy of the software package is restricted to the above mentioned resolution. By
stereo vision and the calculation of the height this error is amplified 2.5 times. Thus an
error of one pixel (10 millimetre) in the image gives a deviation of 25 millimetre in the
height (formula 8 and 9).
Synthetic line images without noise were used for testing the fault made by the program.
Those synthetic line images were made by the program CAMSIM, which simulates the
low-level vision program. The only difference between those line images and line images
extracted from real camera images is the absence of noise in the synthetic images.
With synthetic images the position and orientation of the simulated cameras is precisely
known. When the TOPMATCH program is executed with those images as input all sizes
except the heights are correct within 10 mm and the height within 25 mm, as expected.
A little program was written to add randomly noise to line images produced by
CAMSIM. The disturbed line segments are used by the line connection routine. The
larger the noise the larger the error becomes. For the calculation of the sizes of an object
two lines are necessary, so the maximum error will be two times the maximum shift due
to the noise. Except of course the maximum error in the height, this will be 5 times the
maximum shift.
When line images extracted from real camera images are used as input, three other errors
sources are introduced. In the first place the placing of the line segments on the edges by
the low-level vision program. The present used line extraction program does not place
theme very accurately. The better the line segments are placed on the edges, the better
the TOPMATCH program performs.
Next the faults introduced by the camera, such as the lens fault. A correction is made for
this, but again the better the correction, the better the performance of the reconstruction.
Finally the calibration of the cameras. All end points of the line segments are multiplied
by a calibration matrix, thus a small error in the calibration matrix causes a slight
misplacement of the end points and this again introduces an error during the calculation of
the dimensions of the objects.
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8. Conclusions and recommendations.
8.1. Conclusions.
All described functions have been programmed in C. This program called TOPMATCH
has been tested with synthetic line images and line images extracted from real camera
images by the low-level vision program. The TOPMATCH program reads a list of line
images, connects line segments, filters them and performs a structural matching. The
result is a list of the position and orientation of the found objects. This list is transferred
to the side-view image analysis part.
In the tests the TOPMATCH program performed well. Especially when synthetic images
without noise were used all errors were within 10 mm, thus within the size of one pixel.
When some noise was added the error increased according to the expectations. When line
images extracted from real camera images were used, also the errors introduced by the
camera and the calibration have to be taken into account.
Correcting routines are written, in case that the structural matching finds too many or too
less objects in accordance to the workpiece code. A simple user interface is added, which
allows the user to correct the ~1culated height of stiffeners and webs.
The execution time is proportional to the number of objects in the workpiece. For an
average workpiece this is no more than 30 seconds on a 80368 33MHz computer.
Summarizing the TOPMATCH program shows to be a powerful tool in extracting a initial
3D model of a workpiece using only top-view cameras.

8.2. Recommendations.
In the first place the quality of the reconstructed 3D model of the workpiece can never be
superior to the quality of the input. Hence the recommendation is very simple, be sure the
input for the TOPMATCH program is as good as possible.
A new low-level vision program is being developed [Buts, 1993]. This program will add
some features to the line segments. When this features are available, the structural
matching process could be extended, improving the reliably of the TOPMATCH program.
Only five object types are considered up till now. The TOPMATCH program is build
very modular, thus when new object types have to be taken into account, this can be done
by adding the appropriate modules to the program.
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Appendix A.

User manual.

The 'TOPMATCH.EXE' program reconstructs from 12 line images in the D2D format a
3D model of the workpiece. As input it needs a list of the workpiece code and the 12
D2D files in the order as illustrated in figure 19. This list has to be an ascii file.
An example of such a list is:
4P2-7Ll-2W
c:\erik\d2d\c1.d2d
c:\erik\d2d\c2.d2d
c:\erik\d2d\c3.d2d
c:\erik\d2d\c4.d2d
c:\erik\d2d\c5.d2d
c:\erik\d2d\c6.d2d
c:\erik\d2d\c7.d2d
c:\erik\d2d\c8.d2d
c:\erik\d2d\c9.d2d
c:\erik\d2d\c10.d2d
c:\erik\d2d\C11.d2d
c:\erik\d2d\c12.d2d

CD

~

®

0

@

@

6_.
y

(i)

®

®

@

@

@

E

(0,0,0)

It

13 mlr.

Warkaea
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Figure 19: Camera order.

The first line contains the workpiece code explained in chapter 3. The following 12 lines
contain the file names of the line images. In these files the line segments are listed in the
D2D format. An example of a D2D file is:
1 -7.7 379.4
2 315.5 375.9
3 320.6 379.0
4 329.8 516.8
5 293.3 376.9
6 299.4 391.2
7 296.3 376.9
8 302.5 393.2
9 140.5 378.2
10 140.4 386.4
11 195.3 394.3
12 209.5 377.9
Faces:
1 2.
3 4.
5 6.
7 8.
9 10.
11 12.
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The part before the word 'Faces:' contains the pixel coordinates of all the end points of
all the line segment. The second part lists from which to which point a line segment is
extracted. Thus the first line segment lies between the begin point (u b,V b ) = (-7.7,
379.4) and the end point (ue,v e ) = (315.5,375.9).
The TOPMATCH program also uses the 12 calibration matrices of the 12 cameras. Those
matrices have to be in the file 'calib.mat'. The matrices are stored in the ascii format, 4
double floating point numbers on a row and 4 rows per matrix. An example containing
four matrices is printed below. The whole 'calib.mat' file has to have 12 matrices. An
example of the calibration matrices of the cameras with number 1, 2, 3, and 4 (figure 19)
is:
0.00 0.99 0.02 -4401.11
0.99 -0.00 -0.00 -1340.52
-0.00 0.02 -0.99 5860.40
0.00 0.00 0.00 1.00
0.00 0.99 0.00 -4419.39
0.99 -0.00 -0.00 -3502.34
-0.00 0.00 -0.99 5867.84
0.00 0.00 0.00 1.00
0.00 0.99 0.01 -4440.35
0.99 -0.00 -0.00 -5441.96
-0.00 0.01 -0.99 5812.58
0.00 0.00 0.00 1.00
0.00 0.99 0.02 -4594.90
0.99 -0.00 -0.02 -7588.14
-0.02 0.02 -0.99 5952.85
0.00 0.00 0.00 1.00

During the execution of the program the line images which are processed are shown on
the screen. After the structural matching is performed a 3D model of the workpiece is
drawn.
I
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I I I
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Press <cnter>
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Figure 20: Copy of the screen during the structural matching.
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Due to the noise the height measurements have low accuracy (§ 7.3.). Therefore the user
is asked to correct the calculated height and overshoot of the stiffeners and the height of
the webs.
Stiffener height
Stiffener ouershoot
Stiffener height

814.47
111.28
1258.89

Enter height
Enter ouershoot
Enter height

929
89
2998

Figure 21: User interface, asking the corrections.
The output of the TOPMATCH program is a list of object descriptions (chapter 6). An
example of such a list with two T-stiffener, one web and one plate is:
T

920.0
4305.8
351.0
100.0
20.0
2227.8
4505.5
920.0
0.00
0.00
0.02
T

920.0
4276.3
363.6
100.0
20.0
2253.5
2597.2
920.0
0.00
0.00
0.00
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W

2000.0
4175.2
0.0
1800.0
20.0
5554.3
1032.3
2000.0
0.0
0.0
1.5
P
0.0
4312.4
2059.6
0.0
20.0
2227.8
1032.3
0.0
0.00
0.00
0.04
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Program description.

The 'TOPMATCH.EXE' program is build from the following source files:
match2.c
disk.c
screen.c
filter.c
stiff.c
chkstiff.c
web.c
chkwebs.c
plates.c
The global structures is stored in:
globals.h

match2.c
mainO
copy_to_oldO

retrieve- from - oldO
user_interfaceO

disk.c
load_drawingO

The main function of the program, which controls everything.
After the first row of line images is processed, the line segments
from that row are stored in _2Dline_old during the processing of
the second row of line images.
After the second row of line images is processed too, the lines from
the first row are copied back from _2Dline_old to the _2Dline_tab.
This function is added for demonstrations. It enables the user after
the search for stiffeners and webs to correct the height and the
overshoot of the stiffeners and the height of the webs.

This function reads a line image and the corresponding calibration
matrix from disk, multiplies the end points of the lines with the
calibration matrix (§ 4.1.), and stores the result in _2Dvertex_tab.
The a, b, and c (§ 4.2.) of the line are calculated and stored in
_2Dline_tab. This function also filters the read line segments. Not
east-west or not north-south lines are removed.
At the end of the program this function writes the frames of all the
found object to disk (chapter 6).
During the load_drawingO function the inverse calibration matrix is
used (§ 4.1.). This function inverts the calibration matrix with
FORTRAN routine.
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screen.c
set- video- modeO
draw_screenO
draw_ewJinesO

draw 3D

This function sets the screen to graphic.
The given table of lines is drawn on the screen in the given colour.
This function draws all the east-west lines in the following colours:
white
begin stiffener (from north to south)
red
end stiffener
blue
an edge of a plate
grey
I don't know
This functions draws a 3D model of the object_tab on the screen.
Every type of object gets it own colour:
magenta :
plate
cyan
stiffener
green
web

filter.c
search_outline()

sortJinesO

delete_short_linesO
connectJinesO

stiff.e
LjuncO

belowO
aboveO
search_contoursO
scan_stiff()

make_stiff0
adjust_lineO

The function searches for the minimum and maximum x coordinate
in north-south line and for the minimum and maximum y coordinate
in east-west lines.
This function reads lines from the _2Dline_tab, looks if they are
north-south or east-west orientated and depending on the result
stores them in the - 2Dns- tab or in the 2Dew
-tab. Inside the
north-south table the lines are sorted from north to south and inside
the east-west table the lines are sorted from west to east.
This function deletes all lines from the east-west table, which make
a larger angle with the x axis than a given angle.
This function deletes all lines shorter that a given length from the
given table.
This function connects lines (§ 4.3.).

This function checks if one of the end points of the second line lies
within a ellipse around one of the end point of the first line (§
5.1.).
This function checks if the second line makes a 'T' junction with
the first line (§ 5.1.).
This function checks if both end points of the second line have a
smaller y coordinate than the first line (§ 5.1.).
This function checks if both end points of the second line have a
larger y coordinate than the first line (§ 5.1.).
This function does the structural matching (chapter 5).
After the structural matching this function scans the east-west table
and when it finds a recognized stiffener it calls the make_stiff0
function.
This function adds a recognized stiffener to the object_tab.
When a conclusion is added to a line by the structural search this
function is called to check if already a conclusion was attached to
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overlap_stiff0

chkst iff. c
check_stiff0
add stiff0
remove_stiff0

web.c
search_websO
overlap_webO

chkwebs.c
check_websO
add_web 0
remove_webO

plates.c
Tjunc_nsO
searchylates_ewO

searchylates_nsO

the line. If the conclusion is the same the probabilities are added, if
the conclusion was different, the conclusion with the highest probability stays.
This function performs the stereo vision for stiffeners and tries to
determine the height of the stiffeners (§ 4.4.).

This function compares the number of found stiffeners with the
number given by the workpiece code. If a difference is found the
add_stiff0 or the remove_stiff0 functions are called (§ 5.3.).
This function first searches for long lines in the combined line
image where no conclusion is attached to. Second the workpiece is
scanned for open spaces, where a stiffener can fit in (§ 5.3.).
This function removes a stiffener from the object table (§ 5.3.).

The 12 combined line images are scanned for long north-south
lines. If one is found the web is added to the object table.
This function performs the stereo vision for webs. If possible two
or more webs are combined and the height is calculated (§ 4.4.).

This function compares the number of found webs with the number
given by the workpiece code. If a difference is found the add_webO
or the remove_webO functions are called.
The workpiece is scanned for an open space to fit a web in (§5.4.).
This function removes the least fitting web from the object table
(§ 5.4.).

This function checks if one of the ends of the first line makes a 'T'
junction with the second line (§ 5.1.).
This function searches the 12 combined line images for east-west
lines which can be plate edges.
This function checks the found plates edges and adds them to the
object table.
This function searches the 12 combined line images for north-south
lines which can be a plate edge.
This function checks the found plates edges and adds them to the
object table.
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