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The laser range finder is one of the most essential sensors in the field of robotics. The laser range finder provides an accurate range
measurement with high angular resolution. However, the short range scanners require an additional calibration to achieve the
abovementioned accuracy. The calibration procedure described in this work provides an estimation of the internal parameters of
the laser range finder without requiring any special three-dimensional targets. This work presents the use of a short range URG-
04LX scanner for mapping purposes and describes its calibration. The precision of the calibration was checked in an environment
with known ground truth values and the results were statistically evaluated.The benefits of the calibration are also demonstrated in
the practical applications involving the segmentation of the environment.The proposed calibration method is complex and detects
all major manufacturing inaccuracies. The procedure is suitable for easy integration into the current manufacturing process.

1. Introduction

The laser range finder (LRF), also known in the literature
as LIDAR or LADAR is one of the most essential sensors
in the field of robotics. LRFs are part of many robotic
applications and their gradually falling prices continuously
increase their expansion to the current and newly developed
robotic systems.

The LRF provides an accurate range measurement with
high angular resolution. Thanks to the principle of measure-
ment, LRF’s accuracy is in the order of centimetres even at
long distances and its construction is relatively simple and
reliable. Due to this, the estimation of the internal parameters
through the calibration is often neglected as the error is
generally considered to be negligible. This is generally true
for the more expansive models (e.g., SICK LMS111), but not
for the low-cost LRFs as Hokuyo URG-04LX, and so forth.

The Hokuyo URG-04LX is one of the most popular short
range LRFs in the world. Small dimensions, low weight, and
measurement range up to 4m predetermine the URG-04LX
for easy usage on small robots.

Hokuyo and other short range LRFs are used in
many applications requiring precise measurements including
SLAM, object recognition, obstacle avoidance, or ground

surface estimation. For such applications developers often
choose these cheaper devices as they are more available (e.g.,
[1–3]).

The aim of this paper is to present the use of the short
range URG-04LX scanner for mapping purposes. We will
introduce a set of improvements to the short range 2D LRF
in order to achieve the higher accuracy and precision needed
for use in 3D simultaneous localization andmapping (SLAM)
applications. The precision of the calibration was checked
in an application using the spinning actuated LRF and the
results were statistically evaluated.

The idea of using a 2D LRF as a 3D scanner is not original.
Probably one of the earliest designs of 3D LRF with URG-
04LX were presented in [4, 5].

These designs have however three main disadvantages.
The first one is the limited field of view facing only to
the front of the robot. The second disadvantage is the
mechanical realization.The vibrations from the robot chassis
are carried through the construction with springs to the LRF
and thus decrease its accuracy. Additionally, the field of view
is limited by the belts. The third and the most important
is the lack of a calibration. As we will show, the inter-
nal parameters significantly influence the precision of the
measurements.
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Figure 1: 3D LRF design.

The calibration procedure described in this work pro-
vides an estimation of the internal parameters of the LRF
without requiring any special three-dimensional targets. The
proposed procedure requires only the projection plane (e.g.,
white wall) and camera capable of capturing the laser beam.
Using this calibration procedure for single LRF may seem
complex and time demanding, but in case of calibrating
several devices it provides fast and reliable way to obtain the
calibration parameters for correcting all major manufactur-
ing inaccuracies. The most time demanding task is to set up
all necessary equipment. The measurement of the LRF itself
is relatively fast and can be achieved in a few minutes. For
themanufacturer, producing hundreds of LRF, the time of the
calibration of the single unit is negligible. The benefits of the
calibration for the end users are clear and will be described in
the following paragraphs.

Most of the state-of-the-art calibration procedures are
aimed at the distance precision [6], performance characteri-
zation [7, 8], or noise characterization [9] but not at the spatial
accuracy of the measurement.

In recent years, we can notice an increasing popular-
ity of multibeam sensors (e.g., Velodyne). As these sen-
sors are frequently used in the context of autonomous
driving, the proper calibration becomes crucial. Several
new methods for the calibration of the 3D LRF scanners
were proposed. The methods differ whether they require
a calibration target [10, 11] or not [12, 13]. The calibration
procedures are based on entropy optimization [14], intensity
imagery and lens distortion estimation [15], or calibration
based on automatic registration of planes in generic scenes
[13].

The calibration is usually performed manually, by mea-
suring the offsets of the sensor and the assessment of the
calibration accuracy is often performed only by a visual
inspection. Our proposed procedure is similar to [16] but, in
contrast to the fact that it provides very rigorous estimation of
the error, significantly improves the precision and simplifies
the calibration procedure. The process is designed to mini-
mize the changes needed to be implemented into the existing
manufacturing process in order to extend it by calibration
step.

2. 3D LRF Design

The design of 3D LRF is depicted in Figure 1. This device is
composed of two parts joined by the carrier. The first part
is LRF and the second part is in our case a step motor (the
main reason for the use of the step motor is the price; e.g., the
servo Dynamixel RX-64 costs about $280, but the step motor
SX17-1005-09, used here, costs less than $20). The carrier is
mounted on the step motor by a clamp connection. The LRF
is mounted eccentrically on the carrier.

The local coordinate system of the LRF is depicted in
Figure 1. The LRF measurement plane is identical to 𝑥𝑙𝑦𝑙
plane. The 𝑧𝑙 axis is the rotation axis of the laser beam. The
LRF is mounted in such way that the axis 𝑥𝑙 is identical to the
rotation axis of the step motor. This design will simplify the
following transformation of coordinates.

The operation and measurement range of URG-04LX is
summarized in Table 1 [17]. The operating range of LRF is
270∘ between uttermost steps denoted as begin and end. The
measurement range is only 240∘ between start and stop steps.
The step front is identical with the axis 𝑥𝑙.

The distance measurement in the single plane is per-
formed by the LRF. To achieve the 3D measurement, the step
motor rotates the LRF around its 𝑥𝑙 axis. The rotation of 180∘
provides the measurement of the entire environment around
the device.

According to this design we have to perform transfor-
mation of measured values. The angular resolution of URG-
04LX is 1024 samples per revolution [18]. The size of one step
of the LRF is 𝛼1𝑆 = 0.351

∘. The step motor SX17-1005-09 has
angular resolution of 0.9∘ [19] and in half step control mode
is the size of single step 𝛼1𝑅 = 0.45

∘.
Based on this, we can compute the angular position of the

laser beam and the step motor:

𝛼𝑠 = 𝛼1𝑆 ⋅ (𝑠 − (𝑠front − 𝑠start)) [∘], 𝑠 ∈ ⟨0, 𝑆⟩ ,

𝛼𝑟 = 𝛼1𝑅 ⋅ 𝑟 [
∘], 𝑟 ∈ ⟨0, 𝑅⟩ ,

(1)

where 𝛼𝑠 is the angular position of the laser beam and 𝛼𝑟 is
the position of the step motor (see Figure 1).
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Table 1: URG-04LX operation and measurement range.

Position
name Begin Start Front Stop End

Sample
num. 𝑠 0 44 384 725 768

𝛼𝑠 [
∘] −135 −120 0 120 135

The symbols 𝑟 and 𝑠 are sequential number of LRF sample
and step motor position. The LRF scanning range is 𝑆 = 681
and the range for the step motor to cover half revolution is
𝑅 = 400. The 𝑠front and 𝑠start are step numbers of LRF (see
Table 1).

Theoutput of 3DLRFmeasurements ismatrix𝐿, where its
elements 𝑙𝑟,𝑠 are singlemeasured distances.The dimensions of
the matrix 𝐿 are (𝑅 + 1) × (𝑆 + 1).

The content of the matrix 𝐿 represents distances in
cylindrical coordinate system. For each element 𝑙𝑟,𝑠 we know
the pair of angles𝛼𝑟 and𝛼𝑠.These values allowus to transform
data from the cylindrical coordinate system tomore common
Cartesian coordinates (3D). This transformation can be
performed in an easy way by using 4 × 4 transformation
matrices [20]:

⃗
𝑙𝑟,𝑠 = [𝑙𝑟,𝑠, 0, 0, 1]

𝑇
, (2)

�⃗�𝑟,𝑠 = 𝑅𝑧 (𝛼𝑟) ⋅ 𝑅𝑦 (𝛼𝑚) ⋅ 𝑅𝑧 (𝛼𝑠) ⋅
⃗
𝑙𝑟,𝑠.

(3)

In Formula (3) the transformation matrix 𝑅𝑦(𝛼𝑚) reflects
the mounting position of the LRF on the carrier. The angle
𝛼𝑚 is depicted in Figure 1 and it represents the angle between
the rotation axis of the step motor and 𝑧𝑙 axis of the
LRF. Formula (3) transforms the cylindrical coordinates of
measured distances to the position vectors �⃗�𝑟,𝑠, used in the
following sections.

2.1. 3D LRF Measurement Results with Inaccuracies. The
results obtained from the initial measurement did not fulfil
our expectations. Beginning and ending edges of measured
walls and ceilings of our experimental lab are not connected
to each other.The surfaces ofwalls are twisted. For illustration
see Figure 2, where the ceiling is twisted and the point cloud
contains two wedge-shaped gaps. The problem in this figure
is highlighted by red outlines.

We have also tested three other scanners from our lab and
the results were in some cases worse, sometimes better, but
never correct. However, during the measurement each LRF
showed repeatedly the samemeasurement errors. Such errors
can be considered as systematic.

Similar results were reported in [5] as shown in Figure 3.
The LRF was rotated one full revolution (in contrast to half
revolution used in our design). In the presented result, it is
clearly visible that all surfaces are measured twice. The most
striking errors are in Figure 3 highlighted by the red colour.
When using the same approach we have come to a similar
result: a point cloud full of errors.

The distortion in results complicates further point cloud
processing. The segmentation process identifies more areas

Figure 2: Ceiling with wedge-shaped gaps.

Figure 3: Point cloud with errors visible as twisted surfaces
(reported in [5]).

than there are in reality. Similarly the process of features
detection identifies false features.

The measured results reveal asymmetrical measurements
of URG-04LX relative to 𝑥𝑙 axis. This feature is very contra-
dictory with the technical principle of LRF operation. There
is no reason for such behaviour.

The single positive conclusion is that each LRF behaves
differently, but still in the same manner. We can therefore
assume that every scanner has a systematic manufacturing
flaw. So we decided to find the root of the problem.

3. URG-04LX Diagnostics

When we were unable to obtain any further information
considering the discovered flaw of URG-04LX, we decided
to carry out a more detailed diagnostics ourselves. We
obtained an additional URG-04LX scanner and two URG-
04LX-UG01 scanners, a newer version of URG-04LX with a
USB power supply. All scanners were manufactured between
2008 and 2013. We lined up these four LRFs for the following
measurements according to their year of production and we
labelled them as LRF-1 to LRF-4. Internally we have all LRFs
identified by their serial numbers.

We started the first pretesting stage with the set of four
LRFs.

3.1. URG-04LX Pretesting. From the results presented in the
first chapter we can assume that the problem of asymmetry
flaw will be mainly caused by bad LRF’s sampling positions.
Thus we have prepared the first test to confirm or disprove
this assumption.

Figure 4 shows the diagram of pretesting configuration.
The plastic frame with the 50×50mm opening was mounted
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Figure 4: Experimental setup of the first test.

on the floor with double-sided tape and URG-04LX was
inserted into it. The reference point 𝑅 was marked on the
floor in front of the LRF in a distance 𝑑 = 3000mm. The
obstacle with the 20 cmwidth and the 8 cm height was placed
on the point𝑅 as shown in Figure 4.Themeasurement proved
that the obstacle was detected in incorrect position shifted
by a distance 𝑒. Each LRF detected the obstacle in different
position. The range of distance 𝑒 was from 7 to 14.5 cm.

The pretesting experiment was prepared to not only
detect deviation of the obstacle in front of LRF, but also verify
whether the deviation is constant around the LRF perimeter.
The plastic frame allows us to rotate LRF 90∘ clockwise and
counterclockwise.

In each orientation the measurement showed that each
LRF detects the obstacle in position shifted by the similar dis-
placement 𝑒. We can preliminarily assume that the deviation
is constant around the perimeter.

So far, all observations lead us to a conclusion that the
asymmetrical behaviour is typical for this type of LRF.

3.2. DeviationMeasurement of URG-04LX. To detect the real
projections of LRF laser beams it is probably the best option
to record the weak laser light reflection on an obstacle. This
recording is not possible by an ordinary camera. The most
suitable camera available in our lab was IDS USB 2 uEye
LE industrial camera [21]. The LRF’s beam reflection can be
reliably recorded on a white surface in a mildly darkened
room.

The precise setup is necessary before the recording of
the laser beam reflection. We have to especially maintain the
following steps:

(1) Select a tool for defining the measurement plane
suitable for the recording.

(2) Create a precision angular positioning tool for the
LRF.

(3) Mark the measurement plane, the start point, and the
scale for the recording.

(4) Perform and record the measurement for the set of
LRFs.

All these steps cannot be handled individually and inde-
pendently. Each step must be designed with respect to the
following steps.

(a)

(b)

Figure 5: LRF positioning unit.

Figure 6: Tripod with positioning unit and laser level.

3.2.1. Tool for Defining the Measurement Plane. The previous
measurement discovered relatively large deviations within
several centimetres. Thus the accuracy of the measurement
performedby our toolsmust be approximately onemillimeter
per meter to precisely measure the deviations. We decided
to use a standard laser level with a tripod (see Figure 6). Its
accuracy is ±1mm per meter. The tripod is equipped with
three adjustable screws to set its base precisely to the required
position.

The tripod base and the bottom of the level have a ground
surface to allow precise mounting of the level. Additionally it
is also possible to mount anything else with the similar shape
as the level has.

3.2.2. Positioning Tool. The level tripod does not allow us
to mount LRF directly and adjust the rotation. For that
purpose wemade a simple unit, which can be easily mounted
on the tripod and allows the repeatability of the LRF
angular positioning. This unit is composed of three parts
as visible in Figure 5: the step motor and two aluminium
profiles.

The step motor SX17-1005 is mounted on the precise
rectangular aluminium profile with the same width as the
level has. It allows us to mount the assembled unit repeatedly
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and precisely on the tripod. The second aluminium profile is
mounted on the step motor by a clamp join.

It is very important to mention that the step motor axis
must be mounted precisely perpendicular to the plane of the
profile.

The step motor will provide precise angular positioning
of the joined profile. The positioning accuracy of used step
motor is ±0.1∘ and one step size is 1.8∘ (200 steps per
revolution) [19].

The positioning unit mounted on the tripod is shown in
Figure 6.

3.2.3. Marking Measurement Plane. As we have prepared the
measuring tool, it is nownecessary to plan the organization of
the measurement in the lab. The schema of the arrangement
of all necessary tools for the measurement is presented
in Figure 7 (figure is not to scale). The tripod with the
positioning unit is placed 3 meters in front of the wall-
mountedwhiteboard. IDS industrial camera is placed off-axis
of the positioning unit on the second tripod and the camera
field of view is directed to the whiteboard.

When all measurement tools are arranged then we can
start with the marking of the measurement plane.The level is
placed on the positioning unit edge to edge (see Figure 6).The
marking cannot be done only by the level’s water bubble and
three tripod screws: it is necessary to use the laser beam and
create a fewmarks around the laboratory.Then it is necessary
to rotate the level on the positioning unit by 180∘ and verify or
modify created marks by means of adjusting the screws. This
delicateworkmust be very precise and it is necessary to repeat
it many times until the marking plane is perfectly horizontal.

The marked horizontal plane must be inside the camera
field of view together with some type of scale. As the scale
we have used a grid printed on the paper. The grid with
10 × 10mm spacing was printed on A3 paper and it was
attached to the whiteboard by four magnets. An example of
the captured image is in Figure 8(a).The horizontal white line
is the reflection of the laser beam from the level. It overlaps
the dashed line which is 13mmabove the level base. It is given
by the construction of the laser level depicted in Figure 9.The
base ismarked in the grid with the thick black horizontal line.

The similar situation is in Figure 8(b). The laser beam
from the level was reoriented to the vertical position and the

(a)

(b)

Figure 8: Calibration grid setup.

14mm

13
m

m

Figure 9: Side view of the laser level placed on the positioning unit.

white vertical line represents the position of the edge of the
positioning unit.This position is shifted 14mm (see Figure 9)
to match the laser beam output from the level. The expected
position of the laser beam reflection is again marked in the
grid by the dashed vertical line.

The zero point, marked in Figure 7 as 𝑍, is in the
intersection of the horizontal and vertical thick black lines on
the grid.
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Figure 10: An illustration of the several images taken from the measurement sequence of LRF-2 and LRF-4.

Figure 11: URG-04LX mounted on positioning unit.

Now the position of the grid in the field of view is clearly
defined and the grid will help us to determine the position of
laser reflection.

3.2.4. Tracking the Beams of LRFs. Out workplace is now
prepared for the whole set of LRFs measurements. The
LRF is mounted on the positioning unit, as can be seen in
Figure 11. The laboratory has to be mildly darkened for the
measurement.

For each LRF we have created a sequence of images
capturing the laser beam reflection around a perimeter. The
sequences were created in a counter clockwise direction,
which means that measurements were started on the right
side of LRF and finished on its left side.

Three images from the whole record of LRF-2 are shown
in Figure 10(a). The recording started at angular position
−138.6∘. This angular position represents 77 steps of the step
motor. The theoretical starting position should be −135∘, but
the inaccuracy of the LRF enforced the movement of the
measurement starting position. This position is highlighted
in Figure 10(a) by a short white vertical line on the right
side of the image. Figure 10 depicts the record of LRF-
4. These two LRFs were selected, because they represent

Table 2: LRF set measurement overview.

Shift
[mm]

Turn
𝛼turn [

∘
]

Begin
[
∘
]

Correction
𝛼𝑠𝑐 [
∘
]

LRF-1 112 2.14 −136.46 −1.46
LRF-2 71 1.36 −137.24 −2.24
LRF-3 129 2.46 −136.14 −1.14
LRF-4 156 2.97 −135.63 −0.63

the highest and the lowest deviation in our measurement
set. The whole overview of the measured deviations and
computed corrections are summarized in Table 2.

The summary in Table 2 is for all four LRFs from our
set. The first column shift denotes the measured distance
between the first light dot and the highlighted white mark.
To determine this distance properly it is necessary to enlarge
the image, estimate the centroid of a light dot, and specify its
position in the grid. Without the enlargement it is impossible
to do that.

The second column contains measured shift converted to
the angular revolution 𝛼turn given by

𝛼turn = arctan Shift
𝑑

= arctan Shift
3000

, (4)

where 𝑑 is in our setup 3000mm. In this calculation we have
neglected the distance error caused by the inclination of the
laser beam of the LRF. We can omit this since the 𝛼turn error
caused by the inclination is less than 0.05% for the vertical
shift equal to 100mm from the theoretical plane. This error
is acceptable as none of the tested LRF had shown the error
larger than 60mm (see Figure 14).

The third column is the real Begin position of each
LRF (calculated as 138.6∘ − 𝛼turn). According to Table 1 the
Begin position is theoretically 𝛼begin = −135

∘. However our
measurement has shown slightly different position for each
LRF.

The fourth column of Table 2 contains the correction
from the theoretical Begin position. This correction is
denoted as 𝛼𝑠𝑐 for further use.
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Figure 12: Disassembled URG-04LX-UG01.

We can approximately recalculate the correction angle 𝛼𝑠𝑐
to the number of LRF steps. According to the known value of
the LRF’s resolution 𝛼1𝑆 we can conclude that inaccuracies of
our scanners are in the range between two and seven steps.

3.2.5. Other Undocumented Features and Issues of URG-
04LX. The first anomaly is the density of the projected
points in Figure 10. We know that the angle between two
samples of URG-04LX is 𝛼1𝑆 = 0.351

∘. The spacing between
two projected points at the distance 3m is expected to be
approximately 18mmwhich is close to the size of two squares
of the grid. But in Figure 10 we obtainedmuch higher density.
After the image enlargement we can see the approximate
distance between two points is only 9mm. Such finding may
reduce the credibility of our measurement. It might be a bad
camera recording or some optical phenomenon between the
laser and camera. In any case, the URG-04LX manufacturer
did not mention the higher sampling density. We should
explain this.

The second problem is also visible in Figure 10. The laser
track is not 58mm above the base (see Figure 1) as expected.
The laser track varies around the expected measurement
plane very unevenly.The track of the laser beam suggests that
LRF rotation axis is not perpendicular to its base.

The third problem arises from the previous. Irregularly
shaped laser track indicates that the laser beam does not lay
in the plane during the rotation and it forms a general shape.

In the following steps we will disassemble the LRF to
verify which features originate from the design. Next, we will
suggest a calibration method.

3.3. URG-04LX Disassembly and Diagnostics. In this chapter
we will not fully disassemble the LRF or study the details of
its design. The principle of the LRF is very well described
in the literature, for example, [22]. Yet if we want to find a
source of LRF inaccuracies we have to look under the LRF
hood. The top of URG-04LX cover can be disassembled by
unscrewing four screws. After the uncovering we can see the
most important parts of the LRF. An opened LRF is visible in
Figure 12.

The top cover is not just a cover. It is a mounting
point for a laser diode. The small mirror is mounted on
the rotating head and the detector is placed under this

head. The important part is the metal synchronization ring
which is permanently joined with the rotating head. The
synchronization is realized by the optocoupler.Themetal ring
with the openings together with the optocoupler guarantees
the accurate positioning of the generated laser beams even
though the engine speed may slightly vary.

The metal ring has a fixed shape and guarantees the
constant synchronization even if the operating conditions
change. The ring contains 192 openings in angular range of
270∘. It corresponds to 768 samples per one turn (see Table 1).
Each opening in the ring must initiate 4 laser diode pulses.
Whether this is true we can easily verify on an opened LRF
by a digital oscilloscope.

Channel one of the oscilloscope was connected to the
optocoupler output. The measured waveform is shown in
Figure 13(a). In this diagram there are two periods with high
density oscillating signal visible as black rectangles: these are
pulses of the optocoupler output. The signal is active at the
low level. The timing corresponds to a 10Hz measurement
frequency. The time period between two repeated signal
sequences is 100ms and the length of the synchronization
interval is 75ms. This represents 75% of one revolution and
corresponds to the measurement range 270∘.

Now we can increase the sampling resolution and mea-
sure the optocoupler and the laser diode together. The
detailed waveform is in Figure 13(b). Channel one is still
connected to the optocoupler and channel two is the laser
diode switching. From the captured waveforms it is clear that
the falling edge of the optocoupler precisely synchronizes
the pulse of the laser diode and it starts a short sequence of
laser pulses. The second important finding is the number of
laser pulses during one optocoupler’s time period.We can see
eight pulses, not only four as expected from themanufacturer
documentation.

This finding explains the density of samples in Figure 10
and confirms the correctness of our measurement. The
reason why laser pulses are recorded by the camera as the
dots, and not lines, is because of the short time of pulse
duration.

Furthermore it is necessary to determine the sources
of detected inaccuracies. The angular deviation of the laser
beam can have two possible sources. The first possible cause
is the inaccurate mounting position of the rotating head
and the synchronization ring. This position is set during
manufacturing and there is no possibility to change it.

The second possible cause is the position of the mirror on
the rotating head. When the mirror on the head is slightly
rotated around axis 𝑧𝑙 (see Figure 1) it will cause angular
deviation around this axis.

Both of these inaccuracies are uncorrectable and come
from production. When both inaccuracies are added
together, we detect them as a single error, manifested as the
correction angle 𝛼𝑠𝑐.

The source of the irregular shape of the laser trace in
Figure 10 can also have two different reasons. The first is
caused by a small rotation of the mirror around the axis
𝑦𝑙. Every tenth of a degree is doubled by the impact and
reflection of the laser beam. The resulting shape of the
rotating beam is then a coned surface: convex or concave.
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Figure 13: Optocoupler and laser diode pulses.
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Figure 14: LRF laser beam heights above base.

The second possible cause is the tilt of the internal
rotation axis. When the axis of rotation is not parallel to
the construction of axis 𝑧𝑙 then the result is the irregular
height of the laser trace above the base. This tilt cannot be
measured inside the LRF, since there is no reference point for
the measurement.

These two inaccuracies are caused in the production
process and there is no possibility to fix them inside the LRF.

Unfortunately, these inaccuracies are completely unique
for each LRF.

Based on the principle of the LRF operation and known
sources of inaccuracies (as described above), we can propose
the most suitable calibration procedure.

4. URG-04LX Calibration

The errors we have discovered in the previous chapters point
to the obvious inaccuracies of the scanner’s design. An easy
way would be to create a simple solution of the calibration
where each tracked point has its own correction value (a
lookup table). Such a solution would be simple, but heavy

Table 3: LRFs laser beam heights above base.

𝑛 𝛼𝑠𝑛 [
∘
]

Height above base 𝑏𝑛 [mm]
LRF-1 LRF-2 LRF-3 LRF-4

0 −120 107 73 61 59
1 −90 110 77 54 63
2 −60 109 67 58 73
3 −30 101 52 53 78
4 0 96 41 46 81
5 30 81 24 43 82
6 60 69 14 40 77
7 90 60 11 43 73
8 120 58 19 48 70

going and unclear. Nevertheless, based on the known design
of the LRFwe can suggest a simpler solution composed of few
correction values. We will explain this step by step.

At first, we have to evaluate the difference between the
track of the laser beam and the horizontal plane going
through the LRF base in several distinguished angular posi-
tions around the perimeter (partially shown in Figure 10).
These differences can be considered as the height of the laser
beam above the base. The summary of measured values is
given in Table 3 for all LRFs in our set.

The height of the laser track 𝑏 is given in Table 3.
The angular positions are in range from −120∘ to 120∘ with
a step of 30∘. These positions are indexed from 0 to 8.
The proposed index is suitable for further processing. The
graphical representation of themeasured differences is shown
in Figure 14.

This figure shows the deviation in the full measurement
range of the LRF (as was partially indicated in Figure 10).
The laser beam deviation is in some parts of the perimeter
larger than 50mm above or below the expected level (in the
distance 3000mm from an obstacle). The theoretical level
should be 58mm above the base and, in the figure, the base is
highlighted by the thick horizontal black line. The deviation
of the laser beam track combined with the inaccurate head
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Figure 15: Illustration of the LRF measurement plane.

placement (see Section 3.2.4) has a significant negative
impact on the precision of the measurements.

4.1. Mathematical Model of LRFs Inaccuracies. Now we can
illustrate the measurement setup graphically and then repre-
sent itmathematically. Figure 15 shows the laser beam starting
in point 𝑆 and creating a circle in space with the diameter
𝑟 = 3000mm. This circle is in the plane, but this plane is
shifted above or below the plane 𝑥𝑙𝑦𝑙. The intersection of the
axis 𝑧𝑙 and the plane of the circle is the point𝐻. In the ideal
state we should expect that the plane of the circle is parallel
to the plane 𝑥𝑙𝑦𝑙, as visible in Figure 15. Unfortunately in the
real situation we have to expect that this plane of the circle
will be inclined and its normal vector ⃗𝑛 will have an arbitrary
direction.

The position of the plane and its normal vector can be
computed using the known values from Table 3. To fit the
plane to points we can use the method of least squares. The
plane is described by formula 𝑧 = 𝐴𝑥+𝐵𝑦+𝐶 and parameters
𝐴, 𝐵, and 𝐶 will be computed using the following:

𝑥𝑛 = 𝑟 ⋅ cos𝛼𝑠𝑛,

𝑦𝑛 = 𝑟 ⋅ sin𝛼𝑠𝑛,

𝑧𝑛 = 𝑏𝑛,

(5)

𝑄 ⋅
[

[

[

𝐴

𝐵

𝐶

]

]

]

=

[

[

[

[

[

[

[

[

[

[

[

𝑁

∑

𝑛=0

𝑥𝑛𝑧𝑛

𝑁

∑

𝑛=0

𝑦𝑛𝑧𝑛

𝑁

∑

𝑛=0

𝑧𝑛

]

]

]

]

]

]

]

]

]

]

]

, (6)

Table 4: LRF set measuring plane positions.

LRF Normal vector
⃗𝑛 = [𝑛𝑥, 𝑛𝑦, 𝑛𝑧]

Height above
base ℎ [mm] 𝜑 [

∘
]

LRF-1 [−2.49, 8.30, 1000] 85.6 −0.53
LRF-2 [1.68, 10.46, 1000] 43.5 0.28
LRF-3 [1.46, 2.60, 1000] 50.9 0.14
LRF-4 [−3.86, −1.51, 1000] 69.4 −0.22

𝑄 =

[

[

[

[

[

[

[

[

[

[

[

𝑁
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2
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]

]

]

]

]

]

]

. (7)

The parameters 𝐴, 𝐵, and 𝐶 can be directly used to
compute the normal vector ⃗𝑛 and the height ℎ of the point
𝐻 above the LRF base. The point 𝐻 is computed as the
intersection of axis 𝑧𝑙 and themeasurement plane.The results
for all LRFs are summarized in Table 4.

The computed height of the point 𝐻 and the position of
the laser beam source 𝑆 above the base allow us to compute
the angle 𝜑. The values of angle 𝜑 can be found in the fourth
column of Table 4.

4.2. Proposal of Calibration Procedure. In this section we will
propose a universal calibration procedure using the intro-
duced mathematical model. The calibration will contain an
extension of the knownFormula (3).That formula is intended
for the ideal LRF without any manufacturing inaccuracies.

First, let us summarize all previously measured and
calculated values:

(1) The horizontal correction angle 𝛼𝑠𝑐 in Table 2.
(2) The normal vector ⃗𝑛 of the LRF measurement plane

in Table 4 which reflects inclination of this plane.
(3) The height ℎ of the measurement plane above the

LRF base and the resulting angle 𝜑 between the laser
beam and the measurement plane that are also given
in Table 4.

Thus we have two angular correction values and one
normal vector. Formula (3) contains the transformation
matrices and we need to extend this formula by adding
additional components. Therefore we must transform the
LRF measurement plane into the position given by the
normal vector.

This situation is illustrated in Figure 16. In this figure the
normal vector ⃗𝑛 is placed arbitrary to the LRF coordinate
system 𝑥𝑙, 𝑦𝑙, 𝑧𝑙. The task is to place the plane 𝑥𝑙𝑦𝑙 perpen-
dicularly to ⃗𝑛 and thus we create a new coordinate system of
the rotating head𝑥

𝑙
,𝑦
𝑙
, 𝑧
𝑙
with axis 𝑧

𝑙
identical to ⃗𝑛.The same

transformation procedure will be used for all laser beams.
Figure 16 depicts one laser beam denoted as a vector ⃗

𝑙 and
its resulting position marked as ⃗𝑙. The transformation of ⃗𝑙 is
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Figure 16: LRF laser beam heights above base.

described by the following and is composed of two rotation
matrices:

⃗𝑛 = [𝑛𝑥, 𝑛𝑦, 𝑛𝑧] ,

⃗
𝑙 = [𝑙𝑥, 𝑙𝑦, 𝑙𝑧, 1]

𝑇

,

𝛽𝑥 = arctan
𝑛𝑥

𝑛𝑧

,

𝛽𝑦 = arctan
𝑛𝑦

√𝑛
2
𝑥
+ 𝑛
2
𝑧

,

(8)

⃗
𝑙

= 𝑅𝑦 (𝛽𝑦) ⋅ 𝑅𝑥 (𝛽𝑥) ⋅

⃗
𝑙. (9)

Nevertheless Formula (9) has one additional byproduct
to the vector ⃗𝑙. The vector ⃗𝑙 lays in the LRF coordinate system
𝑥𝑙, 𝑦𝑙, 𝑧𝑙 in the plane 𝑥𝑙𝑧𝑙.The transformation shifts the vector
⃗
𝑙 to an arbitrary position ⃗

𝑙
 in the coordinate system 𝑥𝑙, 𝑦𝑙, 𝑧𝑙

but this is undesirable.
Our measurements depicted in Figure 10 recorded the

final position of all laser beam tracks around the perimeter.
The horizontal inaccuracy was eliminated in a previous step
by the correction angle𝛼𝑠𝑐.Thus the proposed transformation
in Formula (9) must not add any additional horizontal shift
of the laser beam. Only a vertical movement is allowed.

Therefore we have to perform an additional rotation
around the axis 𝑧

𝑙
to move the vector ⃗

𝑙
 to the position

⃗
𝑙
 which lays in the plane 𝑥𝑙𝑧𝑙. This transformation is
represented by the following:

⃗
𝑙

= 𝑅𝑧 (𝛽𝑧) ⋅ 𝑅𝑦 (𝛽𝑦) ⋅ 𝑅𝑥 (𝛽𝑥) ⋅

⃗
𝑙 = 𝐾 ⋅

⃗
𝑙, (10)

where𝐾 is the matrix joining all rotations around individual
axis.

In this equation the angle 𝛽𝑧 and some coordinates of
vector ⃗𝑙 are unknown values.The expansion of matrices and

vector ⃗
𝑙 will produce three equations. The most important is

the second Equation (11) for coordinate 𝑙
𝑦

𝑙


𝑦
= 𝑙𝑥 cos𝛽𝑦 sin𝛽𝑧

+ 𝑙𝑦 (cos𝛽𝑥 cos𝛽𝑧 + sin𝛽𝑥 sin𝛽𝑦 sin𝛽𝑧)

− 𝑙𝑧 (sin𝛽𝑥 cos𝛽𝑧 − cos𝛽𝑥 sin𝛽𝑦 sin𝛽𝑧) .

(11)

From the text above we already know that ⃗𝑙 and ⃗
𝑙
 must

lay in the plane 𝑥𝑙𝑧𝑙. Thus 𝑙𝑦 and 𝑙


𝑦
must be equal to zero, so

we obtain a simplified equation as follows:

0 = 𝑙𝑥 cos𝛽𝑦 sin𝛽𝑧

− 𝑙𝑧 (sin𝛽𝑥 cos𝛽𝑧 − cos𝛽𝑥 sin𝛽𝑦 sin𝛽𝑧) .
(12)

In this equation the only unknown value is 𝛽𝑧. From
this equation we can easily express a new Formula (13) to
compute the angle 𝛽𝑧. In this formula the fraction 𝑙𝑥/𝑙𝑧 can
be represented as a cotangent of the known angle 𝜑:

tan𝛽𝑧 =
sin𝛽𝑥

(𝑙𝑥/𝑙𝑧) cos𝛽𝑦 + cos𝛽𝑥 sin𝛽𝑦
(13)

=

sin𝛽𝑥
cot𝜑 cos𝛽𝑦 + cos𝛽𝑥 sin𝛽𝑦

. (14)

The resulting Formula (14) is invariant with respect to the
length of vector ⃗

𝑙. The important fact is that the angle 𝛽𝑧 is
computed only once for each LRF.

The calculation of 𝛽𝑧 was the last missing step for
the formulation of the final equation that will integrate all
computed calibrations. We will modify Formula (3) with the
following steps:

(1) All measured samples, represented by the vector ⃗
𝑙𝑟,𝑠,

will be inclined from the plane 𝑥𝑙𝑦𝑙 by the angle 𝜑.
(2) The following rotation around axis 𝑧𝑙, represented by

the matrix 𝑅𝑧(𝛼𝑠), will be adjusted by the correction
angle 𝛼𝑠𝑐.

(3) The axis 𝑧𝑙 will be inclined by the computed matrix𝐾
to its real position according the normal vector ⃗𝑛.

(4) The mounting position of the LRF will be expressed
in the final equation by the matrix 𝑅𝑦(𝛼𝑚) (see (3)).

(5) The last transformation is the rotation to the current
position 𝛼𝑟 of the LRF mounted on the carrier (see
(3)).

The following expresses the previously described process
of the modified computation of position vectors for all points
of the point cloud:

�⃗�𝑟,𝑠 = 𝑅𝑧 (𝛼𝑟) ⋅ 𝑅𝑦 (𝛼𝑚) ⋅ 𝐾 ⋅ 𝑅𝑧 (𝛼𝑠 + 𝛼𝑠𝑐) ⋅ 𝑅𝑦 (𝜑)

⋅
⃗
𝑙𝑟,𝑠.

(15)

This formula still contains only three variables: 𝛼𝑠, 𝛼𝑟, and
⃗
𝑙. The rest of the formula is constant for each LRF.
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The result of the calibration can be summarized into the
following calibration set:

𝐶𝑠 = (𝛼𝑠𝑐, 𝜑, 𝛽𝑥, 𝛽𝑦, 𝛽𝑧) . (16)

This set provides all necessary information for calibra-
tion. If the calibration process had been implemented by
a manufacturer, this set would have been provided in the
product calibration protocol.

5. Verification of the Proposed
LRF Calibration

In this section we will describe the process of the evaluation
of the proposed calibration. It is important to determine
how much the calibration improves the spatial precision of
computed points in the point cloud.The success of the further
point cloud processing depends mainly on the quality of the
acquired data.

Therefore, we will further describe an acquired data set,
statistical comparison of calibrated and uncalibrated data,
and a few practical results of the point cloud processing of
the calibrated and uncalibrated data.

5.1. Data Set Description. For the following verification we
have prepared the data set composed of 100 point clouds.
These point clouds were acquired inside the building in
the special experimental area with the known dimensions
and shapes. This area is used for various photogrammetric
experiments. The length of the measured area is 26 meters
and each measurement was performed in different position.
The ceiling, all walls, and the floor aremutually perpendicular
and all surfaces are flat.

5.2. Statistical Evaluation. Themain problem of themeasure-
ments performed by the uncalibrated LRF was mentioned
in Section 2.1. The problem typically creates a twist of the
surfaces in the measured environment. This twist signifi-
cantly complicates or even prevents further data processing.
Therefore we will verify the quality of the calibration by
observing the flatness of the measured surfaces.

The data for the statistical evaluationwere prepared in the
following steps:

(1) From each (uncalibrated and calibrated) point cloud
we have selected the largest horizontally oriented
segment and the largest vertical one. As a result we
had 200 pairs of calibrated and uncalibrated point
clouds, each with the same set of points.

(2) The ideal virtual plane was fitted for each calibrated
and uncalibrated point cloud and the signed (ori-
ented) distances between points and ideal plane were
computed.

(3) The deviation of distances in calibrated and uncali-
brated point clouds were statistically evaluated.

The result of statistical evaluation is visible in Figure 17.
The boxplot shows the comparison of absolute deviations
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Figure 17: Absolute deviations in horizontal and vertical segments.
V and H denote segments orientation; U and C denote uncalibrated
and calibrated data.

for horizontal uncalibrated and calibrated segments denoted
as HC and HU. The same comparison is given for vertical
segments denoted as VC and VU.

The boxplot indicates the decrease of deviations in both
horizontal and vertical point clouds.

Further statistical analysis shows the statistically signif-
icant differences between the uncalibrated and calibrated
point clouds.

The alternative view of the evaluation is visible in Figures
18 and 19.The histograms of signed distances were calculated
for uncalibrated and calibrated point clouds. The histograms
were approximated with kernel density estimation. The fig-
ures show that the vast majority of points in calibrated point
clouds are in a small range from−20 to 20mm.Thedeviations
in uncalibrated point clouds are scattered in much greater
range.

The statistical evaluation proved that proposed calibra-
tion process significantly improves the results.

5.3. Practical Contribution of Calibration. The main reason
which forced us to calibrate the LRF was the poor usability
of acquired data for the further processing. The problem
was illustrated in Figure 2. From the practical point of view
we are interested whether the calibrated point clouds reflect
themeasured environment without undesirable deviations or
deformations.

The detail of single measurement is depicted in Figure 20.
Figure 20(a) depicts a detail of ceiling (horizontal segment)
made up from uncalibrated point cloud.

The ceiling is split into two parts by a wedge-shaped gap,
similar as seen in Figure 2, whereas Figure 20(b) shows a
calibrated point cloud where the ceiling is formed correctly
as a continuous point cloud without any unwanted twists and
gaps.

Similar results were achieved for all 100 point clouds of
our data file. Such data can be further processed without
problems.
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Figure 18: Density of deviation in vertical segments.
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Figure 19: Density of deviation in horizontal segments.

(a)

(b)

Figure 20: Uncalibrated (a) and calibrated (b) point cloud of ceiling
captured from the same camera position.

(a)

(b)

Figure 21: Segmentation results of uncalibrated (a) and calibrated
(b) point cloud.

An additional positive practical impact of the calibration
for the further point cloud processing is illustrated by
Figure 21. Figure 21(a) shows the result of a segmentation
of single uncalibrated point cloud. The segmentation process
separates points into 9 segments (each segment is marked by
a different colour). On the other hand Figure 21(b) shows the
result of the segmentation process for the samemeasurement,
but with the calibrated point cloud. Calibrated points were
separated into only 5 segments that were expected as a result.

We have demonstrated the benefits of the calibration
on the example of point cloud segmentation, significantly
reducing the number of fake segments. Nevertheless the
segmentation is not the only process that will benefit from
the calibration results.

6. Conclusion

This paper has presented a calibration technique suitable
for short range LRF. The purpose of the calibration is to
compensate typical deviations caused by the manufacturing
process. For each LRF the calibration process creates a set
of characteristic calibration parameters. By applying these
parameters to the measured data we have obtained signifi-
cantly higher accuracy and spatial precision. The efficiency
of the calibration process was statistically evaluated. The
deviations from the ground truth were significantly lower
for flat surfaces. The application of the calibration in the
segmentation process greatly reduces the number of false
segments.

The proposed calibration process can be easily integrated
into the manufacturing process and thus provide system
integrators with the set (see (16)) of calibration parameters
to achieve higher accuracy. Despite its complexity, the cali-
bration procedure requires only a standard equipment such
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as step motor, camera, and laser level. With the correct setup
of the measuring equipment, the calibration procedure of the
single unit takes only a few minutes.
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