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Abstract—Electronic devices are nowadays an integral part of
our everyday lives. The number of discarded electronical items
has grown significantly over the last years. As the amount of
precious materials used in the manufacturing of these devices has
increased over the last years recycling of these devices is becoming
more and more important. Currently the processes to regain some
of these precious materials like gold, copper, scarce elements etc.
do not differentiate much the input material composition. To
enhance these processes as much information about the input
material as possible is needed. Especially information used for
the classification of the processed printed circuit boards (PCBs)
is important as PCBs have been used extensively in electronic
devices. One key aspect of this classification process is the
acquisition of geometrical properties of the processed PCBs.

In this paper employing laser triangulation to gain the
height profile of PCBs is discussed. The basic principles of laser
triangulation are introduced as well as several laser line detection
algorithms. The variability of shapes of the components mounted
on PCBs is limited. Due to this limitation the correction of
geometrical distortions (called rise extension slope contraction
(RESC)) resulting in a systematic error is feasible and discussed in
this paper as well. Finally all algorithms presented are evaluated
in a comprehensive testing environment and the results are shown
in the end.

I. INTRODUCTION

Electronic components have become of great importance
in the last decades. The progress and the rapid development
of technology offer wide application ranges but require a
complex interaction of different chemical elements. Some of
these rather newly used elements like rare earth elements
have been used more and more frequently in the last years.
The supply with these elements is nowadays crucial for the
production of modern electronic devices. Yet the supply chain
depends on very few producers mainly in China. To guarantee
a steady material flow new sources have to be exploited.

Used printed circuit boards (PCBs) contain a lot of valu-
able elements like gold, copper and rare earth elements [1].
Recycling can open up new sources for raw materials used in
the production of new electronic devices. Therefore, as many
elements as possible have to be extracted from these PCBs of
waste electrical and electronic equipment (WEEE). Currently
PCBs are comminuted and subsequently processed by thermal
treatment and hydrometallurgical extraction [2] [3]. The con-
centration of rare earth elements in PCBs is comparatively low
(<1%). To efficiently extract them using the aforementioned

technologies they have to be preconcentrated [4]. To improve
this preconcentration step, as much information of the PCBs
and the electronic components carried by them as possible
should be gathered by a sensor-based information retrieval
system (see Fig. 1), similar to those described in [5] and [6].
Then the components containing larger amounts of the sought
after materials can be identified and separated, resulting in an
upgraded material stream for the subsequent recycling process.

The surface structure of PCBs, especially the height in-
formation, is a crucial part in the detection and categorization
process (see Fig. 2). One way to gather this information is laser
triangulation [7]. In this paper we evaluate laser triangulation
for the generation of height profiles for PCBs.

The paper is structured as follows. In section 2 the basic
principles of laser triangulation are shown, followed by the
description of the image processing steps used to extract the
height information from the sensor information in section 3.
Section 4 deals with the correction of distortion effects caused
by the steep side of the electronic components on the PCBs. In
section 5 an evaluation of the detection accuracy is presented
while in section 6 a conclusion is given and further prospects
are shown.

II. TRIANGULATION SYSTEM

The principle of laser triangulation is based on an angle
dependent projection displacement on surfaces. By using an
optical sensor the position of the projected laser line is detected
at a discrete spot. Then, the height can be retrieved by
calculating the line projection’s displacement. The sensor’s line
of sight is orthogonal to the direction in which the PCB is
moved through the system. A light source is attached beside
the sensor (in this case a camera) with a defined incident
angle, projecting a laser line on the PCB moved by a slide.
The projected line should be orthogonal to the PCB moving
direction. Deviations from orthogonality may lead to non-
linear position dependent calculations, which finally lead to
a processing overhead. Fig. 3 shows the principle of laser
triangulation on a test object. The line projected by the laser
generates an angle γ dependent displacement λ(x) at different
heights at every position x of the slide, which is detected by
the sensor. With this displacement λ and the known angle γ
the height h(x) can be calculated by
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Fig. 1: System overview PCB recycling

h(x) =
λ(x)

tan(γ)
(1)

III. RECONSTRUCTION

The reconstruction process comprises the extraction of
the laser line out of the sensor data and derives the relative
height information. Assuming that the sensor is a camera, the
displacement is recognized as the pixel shift of the laser line
in a 2D image. For optimal reconstruction the detected line
has to be wider than one camera pixel. Additional, several
optical effects (e.g. surface scattering and (diffuse) reflections)
could have a negative influence on the acquired image [8]
and should therefore be dealt with by the reconstruction
algorithm. In the following sections, the reconstruction steps
are shown.

A. Intensity Matrix

The first step in reconstruction is the detection of line
position and the subsequent thinning. Before applying any
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Fig. 2: PCB analysis sub system

line detection algorithm, an intensity matrix Î is generated
from the recorded image. If the image data contains RGB
color channels, a combination of them can be used to obtain
the intensity matrix. Our experiments showed that a squared
straightforward combination of the red and green channels
gives the best results for further processing:

Î = (R+G)2 (2)

B. Line Detection

The line detection is realized using a line detection algo-
rithm (LDA) which determines the line position at a sampling
position. In the following the line detection algorithms used
in this paper are presented. The introduced LDAs work on
each column vector i(x) = Î(x, c) of the intensity matrix Î
(Fig.4) where c is the index of the current column. After the
line detection for every image of the test object the optimal
line profile (OLP) is determined. The preliminary height map
can be constructed by combining the OLPs in the sequence of
the raw images.

Fig. 3: Principle of laser triangulation



Fig. 4: Calculation of optimal line profile

Line detection algorithms - LDA’s

1) Maximum Peak: The fastest and most straightforward
approach is using the maximum algorithm. It returns the
position of the highest intensity value of each column:

pmax = arg{max{i(x)}} (3)

2) Gaussian Gap Maximum Interpolation: The Gaussian
gap maximum uses the maximum peak b and both of the
contiguous intensity values a and c which are in the direct
neighborhood in the same column. It assumes that the optimal
maximum peak is between two discrete samples and calculates
the sub-pixel maximum [9] by

popt = (pmax −
1

2
(

ln(c)− ln(a)
ln(a) + ln(c)− 2ln(b)

)) (4)

where pmax is the pixel position of the maximum peak
value b.

3) Center of mass: This algorithm is based on a weighted-
average method over the column vector i(x) and returns the
position of the center of mass [9]:

popt =

∑l
x=k i(x)x∑l
x=k i(x)

with l > k (5)

We assume the laser line’s intensity profile to match
a single Gaussian distribution with a significant maximum.
Otherwise the center of mass could be calculated between two
different maxima. In a modified approach, a range interval
[k, l], where k < pmax < l and pmax is the position of the
maximum intensity peak, is chosen for the calculation of the
center of mass.

4) Blais and Rioux Filters: Linear filters based on numeri-
cal derivatives for line detection were introduced by Blais and
Rioux [10]. They can be generated with different lengths to
pre-denoise the signal. Here, a 4th and a 8th order filter are
shown:

f4(x) =f(x− 2) + f(x− 1)− f(x+ 1)− f(x+ 2). (6)
f8(x) =f(x− 4) + f(x− 3) + f(x− 2) + f(x− 1)− . . .

f(x+ 1)− f(x+ 2)− f(x+ 3)− f(x+ 4).
(7)

The highest filter response after convolving the intensity
vector i(x) with these filters indicates the best position of the
laser line:

popt = arg{max{fn(x) ∗ i(x)}}, n ∈ {4, 8} (8)

5) Parabolic Taylor Approximation: The Parabolic Taylor
Approximation is based on a Taylor series expansion of
the signal intensity at the peak [9]. Assuming a sub-pixel
maximum, the position can be calculated by:

i′(x+ δ) = 0 = i′(x) + δi′′(x) +O(δ2) (9)

The discrete calculation is performed by neglecting the
higher order terms O(δ2) and can be easily performed by
numerical derivatives [9].

δ = − i
′(x)

i′′(x)
=

i(x+ 1)− i(x− 1)

2(i(x+ 1)− 2i(x) + i(x− 1))
(10)

popt = pmax + δpopt (11)

6) Correlation with Gaussian intensity profile: Another
stable and accurate method is based on correlation. Assuming
a Gaussian shape distribution of intensity values, a cross-
correlation over the intensity vector with a Gaussian modeled
intensity profile

g(x) = exp

(
−x2

2σ2

)
(12)

gives the optimal line position:

popt = arg{max{i(x) ? g(x)}} (13)

In Fig. 5 this is illustrated in the top of the figure. A mod-
ified version of this correlation algorithm uses the measured
intensity distribution as a model (see bottom right illustration
in Fig. 5 where the illustration in the bottom left of the figure
show the Gaussian model).

C. Scaling

The reconstructed height map of the test object contains a
height profile in pixel units which is based on displacement
detection. A transformation to absolute height values can be
done using a scaling-factor ξ. Therefore a calibration using an
object with a known height Habs in mm should be performed,
e.g. using a cube. The absolute height h(n) can be calculated
regarding the detected height in pixel units λh(n) and the
measured calibrated height λcalibrate by

h(n) = ξλh(n) =
Habs

λcalibrate
λh(n). (14)



Fig. 5: Optimal and real intensity profile of a projected line
on a PCB

Fig. 6: RESC effect on sampling the test object, incidence
angle of 45◦

IV. GEOMETRIC CORRECTION - RESC

The height measurement algorithm assumes that the surface
point reflecting the laser beam is the highest point of the object
at the measured position. However the incidence angle of the
laser beam must be greater than zero to obtain the height
dependent displacement of the laser line. Small incidence
angles lead to small displacements which could reduce the
measurement accuracy. Big incidence angles on the one hand
result in more accurate measurement, on the other hand more
height values of surfaces are measured, which do not belong
to the top of the object.

Another problem arises while assigning height values to
object points in order to generate the height map. As can
be seen in Fig. 7 greater displacement at the current position
belong to points which are further away from the position of
zero height. This results in a systematic error which causes
rising parts of the object to be extended in the measured data
and slopes to be contracted. We call this effect ”Rise Extension
Slope Contraction” (RESC). Fig. 6 illustrates the effect with
an incidence angle of 45◦. The crosses indicate the positions
of the surface points which are illuminated at a certain position
of the scanning process while the red dots show the positions
where the laser beam would hit the zero level surface. In
the lower part of the illustration the measured height profile
according to Eq. 1 and 14 is shown.
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Fig. 7: Geometrical derivation of RESC correction

The components mounted on PCBs like ICs, resistors,
capacitors, sockets, etc. often have cuboid-like shapes with
sides nearly orthogonal to the PCB’s surface. Therefore their
height profile consists mostly of plateaus of different heights
and ramp-like structures between them as can be seen in Fig.
6.

Every measured height value has to be assigned to a grid
position in the height map. To determine its position, the
position where the laser beam would hit the surface is taken
as reference. Then a shift s(n) is calculated to determine the
actual position the currently measured height belongs to. This
shift depends on the detected height and can be calculated by

s(n) =
h(n)

tan(90◦ − α)
, (15)

where h(n) is the reconstructed height and α is the
incidence angle (see Fig. 7 for the geometrical derivation). Fig.
8 shows of a randomized height profile as example, which is
reconstructed and corrected. The dotted red line is the actual
height profile while the blue line in the lower two graphs show
the reconstructed height profile. As can be seen in the lowest
graph, not all deformations can be reconstructed as some parts
of the object cannot be illuminated by the laser beam because
they lie in the shadow of other parts.

Fig. 8: Random height-profile with correction



V. EVALUATION

A. Testing Environment

The setup of a testing environment is shown in Fig. 9. It
comprises a laser light source with a wavelength of 660nm, a
camera sensor with a region of interest resolution of 1600x150
pixels and a slide on which the test object is attached. This
slide can be moved by steps of 250µm. As incidence angle 8,
10 and 12 degrees are chosen. At every position with every
incidence angle an 8-bit RGB image is acquired. The test
object is a typical PCB with surface mounted devices (SMD),
wired components and multi-pin connectors (see Fig. 10).

Slide with 250µm step resolution 

Camera 
Laser 

Fig. 9: Reference Measurement Setup

Fig. 10: PCB test object with selected areas

B. Accuracy evaluation

After processing and scaling the reconstructed height map
h(k, l), a comparison to the reference model r(k, l) is carried
out by means of the average reconstruction error:

E =
1

mn

m∑
k=1

n∑
l=1

|(r(k, l)− h(k, l))| (16)

where k and l are the coordinates of the height maps.

Fig. 11: Reconstruction, 8 incidence angle, Center of mass
with RESC Correction. PCB texture mapped.

The reference model r(k, l) was created by manually mea-
suring the reference PCB and coding the height information
in form of a height map.

C. Results

The following section deals with the evaluation of recon-
struction results of all LDA’s. Table I shows the reconstruction
results of the different LDA’s and angles over the complete test
object with the RESC correction, introduced in section IV. All
LDA’s show better reconstruction results with smaller angles.
The variance between them is low and all results are below
an average-error of 1 mm. The values in bold face are the
best results, ** and * indicate the 2nd and 3rd best results.
In Table II, reconstruction errors on specifically selected areas
are shown. The colors mentioned in the first column refer to
the colors shown in figure 10 indicating different component
types mounted on the PCB.

TABLE I: Reconstruction Errors in Millimeters on the
complete PCB

Algorithm Incidence Angle

8◦ 10◦ 12◦

Maximum Peak 0.95 1.08 1.23
Parabolic Taylor Approximation 0.96 1.11 1.24

Blais Rioux 8th Order Filter 0.96 1.07 1.22
Laser Intensity Dist. Correlation 0.94* 1.06 1.19*

Center of Mass (peak-interval 14) 0.91** 1.04** 1.21
Center of Mass (all) 0.87 1.02 1.07

Gaussian Distribution Correlation 0.95 1.06 1.19*
Gaussian Gap Maximum Interpolation 0.91** 1.05* 1.18**

The geometric deformation (RESC) appears at step-like
height changes and increases with the height difference.
Furthermore, the incidence angle is significantly involved to
this effect. Table III shows the results of RESC corrected
reconstructions with 12◦, each with (”filtered”) and without
(”raw”) filtering by a small [5x5] median filter.

In Fig. 11 an image of the PCB is mapped on the
reconstruction.

D. Discussion

As can be seen in table I the resulting errors of the different
LDA’s averaged over the complete PCB do not differ much.



TABLE II: Reconstruction Errors of selected areas of the
PCB in Millimeters

Ang. Max. PT BR8 LIDK CoM14 CoM GDK3 GGM
8◦ 0.95 1.01 0.93 0.89** 0.90* 0.88 0.91 0.92

red 10◦ 1.16* 1.20 1.20 1.20 1.15** 1.12 1.19 1.20
12◦ 1.10* 1.14 1.10* 1.08** 1.20 1.15 1.07 1.22
8◦ 0.13 0.14 0.13 0.12* 0.11** 0.10 0.13 0.13

purple 10◦ 0.16 0.18 0.14* 0.14* 0.13** 0.12 0.14* 0.16
12◦ 0.20 0.23 0.14* 0.12 0.20 0.17 0.13** 0.24
8◦ 1.22 1.19 1.31 1.27 1.11** 1.09 1.30 1.13*

blue 10◦ 1.50 1.47* 1.60 1.58 1.50 1.44** 1.59 1.42
12◦ 1.34 1.34 1.36 1.36 1.23 1.24** 1.36 1.33*
8◦ 3.02 3.04 3.00 2.98* 2.98* 2.73 2.99 2.75**

green 10◦ 3.41* 3.49 3.41* 3.39** 3.38 3.41* 3.39** 3.42
12◦ 4.07 4.08 4.07 3.96* 4.07 3.47 3.96* 3.85**
8◦ 3.86 3.90 3.83** 3.83** 3.85 3.78 3.84* 3.85

yellow 10◦ 4.08 4.14 4.07 4.07 4.03** 3.97 4.05* 4.11
12◦ 5.03 5.05 5.00 4.98 5.05 4.75 4.95** 4.97*
8◦ 1.23 1.25 1.22 1.21* 1.21* 1.16 1.22 1.19**

orange 10◦ 1.34 1.38 1.32* 1.31** 1.30 1.31** 1.31** 1.33
12◦ 1.43 1.44 1.42 1.38* 1.41 1.17 1.38* 1.37**
8◦ 0.86 0.85* 0.96 0.92 0.76** 0.75 0.95 0.76**

cyan 10◦ 0.85 0.85 0.95 0.93 0.84* 0.81** 0.94 0.79
12◦ 0.95 0.94 0.96 0.93 0.86* 0.80 0.93 0.83**
8◦ 1.61 1.63 1.63 1.60 1.56* 1.50 1.62 1.53**

Ø 10◦ 1.79 1.82 1.81 1.80 1.76** 1.74 1.80 1.77*
12◦ 2.02 2.03 2.01 1.97** 2.00* 1.82 1.97** 1.97**

Max. - Maximum, PT - Parabolic Taylor, GGM - Gaussian Gap Maximum, BR8 -
Blaix Rioux [8],LIDK - Laser Intensity Distribution Correlation, GDK3 - Gaussian
Correlation [σ = 3], CoM - Center of Mass, CoM14 - Center of Mass with Peak-
Interval

TABLE III: Reconstruction errors with RESC correction -
12◦ in Millimeters

Selected area Line Detection Algorithm (LDA)
LIDK CoM GGM

raw filtered raw filtered raw filtered

red no 1.08 1.01 1.15 1.10 1.22 1.13
RESC 1.04 0.95 1.12 1.03 1.19 1.05

purple no 0.12 0.08 0.17 0.13 0.24 0.21
RESC 0.11 0.08 0.16 0.13 0.21 0.18

blue no 1.36 1.31 1.24 1.19 1.33 1.26
RESC 1.35 1.26 1.31 1.13 1.36 1.17

green no 3.96 3.86 3.47 3.38 3.85 3.74
RESC 2.03 1.75 1.74 1.22 2.04 1.55

yellow no 4.98 4.94 4.75 4.72 4.97 4.93
RESC 4.59 4.35 4.36 4.05 4.58 4.30

orange no 1.38 1.31 1.17 1.12 1.37 1.27
RESC 1.18 1.14 0.95 0.91 1.13 1.08

cyan no 0.93 0.88 0.80 0.74 0.83 0.76
RESC 0.74 0.69 0.68 0.59 0.66 0.58

Ø no 1.97 1.91 1.82 1.77 1.97 1.90
RESC 1.58 1.46 1.48 1.29 1.59 1.42

Total PCB Area

Total no 1.19 1.13 1.07 1.03 1.18 1.11
RESC 0.94 0.87 0.89 0.78 0.95 0.84

LIDK - Laser Intensity Distribution correlation, GGM - Gaussian
Gap Maximum, CoM - Center of Mass

It is notable that the errors increase with increasing incidence
angle. The best algorithm regarding the error is the ”center
of mass” algorithm. The results do not change much if we
look at the different areas of interest on the PCB respectively.
Again the ”center of mass” algorithm outperforms all other
algorithms in most cases. As can be seen in table III the RESC
correction lowers the resulting error in all cases more or less
significantly. So the results of all experiments indicate that
the combination of an incidence angle of 8◦, center of mass
algorithm and RESC correction performs best.

E. Conclusion

In this paper the use of laser triangulation for the generation
of height profiles was discussed. The theoretical background of
laser triangulation was presented, as well as several algorithms
for the line detection. Geometrical distortions caused by higher
incidence angles of the laser beam were addressed by the
RESC correction. An evaluation performed on a sample PCB
showed that an incidence angle of 8◦ combined with the use of
the center of mass algorithm and RESC correction performed
best.

For further research it would be interesting how several
differently colored lasers in a single imaging set could improve
the detection accuracy and processing speed. A comparison to
stereo vision approaches would also be of interest.
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