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Abstract—Recycling of printed circuit boards (PCBs) is one of
the open challenges in research. For recycling, the identification
of the components on PCBs is of great importance. For PCB
component classification the height profile of a PCB is one of
the important features. One approach to obtain this profile
is photogrammetry employing different views of the PCB’s
surface. Thereby, rectification of the images is essential for highly
accurate, dense 3D reconstruction employing block matchers.
However, commonly utilized rectification approaches rely on
the fundamental matrix which deteriorates in scenes with low
depth structure. Thus, a new rectification approach is needed
for the case of PCBs. We propose a homography-based approach
employing salient image features which are tracked in the images
of a camera moved fronto-parallel above the PCB. It can be
shown that the accuracy of the 3D reconstruction after applying
the proposed rectification allows reconstructing structures at
0.1 mm accuracy. This is sufficient for detecting small surface
mounted devices with a minimal height of 0.2 mm.

I. INTRODUCTION

Since several decades electronic devices have become more
and more important for almost all areas of economy and
private life. This is also reflected by an increasing demand
for these devices. With the increasing amount of sold devices
the amount of so-called end-of-life products or electronic
waste (also known as e-waste or waste electric and electronic
equipment (WEEE)) has increased accordingly. Printed circuit
boards (PCB) belong to the important components of most
electric devices as they are responsible for most of their
functionality. PCBs comprise a multitude of elements of the
periodic system such as copper, gold, platinum, but also rare
earth materials and the so-called electro metals [1]. Due to
the huge amount of e-waste in the last years, there is a
huge potential for recovering these elements by recycling.
Nowadays, the typical approach to PCB recycling is employing
pyro-metallurgical and hydro-metallurgical processes which
require comminuted PCBs as raw material (see Dalrymple et
al. [2] and Goosey and Kellner [3]). Detailed knowledge about
the composition of the PCB scrap is often not available. Thus,
recycling processes are optimized to extract elements which
are used in larger quantities in the manufacturing of PCBs,
such as copper, gold and platinum. However, all elements
which contribute only in small quantities to the material mix
(<1%), such as rare earth materials, get lost during these
processes. If the recyclers have access to detailed information
about the PCB scrap composition they can optimize pre-
concentration steps by sorting the input material stream and

Fig. 1: Image of PCB used for most figures

by optimizing the recycling processes to regain more elements,
such as aluminum, rare earth materials, etc. [4]

The goal of this project is to provide detailed information
about PCBs to facilitate an optimal pre-concentration process.
For this purpose, an analysis system has to be developed which
scans the structure of each PCB and derives information about
its material composition. There are already several approaches
in literature covering automatic detection processes for PCB
recycling (see Li et al. [5] for an overview), but they remain
at a conceptional level.

One necessary step in the analysis of PCBs is acquiring
information about the geometry of the PCBs, i.e. the height
profile. A typical approach to retrieve this data is triangulation
with pattern projectors such as laser lines, e.g. Hyun and
Gerhardt [6], Amann et al. [7] and Koch et al. [8]. The
advantage of this approach is that the height measurement
is independent of the surface structure, as merely the pattern
reflections are evaluated. However, shadowing of surface parts
due to a greater angle of incidence is the biggest drawback
of this approach [8]. On PCBs, neighboring components may
strongly vary in size, thus shadowing imposes problems while
reconstructing the PCB’s height structure. In this paper, we
propose a photogrammetric approach to mitigate these effects,



which is to present a general alternative to triangulation
methods based on structured light.

3D reconstruction using stereo vision is based on triangula-
tion of imaged object points acquired from different positions
and viewing angles. This approach is widely used in computer
vision (e.g. Hartley and Zisserman [9] and Seitz et al. [10]),
robotics (e.g. Desouza and Kak [11], Nedevschi et al. [12]
and Schmid et al. [13]) and photogrammetry (e.g. Luhmann et
al. [14] and Tahar et al. [15]). This commonly used approach
employs the epipolar geometry which encodes the position and
pose of the image planes of the cameras and their center of
projection. The idea is to find corresponding image points of
the same object point on each camera image. Back-projecting
these image points into the scene and finding the intersection
of the back-projected rays lead to the reconstructed position
of the object point. Searching for the point correspondences
is essential for the 3D reconstruction. Using the epipolar
constraint the search space can be limited to the so-called
epipolar line. The correspondence search is usually carried
out using a block matcher (e.g. the semi global matcher by
Hirschmüller [16]).

For efficient correspondence search the images have to be
rectified first, i.e. the epipolar lines have to be parallel to one
of the image axes. After rectification, the image planes are
coplanar and the image axes are collinear. Thus, all corre-
sponding points lie on the same image line which facilitates
the search further. In our examined image acquisition setup the
object, i.e. the PCB, is moved fronto-parallel to the camera to
acquire images from different perspectives. This setup mimics
typical scenarios in industrial applications in which the objects
are moved by a conveyor belt below a camera array. Ideally,
rectification is not necessary in this case as only a parallax can
be observed in the images. Thus, all correspondence points
automatically lie on the identical image scan line. However,
in reality the axes of the camera are not exactly parallel to
the movement axes and perpendicular to the moving plane.
Additionally, the movement axes are not completely parallel
to the object axes. Thus, rectification is still essential for the
block matchers to yield optimal results [17]. All epipolar lines
intersect in the so called epipole. Rectification is employed
by moving the epipole to the intersection of the image axis
(normally the horizontal axis) with the line of infinity. The
projective homographies utilized for this transform are mainly
based on the fundamental matrix which describes the epipolar
geometry of the scene. Calculating the fundamental matrix
relies often on the Eight-point-algorithm [18]. However, the
obtained fundamental matrix can be deteriorated if the points
used for the Eight-point-algorithm are concentrated on a lim-
ited number of planes [19]. PCBs themselves possess salient
features mainly on the top of components and infrequently on
the base plane. This limits the height variance of the extracted
features compared to typical scenes described in literature
(e.g. the Middlebury data set [20]). Also, due to accuracy and
stability problems with the fundamental matrix in the case of
objects with little depth variance, the rectification should ide-
ally circumvent the fundamental matrix. Therefore, we propose

an approach constructing the rectifying homographies without
the calculation of the fundamental matrix. For this purpose, we
locate the epipole by tracking salient image features in images
acquired in different camera positions. With this position a
homography is constructed which moves the epipole to the line
of infinity. After this rectification, the classical approach using
a block matcher is employed to demonstrate the effectiveness
of our approach.

The paper is structured as follows: In Section (II) the image
acquisition rig and the image data are described. The following
Section (III) covers all methods used for rectification and
3D reconstruction. The results of the proposed methods are
presented and discussed in Section (IV). Finally in Section (V)
a conclusion is drawn and possibilities for future work are
presented.

II. SYSTEM AND IMAGE DATA

Our image acquisition rig comprises a motorized x-axis
which carries the PCB tray and a motorized y-axis which
carries the camera. Each axis is accompanied by a measure-
ment axis which returns the actual position of the axis with an
accuracy of 50 µm in case of the x-axis and 5 µm in case of the
y-axis. The employed camera is a 5 megapixel RGB camera
(Baumer TXG50c) with a 16 mm-lens (FUJINON HF16SA-
1). The working distance between camera and PCB tray is
100 mm. The scanned objects were several PCBs and an
evaluation object consisting of a metallic base plate which
was covered with a sheet of paper showing a richly structured
image. The PCB, which was used for most of the figures in
this paper, is shown in Figure 1. Several stacks with different
heights built of magnetic elements with a height of 1.5 mm
each are positioned on the base plate. The purpose of the
structured sheet of paper was to support the correspondence
search distinguish between object and background.

Each image was acquired with a fixed distance between
image acquisition positions for each axis (the baseline). This
distance was varied between 1 mm and 20 mm to simulate
different baseline lengths in a hypothetical stereo rig.

Before starting the acquisition, the focus of the lens was
adjusted using a Siemens star so that the depth of field
allowed most of the PCB to be imaged as sharply as possible.
Therefore, the Siemens star has to be positioned approximately
on the expected medium height of the PCB [21]. In the
next step, a circle calibration pattern was used to calibrate
the camera. This pattern was placed in different poses and
distances below the camera as described by Datta et al. [22]
and Douxchamps and Chihara [23].

III. METHODS

In an ideal fronto-parallel setup, rectification is not neces-
sary as all corresponding points lie on the same horizontal or
vertical image line, the so called scan-line. Unfortunately, in
reality this is not the case as the camera is not completely
perpendicular to the object plane in most setups. Further-
more, the camera coordinate system is rotated with respect
to the movement axes coordinate system. Thus, rectification



Fig. 2: Rectification based on eight-point-algorithm fails

is needed to facilitate the correspondence search via block
matching.

Most of the rectification algorithms in literature (e.g. Loop
and Zhang [24] and Gluckman and Nayar [25]) employ the
fundamental matrix to construct the homography which trans-
form the image planes to the coplanar configuration. One of
the established approaches to calculate the fundamental matrix
is based on the eight-point-algorithm. Due to the limitations
referred by Zisserman [19], the resulting fundamental matrix
can deteriorate in the case of PCBs as the required feature
points needed concentrate on very few height planes. The
result of an incorrect rectification based on a deteriorated
fundamental matrix is shown in Figure 2. The red lines should
intersect the corresponding object points on both images. As
can be seen for the features marked with the red circle, this
is not the case in the upper parts of the images.

Our goal is to construct a rectifying homography without
employing the fundamental matrix so that the epipole is moved
to the line at infinity in direction of the horizontal image axis
and, thus, epipolar lines are parallel to the horizontal image
axis. The image pixels (u′, v′, 1) of the rectified image are
calculated by

(u′, v′, 1)T ∼ Hrect · (u, v, 1)T (1)

where Hrect is the rectifying homography and (u, v, 1) are the
coordinates of the not-rectified image.

Inspired by Loop and Zhang [24] we construct the final
rectifying homography by concatenating sub-transforms:

Hrect = Hscale ·Htrans ·Hrot ·Hp

=

sx 0 0
0 sy 0
0 0 1

 ·

1 0 tx
0 1 ty
0 0 1


·

cos γ − sin γ 0
sin γ cos γ 0
0 0 1

 ·

 1 0 0
0 1 0
wa wb 1

 (2)

The first homography Hscale is responsible for scaling the
images if the distance of the cameras to the objects in the
scene is different. Here, sx and sy are the scaling factors for
the respective axes. The second term Htrans is responsible
for a translation or shift between both images where tx and
ty are the shifts in x- and y-direction, respectively. The third

Fig. 3: Matching of feature points of two images of a rotated
PCB

homography Hrot describes a rotation between both images
around the image center with angle γ. The last term Hp is the
projective homography which moves the epipole to the plane
of infinity with the parameters wa and wb which relate to the
coordinates of the epipole.

In experiments the salient feature points were tracked in
several images in a row. One example is depicted in Figure 3.
Here, the PCB was rotated for about 30◦. The features were
identified using SURF [26] which was chosen due to its high
processing speed. The matched features are connected with the
colored lines visible in Figure 3. It is noticeable that beside
some miss matches the majority of the connecting lines are
parallel to each other, but not horizontal. This implies that
the epipole in this configuration is far away from the image
center but not on the x-axis. Thus, no projection is needed. A
rotation appears to be sufficient for rectification as the epipole
is moved to the x-axis.

Consequently, our proposed method for rectification and
subsequent 3D reconstruction of a PCB’s surface structure
comprises the following steps:

1) Extract and track salient feature points
2) Calculate homography and rectify images
3) Use block matching to obtain a dense height profile

In the following, each step is outlined in detail.

A. Extract and Track Salient Feature Points

There are several approaches for detecting salient feature
points. Two of the most prominent ones are the Scale-Invariant
Feature Transform (SIFT) which was first described by Lowe
[27] and Speeded Up Robust Features (SURF) which was pub-
lished by Bay et al. [26]. Experiments showed no significant
difference in the feature detection in our PCB images. Thus,
SURF features were chosen as they are computationally more
efficient than SIFT features.

The surface of a PCB exhibits areas which are very ho-
mogeneous, such as the casing of integrated circuits (ICs),
the metallic top parts of capacitors or the large isolating areas
between circuit tracks. This homogeneities lead to false feature
matches which have to be removed. Thus, the random sample
consensus (RANSAC) [28] is employed using the parallelism
of the connecting lines as model. An example for this filtering
process is shown in Figure 4 where the red crosses mark the



Fig. 4: RANSAC results

outliers and the green crosses and connecting lines mark the
resulting parallel line. The average slope of these lines is used
as angle for the rotation correction.

B. Calculate Homography and Rectify Images

The homography defined in Equation 2 consists of four
parts: scaling, projection, rotation and translation. Experiments
with the image acquisition rig suggest that only rotation is
needed for rectification. Scaling is not necessary as the dis-
tance between camera and object does not change significantly
between imaging positions. A projection can be omitted if
the camera’s optical axis is nearly perpendicular to the object
plane or if the baseline between the camera positions is
relatively small. Finally, translation can be omitted as the
movement of the object is limited by the rig. Thus, only
rotation remains.

C. Correspondence Matching

For reconstructing the complete PCB surface, a dense
matching for every image point has to be employed. Here,
the semi global matcher by Hirschmüller [16] showed the best
results in experiments as the illumination of the rig was not
homogeneous and caused problems for different algorithms
such as the one published by Konolige and Agrawal [29].
The most important input parameters for the semi global
matcher are the minimum and maximum disparity. Due to the
ambiguities in the matching process caused by homogeneous
areas on the PCBs, these parameters have to be estimated very
precisely. This is accomplished using feature matching on the
rectified images. The minimal and maximal disparity of these
feature points are used as input parameters for the semi global
matching.

IV. RESULTS AND DISCUSSION

To assess the potential of our rectification approach, we
applied it to PCB images acquired with the acquisition rig
presented in Section II to evaluate the 3D surface reconstruc-
tion quality. For a qualitative evaluation the resulting 3D point
cloud was visualized. In Figures 5, 6 and 7 different examples
are shown. In Figure 5 even the embossed structures of the text
printed on a potentiometer is visible, which emphasizes the
effectiveness of the proposed method. This embossed structure
has a height of less than 0.1 mm. The same applies to the notch
on the casing of an integrated circuit (IC) in Figure 6. Another

Fig. 5: 3D reconstruction of potentiometer

Fig. 6: 3D reconstruction of IC with visible notch

important aspect is the lateral and longitudinal resolution of
the reconstruction. In Figure 7 it can be seen that the pins
of an IC can be observed. Thus, the height resolution as
well as the longitudinal and lateral resolution are sufficient to
distinguish between components on the PCB. The influence
of the base length on the reconstruction results can be seen in
Figure 8 where, from left to right, the baseline was 40 mm,
30 mm, 20 mm and 10 mm. The height map deteriorates if the
rectification fails which starts above the 10 mm baseline.

To verify the height accuracy, a quantitative evaluation was
conducted. For this purpose, we constructed an evaluation
object with structures with known height. This object is
depicted in Figure 9. A metallic base plate was covered with
a sheet of paper with printed text. This helped the block
matching to differentiate between background and test objects.

Fig. 7: 3D reconstruction of IC with visible pins
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Fig. 8: Height map with different baselines

The test objects consisted of cylindrical magnets with a height
of 1.5 mm each. From stack to stack, starting with a single
magnet, the height of the next step increases or decreases by
one magnet. Thus, the difference between neighboring stacks
was 1.5 mm. The baseline was 3.1 mm, and the focal length
measured by camera calibration was 17.494 mm. For every
stack, a rectangular area on the image was selected manually
to obtain the height measurement for the stack. For every area,
mean and standard deviation were calculated. The result of
these measurements are shown in Figure 10. In the upper
part the mean values are plotted as dots while the standard
deviation values are plotted as error bars. In the lower part the
differences of the mean values between stacks are plotted. The
line marks the reference of 1.5 mm. Four measurements were
taken from areas on the base plane and shown in the right part
of the plot.
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Fig. 9: Numbered stacks of magnets

It can be seen that the base plane is slightly tilted which re-
sults in differences between stack heights from different parts
of the object which ideally would not exist. The evaluation
object covers heights which are rather extreme compared to
heights commonly found on PCBs which are about 5 mm to
10 mm. It can be observed that the accuracy of the measure-
ment deteriorates if the measurement points lie in a blurred
region. This is caused by ambiguities of the correspondence
search. It can be seen that the accuracy is at least 0.1 mm

which was implied in the qualitative assessment. Thus, our
approach to rectification is sufficient for reconstructing the
surface structure of PCBs with satisfying accuracy.

However, it has to be noted that noise can be observed
on homogeneous areas as the matchers have problems with
ambiguity at these positions. The same applies for blurred
areas. These effects have to be mitigated by post-processing
before analysis can be conducted. Another caveat is the
maximal baseline of about 10 mm. This prolongs the global
acquisition time as more images have to be acquired compared
to a longer baseline.

V. CONCLUSION

In this paper, an approach for rectification in case of a
fronto-parallel camera rig was presented. Due to the restric-
tions of the camera rig, the rectification only depends on
a homography which corrects the rotation between images.
The rotation angle is estimated by tracking SURF feature
points from image to image. After outlier-filtering employing
RANSAC, the mean of the slope of the connecting lines is
employed to estimate the rotation angle. It was shown that
this straightforward approach is able to facilitate reconstructing
the height profile of a PCB with an accuracy of at least
0.1 mm. There are several aspects which are relevant for
future research: Using larger baselines and as a consequence
taking projection into account could be the next step. Also an
approach combining feature matching and segmentation could
be considered useful, as PCBs have many components with
homogeneous areas and heights.
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