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Abstract

Advanced Driver Assistance Systems (ADAS) and Autonomous Vehicles are driving the
innovation of cars and technology altogether, introducing challenges that require more
and more information of the surrounding environment in order to take correct decisions
in safety-critical scenarios. In this framework, car manufacturers are looking forward to
adopt the best sensors available on the market and integrate them inside their vehicles.
LiDAR (Light Detection and Ranging), and in particular 3D Time-of-Flight (ToF') scan-
ning LiDAR, is thus object of an increasing interest because of its capability to scan the
surrounding environment and to represent it in a 3D map. This sensor is of paramount
importance for tackling complex problems such as decision making in autonomous driv-
ing, and this is why vehicle manufacturers are interested in LiDARs that can ensure the
best performance or present the overall best characteristics. Because of the novelty of this
technology, however, most LiDAR manufacturers highlight just some features of their de-
vices and do not provide a full, standardized characterization that could allow to compare
different products. The aim of this thesis work is to design, realize and ultimately provide
both novel measurement procedures and a measurement setup that allow to characterize
any LiDAR, assessing the relevant features that manufacturers do not always provide and
allowing the comparison between different models. The proposed measurements performed
exploiting the setup, in particular, allow to characterize warm-up time, stability, quanti-
zation and range error. The modular nature of the unique system developed, however,
allows to further expand its capabilities and to easily perform additional characterizations

without the need to build a new specific setup from scratch.

Keywords: ADAS, Autonomous vehicles, LIDAR, ToF, Automotive, Measurement, Char-

acterization.
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Introduction

The race to develop Autonomous Vehicles (AV) and Advanced Driver Assistance Sys-
tems (ADAS) is on. Major vehicle producers and tier-1 suppliers, as well as disruptive
newcomers, are accelerating AV and ADAS development efforts to get ahead in the race.
Manufacturers are outfitting modern cars with a wide array of advanced control and sens-
ing functions. Collision warning and avoidance systems, blind-spot monitors, lane-keeping
assistance, lane departure warning, and adaptive cruise control are examples of established
features that assist drivers and automate certain driving tasks, making driving a safer and
easier experience. The increasing complexity of ADAS-related tasks and the challenges that
are currently being tackled in the development of AV require vehicles to be able to sense
the surrounding environment with a high level of fidelity in order to take safety critical
decisions and perform the correct actions required by the situation detected. LiDARs are
quickly becoming a fundamental technology to achieve this goal: together with cameras,
RADARs and ultrasonic sensors, they are a crucial enabler of sensor fusion, which allows
to obtain detailed and redundant spatial information by exploiting different sensors, based
on different measurement principles and having different limitations. A high fidelity repre-
sentation of the environment, however, requires reliable measurements, and the possibility
of comparing LiDAR characteristics is absolutely necessary to design a system that is able
to succeed in the tasks addressed by these cutting-edge technologies. Unfortunately, this
comparison cannot be performed easily: LiDAR producers provide their own metrics to
define the sensor’s performance, making the evaluation of differences between sensors pro-
duced by different manufacturers (or even belonging to different model families) difficult to
be obtained. As of today, no national /international standards or measurement procedures
have been adopted for characterizing 3D LiDARs for automotive applications, mainly be-
cause each measurement application has its own peculiarities. Given the interest in these
devices, many standards have been recently proposed or updated [1]-[7], but these have

been developed for other areas and are, therefore, unable to fully analyze specific aspects
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of potential interest for automotive applications. The majority of LIDAR manufacturers,
on the other hand, do not give a comprehensive description of the performance of their
systems, limiting the discussion to few device metrics like "measuring interval", "horizontal
angular resolution", "vertical angular resolution" and "error", often without providing the
metrological definition of these quantities. In this scenario, research efforts are producing
a considerable number of studies that have been recently published on the characterization
[15]-[27] of LiDAR systems and subsystems, confirming the high interest in these devices.
The rapid growth of the technology is causing a gap of knowledge related to important
aspects of the characterization of these instruments that are not yet covered by standards,
provided by OEMs or analyzed in literature. The aim of this thesis work is to contribute
to fill these gaps, first of all investigating which metrological characterizations could be of
major interest for automotive applications. The next steps consist in designing, realizing
and ultimately exploiting novel measurement procedures and a measurement setup that
enable the characterization of the most important features of any type of LIDAR, including
in particular LiDARs for automotive applications. The most relevant achievements of this
work involve: the definition of the general measurement procedures that describe how to
perform characterization measurements independently on the examined LiDAR and how
to achieve repeatability by ensuring controlled operating conditions; the design and suc-
cessive realization of the custom measurement setup that can be exploited for performing
characterization measurements and further expanded to enable even more characteriza-
tions than those proposed in the following; the realization of the software used to interface
the instruments with a PC in order to comfortably analyze measurement data and evalu-
ate LIDAR features; the final test of the procedures, setup and software on a state of the
art LiIDAR sensor performed to validate the work and give an example of application. In
particular, the LiDAR used to develop and validate the methods proposed in this work is
the SICK MRS6000 3D scanning LiDAR shown in Fig. 1, one of the most popular LiDAR
systems of its kind: this sensor is able to map the surrounding environment by means of
3D pointclouds, where each point is described by its Cartesian coordinates with respect to
the sensor and by the intensity of the light reflected by it. An example of 3D pointcloud
is provided in Fig. 2.

The characterization proposed in this work is aimed at investigating four relevant fea-
tures of LiDAR sensors: warm-up time, stability, quantization, range error. Despite the

importance of these four parameters, to the best of my knowledge, there are currently no
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Figure 1: SICK MRS6000 3D scanning LiDAR.
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Figure 2: Example of a pointcloud obtained from the MRS6000.
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standards or studies aimed at analyzing these aspects. These characteristics are some of
the most important parameters for describing the behavior of the sensor, and are thus very
useful to compare different LIDARs. Warm-up time and stability characterize the behavior
of LiDARs over time: the former describes the time needed by the instrument to reach
steady state operation; the latter describes the ability of the sensor to maintain a stable
measure during continuous operation. Quantization and range error, on the other hand,
give information about how the LiDAR actually senses the surrounding environment and
are able to assess its performance in terms of error with respect to more accurate sensors,
as well as limitations due to the hardware-software components of the LiDAR itself. Re-
gardless of their importance, as mentioned before, these features have not been currently
investigated in depth by neither international standards nor OEMs, and this is why they
were chosen as the object of the characterization discussed in this thesis.

The content is organized in four chapters. Chapter 1 contains a brief theoretical introduc-
tion required to understand LiDAR operation and Time-of-Flight measurement principles
in general, as well as a small background of contemporary literature works that tackle the
task of characterizing LiDARs.

Chapter 2 describes the materials and methods adopted to achieve the results proposed in
this introduction. In particular, Section 2.1 gives an extensive perspective on the devel-
oped measurement procedures, whereas Section 2.2 contains the details on the measurement
setup.

Chapter 3 describes the results of the measurements performed on the investigated Li-
DAR, validating the measurement procedures and setup presented previously and, thus,
highlighting the qualities of both design and realization of the system. The instrument
Finally, Chapter 4 contains the conclusions, a summary of all the work described through-

out this thesis, and an insight on future developments.



Chapter 1
Theoretical Background

This chapter provides the basic information and the theoretical knowledge required to fully

understand the methods and results proposed in Chapter 2 and Chapter 3.

1.1 LiDAR

Light Detection And Ranging (LiDAR) is a sensing method that detects objects and maps
their distances by illuminating them with an optical beam generated by a laser source
and measuring the characteristics of the reflected signal captured by a photodiode [28]
[29]. The information on target distance is extracted from light signals’ parameters such
as pulse power at the receiving end, round-trip time, phase shift or pulse width. Because
of their measurement principle and of their overall features, LIDAR sensors are also called
"LADARs" (Laser Detection and Ranging sensors), 'laser scanners' or "laser radars'. For
what concerns the automotive field, 3D scanning LiDARs based on Time-of-Flight dis-
tance measurements are the most common solution for autonomous driving applications.
3D ToF scanning LiDARs steer one or more collimated laser beams simultaneously emit-
ted and map the environment sequentially by knowing the current steering direction and
measuring the relative time of flight [28] [29]. An overview of the main LiDAR technologies
currently being investigated for automotive applications is presented in Table 1.1.

The interest in characterization, performance evaluation and comparison of different Li-
DAR systems is now experiencing a sudden growth due to the significant request of this
type of sensors for industrial and automotive applications [29]. The increasing demand,
mainly driven by ADAS and autonomous driving, made 3D LiDARs experience a real

boom in popularity and, consequently, their diffusion and performances are undergoing
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Technology Type Description

Spinning scanning The beam is steered exploiting one (or more) rotating
part/s

MEMS scanning The beam is steered exploiting MEMS (micro-
electromechanical system) micromirrors

OPA scanning The beam is steered exploiting an array of antennas (opti-
cal phase arrays — OPA)

Flash flash The beam is not steered to sequentially scan the surround-

ings but expanded to illuminate the entire scene. The 3D-
image of the surrounding is thus obtained exploiting an
array of detectors

Table 1.1: Technologies available for LiDARs based on the ToF measurement.

a fast process of significant growth, marked by sensible innovation and technological ad-
vances. The extreme rapidity of this technological innovation trend resulted in the current
lack of national /international standards or common measurement methods aimed at char-
acterizing 3D LiDARs for automotive applications. This is an important practical issue:
ADAS designers and car manufacturers often face obstacles related to the incompleteness
of the metrological characterizations that they would require to correctly develop their sys-
tems; moreover, they frequently are not able to compare different LiDARs available on the
market because of the lack of a common ground that would allow to assess the suitability
for the final application (benchmarking).

In this framework, several national and international standards for possible applications of
LiDAR systems have been recently proposed or updated. ISO standards ISO 17123-1:2014
[3],ISO 17123-9:2018 [4], ISO 17123-4:2012 [5], ISO 17123-6:2012 [6] for example, focus on
evaluating the performance and characteristics of LIDARs for civil engineering and survey-
ing measurements. Another international standard, ISO/TS 19159-2:2016 [6] is focused
on the characterization of airborne LiDARs for remote sensing of geographic information.
ASTM E2938-15 [1] investigates standard test methods for evaluating relative range mea-
surement performance of medium-range 3D imaging systems whereas ASTM E3125-17 [2]
focuses on point-to-point distance measurement errors for the same class of systems. These
standards are of undoubted value, because they allow to define an initial common ground
for metrological characterization of some types of ranging systems, they are still dependent
on the specific application and do not provide a general methodology for characterizing any
type of LiDAR. Moreover, as of today, specific characterization standards for automotive

applications have not yet been defined.



1.1. LiDAR

Because of this, LIDAR OEMs frequently provide only general metrics for describing the

performance of their products, typically limiting the characterization to:

e measuring interval, i. e. the minimum and maximum distances that the instrument

is able to measure in the specified operating conditions, with specifications that may

vary between different manufacturers;

« vertical and horizontal angular resolution, also in this case the specific definition is

given by each manufacturer;

o measurement "error', that in most cases is just expressed quantitatively, without a

complete metrological definition.

Because of the reasons stated above, literature presents some recent studies that try to

focus on LiDAR design and characterization [8]-[27]. These studies, however, do not treat

the characterization of LiDARs for automotive application extensively and, in particular,

assess different metrics and features with respect to those characterized in this work, as
will be further described in Chapter 2.

1.1.1 Measurement Principles

A high-level block scheme of a Time-of-Flight LiDAR sensor is shown in Fig. 1.1. The

"Laser Transmitter" block drives the laser and issues the start signal to the "Time interval

Measurement" block when the light pulse is emitted; the receiver photodiode collects the

reflection of the beam hitting the target and the "Receiver" block issues the stop signal to

the "Time interval Measurement" block.

Time interval
Measurement

Start

Laser
Transmitter

Stop

Receiver

——
-
-
p—
———-—
——
-—
-
—

Figure 1.1: High level block scheme of a ToF LiDAR.



Chapter 1. Theoretical Background

The information collected by the sensor in the first place, hence, is the round-trip time of

the light pulse. This information is related to the distance of the target [28] by eq. 1.1:

2-dp

(1.1)

trr =

where tgr is the round-trip time, dr is the target distance, ¢ is the speed of light in the
medium and the factor 2 takes into account the fact that light must travel twice the distance
that separates instrument and target. Fig. 1.2 depicts the time measurement principle
during normal operation in a possible automotive application. Since the laser transmitter
and the receiver photodiode are embedded in the same housing, they are usually placed

close to each other.

{h
| T

D @

® Send pulse
@

Receive pulse

Figure 1.2: Measurement of the time elapsed between transmitted and received pulse during
normal operation.

The acquired information about the round-trip time is exploited by the sensor to calculate

target distance, according to eq. 1.2.

t .
d, = RT2 ¢ (1.2)

It is worth noting that the speed of light in a medium ¢ depends on the medium’s refractive
index n and is always lower or equal to the speed of light in vacuum ¢y, as shown in eq.
1.3.

c=— (1.3)
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Distance resolution mainly depends on the bandwidth of the LiDAR: the minimum distance
that the sensor is able to resolve depends on the duration of the transmitted light pulse
tp, which is related to bandwidth B as in eq. 1.4. Eq. 1.5 shows the expression that links

distance resolution and system bandwidth.

1

c-tp <
2 2B
If a Time to Digital Converter (TDC) is used by the LiDAR to obtain ¢p, then the quantiza-

tion of the TDC is directly translated in a quantization of the axial distance measurements,

Ad =

(1.5)

as in eq. 1.5.
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Chapter 2

Methods

This Chapter describes the measurement procedures developed in order to characterize Li-
DARs as well as the setups, hardware and software that have been designed and developed

for performing the measurements. The content of the chapter is organized as follows:

e Section 2.1 contains the description of the measurement procedures designed and

adopted for characterizing and comparing the performance of LIDAR sensors;

» Section 2.2 contains the description of the measurement setups designed, realized and

exploited for characterizing LiDAR sensors;

e Section 2.3 contains the description used to interface the PC used for data acquisition

and processing with the rest of the measurement setup.

2.1 Measurement Procedures

This Section describes the measurement procedures specifically designed to characterize
some of the most relevant parameters of LIDAR sensors that are not always provided by
manufacturers or investigated in literature, even though they provide important informa-
tion on the behavior of the instrument. Each measurement procedure follows the same

structure:
« measurement goal, identification of the measurand and its definition;
« main influence quantities and their effects on the measure;

« measurement conditions and setup (explored in depth in Section 2.2);

7



Chapter 2. Methods

« data acquisition and analysis methods.

2.1.1 Warm-Up and Stability

The first quantity to be measured (measurand) is the Warm-Up Time of the LiDAR sen-
sor. Warm-Up Time is defined by the manufacturer as "the amount of time it takes for
the sensor to attain its highest accuracy or performance level once the voltage supply has
been applied. The warm-up time helps to achieve a thermo-mechanical balance in the mea-
suring system as well as an optimal operating temperature of the electronic components".
However, a significant amount of manufacturers do not provide any information about the
Warm-Up Time of their products. In other cases, producers do state the Warm-Up Time
of the device, but they only provide generic information that doesn’t allow to understand
which deviation from nominal performances should be expected before the Warm-Up Time
has elapsed. In order to scientifically assess this characteristic of the Instrument Under Test
(IUT), a more specific definition of what “highest accuracy or performance level” means
must be provided. Moreover,the measured quantities and accuracies of interest must be
identified. Since the goal is to characterize the LIDAR mainly through distance measure-
ments, the repeatability (related to measurement precision) of distance measurements has
been chosen as the metric for estimating the Warm-Up Time. To give a technical defini-
tion of "highest accuracy or performance level" and at the same time to define a standard
procedure that can be applied to other LIDARs, Warm-Up Time was defined as the time it
takes to the measured value of a property to stay within a tolerance interval (TI) defined
by the upper (TU) and lower (TL) tolerance limits, implementing decision rules similar to
the guarded acceptance and guarded rejection used in conformity assessment as described
in JCGM 106:2012 [30], that will be mentioned before presenting the results in Chapter 3.
The second measurand is the Stability of the LIDAR sensor. This quantity is defined as the
"property of a measuring instrument, whereby its metrological properties remain constant
in time. Stability may be quantified in several ways: in terms of the duration of a time
interval over which a metrological property changes by a stated amount; in terms of the
change of a property over a stated time interval." (definition provided by JCGM 200:2012
— International Vocabulary of Metrology, VIM [31]). Since the characterization of the Li-
DAR is being performed mainly through distance measurements, the definition adopted
for Stability in this thesis work is the latter, "the change of a property over a stated time
interval", quantified by means of the experimental standard deviation of the distance (the

mean distance of the target) over a fixed amount of time starting from when the Warm-Up

8



2.1. Measurement Procedures

Time has elapsed, thus when the LiDAR reaches its rated operating condition. This is
the reason why stability measurements are performed right after Warm-Up Time measure-
ments, therefore the two procedures share the same setup and methodologies, as well as the
same influence quantities. Moreover, since Warm-Up Time is not known beforehand, the
duration of the measurement must be large enough to contain both the Warm-Up Time and
the maximum time span of interest for the evaluation of the Stability (ideally, the amount
of time in which the instrument would be employed in normal operating conditions).

Influence quantities that can affect Warm-Up Time and Stability measurements are:

o Target distance - the SNR (signal to noise ratio) is affected by the distance at
which the target is placed, thus a greater target distance (lower SNR) could have
an impact on the Warm-Up Time and Stability measurement. Because of this, it is
necessary to define different distance ranges (short range and long range, eventually
medium range) at which the target must be placed and to use the same distances for
all the different LiIDARs whose Warm-Up Time and Stability must be characterized,

in order to be able to compare the measurement results obtained by different sensors;

« Ambient temperature - the temperature of the environment in which the IUT
performs its operation influences the Warm-Up Time and Stability measures. This
happens both because the sensor’s initial temperature is related to the temperature of
the environment where it operates and because temperature may influence the refrac-
tive index of air. Since temperature variations can be significant throughout the long
time required by Warm-Up and Stability measurements, environmental temperature
must be monitored in order to fully characterize measurement conditions. Moreover,
different sensors should be characterized when operating in the same temperature
conditions or reducing the discrepancies between different operating conditions as

much as possible, in order to obtain comparable results;

o Ambient light - differences in light levels may influence LiDAR measurements,
thus the system must be characterized in an environment with controlled lighting
levels. Moreover, different sensors should be characterized when operating in the
same lighting conditions or reducing the discrepancies between different operating

conditions as much as possible, in order to obtain comparable results;

o Target reflectance - differences in targets’ reflectance may affect the SNR, thus

a single, fully characterized target must be selected for performing the Warm-Up
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Time and Stability measurement of all the different LiDARs under test. Performing
measurements on targets with different reflective properties might be an interesting

way to further investigate sensors’ features, as long as the target is fully characterized;

o Angle of reflection - the angle at which the laser beam is reflected can affect the
SNR, thus the alignment between target and sensor must be ensured throughout the

measurements [32];

e Air composition, humidity - the medium through which beams travel is charac-
terized by a refraction index (dependent on the medium’s physical composition and
conditions) that determines the speed of LIDAR beams, thus the atmosphere in which
the measurement is performed should be completely characterized to distinguish be-
tween measurement errors and drifts due to the speed of the beams being lower than

the speed of light in vacuum, that would make measured distance an overestimation;

« Shape and size of the target - LiDARs are not able to detect objects that are
significantly smaller than the laser spot that illuminates them, thus this effect be-
comes relevant when the target is at a very large distance from the IUT or when the

adopted target is small with respect to the resolution of the sensor.

Since target distance might affect both Warm-Up Time and Stability, two main distances
have been identified for investigating the behavior of the IUT: a target distance equal to
7 meters is exploited for evaluating the measurands at close range, whereas a distance of
21 meters is used for evaluating the long range behavior. Further measurement conditions
and operating modes are related to the specific IUT and to its functionalities, thus they
will be discussed in Section 2.2 when talking about the LiDAR analyzed in this thesis
work. An initial pointcloud acquisition and a planar fit of the detected target points
must be performed for each different measurement condition and every time the target is
moved at a different distance, in order to determine and eliminate any systematic error
(possible tilting of the target with respect to the optical axis of the system). Moreover, for
each measurement condition, the complete measurement procedure must be performed at
least 3 times, in order to obtain an estimate, however rough, of the type A measurement
uncertainty of Warm-Up Time and Stability.

Considering a typical operating condition to last several hours, even 8 hours or more in some
cases, in order to guarantee that Warm-Up Time plus the 8 hours considered are reasonably

contained inside the temporal window analyzed in this characterization, a total duration

10



2.1. Measurement Procedures

of 15 hours has been selected for carrying out Warm-Up and Stability measurements. The
whole data acquisition process has, thus, a total duration of 15 hours (900 minutes) with
each acquisition being performed every minute, in order to have a large amount of data
available for evaluating the metrics related to the characterization of the sensor. Every
minute, a pointcloud (in which each point is defined by its Cartesian coordinates x, vy, z,
and by the intensity of the reflected light) must be acquired and spatially filtered in order
to extract the information on target distance. Spatial filtering is performed for two reasons:
first of all because of memory optimization (it allows to discard most of the points that
don’t belong to the target before storing them in memory), but most importantly because
it reduces the complexity of the data set by reducing the amount of information that will
be processed for characterizing the IUT. The quantity of interest is the distance of points
that belong to the target, associated to its respective time of acquisition, which starts when
the IUT is powered on.

At the end of the 15 hour long acquisition process, 900 spatially filtered pointclouds (one
per minute) are available for processing. The information belonging to one single channel
of the IUT that hits the target is extracted to allow the comparison of ideally any LiDAR,
since generally each sensor has a different amount of channels. Measured target distance
Z(t) is then evaluated according to eq. 2.1, as the mean of the distances (z coordinates in

the reference frame adopted) of the N points of the target available at each time stamp.
_ 1
zZ(t) = na Zzi(t) (2.1)
i=1

Concurrently, the relative experimental standard deviation of the mean is evaluated ac-

cording to eq.2.2.

s:(t) = J P DLORE O 22)

Eq 2.2 clearly shows that increasing the number of samples N, s; decreases. Thus, in order
to be able to compare measurements performed at different distance ranges with the same
IUT, as well as measurements performed with different IUTs, it is important to select a
specific number of points N and to adopt the same value for all the measurements and
characterizations that must be performed. Further elaboration of the data obtained from
eq. 2.1 and eq. 2.2, as well as the results of Warm-Up Time and Stability measurements

are presented in Chapter 3.
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2.1.2 Range Error and Quantization

The first measurand is the range error, defined as the difference between the target distance
measured by the IUT and the one measured by an instrument that provides a higher degree
of accuracy, i.e. the interferometer that will be described in Section 2.2.

The second feature of the IUT investigated in this subsection is the quantization of distance
measurements performed internally by the LiDAR, assessed by evaluating the distribution
of measurements in the different quantization bins defined by the instrument.

Influence quantities that can affect Range Error and Quantization measurements are:

« Target distance - differences in target distance may vary the repeatability of dis-
tance measurements and the distribution of points in the different quantization bins,

thus multiple ranges must be considered for characterizing the instrument;

o Ambient light - differences in light levels may influence LiDAR measurements,
thus the system must be characterized in an environment with controlled lighting
levels. Moreover, different sensors should be characterized when operating in the
same lighting conditions or reducing the discrepancies between different operating

conditions as much as possible, in order to obtain comparable results;

o Target reflectance - differences in targets’ reflectance may affect the distance mea-
surement thus a single, fully characterized target must be selected for performing the

Range Error and Quantization measurement of all the different LIDARs under test;

« Angle of reflection - the angle at which the laser beam is reflected can impact the
distance measurement, thus the alignment between target and sensor must be ensured
throughout the measurements. Quantization is heavily affected by the possible non-

orthogonality of the target with respect to the optical axis, which must be avoided;

« Shape and size of the target - LiDARs are not able to detect objects that are
significantly smaller than the laser spot that illuminates them, thus this effect be-
comes relevant when the target is at a very large distance from the IUT or when the

adopted target is small with respect to the resolution of the sensor.

Since target distance might affect both Range Error and pointcloud arrangement, two main
subsets of distances have been identified for investigating the behavior of the IUT: a set
of target distances around 1.6 meters is exploited for evaluating the measurands at very

close range, whereas a set of distances around 7 meters is used for evaluating them at

12



2.1. Measurement Procedures

a longer range. Further measurement conditions and operating modes are related to the
specific IUT and to its functionalities, thus they will be discussed in Section 2.2. An initial
pointcloud acquisition and a planar fit of the detected target points must be performed
for each different measurement condition and operating mode to ensure that the system is
aligned and that the target is orthogonal to the optical axis.

Data acquisition is performed over a range of 49 centimeters, in order to characterize
the behavior of the IUT over distance: 25 individual pointclouds are acquired at a fixed
position and then the target is moved 10 millimeters away from the LiDAR. The acquisition
process described is repeated 50 times (thus over a total range of 49 centimeters) meaning
that, at the end of data collection, 25 - 50 = 1250 pointclouds are available for processing,
specifically 25 pointclouds for each of the 50 different distance ranges. During acquisition,
each pointcloud is spatially filtered in order to extract the information on the target, as
described in the procedure for Warm-Up Time and Stability.

Again, the information belonging to one single channel of the IUT that hits the target is
extracted, and then the x, y and z data is converted in spherical coordinates. This is done
because the LiDAR actually measures the axial distance from its laser source/detector
couple, mapping the environment on concentric spheres with quantized radii, whereas x, y
and z coordinates depend on the azimuth and elevation angles at each acquisition and do
not allow to appreciate the quantization performed by the IUT. In order to characterize
Quantization, for each acquisition n carried out at a distance d, the number of points
N(n,d,ry;,) falling in each specific radial bin 74;,, and belonging to the extracted channel
is evaluated. For each position d, its average value N and the experimental standard
deviation of the mean sy are evaluated according to eq. 2.3 and eq. 2.4, where np¢ is the

number of pointclouds available at each distance (25).

B 1 npc
N(d, ryim) = — - Z N(n,d, rymn) (2.3)
npc n=1
SePSIN (n, d, ryin — N(d, 7pin)]?
sy (d, Thin) = $ il (npc(rfpc) — 1)( in) (2.4)

In order to characterize Range Error, the distance d;yr estimated by the instrument under
test is calculated with the expression shown in eq. 2.5, where npynss is the total number of

points detected in each single acquisition and n,,, is the total number of bins considered
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for the measurement.

1 Mrin,
Z [N(n7 d; rbin) ' Tbin] (25)

Npoints  ;—1

dor(n,d) =

For each target distance d, the mean distance d;p7 and the respective experimental stan-

dard deviation of the mean are obtained with eq. 2.6 and eq. 2.7.

diyr(d) = nic . Z drrr(n, d) .
i = B .

Further elaboration of the information obtained from this analysis, as well as the results

of Range Error and Quantization measurements are presented in Chapter 3.

2.2 Measurement Setup

In order to implement the characterizations described in Chapter 2, a custom measurement
setup was designed, developed and finally realized. A high level schematic of the complete
setup is shown in Fig. 2.8. The common setup exploited in all the characterizations

performed in this work consists of several elements:
o the instrument under test (IUT) with its mounting bracket, shown in Fig. 2.1;

« a custom 21 meters long rail system based on aluminum extrusion profiles, a portion
of which is shown in Fig. 2.2, that allows to change the distance between target and

IUT while maintaining the target orthogonal to the optical axis;

« a custom multi-axis stage that allows to position the IUT and to finely tune its

orientation;

a planar reflective target mounted on a sliding carriage, shown in Fig. 2.3;
o a PC used for collecting the pointclouds from the TUT.

The IUT characterized in this thesis work is the MRS6000 3D scanning LiDAR by
SICK. The operating mode of the MRS6000 cannot be changed: the device evaluates up

14
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i e
Figure 2.1: Instrument under test (SICK MRS6000) mounted on its bracket.

to four echo signals for each measuring beam to deliver reliable measurement results even
under adverse conditions. The only degree of freedom in the evaluation of the output of
the measurement is the selection of the software echo filter to be applied, between the
available ones. The echo filter screens out unwanted measurement data and signals: it can
be chosen whether the first, the last, or all echoes are output. In order to fully characterize
the IUT, all of these configurations have been examined in this work.

The rail system allows to change the distance of the target in a range of 21 meters while
maintaining the alignment with the IUT, as well as other optical instruments that might
be adopted to evaluate the performance of the IUT itself. The vertical aluminum extrusion
profiles that sustain the structure are not fixed to the ground, they rely on screws that can
be moved to finely adjust rail height and rail tilting. The horizontal aluminum extrusion
profiles, on the other hand, are fixed to the underlying structure and present a central slot
that allows to connect and rigidly translate the sliding carriage over the whole length of
the rail.

The custom multi-axis stage allows to fix the IUT or any other instrument for range
measurement to it and to finely tune the whole block’s orientation. The stage has a total

of six degrees of freedom in its movement: it is not fixed to the ground, thus it can be
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Sliding Carriage

Screws

Custom Rail

Figure 2.2: Portion of the custom rail used to align the target to the optical axis of the system.

translated along two directions and oriented with the desired yaw angle; it exploits the
same screw system of the rail, thus its height, as well as roll and pitch angles can be
modified.

The planar reflective target adopted is the 24” by 24” hardboard model TB4 by Thorlabs,
which is fixed on a sliding carriage that can be rigidly translated along the rail to modify its
distance from the IUT while maintaining the alignment to the optical axis of the system.
The target absorbs visible light (this is why it looks black), but actually shows a reflective
behavior to infrared light, that is the one used by the majority of LiDARs. In particular,

it is a Lambertian reflective target for infrared light.

2.2.1 Warm-Up and Stability

As specified in Section 2.1, Warm-Up and Stability measurements require a long acquisi-
tion time to be carried out, thus temperature variations and lighting conditions must be
controlled, or at least monitored, to prevent them from affecting measurement results. The
thermometer used to monitor the temperature of the environment throughout the whole
duration of the measurements is the Fluke 51 II thermocouple thermometer shown in Fig.
2.4. This instruments allows to keep track of the maximum, minimum and average temper-
atures registered during the 15 hour long measurement period. The setup is located in a
closed environment, isolated from external light, thus all the measurements are performed
with the same lighting conditions. Fig. 2.5 shows a high level schematic of the setup used
for Warm-Up Time and Stability measurements, where the only missing blocks are the

thermometer and the PC used for data acquisition.
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Figure 2.4: Fluke 51 IT thermocouple thermometer.
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Figure 2.5: High level schematic of the Measurement Setup used for Warm-Up and Stability
characterization.

2.2.2 Range Error and Quantization

Range error measurements require an instrument that provides a higher degree of accuracy
than the IUT to be carried out. In addition to the common setup described before, the

interferometer shown in Fig. 2.6 is thus exploited to obtain an accurate distance reference.

The laser head emits a beam that goes through the beam splitter, where a small fraction
of the signal is deflected to the laser detector, which uses it as a reference. A significant part
of the original beam is not influenced by the beam splitter and hits the reference target,
the corner cube depicted in Fig. 2.7. The corner cube reflects the original beam back
to the beam splitter, that redirects part of the received signal to the laser detector. The
interferometric signal generated by the interaction between original beam and reflected
beam allows the measurement of relative distances with a degree of precision down to
nanometers.

Fig. 2.8 shows a high level schematic of the setup used for Range Error and Quan-
tization measurements. Since the origin of the IUT and interferometer reference frames
does not coincide, there is a fixed and unknown offset between the distances measured
by the two. This was estimated as the intercept of the linear interpolation of the values
provided by the IUT and INT translating the target along the rail. By doing so, however,

any potential offset error affecting the IUT has been compensated.
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Transducer
electrionics

Laser head

Laser detector Beam splitter

Figure 2.6: HP5527A interferometer used for accurate distance measurements. The main com-
ponents (laser head, laser detector, beam splitter and transducer electronics) are highlighted.

Figure 2.7: Newport M-BBR, 1-1I corner cube used as reflective target for the laser beam emitted
by the interferometer.
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Figure 2.8: High level schematic of the Measurement Setup used for Range Error and Quantization
measurements.

2.3 Software and Firmware

This Section gives a brief introduction to the software realized to interface the measure-
ment setup described in Section 2.1 with the PC used to collect and analyze the pointcloud
data extracted from the IUT, as well as the software tools used to communicate with the
instrumentation. All the software introduced in this Section is fully available in the Ap-
pendices.

The operating system used to interface the PC with the LiDAR is Ubuntu, version 16.04
"Xenial Xerus" in particular. The adoption of this operating system was performed because
it allows to exploit the powerful features of the Robot Operating System (ROS), a set of
software libraries and tools designed to communicate with electro-mechanical systems, to
generate a network where each node is a device, to issue commands and to collect data.
Moreover, specific software libraries that allow to interface ROS with the SICK MRS6000
are available for Linux powered devices. Appendix A contains the software guides produced
during this thesis work to correctly setup a PC for interacting with the custom measure-
ment setup proposed. The HP5527A interferometer described above was interfaced with
the PC through a GPIB-USB-B connector and specific software libraries available for Linux
systems, also described in Appendix A.

Since pointcloud data can be easily represented and stored in matrices, MATLAB has been

used to acquire the data from the IUT and process the information to obtain the metrics
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used for the characterization displayed in Chapter 3. MATLAB’s ROS Toolbox, in partic-
ular, allowed to interface the specific software realized for extracting data with the LiDAR,
enabling the automatic collection of static measurements (realized thus for Warm-Up and
Stability assessment). Appendix B contains the MATLAB software written to perform all
of the acquisition and elaboration required to obtain the results proposed in the following.
An important result of this work is the complete automation of the measurement process
for what concerns static measurements (Warm-Up and Stability), which don’t require the
target to be moved along the rail system. The possibility of realizing a fully automatic
dynamic characterization (Range Error and Quantization) is discussed between the im-

provements presented in Chapter 4.
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Results

This chapter presents measurement results obtained using the methods, materials and
software described in Chapter 2. In particular, Section 3.1 provides the results of the Warm-
Up and Stability characterization performed in different operating conditions, Section 3.2
presents the results of Range Error and Quantization characterization. The IUT that
provided these results is the SICK MRS6000 described in Section 2.2.

3.1 Warm-Up and Stability

Table 3.1 summarizes target distances and LiDAR operating conditions analyzed for as-
sessing the Warm-Up Time and Stability features of the IUT.

Target distance | Echo filter setting | Number of measurements performed
7 m First echo 3
7 m All echoes 3
7m Last echo 3
21 m First echo 3
21 m All echoes 3
21 m Last echo 3

Table 3.1: Number of Warm-Up and stability measurements performed for each different mea-
surement condition, defined by target distance and LiDAR operating mode (selected echo filter).

The metric obtained for IUT characterization according to Section 2.1, i.e. measured
target distance z(t) is used to obtain a new metric, the difference between measured target

distance at instant t and the initial measured target distance (at t = ¢y), normalized by the
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z(t) — z(to)
Z(to)
Time of the instrument, once the Tolerance Interval related to the measurement is defined.

initial measured target distance: . This metric allows to assess the Warm-Up

The metric used for assessing the stability of the IUT is the standard deviation of the mean
of measured distances, evaluated starting when the Warm-Up Time has elapsed. Assuming
that warm-up ends in the first n,, samples, Stability is calculated as the standard deviation
of the mean shown in eq. 3.1, where nyor is the total number of recorded pointclouds (900)

and Zgsteqqy is the mean distance evaluated according to eq. 3.2

1 nror
Sgsteady = e Z [2(Z> - EsteadyP (31)

nror — Nw ;=

> #() (3.2)

=N

Zsteady =
nTOT——nw—%li

The following Subsections describe the results of the measurements, classified by target

distance and LiDAR operating mode.

3.1.1 7 m Distance

The first measurement performed once the target was placed at a distance of around 7
meters includes the planar fit of the points acquired by the target, to ensure the correct
alignment of the system and no tilting with respect to the optical axis (as described in
the measurement procedure developed in Section 2.1). The top view of the planar fit of
the target is shown in Fig. 3.1. All the measurements described in this Subsection have
been performed without moving the target, the only thing that differentiates them is the
operating condition of the IUT, defined by the echo filter applied to the beams.

"First" echo filter

As mentioned in Section 2.1 the data analyzed and presented in this Chapter belongs to
a single channel of the IUT. Fig. 3.2 shows the behavior of measured target distance over
time, during the 15 hour long acquisition period. The resulting behavior displayed by the
LiDAR is an underestimation of target distance during warm-up, followed by a stabilization

around the 100 minute mark. Fig. 3.3 shows the plot of the normalized difference with
Z(t) — Z(to)

respect to the initial acquisition —
z (to)
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Figure 3.1: Top view of the plane that fits a set of target points detected by the IUT. The x
axis shows the horizontal displacement with respect to the LIDAR (x coordinate of the defined
reference frame). The y axis shows the distance (z coordinate of the reference frame). The fit
shows that the IUT and the target are aligned (the target is orthogonal to the optical axis of the
system, i.e. orthogonal to the z axis defined in the reference frame). It is possible to see that the

distance value is about 7 meters.
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Figure 3.2: Mean distance measured by one channel of the LIDAR over time with echo filter set
to "first echo". The measurements qualitatively stabilize after a period of around 100 minutes at

a value of about 7.05 meters.
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Figure 3.3: MRS6000 difference between the mean z value at instant t and mean z value at instant
to normalized by the mean z value at t( for the target at a distance of around 7 meters, with echo
filter "first".

The application of the decision rule mentioned in Section 2.1, performed selecting spe-
cific Tolerance Limits TU and TL around the steady state value Zscqqy (calculated according
to eq. 3.2 with n,, = 90 samples) and considering guard bands dependent on the standard
deviation of the mean of measured distances at each time stamp, allows to determine the
Warm-Up Time of the instrument [33]. This is obtained as the time it takes to measured
distance to stay within the most restricted acceptance interval, the one delimited by the
portion of guard bands that falls inside the acceptance interval. Fig. 3.4 shows the results

z
of the characterization by means of the ratio —— - 100.
Zsteady
As stated in Table 3.1, the measurement has been carried out for a total of 3 times

under repeatability conditions, and the estimation of the Warm-Up Time of the IUT for
the described operating conditions that satisfies the defined requirements can be safely
assessed at a value of 90 minutes.

Sz
The Stability estimated according to eq. 3.1 is —**% = (.12%.
Zsteady
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Figure 3.4: Result of one Warm-Up Time measurement performed in the specified operating
conditions. TU and TL are the limits of the tolerance interval defined around the steady state
value Zseqdy- The guard bands depend on the standard deviation of the mean of measured
distances at each time stamp and are represented by purple regions. The value t,, is obtained as
the time of the red sample, which is the time it takes to measured distance to stay within the
orange portion of the plot (tolerance interval restricted by the guard bands). In this case the
value t,, is 88 minutes.
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"All" echo filter

The following results were obtained by changing the operating mode of the LiDAR through
the modification of the echo filter applied, whereas the rest of the setup remained un-

changed. Fig. 3.5 shows the plot of the normalized difference with respect to the initial

t) —z(t
acquisition Z<)(tz)<0). Fig. 3.6 shows the results of the characterization by means of the
Z\to
ratio — - 100.
Zsteady
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Figure 3.5: MRS6000 difference between the mean z value at instant t and mean z value at instant
to normalized by the mean z value at ¢y for the target at a distance of around 7 meters, with echo
filter "all".

As stated in Table 3.1, the measurement has been carried out for a total of 3 times
under repeatability conditions, and the estimation of the Warm-Up Time of the IUT for
the described operating conditions that satisfies the defined requirements can be again
safely assessed at a value of 90 minutes. Occasionally, some mean distance measurement
fall outside of the acceptance interval, it is not trivial to understand why this happens, but
reasonably it should not happen because of the instrument not having reached Warm-Up
Time.

The Stability estimated according to eq. 3.1 is 5;“”;’ = 0.12%.
steady
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Figure 3.6: Result of one Warm-Up Time measurement performed in the specified operating
conditions. The value t,, required for measured distance to stay within the orange portion of the
plot is 61 minutes, but the plot shows clearly that the distance value stabilizes around the 100%
ratio at about 90 minutes.

"Last" echo filter

The following results were obtained by changing the operating mode of the LiDAR through
the modification of the echo filter applied, whereas the rest of the setup remained un-

changed. Fig. 3.7 shows the plot of the normalized difference with respect to the initial

t) —z(t
acquisition W. Fig. 3.8 shows the results of the characterization by means of the
Z\lo
ratio — - 100.
Zsteady

As stated in Table 3.1, the measurement has been carried out for a total of 3 times
under repeatability conditions, and the estimation of the Warm-Up Time of the IUT for
the described operating conditions that satisfies the defined requirements can be again
safely assessed at a value of 90 minutes. Mode "last" shows an higher Warm-Up Time in
average, but this seems due to possible measurement errors or background noise, rather
than the instrument not having completed its warm-up.

Sz
The Stability estimated according to eq. 3.1 is —**% = (.11%.
Zsteady
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Figure 3.7: MRS6000 difference between the mean z value at instant t and mean z value at instant
to normalized by the mean z value at ¢y for the target at a distance of around 7 meters, with echo

filter "last".
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Figure 3.8: Result of one Warm-Up Time measurement performed in the specified operating
conditions. The value t,, required by measured distance to stay within the orange portion of the
plot is 118 minutes, but once again the distance value stabilizes around the 100% ratio at about

90 minutes.
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3.1.2 21 m Distance

Warm-Up Time and Stability measurements performed at around 21 meters were carried
out following the same procedure used for the 7 meters distance described above. Fig. 3.9
shows an example behavior of the mean distance over time. With respect to Fig. 3.2, the
distance measurement presents a wider range of uncertainty, however the measure begins

to oscillate around the steady state value at a time of about 90 minutes once again. All
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Figure 3.9: Mean distance measured by one channel of the LiDAR over time with echo filter
set to "first echo". The measurements qualitatively stabilize after a period of about 90 minutes,
oscillating around the value of 20.725 meters.

the measurements described in this Subsection have been performed without moving the
target, the only thing that differentiates them is the operating condition of the IUT, de-
fined by the echo filter applied to the beams. As described in the previous Section, the
Warm-Up Time of the instrument was obtained selecting specific Tolerance Limits TU and
TL (a larger Tolerance Interval, due to the bigger uncertainty of the measurement) around
the steady state value Zgqqy (calculated according to eq. 3.2 with n,, = 90 samples) and
considering guard bands dependent on the standard deviation of the mean of measured
distances at each time stamp, hence larger than those seen at 7 meters. It is important to
mention, however, that some points are randomly not detected by the LiDAR at certain
time stamps, causing a non-homogeneity of the data to be analyzed that doesn’t allow to

always obtain a clear plot of the results of the measurements.
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"First" echo filter

Fig. 3.10 shows the results of the characterization by means of the ratio —
Zsteady

- 100.
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Figure 3.10: Result of one Warm-Up Time measurement performed in the specified operating
conditions. The value t,, is obtained as the time of the red sample, which is the time it takes to
measured distance to stay within the orange portion of the plot (tolerance interval restricted by
the guard bands), excluding isolated overestimation that affects the measurements. In this case
the value t,, is 85 minutes.

As stated in Table 3.1, the measurement has been carried out for a total of 3 times
under repeatability conditions, and the estimation of the Warm-Up Time of the IUT for
the described operating conditions that satisfies the defined requirements can be safely
assessed at a value of 90 minutes.

The Stability estimated according to eq. 3.1 is 6:2’57‘”“’ = 5.8917 - 102%.

Zsteady

"All" echo filter

Fig. 3.11 shows the plot of the normalized difference with respect to the initial acquisition
Z(t) — Z(to)
Z(to
whole 900 minutes long period, making the evaluation of the Warm-Up Time difficult to

. As shown in the plot, the dispersion of measurements is very broad for the
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3.1. Warm-Up and Stability

be carried out. The two time stamps highlighted in the Figure, belonging to the 5-30
min temporal range, show the end of the initial overshoot of the measurement (around
16 minutes) and one of the first samples that measure the steady state value (around 36
minutes), respectively. It is important to notice that the manufacturer declares a Warm-
Up Time of 5-30 minutes for the IUT, meaning that this estimate could be obtained to the
evaluation of conditions similar to those just used for locating the two highlighted points
in Fig. 3.11. An interesting fact is that this type of behavior around the 5-30 minutes
time range is noticeable for each one of the measurements performed, independently from
target distance.

According to the definition of Warm-Up Time given in this thesis work, the metric obtained
evaluating this operating condition is not relevant, since LIDAR measurements could be
considering undesired echoes and mixing relevant target information with environmental

noise due to the non-ideal measurement environment.
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Figure 3.11: MRS6000 difference between the mean z value at instant t and mean z value at
instant to normalized by the mean z value at tg for the target at a distance of around 21 meters,
with echo filter "all".
S_
The Stability estimated according to eq. 3.1 is —=<% — 8.2749 - 10~2%.
Zsteady
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"Last" echo filter

Z(t) — Z(to)
Z(to)
As for the case of the "all" echo filter, the dispersion of measurements is very broad for the

Fig. 3.12 shows the normalized difference with respect to the initial acquisition

whole 900 minutes long period. The sample highlighted at 90 minutes is used as a reference
starting point for the oscillation of measured distances around the steady state value. Once
again, the measurement has been carried out for a total of 3 times under repeatability
conditions, and it is safe to state a Warm-Up Time of 90 minutes for this operating mode,
according to the definition provided in Section 2.1. According to the definition given by
the manufacturer, however, the IUT can be considered ready for operation after about 5

to 30 minutes.
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Figure 3.12: MRS6000 difference between the mean z value at instant t and mean z value at
instant g normalized by the mean z value at £y for the target at a distance of around 21 meters,
with echo filter "last".

Sz
The Stability estimated according to eq. 3.1 is —**% = 6.4898 - 10~2%.
Zsteady

3.2 Range Error and Quantization

Table 3.2 summarizes target distance ranges and LiDAR operating conditions analyzed for

assessing the Range Error and Quantization features of the IUT.
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3.2. Range Error and Quantization

Target distance (49 cm range) | Echo filter setting | Number of measurements
1.35m - 1.84 m First echo 1
1.35m - 1.84 m Last echo 1
6.86 m - 7.25 m First echo 1
6.86 m - 7.25 m Last echo 1

Table 3.2: Number of Range Error and Quantization measurements performed for each different
measurement condition, defined by target distance ranges and LiDAR operating mode (selected
echo filter).

The motivation behind Quantization measurements lies in the method that 3D ToF scan-
ning LiDARs use to map objects. As shown in Fig. 3.13, the planar target fixed at a
distance of around 1.4 meters is mapped on concentric spheres having quantized radii.
This mapping method is independent from distance: the IUT measures the Time-of-Flight
of the beam with a quantization related to its Time to Digital Converter and to its elec-
tronics’ operating frequency. When the target is far from the LiDAR, however, the small
portion of spherical surface on which the points are mapped approximates a plane , and
this effect is less noticeable. Considering a single channel of the IUT, Fig. 3.14 shows a
schematic representation of how the IUT scans its surroundings, giving a top view of how
points belonging to a planar target are mapped on concentric circles (concentric spheres
when considering multiple channels). Analyzing raw pointclouds, converted to spherical
coordinates in order to have the same data representation of the IUT, the quantization
step that separates two adjacent radial bins r;,, dd, was evaluated. In particular, the value
of this quantization step is dd = 0.0625 m or, equivalently, dd = 6.25 cm.

The metric analyzed in order to characterize the quantization performed by the IUT
is the distribution of the occurrences of a reduced set of points belonging to the target
in the different radial bins, while finely changing the position of the target (moving it by
1 cm steps) as mentioned in Section 2.1. The results of the measurement are obtained
from the distribution of the average number of points, N(d, ryy,), as a function of target
position d. Quantization was evaluated for a total of 4 different operating conditions, as
summarized in Table 3.2. The results obtained for the first operating condition are shown
in Fig. 3.15, those obtained for the second operating condition are shown in Fig. 3.16, the
metrics relative to the two different operating conditions characterized at a set of distances
around 7 meters are shown in Fig. 3.17 and Fig. 3.18.

Range Error €(d) was characterized for each target position with the expression dis-

played in eq. 3.3, where d;yr(d) is the distance measured by the interferometer when the
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1.6

. 0.2 1.4
z (m) o 19 s ()

Figure 3.13: Example of point-cloud acquired by the IUT once the target was at a distance of
about 1.4 meters. The blue dots represent all the points that belong to the target. The red circles
represent the points belonging to a single channel. The planar target undergoes a deformation
due to the representation on spherical surfaces.
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3.2. Range Error and Quantization

P

Figure 3.14: Schematic representation of how the IUT scans its surroundings (top view). The
red semicircles represent the quantization in the distance estimate. Each of these semicircles
constitutes a bin, and its radius differs by one quantization step from the adjacent semicircles.
Blue circles represent the result of the sampling of the target performed by one channel of the
IUT. Due to quantization and measurement errors, the samples are distributed over several bins.
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Figure 3.15: Results of Quantization characterization for d € (1.3,1.9) m and echo filter “first”.
Each curve represents the Gaussian function obtained by fitting the N(d,7,) values relative to
a specific bin (identified by a different color); the numbers on top of the curves represent the 74,
values. For example, when the target was at d = 1.502 m, almost all the points of the channel
fell on bin 7y, = 1.5 m. When the target was at d = 1.782 m, instead, the points of the channel
detecting it distributed among the bins 7, = 1.75 m and ry;, = 1.8125 m. The error bars
represent the experimental standard deviations of the mean s g (d, 7pin)-
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Figure 3.16: Results of Quantization characterization for d € (1.3,1.9) m and echo filter “last”.
Each curve represents the Gaussian function obtained by fitting the N(d,r,) values relative to
a specific bin (identified by a different color); the numbers on top of the curves represent the 74,
values. The error bars represent the experimental standard deviations of the mean sy (d, 7;y,).
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Figure 3.17: Results of Quantization characterization for d € (6.8,7.4) m and echo filter “first”.
Each curve represents the Gaussian function obtained by fitting the N (d, rpin) values relative to
a specific bin (identified by a different color); the numbers on top of the curves represent the 74,
values. The error bars represent the experimental standard deviations of the mean sy (d, 7).
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Figure 3.18: Results of Quantization characterization for d € (6.8,7.4) m and echo filter “last”.
Each curve represents the Gaussian function obtained by fitting the N (d, rpin) values relative to
a specific bin (identified by a different color); the numbers on top of the curves represent the 74,
values. The error bars represent the experimental standard deviations of the mean sy (d, 7).
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3.2. Range Error and Quantization

target is placed in position d.
E(d) = d[NT(d) — d_[UT(d) . (33)

Fig. 3.19 and Fig. 3.20 show the results of Range Error characterization for the set of
distances around 1.6 m and the set of distances around 7 m respectively. The plots show
the distributions of the errors, the height of each bar being the probability that the error
fell inside the range defined by the width of the bar itself.
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Figure 3.19: Distribution of the errors € for d € (1.3,1.9) m. The height of each bar represents
the probability that the error fell within the range defined by the width of the bar. For each bar,

the blue diamond represents the probability evaluated for the “first” echo mode and the orange
square represents the probability evaluated for the “last” echo mode.

The characterization of Range Error was ultimately performed by considering one sin-
gle point instead of an entire channel, to evaluate the axial measurement performance of
the IUT without the possibility of averaging out errors by considering a greater number
of points. The procedure followed for single-point characterization is exactly the same
described in Section 2.1 for a reduced set of points belonging to a channel, and once again
the error was defined with the expression shown in eq. 3.3. The metric corresponding
to the N(n,d, ry;,), describing the occurrence of points in different radial bins ry;,, was
defined as I'(n, d, ry;,) for single point analysis, and the Gaussian fitting of occurrences
was performed once again. Fig. 3.21, Fig. 3.22, Fig. 3.23, Fig. 3.24 show the distribution
of errors in each one of the different measurement conditions defined by Table 3.2. It is
important to notice that the o values obtained from Gaussian fittings are compatible with

the range error declared by the manufacturer in the datasheet, which is equal to 30 mm.
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Figure 3.20: Distribution of the errors e for d € (6.8,7.4) m. The height of each bar represents
the probability that the error fell within the range defined by the width of the bar. For each bar,
the blue diamond represents the probability evaluated for the “first” echo mode and the orange
square represents the probability evaluated for the “last” echo mode.
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Figure 3.21: Distribution of the single-point analysis errors € for d € (1.3,1.9) m and echo filter
“first”. The height of each bar represents the probability that the error fell within the range
defined by the width of the bar. The orange curve represents the result of the fitting with a
Gaussian function. Values obtained from the Gaussian fitting: g = —2.08 mm, o, = 27.77 mm.
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Figure 3.22: Distribution of the single-point analysis errors € for d € (1.3,1.9) m and echo filter
“last”. The height of each bar represents the probability that the error fell within the range
defined by the width of the bar. The orange curve represents the result of the fitting with a
Gaussian function. Values obtained from the Gaussian fitting: pe = —1.98 mm, o, = 27.67 mm.
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Figure 3.23: Distribution of the single-point analysis errors € for d € (6.8,7.4) m and echo filter
“first”. The height of each bar represents the probability that the error fell within the range
defined by the width of the bar. The orange curve represents the result of the fitting with a
Gaussian function. Values obtained from the Gaussian fitting: g = —0.21 mm, o, = 26.47 mm.
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Figure 3.24: Distribution of the single-point analysis errors € for d € (6.8,7.4) m and echo filter
“last”. The height of each bar represents the probability that the error fell within the range
defined by the width of the bar. The orange curve represents the result of the fitting with a
Gaussian function. Values obtained from the Gaussian fitting: g = 0.19 mm, o, = 25.52 mm.
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Chapter 4
Conclusions

The increasing importance of LiDARs, especially for what concerns cutting-edge techno-
logical applications such as ADAS and autonomous driving, is focusing research efforts
towards effective, standardized characterizations of these instruments in a lot of different
application fields. For what concerns automotive in particular, the current lack of nation-
al/international standards and the non-homogeneity of the data provided by manufacturers
constitutes a relevant issue for ADAS designers and vehicle manufacturers worldwide. De-
spite of the significant number of new studies, research activities and overall investigations,
some relevant characteristics that define the behavior of these sensors are still not being
highlighted, leaving some gaps in the knowledge we currently have of their behavior.

The purpose of this work was to effectively identify some relevant parameters that allow to
characterize any type of LIDAR and to provide a general methodology focused on investi-
gating specifically defined metrological properties of these instruments. The study of both
LiDAR working principles and research literature allowed to identify four metrics that are
currently not being investigated, but that are of paramount relevance for characterizing
the behavior of LiDAR systems: warm-up time, stability, range error, quantization. The
first two metrics allow to assess the performance of the instrument over time, whereas the
other two allow to quantify the measurement error due to how real world information is
sensed and represented by the instrument. In order to achieve the proposed goal, formal
definitions of the measurands identified through the investigation and of the measurement
procedures designed to guarantee the repeatability of the characterization have been pro-
vided. A modular custom measurement setup has been then designed and realized to enable
the execution of the measurement procedures, and fully characterize ideally any type of

LiDAR in a various range of operating conditions. The software used for characterization
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has been designed and developed, allowing to perform complete static characterizations
automatically. The validation of the research activity, measurement procedures and mea-
surement setup altogether has been ultimately performed by characterizing a state of the
art 3D ToF scanning LiDAR, the MRS6000 by SICK. The results proposed in Chapter 3
give a significant display of the ability of the overall system (constituted by measurement
procedures, setup and software) to characterize the relevant features of the TUT.

In particular, the proposed methodology allowed to assess the Warm-Up Time of the in-
strument, which resulted independent on distance and operating mode, and the Stability
of the measurement, providing a relevant characterization of the behavior of the LiDAR
over time; moreover, the system proved to be suitable for Range Error and Quantization
measurements, allowing to investigate "how" the LiDAR works, how it maps the surround-
ing environment and how it encapsulates spatial information inside discrete pointclouds.
One incredible quality of the applied methodology is, without doubt, modularity, both
in the measurement procedures and in the measurement setups, that makes the overall
system easy to expand, in order to overcome its current limitations or to enrich it with
further characterization possibilities. Some improvements that can be achieved because of

modularity are:

« extension of the rail, to allow long range characterizations at a distance above 21 m
(if desired);

« automation of the dynamic characterization (Range Error and Quantization);
« definition and realization of additional characterizations.

The possibility of realizing automatic dynamic characterization has been investigated dur-
ing this thesis work, leading to the realization of the prototype motor unit shown in Fig.
4.1: this unit could be directly linked to the target’s sliding carriage and remotely controlled
in order to make the movement of the target along the rail system completely automatic,
thus enabling automatic Range Error and Quantization measurements.

In conclusion, not only the presented methodologies are able to give a useful character-
ization of important LiDAR features that are currently not being investigated, they also
constitute a basic framework that can be easily expanded to allow further characterizations
according to the specific needs. Moreover, the system allows direct comparison between dif-
ferent LiDARs, making them undergo the same characterization procedures and obtaining

comparable metrics that define their performance and suitability for a specific application
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Figure 4.1: Prototype motor unit realized for automatically moving the sliding carriage of the
target via remote control. This unit can be directly linked to the sliding carriage thanks to the
modularity of the system.

field. This is especially useful in automotive applications, where the ability to correctly

characterize sensors enables far more powerful and innovative technologies.
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Appendix A - Software Guides

I Ubuntu 16.04 LTS (Xenial Xerus) guide

Ubuntu 16.04 LTS (Xenial Xerus) guide

1. Resources

The operating system’s image file is available for download at the following web page
https://releases.ubuntu.com/16.04.7/7_ga=2.80586583.1346164706.1606991737-293788104.

1605203282

The installation guide is available at the following web page

https://ubuntu.com/tutorials/install-ubuntu-desktop#l-overview

The list of ROS distributions is available at the following web page
http://wiki.ros.org/Distributions#Distribution_Details

2. Compeatibility

Ubuntu 16.04 is compatible with ROS Kinetic Kame (EOL date visible on ROS distri-

butions’ webpage).

Ubuntu 16.04 is compatible with MATLAB (ROS toolbox available for version R2020b).
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II ROS for Ubuntu 16.04 guide

ROS guide (Ubuntu 16.04)
1. Resources

ROS distributions available for download at the following web page
http://wiki.ros.org/Distributions

ROS documentation available at the following web page

http://wiki.ros.org/

SICK GitHub repository
https://github.com/SICKAG/sick_scan

2. ROS setup guide

Open the terminal.

Execute the following commands:

sudo sh -c ’echo "deb http://packages.ros.org/ros/ubuntu $(Isb_ release -sc) main" > ...
/ete/apt/sources.list.d /ros-latest.list’ (Setup the computer to accept software from pack-
ages.ros.org)

sudo apt-key adv —keyserver 'hkp://keyserver.ubuntu.com:80’ —recv-key ...
C1CF6E31E6BADES868B172B4F42EDG6FBAB17C654 (Setup your keys)

sudo apt-get update (make sure Debian package index is up to date)

sudo apt-get install ros-kinetic-desktop-full (full install of ROS kinetic)

3. ROS setup for MRS6000

Open the terminal. NOTE: some of these instructions might require to issue sudo be-
cause they can only be executed by a system administrator.

Download the sick scan packet using the following instructions:

source /opt/ros/kinetic/setup.bash

mkdir -p /ros_catkin_ws/src/
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II. ROS for Ubuntu 16.04 guide

cd /ros_catkin_ws/src/

git clone -b devel —single-branch

git://github.com/SICKAG /sick _scan.git

The last instruction might not work. If it doesn’t work, manually download the packet
from

https://github.com/SICKAG/sick_scan

Once the packet is downloaded, it must be copied in its destination directory:

mv sick scan-master /ros_catkin_ws/src/

When the process is over, issue:

cd ..

catkin make install

source /ros_catkin_ws/install/setup.bash

Before launching the packet, the IP address of the device (the MRS6000 LiDAR in this
case) must be configured so that it shares the same subnetmask of the PC.

When a window with the message “Connected” is displayed, ROS can be launched with
the following command:

roslaunch sick scan sick mrs 6xxx.launch
4. How to use ROS

Make sure that the device to be controlled is plugged to the PC and that drivers for
this device are installed. See device-specific guides for detailed information on how to get
and install drivers.

Issue rosinit to initialize the ROS master and global node.

Use rostopic list to see the full list of available topics.

Online documentation is available for detailed information on how to control specific de-
vices using ROS.

When finished using the device, issue rosshutdown to shut down the ROS master and delete
the global node.
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IIT MATLAB ROS guide

MATLAB ROS guide

1. Resources

MATLAB version R2020b is available for download at the following web page

https://it.mathworks.com/downloads/web_downloads/select_release?mode=guylf

ROS toolbox documentation available at the following web page
https://it.mathworks.com/help/ros/

2. ROS Toolbox installation guide

Open the terminal inside the directory where the MATLAB executable is located.
Execute the command ./matlab (for AMD powered PCs, ./matlab -softwareopengl might
be required).

Under the “HOME?” tab, click on “Add-Ons”.

Search “ros toolbox”.

Open “ROS Toolbox” by MathWorks.

Click on “Install”.

3. How to use ROS

Make sure that the device to be controlled is plugged to the PC and that drivers for
this device are installed. See device-specific guides for detailed information on how to get
and install drivers.

Open MATLAB R2020b, open MATLAB’s Command Window in order to issue commands.
Issue “rosinit” to initialize the ROS master and global node.

Use “rostopic list” to see the full list of available topics.

See device-specific guides for detailed information on how to control them using ROS for
MATLAB.

When finished using the device, issue “rosshutdown” to shut down the ROS master and
delete the global node.
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IV. MRS6000 guide

IV . MRS6000 guide

MRS6000 guide

1. Resources

MRS6000 documentation available at the following web page
https://www.sick.com/it/it/soluzioni-di-misurazione-e-rilevamento/sensori-3d-lidar/
mrs6000/c/g448151

ROS documentation available at the following web page

http://wiki.ros.org/
2. MRS6000 setup guide

Power on the MRS6000 and connect it to the PC via Ethernet.

Open connection settings in order to configure the Ethernet connection between PC and
LiDAR.

Manually set the PC’s IPv4 address for this connection to 192.168.0.175, the netmask to
24 (255.255.255.0) and the gateway to 0.0.0.0

The next step requires to know the IP address of the MRS6000 (192.168.0.150). Open the
terminal and input the following commands:

sudo ifconfig enp2s0 192.168.0.175

sudo route add 192.168.0.150 enp2s0

Now the web page at address 192.168.0.150 (IP address of the MRS6000) should be acces-
sible.

For the following steps, make sure that ROS Kinetic Kame is already installed on the
system and refer to the “ROS for Ubuntu 16.04 guide”.

3. MRS6000 control through MATLAB (ROS Toolbox)
Issue rosinit to initialize the ROS master and global node.
Use rostopic list to see the full list of available topics.

Use the rossubscriber command to subscribe to the desired topic (can receive and examine
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the messages that are sent).

Use the receive command to get data from the subscriber (to store the data, issue “data
= receive(<sub>, <timeout>)”).

When finished using the device, issue rosshutdown to shut down the ROS master and delete
the global node.

Example: code for storing one frame of the scan performed by the MRS6000 as a point-
cloud and plotting it in 3D.

rosinit

camera = rossubscriber(’/cloud’)

scandatal = receive(camera,l)

X1 = readField(scandatal,’x’);

Y1 = readField(scandatal,’y’);

Z1 = readField(scandatal,’z’);

plot3(X1,Y1,Z1, 'b., "MarkerSize’, 4)

rosshutdown

V Interferometer (HP5527A) guide

Interferometer guide (HP5527A)

1. Resources

GPIB-USB-B drivers
https://www.ni.com/it-it/support/downloads/drivers/download.ni-488-2.html#306147

Pyvisa documentation available at the following web page

https://pyvisa.readthedocs.io/en/latest/

Python releases available at the following web page

https://www.python.org/downloads/windows/

2. Interferometer setup guide
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Make sure to have Python installed on the system (both Python 2.7.18 and Python 3.9.0
are suitable to interact with the interferometer, link to the website in “Resources”).
Install the required packets using the following instructions:

sudo apt-get install libelf-dev

apt install python-pip

pip install -U pyvisa

pip install -U pyvisa-py

apt install fxload

Download the following packets required for operating National Instruments’ GPIB-USB-
B:

linux-gpib-4.2.0

PyVISA-py-0.3.1

gpib_ firmware-2008-08-10

Execute the command

sudo passwd root

Open the linux-gpib-4.2.0 folder and extract the two folders it contains (user and kernel).
Open the gpib.conf file and edit the interface type to be “ni_usb_b”.

Check that these values are equal to those written in the file:

minor = 0 /* board index, minor = 0 uses /dev/gpib0, minor = 1 uses /dev/gpibl, etc.
*/

board_type = "ni_usb_b" /* type of interface board being used */

name = "gpib0" /* optional name, allows you to get a board descriptor using ibfind() */
pad = 0 /* primary address of interface */

sad = 0 /* secondary address of interface */

timeout = T3s /* timeout for commands */

For both folders execute the following steps:

./configure
make

Now two symlinks must be created in order to avoid an error in the execution:
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sudo In -s /usr/src/linux-headers-4.15.0-58-generic/include/generated /autoconf.h...

Jusr/src/linux-headers-4.15.0-58-generic/include /linux

sudo In -s /usr/src/linux-headers-4.15.0-58-generic/include/config/auto.conf...

/usr /sre/linux-headers-4.15.0-58-generic /include/linux
make install
Now check if the gpib is working by executing:

ldconfig
gpib_ conf

Now access the folder “gpib_firmware-2008-08-10" and open the “ni_ gpib_usb_b” folder
which contains two .hex files that must be loaded on the GPIB. Copy the “ni_ gpib_usb_b”
folder in /lib/udev, renaming it as “ni__usb_ gpib”.

The next step is to go in /lib/udev/ni_usb_gpib and check that the file “ni_ gpib_ usb”
looks like this:

GPIB__ CONFIG__OPTIONS="-minor 0"

DATADIR=/lib/firmware/ni_usb_ gpib

FXLOAD=fxload

FXLOAD OPTIONS="-D fx'

In /lib/udev/rules.d create the file “99-ni_usb_ gpib.rules” that contains:

SUBSYSTEM=="usb', ACTION=="add", ENVDEVTYPE=="usb_ device', ATTRidVen-
dor=="3923", ATTRidProduct=="702[ab]", ENVDEVICE="$devnode", ENVSERIAL=
"$attrserial’', RUN+="/usr/local/etc/hotplug/usb/ni_usb_ gpib"

SUBSYSTEM=="usb", ACTION=="add", ENVDEVTYPE=="usb_ device', ATTRidVen-
dor=="3923", ATTRidProduct=="713b", ENVDEVICE="$devnode", ENVSERIAL= "$at-
trserial", RUN+="/usr/local/etc/hotplug/usb/ni_usb_ gpib"

SUBSYSTEM=="usb", ACTION=="add", ENVDEVTYPE=="usb_ device", ATTRidVen-
dor=="3923", ATTRidProduct=="709b", ENVDEVICE="$devnode"', ENVSERIAL= "$at-
trserial", RUN+="/usr/local/etc/hotplug/usb/ni_usb_ gpib"

SUBSYSTEM=="usb", ACTION=="add", ENVDEVTYPE=="usb_ device"', ATTRidVen-
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dor=="3923", ATTRidProduct=="7618", ENVDEVICE="$devnode', ENVSERIAL= "$at-
trserial", RUN+="/usr/local /etc/hotplug/usb/ni_usb_ gpib'

Check the presence of the “ni_usb_gpib” folder inside the /lib/firmware directory and
that it contains firmware files. Now issue Isusb, that allows us to see if the GPIB is con-
nected to the PC and to get Device and Bus numbers.

Load the driver with fxload -D /dev/bus/usb/001/002 -I niusbb_ firmware.hex -s ...

niusbb loader.hex

copy the ko file located in /lib/modules/LINUXKERNELFOLDER/ to the /lib/mod-
ules/LINUXKERNELFOLDER /gpib/ni_usb folder.

Execute:

Isusb

gpib_ config

modprobe ni__usb_ gpib

modinfo ni_usb_gpib

ibtest

Now everything should work.

Switch the interferometer on.

Open command prompt as administrator (right click + run as administrator).

Run Python by issuing the “python” command.

Execute the following commands:

» import pyvisa

» rm = pyvisa.ResourceManager()

» rm.list_resources()

Something like (u‘GPIB0::3::INSTR’) should be detected

» inst = rm.open_ resource(‘GPIB0::3::INSTR’)

After this command the interferometer setup is completed and the device is ready to com-
municate. In order to communicate with the device, issue queries through the inst.query
command. For the full list of queries refer to the manual in “Resources” or execute the »
print(inst.query(“INST?”)) command.

Example: issuing a query to obtain a distance measurement
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» print(inst.query(“XPOS?"))
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Appendix B - MATLAB code

I Scan example

%MATLAB example code to collect a pointcloud from the LIDAR and obtain its 3D plot
rosinit

camera = rossubscriber(’/cloud’)

scandatal = receive(camera,1)

X1 = readField(scandatal,’x’);

Y1 = readField(scandatal,’y’);

Z1 = readField(scandatal,’z’);

plot3(X1,Y1,Z1, 'b., "MarkerSize’, 4)

II Crop and Fit example

%MATLAB example code to spatially crop a stored pointcloud and obtain mean distance,
standard deviation of the distance and planar fit.

Y 1min=-0.23;

Y 1max=-0.09;

Z1min=0.1229;

Z1max=0.2035;

index = ((Y1 > Ylmin) & (Y1 < Ylmax) & (Z1 > Z1lmin) & (Z1 < Zlmax));
Ylcrop = Y1(index);

Zlcrop = Z1(index);

Xlerop = X1(index);

plot3(X1crop, Ylcrop, Zlcrop, 'b., "MarkerSize’, 4);
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mean(X1crop)
std(X1crop)
plan = fit([Y1lcrop Zlcrop|, Xlcrop, polyll);

plot(plan, [x y], 2)

IIT Warm-Up and Stability, 7m acquisition

%MATLAB code to automatically collect the data required for Warm-Up Time and Sta-
bility measurements at 7 m (900 pointclouds, 1 each minute for 900 minutes).
Xmin = 6;

Xmax = §;
Ymin = -1;
Ymax = 1;
Zmin = -1;
Zmax = 0.35;

acquisitioninterval = 60;

totaltime = 900;

camera = rossubscriber(’/cloud’);

for i = 1:1:totaltime

scandata = receive(camera,l);

XYZtemp = readXYZ(scandata);

Itemp = readField(scandata, ’intensity’);

index = ((XYZtemp(:,1) > Xmin) & (XYZtemp(:,1) < Xmax) & (XYZtemp(:,2) > Ymin)
& (XYZtemp(:,2) < Ymax) & (XYZtemp(:,3) > Zmin) & (XYZtemp(:,3) < Zmax));
data(i).XYZ = XYZtemp(index, 1:3);

data(i).intensity = Itemp(index);

pause(acquisitioninterval);

end

disp("Acquisition completed.’);
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IV  Warm-Up and Stability, 7m plot

%MATLAB code to plot the statistical data related to a single channel selected by the
user.

Zbase = -0.146;

deltaZ = 0.077,

numchannel = input(’Channel number (1 to 6)7 ’)

Zmintemp = Zbase + (deltaZ*(numchannel-1)) - (deltaZ/2);

Zmaxtemp = Zbase + (deltaZ*(numchannel-1)) + (deltaZ/2);

for i = 1:1:totaltime

index = ((data(i).XYZ(:,3) > Zmintemp) & (data(i).XYZ(:,3) < Zmaxtemp));
datachannel(i).XYZ = data(i).XYZ(index, 1:3);

datachannel(i).intensity = data(i).intensity(index);

Y

)

meandistancechannel(i) = mean(datachannel(i).XYZ(:,1));

end

j = [L:1:totaltime];

figure;

plot3(data(1).XYZ(:,1), data(1).XYZ(:,2), data(1).XYZ(:,3), 'b’, "MarkerSize’, 7)

grid on;

figure;

plot3(data(720).XYZ(:,1), data(720).XYZ(:,2), data(720).XYZ(:,3), 'b.’, '"MarkerSize’, 7)
grid on;

figure;

plot3(datachannel(1).XYZ(:,1), datachannel(1).XYZ(:,2), datachannel(1).XYZ(:,3), 'b., ...
"MarkerSize’, 7)

grid on;

figure;

plot3(datachannel(720).XYZ(:,1), datachannel(720).XY(:,2), datachannel(720).XYZ(:,3),
b, "MarkerSize’, 7)

grid on;

figure;

scatter(j, meandistancechannel);

grid on;

xlabel("Time (min)’)
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ylabel(’Mean distance (m)’)

figure;

scatter(j, (meandistancechannel - meandistancechannel(1))./meandistancechannel(1));
grid on;

xlabel("Time (min)’)

20— 2(0)
ylabel( = B

"interpreter’,’latex’,’FontSize’, 16)

V  Warm-Up and Stability, 7m elaboration

%MATLAB code to perform the statistical elaboration related to a single channel selected
by the user.

M=[]; STDD=([]; STDDN=(];

Zbase = -0.146;

deltaZ = 0.077;

numchannel = input(’Channel number (1 to 6)? ’);

Zmintemp = Zbase + (deltaZ*(numchannel-1)) - (deltaZ/2);

Zmaxtemp = Zbase + (deltaZ*(numchannel-1)) + (deltaZ/2);

for i = 1:1:totaltime

index = ((data(i).XYZ(:,3) > Zmintemp) & (data(i).XYZ(:,3) < Zmaxtemp));

X = data(i).XYZ(index, 1);

Y = data(i).XYZ(index, 2)
Z = data(i).XYZ(index, 3);
I = data(i).intensity(index);

Y

Mtemp = mean(X);

M = [M, Mtemp];

STDDtemp = std(X);

STDD = [STDD, STDDtemp];

STDDNtemp = std(X)/(sqrt(numel(X))*M(1));
STDDN = [STDDN, STDDNtemp];

end

j = L:1:totaltime;

figure;
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scatter(j, M);

grid on;

xlabel('Time (min)’)
ylabel("Mean distance (m)’)
figure;

scatter(j, (M - M(1))/M(1));
grid on;

xlabel("Time (min)’)

Z(t) — z(t
ylabel(’M’,’interpreter’,’latex’,’FontSize’, 16)

Z(to)
figure;
scatter(j, STDDN);
grid on;

xlabel(’ Tlme ( in)’)
) 0

{

ylabel Jinterpreter’,’latex’,’FontSize’, 16)

VI Warm-Up and Stability, 21m acquisition

%MATLAB code to automatically collect the data required for Warm-Up Time and Sta-

bility measurements at 21 m (900 pointclouds, 1 each minute for 900 minutes).

rosinit

Ymin = -1;
Ymax = 1;
Zmin = -1;
Zmax = 0.35;

acquisitioninterval = 60;

totaltime = 900;

camera = rossubscriber(’/cloud’);

for i = 1:1:totaltime

scandata = receive(camera,1);

XYZtemp = readXYZ(scandata);

Itemp = readField(scandata, 'intensity’);

index = ((XYZtemp(:,2) > Ymin) & (XYZtemp(:,2) < Ymax) & (XYZtemp(:,3) > Zmin)
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& (XYZtemp(:,3) < Zmax));
data(i).XYZ = XYZtemp(index, 1:3);
data(i).intensity = Itemp(index);
pause(acquisitioninterval);

end

disp("Acquisition completed.’);

VII Warm-Up and Stability, 21m plot

%MATLAB code to plot the statistical data related to a single channel selected by the
user for 21 m acquisitions.

Zbase = -0.205;

deltaZ = 0.225;

numchannel = input(’Channel number (1 to 6)7 ’

)

)
Zmintemp = Zbase + (deltaZ*(numchannel-1)) - (deltaZ/2);
Zmaxtemp = Zbase + (deltaZ*(numchannel-1)) + (deltaZ/2);
for i = 1:1:totaltime
index = ((data(i).XYZ(:,3) > Zmintemp) & (data(i).XYZ(:,3) < Zmaxtemp));
datachannel(i).XYZ = data(i).XYZ(index, 1:3);
datachannel(i).intensity = data(i).intensity(index);
meandistancechannel(i) = mean(datachannel(i).XYZ(:,1));
end
j = [1:1:totaltime];
figure;
plot3(data(1).XYZ(:,1), data(1).XYZ(:,2), data(1).XYZ(:,3), 'b’, 'MarkerSize’, 7)
grid on;
figure;
plot3(data(720).XYZ(:,1), data(720).XYZ(:,2), data(720).XYZ(:,3), 'b.’, '"MarkerSize’, 7)
grid on;
figure;
plot3(datachannel(1).XYZ(:,1), datachannel(1).XYZ(:,2), datachannel(1).XYZ(:,3), 'b/,...
"MarkerSize’, 7)
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grid on;

figure;

plot3(datachannel(720).XYZ(:,1), datachannel(720).XYZ(:,2), datachannel(720).XYZ(:,3),
b, "MarkerSize’, 7)

grid on;

figure;

scatter(j, meandistancechannel);

grid on;

xlabel("Time (min)’)

ylabel(’Mean distance (m)’)

figure;

scatter(j, (meandistancechannel - meandistancechannel(1))./meandistancechannel(1));
grid on;

xlabel("Time (min)’)

ylabel (2~ 2t0) (t)z(_toz)@‘))

"interpreter’,’latex’,’FontSize’, 16)

VIII Warm-Up and Stability, 21m elaboration

%MATLAB code to perform the statistical elaboration related to a single channel selected
by the user for 21 m acquisitions.

M=[]; STDD=[]; STDDN=[;

Zbase = -0.205;

deltaZ = 0.225;

numchannel = input(’Channel number (1 to 3)? ’);

Zmintemp = Zbase + (deltaZ*(numchannel-1)) - (deltaZ/2);

Zmaxtemp = Zbase + (deltaZ*(numchannel-1)) + (deltaZ/2);

for i = 1:1:totaltime

index = ((data(i).XYZ(:,3) > Zmintemp) & (data(i).XYZ(:,3) < Zmaxtemp));

X = data(i).XYZ(index, 1);

Y = data(i).XYZ(index, 2)
Z = data(i).XYZ(index, 3);
I = data(i).intensity(index);

Y
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Mtemp = mean(X);

M = [M, Mtemp];

STDDtemp = std(X);

STDD = [STDD, STDDtemp];

STDDNtemp = std(X)/(sqrt(numel(X))*M(1));

STDDN = [STDDN, STDDNtemp;

end

j = L:1:totaltime;

figure;

scatter(j, M);

grid on;

xlabel("Time (min)’)

ylabel(’Mean distance (m)’)

figure;

scatter(j, (M - M(1))/M(1));

grid on;

xlabel("Time (min)’)

ylabel(’iz(t)__ (o)
z(to)

figure;

scatter(j, STDDN);

grid on;

xlabel("Time (min)’)

ylabel(’isz(t) N

Z(to)(/(N)

"interpreter’,’latex’,’FontSize’, 16)

Jinterpreter’,’latex’ FontSize’, 16)

IX Angular crop and data elaboration

%MATLAB code to crop and elaborate data based on spherical coordinates (according to
how the LiDAR performs measurements).

deltaaz = 0.13;

deltaze = 0.625;

minaz = 1;

minze = 0;
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maxaz = 2.5;
maxze = (.8;
Npoints = 11;
Nchannels = 2;
Yhist = NaN(totaltime, Npoints*Nchannels);
Zhist = NaN(totaltime, Npoints*Nchannels);
MediaMRS7 = zeros(totaltime, Nchannels);
stdevMRS7 = zeros(totaltime, Nchannels);
stdevMRS7N = zeros(totaltime, Nchannels);
radiustemp = NaN(totaltime, 1);
h = NaN(Nchannels, Npoints);
(XY Zsph.azimut, XY Zsph.zenit, XY Z sph.radius| = ...
cart2sph(XYZtemp(:,1), XYZtemp(:,2), XYZtemp(:,3));
for i= 1:1:totaltime
[datasph(i).azimut, datasph(i).zenit, datasph(i).radius] = ...
cart2sph(data(i).XYZ(:,1), data(i).XYZ(:,2), data(i).XYZ(:,3));
index = ((rad2deg(datasph(i).azimut)>minaz)& (rad2deg(datasph(i).azimut)<maxaz)...
& (rad2deg(datasph(i).zenit) >minze)& (rad2deg(datasph(i).zenit) <maxze));
datacropsph(i).azimut = datasph(i).azimut(index);
datacropsph(i).zenit = datasph(i).zenit(index);
datacropsph(i).radius = datasph(i).radius(index);
datacrop(i).XYZ = data(i).XYZ(index, 1:3);
datacrop(i).intensity = data(i).intensity(index);

)

Yhist(i, :) = datacrop(i).XYZ(:, 2);
Zhist(i, :) = datacrop(i).XYZ(:, 3);
end

figure()

for i = 1:1:totaltime

plot3(rad2deg(datacropsph(i).azimut), rad2deg(datacropsph(i).zenit),...
datacropsph(i).radius, 'b.’, "MarkerSize’, 8)

hold on

end

xlabel("Azimut’)

ylabel("Zenit’)
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zlabel("Radius’)

xlim([minaz maxaz|)

ylim([minze maxze|)

grid on

for i = 1:1:totaltime

for row = 1:1:Nchannels

X = datacrop(i).XYZ(1+Npoints*(row-1)
Y = datacrop(i).XYZ(1+Npoints*(row-1):Npoints*row, 3);
Z = datacrop(i).XYZ(1+Npoints*(row-1):Npoints*row, 1);

I = datacrop(i).intensity(1+Npoints*(row-1):Npoints*row);
MediaMRS7(i, row) = mean(Z);

stdevMRS7(i, row) = std(Z);

stdevMRS7N(i, row) = std(Z)/(sqrt(Npoints)*MediaMRS7(1));

end

:Npoints*row, 2);

end

j = L:1:totaltime;

for row = 1:1:Nchannels

figure;

scatter(j, MediaMRST7(:, row));

grid on;

xlabel("Time (min)’)

ylabel(’Mean distance (m)’)

figure;

scatter(j, (MediaMRS7(:, row) - MediaMRS7(1, row))/MediaMRS7(1, row));

grid on;

xlabel("Time (min)’)

ylabel(’M
Z(to)

figure;

scatter(j, stdevMRS7N(:, row));

grid on;

xlabel("Time (min)’)

ylabel(’— Sl

Z(to)y/(N)

"interpreter’,’latex’,’FontSize’, 16)

Jinterpreter’,’latex’,’FontSize’, 16)

end

68



X. Range Error and Quantization acquisition

for row = 1:1:Nchannels

for column = 1:1:Npoints

for i = 1:1:totaltime

if (rad2deg(datacropsph(i).azimut(column+Npoints*(row-1)))) > ...
(minaz+(column-1)*deltaaz) & ...
(rad2deg(datacropsph(i).azimut(column+Npoints*(row-1)))) < ...
(minaz+(column)*deltaaz) & ...
(rad2deg(datacropsph(i).zenit(column+Npoints*(row-1)))) > ...
(minze+(row-1)*deltaze) & ...
(rad2deg(datacropsph(i).zenit(column+Npoints*(row-1)))) < ...
(minze+(row)*deltaze)

radiustemp(i) = datacropsph(i).radius(column+Npoints*(row-1));
end

end

figure;

histogram(radiustemp);

title(sprintf("Histogram for row %d and column %d’, row, column))
end

end

figure

histogram2(Yhist, Zhist, [Npoints Nchannels]);

X Range Error and Quantization acquisition

%MATLAB code to collect the data required for Range Error and Quantization measure-
ments.

Y%Start comment after first measurement

numerodistanze = 0;

numeromisure = 0;

numeroechofilter = 1;

Ymin = -1;

Ymax = 1;
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Zmin = -1;

Zmax = 0.35;

totaltime = 25;

%End comment after first measurement.
camera = rossubscriber(’/cloud’);

for i = 1:1:totaltime

scandata = receive(camera,1);

XYZtemp = readXYZ(scandata);

Itemp = readField(scandata, 'intensity’);
index = ((XYZtemp(:,2) > Ymin) & (XYZtemp(:,2) < Ymax) & (XYZtemp(:,3) > Zmin)
& (XYZtemp(:,3) < Zmax));

switch numeroechofilter

case 1

datafirst(i).XYZ = XYZtemp(index, 1:3);
datafirst(i).intensity = Itemp(index);
case 2

dataall(i).XYZ = XYZtemp(index, 1:3);
dataall(i).intensity = Itemp(index);

case 3

datalast(i).XYZ = XYZtemp(index, 1:3);
datalast(i).intensity = Itemp(index);
otherwise

disp("Error acquiring data’)

end

end

switch numeroechofilter

case 1

pcloudsfirst(numerodistanze, :) = datafirst;
disp('pointcloud first acquisita’)

case 2

pcloudsall(numerodistanze, :) = dataall;
disp("pointcloud all acquired’)

case 3

pcloudslast(numerodistanze, :) = datalast;
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disp('pointcloud last acquired’)

otherwise

disp(’Error acquiring pointcloud’)

end

if numeroechofilter ==

numerodistanze = numerodistanze + 1

disp(’Acquisition at current distance completed, move the target (1 cm forward) )
end

numeroechofilter = mod(numeroechofilter, 3) + 1
numeromisure = numeromisure + totaltime

if numerodistanze == 50

disp("Acquisition completed for the 50 cm long interval ’)

end

XI Range Error and Quantization elaboration

%MATLAB sample code to preliminary elaborate the data acquired for Range Error and
Quantization measurements.

deltaaz = 0.13;

deltaze = 0.625;

minaz = 1;

minze = 0;

maxaz = 2.5; maxze = 0.8;

Npoints = 11;

Nchannels = 1;

nbins = 10;

deltabins = 0.0625;

centre = [0 : deltabins : nbins * deltabins] + 6.8125;

asseX = [0.000 5.805 12.066 17.586 22.454 28.343 33.638 37.643 42.071 48.486 51.647
56.541 62.701 66.783 71.311 77.067 81.432 86.826 92.021 96.463 102.642 107.596 111.866
115.907 122.384 126.333 131.193 135.454 140.433 146.442 151.407 156.358 161.921 167.046
172.342 177.069 181.630 186.788 192.264 192.264+5.346 192.264+10.818 192.264+16.390
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192.264+20.725 192.2644-26.777 192.2644-31.335 192.264+35.900 192.264+-41.464 ...
192.264+45.959 192.264+51.151 192.264+55.627];

numerooccorrenze = zeros(nbins, numerodistanze);

radiustemp = zeros(numerodistanze, totaltime, 1);

for distance = 1:1:numerodistanze

for i= 1:1:totaltime

[datasph(distance, i).azimut, datasph(distance, i).zenit, datasph(distance, i).radius| = ...

cart2sph(pointclouds(distance, i).XYZ(:,1), pointclouds(distance, i).XYZ(:,2),...
pointclouds(distance, 1).XYZ(:,3));

index = ((rad2deg(datasph(i).azimut)>minaz)&(rad2deg(datasph(i).azimut)<maxaz)...
& (rad2deg(datasph(i).zenit) >minze)& (rad2deg(datasph(i).zenit) <maxze));
datacropsph(distance, i).azimut = datasph(distance, i).azimut(index);
datacropsph(distance, i).zenit = datasph(distance, i).zenit(index);
datacropsph(distance, i).radius = datasph(distance, i).radius(index);

end

end

figure;

for bin = 1:1:nbins

for distance = 1:1:numerodistanze

count = 0;

for i = 1:1:totaltime

for row = 1:1:Nchannels

for column = 1:1:Npoints

if (rad2deg(datacropsph(distance,i).azimut(column+Npoints*(row-1)))) >...
(minaz+(column-1)*deltaaz) &...

(rad2deg(datacropsph(distance, i).azimut(column+Npoints*(row-1)))) <...
(minaz+(column)*deltaaz) &...

(rad2deg(datacropsph(distance, i).zenit(column+Npoints™*(row-1)))) >...

(
(
(

minze+(row-1)*deltaze) &...

—
&
o
[\
(o
@D

o

—~

datacropsph(distance, i).zenit(column+Npoints*(row-1)))) <...
minze+(row)*deltaze)

if datacropsph(distance, i).radius(column+Npoints*(row-1)) >=...
(centre(bin)-deltabins/2) &

datacropsph(distance, i).radius(column+Npoints*(row-1)) <=...
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(centre(bin)+deltabins/2)

count = count + 1;

end

end

end

end

end

numerooccorrenze(bin, distance) = count;

end

f = fit(asseX’ ;numerooccorrenze(bin, :)’’gaussl’);
plot(f, asseX, numerooccorrenze(bin, :));
xlabel(’Distance measured by the interferometer’)
ylabel("Number of occurrences’)

hold on

end
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