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ABSTRACT:
For lots of pipe-like and board-like industrial parts, the reconstruction of circles, arcs and lines is
very important but hard to deal with in practice. A new approach to match and reconstruct circles,
arcs and lines based on one-dimensional point template matching technique and immediate object
space solution is presented.  Model of one-dimensional point template matching is addressed.
Circles and arcs can be reconstructed easily and accurately with this model. Lines are represented
by small segments.  The length of small segments is approximately equal to that of point window in
circle and arc reconstruction. Arcs and lines, which are connected to each other, can be
reconstructed by an uniform solution with additional constraints. Results of experiment are
satisfying.

1 INTRODUCTION

The problem of three-dimensional reconstruction from images is one of the most active areas in
computer vision and also close-range photogrammetry. Nowadays, CAD is widely used in
manufacturing industries, and most parts have their corresponding CAD data. But due to
manufacturing and other errors, the produced parts usually will not be exactly the same as designed
ones, so precision evaluating and quality control with reference of CAD designed data receive much
concern in industrial communities.
The mostly used measurement equipment in industry communities is still Coordinate Measurement
Machine (CMM). But the speed of CMM is still a major problem to be resolved (Steven, 1999).
Stereo vision technique with two CCD cameras and two infrared LED lamps is used by
(Kosmopoulos 2001) in measurement of gaps on the automobile production line, and results of
about 0.1mm within an area of 80mm× 80mm are obtained. Along with the development of
computer vision, two-dimensional automated visual inspection has been widely used in Printed
Circuit Board areas (Moganti 1996).
Line photogrammetry is used in reconstructing of objects represented by polyhedral models
(Debevec 1996, Heuvel 1999). In industrial areas, photogrammetric techniques are also used in 3D
reconstruction of industrial installations (Vosselman 2000) and reverse engineering (Ermes 2000)
with CAD models. Although all of these systems are semi-automatic and time-consuming, it shows
a well potential in automatic 3D reconstruction. (Zhang 2002) has proposed a new method for
automatic 3D reconstruction and visual inspection of sheetmetal parts with non-metric image
sequences. Precision of 1/8000 has been obtained with a non-metric CCD camera.

                                                
* Corresponding author.
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Multi-stage ellipse extraction technique is presented by (Muammar 1991). Least squares kalman
filter is used in circle extraction by (Nixon 1993). (Zhang 2002) proposes a circle reconstruction
technique based on immediate object solution.
This paper will present a new technique to reconstruct circles, arcs and lines by immediate object
space solution. One-dimensional point template matching is addressed in section 2. Models of
circles, arcs and lines reconstruction are discussed in section 3 detailedly. In section 4, experiments
are done with a industrial sheetmetal parts. The reconstructed model can be used for measurement
of producing imprecision or deformations. Finally, section 5 concludes the paper.

2 ONE-DIMENSIONAL POINT TEMPLATE MATCHING

Line template matching (Gruen 1985) is a two dimensional technique. Image window length is
often more longer than 10 pixels. As shown in fig.1, the levelling rectangle represents the template
in matching, while the dashed rectangle  represents the image patch for matching. There is a small
angle which must be eliminated after matching, so two unknowns dy1 and dy2 are essential in
matching model to fit the small rotation angles between image patches and templates.

                                         dy1
                                                                                                       dy2

Fig.1 Two Unknowns in Line template matching

                                                                           dr

Fig.2 One Unknown in Point Template Matching

Fig.3 One Dimensional Point Template Matching

As we know, a line can be represented by colinear small segments. If image window of line
template matching is subdivided into small segments, each with a length of 2-5 pixels, named
“point segment”, the rotation angles between standard template and small point segment can be
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neglected. So we have only one unknown in matching. This is the basic idea of point template
image matching.
Different from line template matching, there is only one unknown, the one dimensional shift dr, in
point template matching, as shown in fig.2. Angles are assumed to be not existed, since the length
of image patch is usually very short. Schems and standard template of point template matching is
shown in fig.3.

3 RECONSTRUCTION MODELS

Camera parameters, which can be obtained with other techniques such as planar control grid (Zhang
2002), are treated as known in this paper. Since the end points of small line segments are results of
template matching and also functions of space circles or lines, we relate the parameters of space
circles or lines and images directly. Thus parameters of circles, arcs and lines can be obtained
directly from several images by least squares template matching.

Fig.4  Projected image points of Circles or Arcs

Suppose the plane where circle or arc lies in is known. The camera orientation where the images are
taken can be rotated to make the plane levelling. So the circle equation in the level plane is very
simple.
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where 00 ,YX  and R are the center and radius of circle or arc respectively, θ  varies from 0 degree to
360 degree for circles, and from start angle to end angle for arcs.
In this paper, circles and arcs are dispersed by a number of points with certain intervals of different
angle θ , as shown in fig. 4. The upper is the space circle, and the lower is the projected ellipse with
known camera parameters. Each point on the circle can be projected to its corresponding image
point.
When equation (1) is substituted into collinearity equations, the following equations can be
obtained
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Camera parameters are treated as known, Z is a fixed value after rotation. Then the unknowns are
the center and radius of circle or arc. For certain angle θ , the object point is projected into image
and the tangential vector with angle α  of circle or arc can be easily determined. A small window
with length of 3-5 pixels taken the projected image point as center and α  as tangential vector is
rotated into horizontal, then one dimensional template matching can be made. The displacement dr
extracted by template matching as shown in fig.3 can be re-rotated back into raw image

)90sin(
)90cos(

+α⋅=
+α⋅=

drdy
drdx

                                                              (3)

So the final error equations of circle or arc reconstruction can be written as follows
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Thus we can obtain the parameters of space circles directly from one or several images by Least
Squares Template Matching (LSTM) with known camera parameters and initial values obtained
either from CAD data or user interface.

 Fig.5 Industrial Parts with Arcs and Lines

In modern industry, many arcs in sheetmetal part are connected to lines. As shown in fig.5, two arcs
c1, c2 and three line segments l1, l2 and l3 are connected to each other. Generally, they are very
difficult to reconstruct precisely. In this paper, we can get an uniform solution of all parameters of
arcs and lines. For convenience of uniform solution, line segments are also rotated into a levelling
plane, and can be represented as follows:

β⋅∆⋅+=
β⋅∆⋅+=
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where ss YX ,  is the start point of line, β  denotes the direction of the line, L∆  the length of small
segment which is approximately equal to the length of point window in circle and arc
reconstruction. So the line in the levelling plane can be represented by ss XX ,  and β . Similar to
circle reconstruction, the final error equations of line reconstruction can be written as follows
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So the circle or arc reconstruction equation (4) can be combined with line reconstruction equation
(6) to get an uniform solution of arcs and lines connected to each other.
To ensure the stability of reconstruction, several geometric constrains should be added, such as the
center of arc c1 should lies on bisector of line l1and l2, the center of arc c2 should lies on bisector of
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line l1and l3, the three lines should be tangential to the two arcs, etc.  The final model is indirect
adjustment with constraints.

4 EXPERIMENTS

Basic reconstruction models of circles, arcs and lines are discussed in the above section. In this
section, real image data will be used to test the proposed approach.

           
Fig.6 Initial projections of a circle in four images

Fig.7 Reconstructed projections of a circle in four images

Fig.8 Initial projections of arc and lines in six images
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Fig.9 Reconstructed projections of arc and lines in six images

Fig. 6 shows a circle projected with original CAD designed data and known camera parameters.
The reconstructed projections are shown in Fig. 7. As can be seen, although there are many dusts on
the image, the reconstructed circles are almost fitted to actual image ones. The diameter of the
reconstructed circle is 9.948mm, well fitted to its real value 10.00mm measured by callipers.
Fig. 8 shows the initial projections in 6 images of 4 arcs and 4 lines connected to each other. The
length of the short line segments is about 12 pixels in image,  even a few pixels for arcs. They are
very difficult to reconstruct with common strategies. But for the proposed technique of object space
solution with constraints, these can be reconstructed easily and stably. The projection of
reconstructed model is well fitted to images, as shown in fig. 9.

5 CONCLUSIONS

A new approach of matching and reconstructing circles, arcs and lines on industrial parts based on
immediate object space solution and one-dimensional point template matching is proposed. Known
camera parameters, non-metric images, and CAD-designed data are used as source of information.
Image features and geometric constraints are combined into the adjustment model.
Experiments of real images are very satisfying, which shows that the proposed technique has a
promising potential in automatic 3D reconstruction and inspection of industrial parts mainly
composed of lines and circles.
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