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ABSTRACT

HIGH -DENSITY AND HOMOGENEOUS MAPPING USING A MOTION
CONTROLLED LIDAR

CanbolatKs mai | Mel i h
Master of SciengeMechanical Engineering
Supervisor: Prof. DIEr han K|l han Konukseven

January 20239 pages

LiDAR is a commonly used method for mapping and obstacle detection in various
robotics applicationsWith the advancement of technology, 3D scanning LIDAR
sensors bene widely availableMost 3D scanning IDAR sensors have a 360°
horizontal field of view, but they have a limited vertical field of view which is
determined by the desired vertical scanmiegplution and the number of laser scan
layers.Limited number of horizontal layers in a LIDAR sensor introduaese gaps

in the obtained point cloud map and thmiled vertical field of view prevents
stationaryLiDAR sensordrom being able to scandlenvironmentcompletely In

this thesis work, a 3D scanningelodyne Puckis used in a designed, motion
controlled, two axis gimbal syste This motion control capabilitpnakes it possible

to move the sensor in such a way theat@ehomogeneousigh-dersity point cloud
map of the environment with increasat controlledield of view can be obtained.
This improved point cloud mamovides a good source of information to be used for
object identification and SLAM algorithm&dditionally, with the help b the
developed motion control algorithmior the designed systemthe density



distribution of the point cloud map obtained by designedystemwas successfully
focused on certain regions by increasing the density of the point cloud data at these

regiors.
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Oz

HAREKET KON'[ROLLU L KDAR SENSORUKULLANARAK YUKSEK
YOJUNLUKLU VE HOMOJEN HARKTALAMA

CanbolatKs mai | Mel i h
Yuksek LisansMa ki na M¢hendi sl i i
Tez YoneticisiProf. DrrEr han KI han Konukseven

Ocak 202399 sayfa

Li DAR, -exi tli roboti k uygul amal arda har |
kull anélan Dbir y°ntemdir . BTasmayapdbdeni ni n g
Li DAR sens®aoll &nmr ak nydayadg lé m a 3D danama ya@abilen

Li DAR sens®°rlerinin -oJu 360A yatay g°r ¢

tarama -°z¢nerl ¢ ¢ ve |l azer tarama kat mar
bir dikey g°r¢Bial dan @R saemis tr ki yatdye rk .i Seér
kat man, el de edilen nokta bulutu haritas:
g°r ¢k alanée, sabit LiDAR sens®°rlerinin o

- al e kK mdetodynedPaiGkLIDAR sensorl,tasarlaman hareket kontrolll, iki

eksenli bir gi mbal sisteminde kull anél mé
y ¢ ks ek vy,dghahomojenk | u nokta bulutu haritaseée ¢
hareket ettiriimesinidikey eksendeki tarama ¢ozinli ¢ J ¢ n¢n art ér él ma:
-0 zeéenegrl ¢ en komtgml, malkeh dBu | gnelsii kwi i ri | m
bulutu haritasé,eknezsamea ntl &n ékmd rmumal awnmel €ér ma
al goritmalaré i -in kullarearké |Aglaegtsariayan bi r &

sistem i-in geliktirilen hareket kontr ol
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tarafendan el de edil en nokt azbblgelerdekiu har it as
nokt a bul utu veril erinua rb°lygoegluenrleu] W a kaarrteéyr

odaklarenhé Kk t ér .

Anahtar KelimelerLidar, Velodyne Puck, Ros, Webots
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CHAPTER 1

INTRODUCTION

1.1 LIDAR - Light Detection and Ranging

Autonomous vehicles and mobilebotsneed to obtaimccurateange information
of their environmentCorrectdistance measurement to surroundifgecs is very
crucial for safe operatiof theses platform®One of the most commomethods
used for this purpose is théDAR technology LIDAR stands for Light Detection
and Ranging and uses tinéormationof time-of-flight of light emitted by the sensor
In a LIDAR sensor, a lasés emitted from the sensarhich is targeted at a certain
known direction When his laser hitsa surface it backscattersand ®me of this
reflection is themetectedy the sensoifhe amount of time for a laser to travel from
sensor to the surface and then back to the sensor is used with the knowledge of speed
of light to determine the distance. Simple fofento calculatethe distancel can be
given as

w o

0 —— (1.1)

wherec is the speed of light in the air ahtb the travel timef theemittedlaser

In addition to distance measurement, LIDAR sensors can detect the intensity of the
received laselight. This intensity is determined by the amount of scattering when
the lasefight is reflected from the surfa@md the reflectivity of that surfacBiffuse
reflectors scatter the light more and thus, the received laser has lower intensity. On
the other hand, retroreflectohgve minimal scattering when reflecting the light
which results in higher intensity of received laggint. This intensity knowledgean

help identify the surface material and the object. For example, license plates and road



signs have retrorefleége surfaces which can be identified if the intensity

information is available.

Measurement of the time passed between emission and detection of thighaser

can be achieved bijpreemain approaches. Firapproachs to simplyuse a short

laser pulseThe time of detection of the reflected pulse can be used to determine the
total travel time with the knowledge of the time of emission of the that laser pulse.
This way of measurement can provide resolutions at centimeter level. Second
approach is to use a continuous laseam with amplitude modulation which is
called as amplitude namilation of a continuous wave (AMCW). In this approach,
amplitude of the emitted laser beam and the amplivhidieedetected backscattered

laser beam isomparedand the timeof-flight is deduced. Aesolutionsimilar to

that of pulse technique can behsved in AMCW method but, the range of
measurement is less. Final approach also uses a continuous laser beam but this time
the frequency of the emittddser beam is modulated. This technique is called the
frequency modulated continuous wave (FMCWike AMCW, in FMCW, the
frequencies of the emitted and detected laser beams are compared to deduce the time
of-flight. FMCW technique can &teve superiorresolution with high precision

compared to other two technigués.

LiDAR sensors use different mechanisms to perftrelaser scanning operation.
Most usedmechanismsre electromechanical, micrelectromechanicaMEMS),
optomechanical and soldtate scanningCurrently, the most dominantly used
mechanism is the electraechanical scanningn optomechanical scanning, optical
components are used to deflect the lasembén the desired direction and by
controlling the motion of these components, 2D lasanningcan be obtained with

a single laser rangefinder. In eleetn@chanical systems, usually electric motors are
used to increase the dimensionality of 2D LiDAR s®s by providing and
controlling the motion of the whole sensBMEMS scanning technology in LIDAR
uses MEMS mirrors to control the laser beam. Finally, in ssibde scanning

technology,various methods are utilized to steer the laser beam without asing



moving component. Some of these methods are optical phased array beam scanning

and photonic crystal waveguide beam scanfihg

Main alternatives td.iDAR method used to determine ranges in robotics and
autonomousvehicle industry are RADAR and cameraSome of the min
advantages oLIDAR over its alternatives can be listed as tirevided highly
accurate long range distanoeasurements, light reflectivity measurement of the
surfacesand the ability to worlat day and night without the need for illumination
of the environmenBecause of these advantagaBAR sensors are frequently used

in robotics applications.

1.2 Mobile Robotics

Mobile robots are frequently used in various fields to complete various task with
better speed and accuracy compared to humans. They can be haesh, unsafe
environments to perform difficult tasks withoutkilsg any human life. They can
help humans in their simple daily life and provide a more comfortable life. There are
many more advantages that a mobile raaot provide to us.

To be able tanavigate and position theseobile robots safely and reliably, ig
imperative that the surrounding environment is accurately scaRoethis purpose,
LiDAR sensors are frequently utilized in mobile robdthe data obtained from a
LIiDAR sensor can be used to detect obstacles and identify them in addition
mapping he environment and the localization of the robot in that map of the

environment.

LiDAR sensors used in mobile robots have limited scanning capabilities and using
more capable LIDAR sensors or using multiple LIDAR sensors can increase the cost
too much thaexceeds reasonable limits for a mobile robot. Thus, using a cheaper
LIDAR and trying to increase its scanning capabilitgh the help ofa designed

mechanisntan be a good choice in mobile robotics.



1.3  Autonomous Vehicles

Nowadays there is a great focos autonomous driving technology. Biggest car
companies spend a considerable effort to improve autonomy of their products.
Autonomous vehicles have the potential to decrease fatatciaientsnost of which

are caused by human errdir.is also expected to reduce traffic jam by efficient
management of the traffic by autonomous vehicles. Another advantage is that these
vehicles can providdisabled peopléhe ability totravelon their own However, one

of the main concerns relateddaatonomous vehicles is their safety. To provide the
safe operation of autonomous vehicles, major factor is the ability to accurately sense
the environment of the vehicle. For this purpose, various sensors are utilized,
including LIDAR, RADAR, and cameras.iDAR can give reliable, precisendfast
rangemeasurements. Therefore, almakbautonomous vehicles utilize some sort of

LiDAR sensor to accurately scan their environment.

One of the Igygestdrawbackf usage of LIDAR sensors in autonomous vehides i
their pricing. These sensors scan in a cedai@ctionwith limited resolution.To
increasehe coveragef these sensoand scan the environment of the vehicle with
minimal blind spotsimultiple LIDAR sensorsare usedn a vehicle, which increases
the cost considerabhAbility to control the motion of a LIDAR sensor to change its
pose as desired would be very benefitmahcrease the field of view of and improve

the scan density of a LIDAR sensor.

1.4 Motorized Gimbal

A gimbal can be defined asdavice that allows an object to rotaigout an axis. A
threeaxis gimbal systemc an be wused to keep an objectds
irrespective of the motion of its suppovhen electric motors are used in each of

the axes ofhegimbalset the moton of the object can be controlledyaw, pitch,

and rollaxes This type of gimbals can be frequently encountered for video cameras

to stabilize the camera and also to move the camera in the desired direction in a stable



manner In this study, anotorized 2axis gimbal system is designed for a LIDAR
sensorand this system is used to control the motion of the lidar to ayokesired
motion to the sensorhis motion capability improves the field of view of the sensor
and allows us to obtain a mdiemogeneoyshigher density point cloud data.

1.5 Robot Operating Systemi ROS

Robot Operating System (RQ%inlike the name impliegs not an operatig system

but it can be defined as a robloameworkor robot software development kitat
requires a hosbperating system to word]. RGOS is opensource and freand t
provides a wide variety of software libraries and tools that are needed in robot
applications ROS provides the required drivers, algorithms, and communications
layer for any robotic application. In addition to already ke software and tools,
users can develop their own software in R&d8share their work with others with

ease.

ROS has two versions called ROS 1 and RO3n#ke a distribution release, ROS
2 brought major changes itmprove ROSby removing somenedioce features of
ROS andntrodued new featuresSince its first release in 2007, RQ$%ad many
distribution releaseuntil 2020. In May 2020, the last ROS 1 distribution called
ANoet i c Was reieasedysioh has an esfdife date of May 20250n the
other handROS 2 isunder active development. First abata ROS 2 distribution
was released in 2017 with the name f#rdent Apaloné. The last ROS 2
distributionHumble Hawksbillwas released in May 2022 and has an@Hiife date

of May 2027[4].

Communication pattern oROS 2 application programming interface involves
topics, servicgsand actions.Topics are message flow frameworksatthallow
publishsubscribe functionality using asynchronous messaiyesther concept in

ROS 2, nodes, publish and subscribe to these topics. The communication framework

in ROS 2 allows many to many communications and thus makes the introspection



and devedpment easier. On the other hand, services provide a reggpsnse style
communication unlike asynchronous messages on a topic. In addition to these two
communication styles, a geafiented communication is also required in robotics
applications. Actias provide a communication structure involving request,

response, and feedback whiclusiallypreferred for long running tasks].

1.6  Webots Robotic Sinulation

Robotic simulators allow developers to quickly prototype and test their robotic
systems in a simulated version of a physical environment. In addition to development
of new robotic systems, robotic simulators can be used to develop and test new
algarithms using available robotic platforms without requiring expensive equipment.
Even though speed is preferred over accuracy in some simulation softimesieap
solutions given by these simulations are quite accurate to real world scentmgs if

simulaion environments carefully constructe¢b].

Webotg[7] is a3D robotics gnulation software that can be used to rapidly prototype
simulation environments. Robotic systems can easily be modelled, programmed, and
simulated using Webots. After the simulation process, developed control programs
can betransferred to real robotfn addition to its own programming interface to
control the designed robots and the simulation environment, Webots @&
support. This support allows users to test their ROS software on the simulated

environment and makéiseasier to transfer this tested software to the real robot.

In December 2018, Webots is made a fully ogenrce and free software. it
licensed undethe Apache 2.0 Licend@8]. Being a free an@pensourcesoftware

makes Webots a popular choice for robotics developers.

Webotsuses Open Dynamics Engine (ODE)ths physics engine to simulate the
physical phenomena in the simulation environmdihis physics engine allows
Webots to simulate complex robotic systems including articulated robots. Webots

has a large library of various sensors and actuators that can easily be integrated in



the simulated robot byarefully configuringheir specifications.tlalso has some of

the commercially available sensor models that can be easily importagsatdn

the designed robotic systerf®]. These sensors and actrat are then can be
controlled by user written controller programs. Webots supports various
programming languages including, C++, and Python. Users can also write
supervsor progams that has limitless access to simulation environment unlike a
controller program. Additionally, Webots provides a ROS interface which allows
easy communication between the simulation software and the ROS workspace.

In a 2022 study10], in which CoppeliaSim, Gazebo, MORSE, and Webots were
compared quantitatively, it was concluded that for a high accuracy and high
simulation efficiency, Webots was the best chdorea robotics simulan software
among four alternativesn this study, Webots is utilized to model and simulate the

designed motion control systemith a Velodyne PuckiDAR sensor.

1.7  Aim of the Thesis

The aim of this thesistudyis to develop a-2xismotion-controlled gimbakystem

to be used with a Velodyne Puck LIDAR sensor to obtain -Oeyfsity,
homogeneoupoint cloud map ofhe environmenand toincrease the vertical field

of view obtained from the sensdtrwas aimed t@btain a better point cloud map of
the environment which can be used for algorithms like SLAM and object
identification to improve their performand&dditionally, the density of the obtained
point cloud can be increased in certain regions to allow foglxdensity scan of

objects of interest and to gehmgh-resolutionscan in certain directions.

Kinematic description of the designed system was aoied outin order to
interpret sensor data accurately. Point cloud data @utdinom the sensor in
different orientations need to be transformed to obtiaépoint cloud map of the

environment.



It was also aimed to use a robotic simulator in the process of devetbpirupotic

system. In this study, Webots was used for this purpsiag a simulatosoftware

for a robotic system improves the success of the development process and decreases
the costs that occur during this process by allowing users to test the designed robotic
systemevenbefore manufacturing the necessary parts and assembling temsyst
Furthermore, the simulation environment helps to visuara analyzeéhe point

cloud that can be obtained by the system.

1.8 Outline of the Thesis

Chapter 1briefly explainssubjects related to this thesis wakd points out their
relationship to thistudy.

Chapter 2 provides the literature survey performed on similar studies. This chapter
is divided into three parts. In the first part 2D and 3D scanning solutions using 1D
LiDAR sensors are given. In the second part 3D scanning solutions using 2D LIiDAR
sensors are given. And in the last plterature survey ofise of3D LIDAR sensors

to obtain better scanning performance is provided.
In Chapter 3componentsised in tle designed systeare explained.

In Chapter 4, the worllonefor this thesis isncludedin detail. Firstly, the design
procedure for the system is thoroughly explained including manufacturing and
assembly procedures. Then, mathematical modeling of the system is given in which
forward kinematics and inverse kinemeatof the system is realized. Thémesetup

of theBaseCamBGC Proontrollerboardand the system architecture is presented.
Developed python package for serial communication and PID tuning of the system
are alsagiven in this sectionlhen themainsoftware developed for the system using
ROS frameworkis introduced. Developed ROS packages and used ROS packages
are explained in this part. Finally, the Webots robotic simulation model of the system
is explained in the chapter.



Chapter 5 includes the mapgirapplications using the developed system and
evaluates the performance of the system qualitativedgitionally, the simulated
system in Webots is also used to visualize and analyze the point cloud obtained by
the designed system. Simulated point cloathdnakes it easier to understand the
obtained field of view from the sensor, point cloud distribution pattern and the
density distribution in different motion control scenariiso, the application of the

point cloud data focusing on certain regionghi@ point cloud map is shown in this
chapter.

Finally, in Chapter6, conclusions regarding this thesis study and possible future

work areprovided.






CHAPTER 2

LITERATURE REVIEW

2.1 Use oflD LIDAR for 2D and 3D Scanning

A 1D LiDAR sensor sometimes called laser rangefindeses a single nemoving
laser to obtain depth measuremerithis type of sensors ds not involve any
moving parts to deflect the laser beam to increase scanning dimensidrtedifyare

fixed in a location to measure the distance in a certain direction.

For an additional dimensionalitysually, high-quality mirrors are utilized. Laser
froma 1DLIDAR sensor hits the mirror and by rotating this mirtbe direction of

the laser could be changed to provide a sesoadning dimensioidditionally, by
providing a second rotation axis to the rotating mirosrpy introducing another
rotaing mirror, 3D scans can be obtained by utilizing a single 1D LiDAR sensor.
However, it should be noted that if a fasanning capability is needed, the
resolution of the scardecreases. To obtain high resolution scans in these types of
configurations,the laser beam needs to move slow enough to reach desired
resolution. But this slow scanning speed is undesirable especially in dynamic

environments.

This method of using optical components such as mirrors in LIDAR scanning is
called optemechanical scanngnMain reason for choosing this approach is the size

and weight of old LIDAR sensors. It is easier and less troublesome to control the
motion of a smaller and lighter mirror than to move the whole sensor. Many

commercially availabl&iDAR sensors use thapproach.
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In [11], a system igproposedhat is capable of directing the laser beam from a 1D
LiDAR sensor to an object of interest tatain the 3D scan of that obje@hey have
used two rotating galvanometer mirrors to direct the lmseards a certain, limited
region In their workthey have assumed that a limited information about the location
and the geometry of the object of intgrées known beforehand heir selection of
galvanometer mirrors that are 10mm in diameter resulted in decrgagednance

in detecting the reflected laser beand decreased accuracy in measuring the
distance, but they have been able to satisfy theuwirements with the proposed
system with the usage of very cheap compondtriaciple of operation of their

system can be seenhigure2.1.

Figure2.1 3D LiDAR Scanner Using Galvanometer Mirr¢id]

A company called Ocular Robotics, @doped a 3D laser scanner using a 1D LIDAR
and a unique mechanical design that allows a fulP 38@n.The Figure2.2 shows

the system.According to their papgil2], their design owes its performance to its
lightweight and welbalanced moving mass and stationary motors and the LIiDAR
module.One great feature of the dgsed system is the programmability of the scan

region and scan resolution that it provides.
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Figure2.2 REO5 Scanndil2]

In a more recent studiiewolaandP o d s i d KL8 wsedlome rotating mirror and

one rotating prism with a single laser rangefinder in their deBigid of view that

they were able to obtain can be seehkigure2.3. They were able to obtain various
scan pattemmby separately controlling the rotational speed of the mirror and the
prism. It was claimed in their paper that, they were able to get a better point cloud
distribution than Velodyne Puck LIDAR. Velodyne dkuhas 60 times greater
scanning frequency than their solution. However, there are empty spaces between
each of the 16 layers that Velodyne Puck scahs drawback was eliminated in
their solution but the resolution of the scans that they were abld teege much
lower than Velodyne Puck. In this thesis work a Velodyne Puck LiDAR sensor will
be used in a designed 2 axmsotion-controlled gimbal system to overcome the
drawbackof havingan unscanned region in betwettie scan layer®f Velodyne

Puck and similar LIDAR sensors while keeping ftanresolutionthe sameThe
system will also increase the vertié@V of 30° of Velodyne Puclkoy controlling

the orientation of the sensas required.

13



Figure2.3 3D Scanner Using a Mirror and a Pri§h3]

Another approach for controlling the direction of the lasamb is to use two rotating
prismswhich arecalled Risley prism Rotation of a single wedge prism directs the
laser such that a circular scan pattern is obtained. Addition of another wedge prism
and controlling the relative angular velocity between thenps a variety ofscan
patterns with the shape rose curves can be obtained[14], a Risley scanner is
designed to be used in LIiDAR applications as showfignre2.4.
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Figure2.4 Risley scanner for LIDAR Applicationid4]

The proposed system id@wv-costsolution and can be very robust againgemal
vibrations induced on the system. However, the region scanned is limited to the front
of the sensor in a circular region and there is an inevitable blind spot at the center of
the scan patterns generated by the systariations in point cloud desity is also

another problem with this method as can be seen in the figure above.

2.2  Use of2D LiDAR for 3D Scanning

Another approach to increase the dimensionality of LIDAR sensors is to use a 2D
planer LIDAR sensor andontrol its orientation with mechamicmeans, usually
electric motors, to obtain a 3D scan of the environment. This configuration of laser

scanning method is called electreechanical scanning.

Main motivation in increasing the dimensionality of a 2D LIDAR sensor to obtain
3D scans insteaof using an already available 3D LIiDAR is to decrease the cost of
the application. According tfil5], a moving 2D LIiDAR while being very cost
effective in 3D scanningcannot completely replace 3D LIDAR sensors in
applications such as autonomous driving where a hightineal performance is

required. It should also be noted, that a moving 2D LIiDAR has the advantage of

15



having a controlled vertical field of view and resolatiwhile stationary3D LIiDAR

sensors do not.

A common way to obtain 3D scanning ability with a 2D LIDAR sensor is to rotate
the sensoaroundpitch or roll axesln a thesis work from our departmeAglan[16]
designed and implemented a 3D scanning platform by the rotaidgways placed

2D LIDAR sensor arounthe vertical axis. The sensor used wasHomkuyo URG

04LX which has a horizontal fieldf-view of 240° and a maximum range of 4
meters. Its low power consumpticsmall form factorandlow weight makes it a
good choice compact 3D scanning system. The designed systaran be seen in
Figure2.5, is able to get an almost complete spherical scan of the environment except
the bottom part which is caused by treferred placement of the sensor and the
structure of the designed systehe sensor was placed sidewaysking upwards

in this study, therefore the horizontal FOV of the sensor itself becomes the vertical
FOV of the system. Manipulation of the rotation speed of the sensor abotdxise z
allows the control of horizontal point cloud density. Howevarthe designed

system, the density distribution of the point cloud obtained is not uniform.

Figure2.5 3D Scanning Platform using Hokuyo URIZLX [16]
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Another approach to obtain scans is to move the sensor obligheyway, instead

of obtaining a pattern with parallel lines) abliquegrid pattern can be obtaite
There are various studifls/][18][19] that utilize this motion which is usually called
as roundlyswinging motionof the sensorYoshida et al[20] developed a 3D laser
scanner using a Holyo UTM-30LX 2D LiDAR in a gimbal mechanism that allows
roll and pitch motions of the sensor. They have used a single motor torgivecky
swinging motion to the sensor as show figure 2.6 to obtain 3D scans of the
environment. Maircontribution of this work is the proposed method that provides
thesystem withability to gaze at a specific region of interéd&ducing the speed of
the motor increases thesolution of scans in that regiand thanks to the swinging
motion of the LIDAR, they were able to focus on a specific region to get high density
measurementsom that regionFigure2.6 clearly show the success of this method.
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Figure2.6 Swinging 2D LiDARand Obtained Point CloJ&0]

It is also preferred in some cases to tvge servacontrolledmotorsto precisely
adjust the pitch and roll angles of the sensor to control the scanned regesdad

In [21], two servo motors are used to control the pitch and roll angles of 2D LIDAR.
Ability to control the motion of the sensor as needed allowed the authors to develop

an autonomous 2D SLAMNd3D mappingalgorithmusing the same sensor.
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2.3  Moving 3D LIiDAR

A 3D LIiDAR can already be used to obtain 3D point cloud of the environment.
However,most commonly used compact and relatively more affordable 3D LIiDAR
sensors like Velodyne Pu§®?] has a certain limited verticéield of view and they
scan at a certain number of horizontal layetsch leads to unscanned regions
between these layerén applications where higtesolution point cloud of the
environment is required it becomes a poor choice to use these sensarsn And
applications that require a full view of the environment, these senaarstbe
utilized due to their limited vertical field of vie#nd the sensors that provide higher
resolution and higher scan range becomes bulkier and much more exgarmuler.

to overcome thedanitations, various approachesereused in the literature.

Pfrunderet al. [23] useda Velodyne Puck LIDAR in their work in wibh they
focused orthe localization of a fully autonomous ground vehidleey have used
the setupshown inFigure 2.7 to overcome the limited vertical field of view of the
sensor by providing a rotation to the sensor about a single Thessensor was
nodded30° up and dowmt a rotational speed @6°/s. With this approach, they were

able to increase the vertical field of view of the sensor.

Figure2.7 Nodding LIiDAR Setug?23]

In another study24], a novel rotating platform that can be used with 2D and 3D

LIDAR sensors was presenteél. Velodyne Puck in addition toa 2D Hokuyo
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LiDAR sensofifor close range measurememntas used in thesystem.The design
allows an increased vertical field of view amgore uniform 3D point cloud
distribution. The downside of the proposed system is the bulky design which is a
problem for mobile robats appications

Velodyne VLP-16 PUCK

Hokuyo UTM-30LX-EW

Ethernet Switch
Velodyne Interface Box
Slewing Ring Bearing

Slip Ring
] o
Absolute SSI Encoder —— &
Gear Box i
Motor
Control Box
Incremental Encoder

IMU

Figure2.8 Laser Scanning Platforfa4]

In [25], Velodyne HDL-64E that can scan in 64 horizontal planes was used in a
mobile robotwith a designed systerhdt can tilt the sensor to increase its vertical
resolution. The purpose of the study was to design a platform that can be used in
high quality mapping applications of underground environments. The sensor used in
the system is quite heavy with a weightnefrly 15 kilograms. For this reason, the
authors preferred using a worm gddowever,this methodncreasesnaccuracies

in positioning of the sensor due to the backlash introduced by the wormTdesr.

design in Gazebmbotic simulator and the robibself can be seen iRigure2.9.
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Figure2.9 Velodyne HDL-64E Tilt System[25]

Morales et al[26] designed and used a portabiBAR tilting platformin their paper

for the purpose of analyzing thestribution of thdaser scan measuremgaobtained

with that platform.They have used a Velodyne Punkhe mechanism with which

they were able to tilt the sensor°4lith an angular velocity of up to 56.25°/s. This
desiqn allowed an increase in the vertical field of view of scanning range from 30°
to 75°. They have successfullghowedthe importance of rotating a mulieam
LiDAR to describe the environment with much more detddwever, the single
degree ofreedom added by the mechanism prevent obtaining a more homogeneous

point cloud distributioras can be seen Figure2.11.

Figure2.10 Velomotion16 [26]
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Figure2.11 Point CloudObtained byTilting Velodyne Puck26]

A similar approach of providing tilt motion or nodding motion to Velodyne Puck
LIDAR sensor has been also studied[27]. In this mechanism, aontinuously
rotating motor and a crank linkage is used to provide the nodding motion to the
sensor as shown Fgure2.12. And in[28], a belt and pulley system is used to tilt

the same sensor.

2
x/l; LIDAR ------ : Crank-linker

World Frame
Motor

Figure2.12 Designed Rangefinder [27] and in[28]

In order to obtain dengeoint cloud data using a Velodyne Puck LiDAR sensor in
terrestrial scanning applications, Bula e{29] placed the sensor orready to use
motorizedsystem which allows the rotation about a single akie sensor was
placed sidewayand rotated around the vertical axis which allowed the authors to
manipulate the density of the point cloddta by controlling the rotation speed
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However like previoussolutions, uniformity of the obtained point cloud data is not
satisfactory due to the providedtationalmotionabouta single axs perpendicular

to the sensor coordinate axes.
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CHAPTER 3

COMPONENTS

3.1 Velodyne Puck

In this thesisa Velodyne Puck LIDAR sensor is usételodyne Puck (formerly
known as the VLPL6) is one of thenostcommonlyused3D LiDAR sensors$n both
literature and commercial applications. Its compact desaym weight and low
power consumption makes it a good choice for many applicationses the time
of-flight technique to get range measuremelmsddition to providing a rich set of
3D point cloud data in redgime, the sensor also providteee reflectivity data for
each point which can help identify the surface. The sensor us@gkid® Ethernet

connection to transfer its data in the form @R packets.

Figure3.1 Velodyne Puck

Main specificatios of the sensor aras follows[22]:

16 Channels

1
1 100 m Measurement Range
1 £3 cm Range Accuracy

1

360 Horizontal FOVi Up to 0.F HorizontalAngular Resolution
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30° Vertical FOV- 2° Vertical Angular Resolution
5 to 20 Hz Rotational Rate

8 W Power Consumption

~830 g Weight

1 ~300000 Scan Points Per Second

T
T
)l
)l

Web interface of the sensor can be usedadiafigure the sensor according to the

needs of the applicatiofhe connection of the sensor with the computer is made

using an ethernet cable and after configuring the network settings of the computer as
explained in the wusereaaahea@dssedasshom or 6 s web
Figure3.2. Using this interface, laser status, return type, motor RPM, vertical FOV,

network settings and many more can be configured.

® Velodyne VLP-16: real-tin X = +

&« ¢ O 8 192.168.1.202

Velodyne’ LIDAR

Sensor Model: |[VLP-16-A | S/N:|[11206220180763 | MAC: | 60-76-88-38-d9-6d
Factory MAC: | 60-76-88-38-d9-6d

onigiraion Svster] (g Dagnasies

Laser: On @ Off

Return Type: |strongest v

Motor RPM: 0+|-||set

FOV Start: o|+|-| End: 359 |+ -] |set
PPS Qualifier

Require GPS Receiver Valid: On @ Off
Require PPS Lock: On ® Off
Delay: 5/ +]|]-||set

GPS Qualifier

Rarmira MPQ Raraoivar Valid. Nn @ NFF

GPS Position: [ | PPS:
Motor State: RPM:[ 0] Lock: Phase:[  239.6]
Laser State:

Velodyne: LIDAR

Figure3.2 Velodyne Puck WebJserInterface
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In a laser range measurement, usually multiple returns of the emitted laser beam can
be detected becauselmdam divergence. As the distance increases, the diameter of
the laser beam increases enough to hit multiple objects resulting in multiple returns
ard multiple distance measurements. Velodyne Puck supports three return modes
strongest, last, and dualt analyzes multiple returns andepending on the
configuration, returnglistance data usingither one of the thremodes In dual

return mode, the seor reports both strongest and last returns resulting in doubled

data rate.

Motor RPM setting can be used to adjust the rotational speed of the motor inside the
sensor. This speed can be selected between 300 RPM and 1200 RPM with increments
of 60 RPM. Varations in rotational speed directly affects bwizontalresolution

of the sensor which can be calculatedlegreesising the following formuldrom

theuser manud30].

. POQECOTTI & WP TT
31
vl YOO T Tau oo aendac OU

3.2 BaseCamBGC Pro

BaseCamBGC Pro is a controlleward designed to be used fgrto 3-axis gimbal
systems thatan beuseal to keepa camerastable in the desired orientatiofihe
controller hasa sufficientprocessing power with 32-bit MCU ARM Cortex M4
processor that runs afl2MHz frequency. It has high-efficiency field-effect
transistors that are used to driyeto three brushless DC motomsith 13 A current
consumption per mot@ndallows users to connect up absolute rotary encoders for
each axis of rotation armhexternal IMU sensathrough CAN bus connecton the
board The controller boardhave many otheconnection capabilitiebke analog
input pins, PWM input and output pins, Bluetooth, ettich will not be needed in

this work.
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Figure3.3 BaseCamBGC Pr{31]

The controllercan beused with a designed 1, 2 or 3 axis gimbal system with
brushless DC motors and it tries to keep the device connected to this gimbal system
in the desired position by controlling its artation in roll,pitch, and yaw axes. It

uses PID controller t@chieve this and the parameters of this controller can be
adjusted by the user-or the €edbackneeded in thePID controller angle
measurements adhe IMU sensoarethe main source ahformation Additionally,
enabling encoders connected to the system improves the performance of the
controllerby using the feedback from these encodEng board also features a PID
autotune functionality to make it ei@s to determine PID parameters for the system

at handoptimal performance.

Another very important feature of the controller is the adaptive PID control
functionality that it provides. The controller magvery well tunedwith high PID
gainsfor the expectedperatingrange, but it may become unstable when this range
is exceeded due t®ome unexpectedisturbances. In this scenario, in addition to
losing position control, seléxcitations may cause strong vibrations that can damage
the system and the sensor geated to itAt this pointadaptive PID control comes

to the rescue which adaptively decreases the PID gains until the stability of the

system is achieved again and then returns the PID gains back to the normal values.
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For the adaptive PID control, the drd allows the adjustment of RMS error

threshold, attenuation rate and recovery factor.

BaseCamBGC Pro can be used offline after making necessary adjustment through
its graphical user interfagethe only requirement is to keep the sensor stabilized.
However, when it is needed to control the motion of the system and to read sensor
data like, position and acceleration, a communication method with the board is
required.The boardcan be connected t® computer using the USB port on the
controllerand theseiial communication can be establisheith UART interface.

There is a serial API protocol specification documentation which can be used to
create serial messages necessary to communicate with the controller,-getereal
data and adjust the variables likdD parameters, target positions, acceleration

limits, motor power limitsetc.

BaseCamBGC Pro has been chosen to be used in the system designed for this thesis
for being a compact and quick solution that answers all the requirements expected

from the desiged mechanism.

3.3 BLDC Motors

The designed two axis gimbal mechaniases twoinrunner GB-PM120 BLDC
motorsshown inFigure 3.4 to provide rotation in two axeMain features of thse

motors are given in thdable3.1.

Figure3.4 GB-PM120 BLDCMotor

27



Table3.1 GB-PM120Motor Specifications

Specification Value Unit
Nominal Voltage 24 \%
Nominal Current 4 A
Nominal Speed 270 rpm
Nominal Torque 6 N-m
Stall Current 11.2 A
Stall Torque 6.4 N-m

Winding Connection Y
Weight 1.3 kg

Main advantages of using these motarsthat they are backlash free as they are
direct drivemotors,and they are quite powerful which allows us to obtain a better

control of unbalanced masses.

3.4 AMS AS5048A Magnetic Encoder

In order topreciselymeasure the absolutgularposition and velocity of each
motor in the system, twAMS AS5048Amagneticencodes are usedThe AMS
AS5048A is a contactless rotary position sensor withbit4high resolution. It
supports SPI, 12C and PWM amaebrks at bot8.3 V and 5 VThis sensor uses the
orientation of the magnetic field to measure the absolute rotary position as illustrated
in Figure3.5. IMU can also provide thengular orientation of theiDAR connected

to the gimbal systephowever, encoders are necessary when the relative position of

the LIDAR with respect to the base frame is needed.
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Figure3.5 AMS AS5048AMagnetic Encodef32]

A crosssection of one of the motors is givenkigure 3.6. which shows how the
sensofmagnetmotor configuration in the designed system is made. The sensor is
placed at the back of the motacing the hollow center of the motoAn aluminum
cylinder that holds the magnet with the correct polarity is connected to the rotor of
the motor. With this setughe task ofaccurateabsolutemeasurement of angular

position ofthe motor shaft issccomplished

Magnet

Magnetic 7

Encoder

l — Rotor

Figure3.6 Encoder Setup on the Motor
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3.5 CANIMU

The designedgimbal systemhas aCAN IMU sensorboardshown inFigure3.7 is
designed to be used with the BaseCamBGC Pro. This boasthingts precision 6
axisMEMS IMU which provides 3axis gyroscopéata with 19bit resolutionand a
3-axis accelerometer davath 18bit resolution The sensor board also ha€AN
Transceiver IC that allows CAN bus connectivity of the sensor board thth
BaseCamBGC Pro.

Figure3.7 CAN IMU

This sensor is the main source of feezkbased for controlling the position of the
LiDAR sensor in the designed gimlmlstem, while encoders are used to improve
the performance of theID controller.This IMU is placed on the arm that holds the

LiDAR as can be seen kigure3.8.

Figure3.8 MountediMU
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CHAPTER 4

METHODOLOGY

4.1 Designof 2-Axis Gimbal Systemfor a LIDAR

This part of the chapterontainsthe mechanical design procedureluding the

manufacturing and the assembly of the designed system.

411 Problem Definition

Main purpose of the design procedure in this study is to desiggthanicabystem
that can controlte orientation ananotion of a LIDARwith sufficient performance
The sensor focesl onis a 3D scanning Velodyne Puck LiDAsensor which was

readily availablego usefor this study

4.1.2 Design Requirements

Velodyne Puck has a horizontal field of view3#(’. The designed system should

not block the field of view of the sensor. Because of this requireraerggular
gimbal in which the center of mass of the object intersects the axes of the gimbal
systemcannotbe usedA sampleconfigurationillustratingthis situation is given in
Figure4.1 in which the horizontal field of view of the sengergreatly blocked.
Moving the center of mass of the rotating object awagnfthefield of view of the
sensor by utilizing a counter mass connecojggbsiteto the sensor is not feasible as
that would increase the weight of system too maut limits the motion of the
system As a resultit is determined that the sensor netxse place@way from the

arms and the motors of the designed systemch makes the system behave like an
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inverted pendulum. This design decision while making the control of the system

harder, allows us to use the full horizontal scanning capabilityeo$énsor.

Figure4.1 Centeed Design Concept

A gimbal system that provides motion in three axes can be used to control motion in
yaw, pitch, and roll axe&or a sensor that has a limited horizontal field of vigne
motion capability would be advantageous. Howeverhtirezontal field of view of
360°in Velodyne Puck makes the third axis of motion redundemtdecrease the
system complexity and the tbtast of the system it is concluded thataxgs gimbal
system was needed. These two axes shalldd/ the sensor to perform tilt and roll
motionsor pan and tilt motiongConsidering the horizontal FOV of Velodyne Puck,
panning may seem unnecessaryiat,f however, m some scenarios pan and tilt
motion could be useful if the pan motion is used in combination with the tilt motion

as can be seen iigure4.3.

The sywtem needs to provide sufficient rotatiofri@edom. It is expected from the

system to be able to rotate the sersddeast 1 v id both axes

Since it is planned to perform oscillatory motion when rotating the sensomatre
reasonable to define tifieequency of oscillationsather than the angular speed. The

system is expected to be able reach 1 Hz when scanning by rotating the sensor. It
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means that after 1 second, the sensor should be able to come back to the starting
point. If both axes are rotateat this rate, a full scan by the system would be obtained
in 1 secondHowever, the system can be used more slowly to increase the density of

point cloud measuremertisken from the environment.

It is also necessary to know the location ofghasor with respect to the base frame
in order to accurately interpret sensor readiRgsthis purpose, encodsreneeded

for both axes.

In addition to encoder it is necessary to know the orientation of the sensor with
respect to the earth fixed reémce frame. Thus, an IMU will be utilized in the

system.

It was also desired to use the available equipment as much as possible for the system
to be designed. Thisan decrease the cost of the project and a&sminates the

delays caused by shipment peeses of the products.
Abovementioned design requirements can be summarized as below.
Product design specifications:

OscillationFrequencyl Hz

360 Unblocked Horizontal FOV
Rotationalmotion in two axes
Weight < 5 kg

Position Measurement witiespect to the base frame

= =4 4 A -4 -2

Position Measurement with respect to the earth fixed reference frame

4.1.3 Concept Generation

The desired system functionality can be decomposed into followinfusahbons:

1 Laser range finding
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1 Rotational motiorgeneration

1 Rotationalposition measurement

1 Angular rate and orientation measurement

1 Controller for actuation and sensor reading

For each sulfunction several possible solutions can be generated. Some alternative

solutions are given as:

1 Laser range finding
o 1D LiDAR Sensor
0 2D LiDAR Sensor
o 3D LiDAR Sensor
o Solid State LiDAR Sensor

1 Rotational motion generation
0 Stepper Motor
0 Brushed DC Motor
0 Brushless DC Motor

o0 ServoMotor

1 Rotational position measurement
o OpticalRotary Encoders
0 Magnetic Encoders

o Potentiometric Position Sensors

1 Angular rate and orientation measurement
o MEMS IMU
o FOG - fiber optic gyros
0 RLG-ring laser gyros

34



1 Controllesfor actuation and sensor reading
0 Arduino Mega
o Raspberry Pi 4
o BaseCamBGC Pro
o NodeMCU

4.1.4 Evaluation of Concepts

Generatedsolutionsare evaluated usingjfferent evaluation criteria withlifferent
weight factos. However, s1ce Velodyne Puck is aimed to be used in this design,
evaluation regardingdifferent solutionsfor laser range findingwill not be
consideredSome of the evaluatn criteria that need to be explained are explained
belowtherespective tabland the others are already setiplanatoryWeight factor

for eachcriterionis written next to it in each table. In these tal3espresents the
score between 1 and 5 thaétbolution gets for each criterion aRdepresents the
rating that the solution gets for that criterion. It is calculatati@snultiplication of

weight factorand thescore.

Table4.1 Evaluation ofsolutions forrotational motion generation

) _ Stepper | Brushed | Brushless| Servo
Evaluation | Weight
Motor DC Motor | DC Motor Motor
Criteria Factor
S R S R S R S R
Cost 025 | 4 |100| 5 |125| 4 |1.00]| 3 | 0.75
Size 010 | 4 | 040| 3 |030| 5 |050] 2 |0.20
Weight 015 | 3 |045| 3 |045| 3 |045] 3 | 045
Durability 030 | 5150 2 |060| 5 |150| 2 | 0.60
Accuracy 040 | 4 |160| 3 |1.20| 4 |160| 4 | 1.60
Total| 1 4.95 3.80 5.05 3.60
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Table4.2 Evaluation ofsolutions forrotationalposition measurement

Optical _ Potentiometrig
) ) Magnetic -
Evaluation | Weight Rotary Position
Encoders

Criteria Factor| Encoders Sensors

S R S R S R
Cost 0.15 5 075 | 4 0.60 5 0.75
Size 0.10 3 030 | 5 0.50 4 0.40
Weight 0.05 3 015| 5 0.25 3 0.15
Durability 0.20 5 1.00| 5 1.00 2 0.40
Accuracy 0.30 4 120 | 4 1.20 2 0.60
Friction 0.20 4 080 | 5 1.00 2 0.40
Total 1 4.20 4.55 2.70

1 Friction criteria consider the friction introduced by the product on the system

that resist rotation on each axis.

Table4.3 Evaluation ofsolutions forangular rate and orientation measurement

Evaluation | Weight MEMS FOG RLG
Criteria | Factor| S R S R S R
Cost 0.20 5 1.00 | 3 0.60 1 0.20
Size 0.20 5 1.00 4 0.80 3 0.60
Weight 0.15 5 0.75| 3 045 | 2 0.30
Availability | 0.30 5 150 | 4 1.20 1 0.30
Accuracy 0.15 3 0.45 5 0.75 4 0.60

Total| 1 4.70 3.80 2.00
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Table4.4 Evaluation ofsolutions forcontrollers for actuation and sensor reading

_ _ Arduino | Raspberry| BaseCamBG(

Evaluation | Weight _ NodeMCU
o Mega Pi 4 Pro
Criteria | Factor

S R S R S R S R
Cost 010 | 5 |050| 4 | 040]| 3 030 | 5 | 0.50
Availability | 025 | 5 | 125 2 | 050| 5 1.00 | 5| 1.25
Connectivity| 025 | 4 | 1.00| 3 | 0.75]| 5 1.25 | 4 | 1.00
Functionality 0.25 | 2 | 050 3 | 0.75] 5 1.25 | 4 | 1.00
Reliability 015 | 4 | 060| 4 | 060| 5 075 | 4 | 0.60
Total| 1 3.85 3.00 4.55 4.35

1 Availability is determined by the market availability and if the product is

already available to besed.

Connectivitycovers number and variety of I/O connectors of the product.
Functionality criteria considers additional functionality of the board, which
include motor drivers, voltage regulators, wireless communication

components, etc.

According to theperformed evaluation of solutions for each -$uiction, best

concept is found tbethe combination of the following.

T
T
T
T
T

4.1.5

Velodyne Puck
Brushless DC Motor
Magnetic Encoders
MEMS IMU
BaseCamBGC Pro

Designed System

According to the desigrequirementsa 2axis gimbal system to control the motion

of a Velodyne Puck LiDARs designegsimulatedn Webots and manufactured.
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The designed systefms a great advantage thatan be utilized in two possible
configurationslin the Figure4.2, thesetwo configurations andheir corresponding

rotation axes can be seen.

Figure4.2 Configurationl (left) and Configuratio2 (right)

In the first configuration, the system can provide motion to the sensor ify@ah

and tilt (pitch) axes. This configuration caaisobe seernn Figure4.3 in various
orientationsWhen the sensor is straight, the motion in the pan axis has no advantage
as the sensor can already s@&0° horizontally. However, when the sensor has a
slight tilt, panning motion becoraémportant and helps the sensor scan in the desired
directionwhich is needed to manipulate the scan pattern obtained by this system.
With this design configuration, in the pan axésfull rotation capabilitycan be

obtained while in the tilt axis apprioxately 225° of rotation can be possible.

Figure4.3 Final DesignConfiguration1
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In the second configuration, the designed system can provide motion amaailt

axes This configuration of the designed system can be seigime4.4 in various
orientationsIn this configuration,ilt motion affects the scann the front and tle

back of the sensor while the tilt motion affects the scans in the right and the left of
the sensorln this configuration the sensor can still be rotatéthin limits similar

to the previous configuration. However, when the placement of the system on a
vehicle isconsideredsome limits would be introduced. In the roll axis, a rotation
more than 180would be redundarsince the sensor can scan 3683t the tilt axis,
behind the senspthe first motor is present which limits the motion. In the other
direction, 90 from the straight position would be more than enough as more rotation
would lead to scanning the vehicle to which the sensor is mounted but not the ground.
In this configuratn, ontrolling the systenbecomesharder than the previous
configuration In the current configuratioboth motorsare exposed to varying loads
depending on the rotation of the syst@rhile in the first configuration, only a single
motor needs to deal ith a varying load.Considering the holding torque
requirements his alsohas an impact otine power consumption of the syste

Figure4.4 Final DesignConfiguration2
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4.1.6 Manufacturing and Assembly

Threeconnectionpartsin the system are manufactured frdmmm thick S235JR

steel sheet metaThis sheet metalaslaser cut and then bent to the desired shape.
Plateand the rodhat holds the encoder and the magnet for the encesleectively

are manufactured from Aluminum using CNC milling and turning operations.
Magnet required by the magnetic encoder is glued to its position using epoxy glue.
Magnetic encoder PCB is also gtlito its placeRemaining parts of the system are
connected to each other usisgcket countersunk head cap sse@md scket head

cap screwsExplodedview of the system is given Figure4.5. Assembly procedure

can be realized from this figure.

Figure4.5 Exploded View
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Figure4.6 and Figure4.7 show the pictures from the assembly procedure and the

final assembled system respectively.

Figure4.7 Assembled System
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4.2  Mathematical Modelling

This part contains the kinematic modeling of the systanorder to determine the
position and orientation of the sensor coordinate system with respect to ¢he bas
frame of referencekinematic description of the system is needed. With the
knowledge of pitch and yaw angles, this kinematic description allows us to

accuratelytransform LiDAR point cloud data

421 Kinematic Modelling

DenavitHartenberg convention is uséal describe the kinematics of the designed
gimbal system. This gimbal system is essentiallyz3F serial manipulator with 2
revolute joints.Base link(link 0) is where the system can be mounted on to the
surfaceon which the system will operate. The first motor is rigidly connected to the
base linkand thus, it is a part of the base lifilke link 1 is connected to the base
link with a revolute join{joint 1) which comes from the rotation of the first motor.
Motor 2 is rigidly connected to the link Link 2 is connected to the link 1 with a
revolute joint(joint 2) which comes from the rotation of the second motor. The
sensor is rigidly connected to the end of the linki2ks on the manipulator is shown

in Figure4.8.

Figure4.8 Manipulator Links
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4.2.1.1 Kinematic Diagram

Kinematic diagram of the system which is formulated according to the Denavit

Hartenberg convention is givenkigure4.9.

2(1)
UL

e

=2(0) (1)
s Uy

(0)
u ¢

Figure4.9 Kinematic Diagram

The designed system is2eDOF serial manipulator with two revolute joint3oint
axes of these two revolute joints intersect each qibgrendicularly Furthermore,
z-axis of thevVLP-16 Sensor Coordinatystem intersects the joint axis of the second

revolute jointperpendicularly

In this configurationthe LIDAR sensorcan becalled the engffectoré and it is
rigidly connected to theecondlink 0 . It should be noted that the length of the

secondink terminates at therigin of the sensor coordinate systerhich isshown
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in Figure4.10. Ve | o dy n eenddrudat& d@rigin isscated37.7 mm above the

sensor base, on theaxisas shown irthatfigure.

g s . 74
Side View
| o
@ Data Point (X'_—‘&’Y
R / N -\-n-»-h
//‘./
/XD
2 b ¢ ) Y
> / Top View P
X/—R*C)OS((;)) e
X= R*COS(w)*SIN(cr)

Y= R*COS(w)*COS(a)
= R*SIN(w)

Figure4.10 VLP-16 Sensor Coordinate SystdB0]

In the kinematic diagran@® are assigned to joint axes of each joint with arbitrarily
selected direction. fle unit vector®@ should beassigned to the common normal
between the axes of thaints. However, since the axes of joints intersext, are

selected arbitrarilyas shown inFigure 4.9. Then,® is selected to make the

reference frame rigktanded

® & o (4.2)
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4.2.1.2 Denavit-Hartenberg Parameters

According to[33], DenavitHartenbergparametergan be explained as foll@w

Joint (Rotation)Angleis betweerthe axes o€ommonnormak 0 and0 :

— ® 9@ HOwédo (4.2)

Twist Angleis between the axes of joinbs andv :

I ® 9@ Owédo (4.3)

Offsetis between the common normais andy :

i 0600 waédQ (4.4)

Effective Lengttof the linkd between the joints andv

@ 06 WOaEdQ (4.5)

4.2.1.3 Kinematic Description According to the D-H Convention

DenavitHartenberg parametefsr the designed systeare listed in this section. It

should be noted thatinee0 and0 are revolute jointd, ,i , andi are constants.

Additionally, — is also a constant since Velodyne Pigkigidly connected to the

second link
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Joint (Rotation) Angles

— . ® %0 GhEbO

—  ® %6 OHEdO

—  ® Ohd HhEBO T
Twist Angles.
[ ® b Ghédo m
i ® O® OdédoO -—
C
i ® O®@ OOEdO —
Offsets
i mm i w i 006 pmngaa

Effective Link Lengths:

€
=3
€
|

@ T

Link Frame Origins :

5

o O0h O O0h OO O0h O 0O

is the origin of the VLPL6 Lidar Sensor Coordinate System.
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4.2.1.4 Forward Kinematics in the Position Domain

Orientation Matrices of the Links with respect to the Base Frame

Link to link orientation matricesan be calculated according to the following

formula
6 h 9 0 (4.15)

Then,
5" q Q 0 Q Q (4.16)
8" Q Q Q 70 (4.17)
6h 9 0 Q "Q (4.18)

Orientation matrices with respect to the baseecan be calculated according to

the following formula

6h oM ¢ N (4.19

Then,
) (4.20)
6h g hgh 9 9 "0 Q0 Q 0 - (42)
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(4.22)

Thus, the orientation of the sensor origin with respect to the base frame is

6h 90 o 9 -~ (4.23

Relative Location of the Sensor Originwith respect to the Base Frame

Relative location ofO 0  with respect t6O 0 can be found as:

b O @ [ @ (4.24)

Then the dcation of the sensor origiwith respect to the base frantan be

represented as

[ > w® [ ® w® i ® w® i ® (429

P i® 0MIiQ 00 (4.26)

Corresponding matrix equation becomes:

io " 06

— —

¢
of
ay

(4.27)

iQ Q 1Q 0

In the above equatiod is thethird basic column matrixvherethe three basic

column matrices are:
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ot
4430
0%«
ot
4© A
¢
of

Equation(4.27) can be simplified as follows

T iQ 0Q o) iQ oAl S

T iQ 0ATS (I Q 6 OE+

r ~

T oi AT oi Al © OE+
6i OE+ OE+

Equation(4.33) indicate that

i i OE+ OE+

Wherel is,
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(4.30)

(4.31)

(4.32)

(4.39)

(4.39)

(4.35)

(4.36)
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4.2.15 Inverse Kinematics in the Position Domain

Relativelocation of the sensor origin with respect to the base fraasefound as

T 0i ATS oi Al © OE+

L (4.39)
oI OE+ OE4

Upon premultiplication oftheequation(4.38) with 6 , we get the following

67T 60i AT©S o00i AT S OE+

L A e e n (4.39
ool OE+ OE+
6T i AT 6 (4.40)
. S e . l
| i Al © O weé + — (4.41)
From the equatio(4.41) we get the solution
. i
— " wei . EN Y (4.42
Or,
. v L
— ¢ wEi — €Ny (4.43)

However, due to the physical limitations of the systenis limited such that

— —. In other words, in this situatioh p. Therefore, the multiplicity in the

eguation can be eliminated and #wiation can be written as
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— ¢ HED — (4.44)

Upon premultiplication of theequation(4.38) with 6 , we get the following scalar

equation
6T 00i AT©S 60i AT S OEL
A (4.45)
06i OE+ OE+
i i OE+ OE+ (4.46)
Noting the factthat the— is found before— can be found as
PPN i
i i E+ OE+ O i Q¢ PR~
I i O @) I Q& TS (4.47)
Cop e
— gii"Q.‘,u CE“ENY (4.48)
In the designed system— is also physically limited such that — ¢“.

Therefore, the multiplicity in the solution is eliminated and the arglean be

determined as

— 0 0E (4.49)

Furthermore, pon premultiplication of theequation(4.38) with 6 , we get the
following.
6T 66i ATS 0606i AT & OE+

s ., s A oA (4.50)
001 OE+ OE+
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i i AT 6 OE+ (4.51)

However, since the degree of freedom of the system is 2, this equation is redundant,
but it still can be used to check the accuracy of the solution sihaad— must

satisfy this equation.

4.3 BaseCamBGCPro Controller Setup

In this part of the chapter, setup procedures followed to rBakeCamBGC Pro
controller work correctly has been presented. First, general setup procedure is
summarized, then the solution developed to be able to communicate with the

controller is introduce. Finally, PID tuning procedure is explained.

43.1 General Setup

Before configuring th8aseCamBGC Pro controllarecessary connections between

the components of the system need to be made. The system architecture of the setup
is provided inFigure4.11, in which blue lines represent data flow while red lines
represent power distribution. Computer and the DC Power Supply feeds from AC
mains electricity which is not showan the diagram. Other components require 12
VDC to operate. Data transfer method for each connection is given on the diagram.
The connection between Velodyne Puck and its interface box is a special connection
which is not allowed to be manipuldtby the ser. This connection carries sensor
readings in the form of UDP packets, provides connectivity for the GPS data, and

carries the power that the sensor needs.
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Data Line
Velodyne
Power Line Puck
12vDC
DC Power velodyne Puck
Supply Interface Box
T |
UsB
Computer Ethernet
12vWDC
CAMbus
BaseCamBGC PRO MU
Sp| [ 12 VvDC
Encoder-1 SPl 12 vbe BLDC Motor- 1
Encoder-2 BLDC Motor- 2

Figure4.11 System Architecture

After the realization of the necessary connecti@aseCamBGC Pro controllean
be configured to work with the designed system. For this process, the graphical user
interface of the controller is utilized/ain geps taken tsetupthe controllerare

listed below.

Configure IMU orientation

Calibrate gyroscope

Calibrate accelerometer

Select motor outputs and disable unused axis
Set motor power

Set the number of poles of the motors

=4 =4 4 A4 -4 -2 -

Setup encoders
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4.3.2 Serial Communication

A python packagem a med fApysbgco has been devel oped
communication between thBaseCamBGC Pro and the computer. This python

package uses the message format defined in protocol version 1 of the SimpleBGC

Serial Protocol Specificatiof34] documentation. The package first connects to the
BaseCamBGC Pro controller board through serial port. Then, it prepares the
necessary hex data for the chosen command and sends this message to the controller.

If an answer is expected from the cotlen the package listens to the same serial

port and unpacks the serial message. This message, depending on the command type,

may include acceleration data, gyro data, IMU data, etc. The full list of available

commands and their content can be found m thicommands. pyo script

package. The following commands fr¢84] are available in the developed python

package:

CMD_READ_PARAMS_3
CMD_REALTIME_DATA_3
CMD_GET_ANGLES
CMD_CONTROL
CMD_MOTORS_ON

CMD_MOTORS_OFF

= =4 4 4 A - -

CMD_REALTIME_DATA_CUSTOM

This package allows the plotting of the selected incoming data by utilizing the

Afani mate. pyo script. Thi s python file of

Apysbgc. ani mate.plot()o0 accepts tthree var.i
plot. The function sends the command to the device and plots the selected data from

the response in reéime. A sample plot obtained using this function is given below.

It shows the change of pitch angle information from the IMU on the system in time.

This plot was obtained when motors were on, and the sensor was stabilized in
perpendicular position. Then the sensor was pushed out of position and allowed to

move back to the stable equilibrium several times.
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Figure4.12 Plotting Functionality of the Developed Python Package

4.3.3 PID Tuning

The controller board BaseCamBGC Pro provides separate PID controllers for each
of the roll, pitch and yaw axes, gains of which can be manipulated from then@u
using serial communication. In the current setup roll axis is not used hence disabled
from the GUI. Most efficient way to tune PID parameters is to use thetanita
functionality of the controller board. According to the documentation of the
Base@mBGC Prd35], it uses powerful algorithms from control theory to atutioe

PID parameters and it is the recommended way to get the maximum performance
from the designed system. PID awtmer allows the configuration of the target for
tuning with a slider. This slider can be used to adjust if a better stability of better
precision is required. If better precision is preferred, -tuner will aim for
maximum gains while for better stabilitmoderate gains with emphasis on stability

will be targeted.

It is important to have the system correctly configured for the-tamme feature to
work reliably. These configurations include IMU position configuration,
accelerometer and gyroscope calibration, motor poles and outputs settings. After

making sure that the system is accurately configured, PID-tau® has been
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performedwith initial values of P=1, I=0 and D=0 for each axis as showigare

4.13andacquired PID parameters are gived able4.5

SimpleBGC32 GUI v2.70 bo - 9

Profile to edit

_] BLE <" Disconnect melih E Rename.. & Copy..

PID auto-tuning configuration 9 .ctive prof... | 1

Algorithm settings b
: www.ba
Target of PID tuning: -
RC Setti 6

PID Controller Better stability Better precision

Mechanical parameters of a system:

- |
Low weight, strong mot... Big weight, weak motors

CEESTEME _JROLL  _J PITCH TJ YAW
_| Tune LPF filters

Low-pass filters 5 = .
£ e 2, Start from zero

Low-pass filter (LPF) Start from current values
Frequenc Q

400 3 _| Update tuned parameters in all profiles

4002 | Send progress to GUI |

4 ]
400 .
LT Er

bl L START CLOSE

958 mA

Figure4.13 PID autoetuning

Table4.5 PID Gains

Pitch 36 4 15
Yaw 14 4 6

Furthermore, the board provides a system analysis tool that can be used obtain
information about the systembs response to
the form of a Bode Plot which shows amplitude versus frequency and phase response
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versus frguency. This frequency response data is also stored in a .csv file which can
be used with MATLAB to further investigate the system. The Bode Plot displayed
can be used to comment on the stability of the system and determine which areas in
the frequency doain are problematic for the system.

Analyze 0

Run test.. Add from file.. | Auto-scale 7| Smooth 7| Gain _| Sensitivity | Phase

Save result to file:  y

CAMNCEL

~ -

2 3 1 s T 20 20 ) o 100 200 ) T s00
B gain /home/user/Documents/test2 W gain /homefuser/Documents/testl ® phase /homefuser/Documentsitest2
m phase fhome/user/Documentsftestl

8, 1=0.00, D=36.80, Gain=0.12, D-L.PF=183.98, LPF=13.59, LPF_Q_inv=0.20

Optimize Apply new values _| Update all profiles and write to the board

Figure4.14 System Analysis Tool

System analysis tool has been run with the following configurations.

Sine sweep stimulus

1

1 200 stimulus gain

1 1to5 frequency range
1

OpenLoopi Plant

The obtained results are presented in figiiigare4.15 andFigure4.16.
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® gain /home/user/Documents/testl2 ® phase /home/user/Documents/test12

Figure4.15 System Analysi$ Pitch

dB

2 3 4 5 10 20 30 100 200 500

W gain /homefuser/Documents/testll ® phase /home/user/Documents/testll

Figure4.16 System Analysi$ Yaw

The performance of the PID controller with atiimed gains can be visualized by
comparing the target position and actual position of the sysdtethe following
figures, horizontal axis represents time while the vertical axis represents the angular
posiion measurement. Each column in those figures correspond to 1 second and the
angular measurement values are given on the vertical axis as a ran dradgare

4.17, the system moves té rom the rest position. Green line shows the target pitch
angle while purple line shows the actual angpigrh position of the system from

58



IMU measurements. The error is minim#dus, these two lines follow each other

very closely

Monitoring o

Frame rate: 200 & RC_ROLL RC_PITCH

Request datair pasic 7| extend.., 3D PAUSE RC_YaW RC_CMD
Motor: (1 12 131 0% [5) (@) 7| | EXT_FC_ROLL EXT_FC_PITCH

D_C_PID_ERR
RMS_ERR R
RMS_ERR_P

RMS_ERR_Y

V_TEMP_P

Figure4.17 Rest to Center

In Figure4.18 and Figure 4.19 slow and fast sinusoidal motiomas given to the
systemand the system behavior wasnitored. Similarly, the system closely follows
the target position. In fast sinusoidal motion plot, a close look at the edge oftthe plo

revealsthe slight error.
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Monitaring <]

Figure4.18 Slow Sinusoidal Motion

Monitoring [<]

Figure4.19 Fast Sinusoidal Motion

In another scenario,hile the system was performing a sinusoidal motion around the
pitch axis, a disturbance was applied by manually trying to prevent the motion of the
system by handrigure4.20shows this scenario. Again, the green line represents the

target angular position, and the purple line represents the actual angular position.
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Monitoring (<]

[ill

Figure4.20 Sinusoidal Motion with Disturbance

IAEET

4.4 ROS Wakspace

In this thesis study, ROS has been used as the framework to develop necessary
software for the designed robotic system. In this part of the chapter, ROS workspace,
developed packages, and other availd&@S packages useih the workspaceare

explaned.

44.1 Developed Packages

pysbgc

This ROS package has been developed for the purpose of communicating with the
BaseCamBGC Pro controller board. It was based on the developed python package

with the same name which was explained in Seecti8r2
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This ROS packaglas a single ROS node callbdsecam_nodeThe nodefirst
connects to the controller board using serial port with the defined parameters. A
publisher with a timer period of 8ms, which is the maximum rate the BaseCamBGC
Pro can process incoming messages, reads paoh, and roll angles,and then
publisheghis information on a topic calle@nu_angles This angle information is

published as a raw data in-b# resolution.

Additionally. Since the connection to the controller board is made in this package,
the node also sends thee-definedmotion control ommands of the gimbal system

to the controller board

pysbgc_interfaces

This developed ROS package contains message type requireddagéitam_node

to publish messages on thu_anglegopic.

gimbal_tf2_broadcaster

This package has been developedaizulate the position and the orientation of the

sensor origin with respect to the base frame of reference. This package contains a

single ROS node calldar_tf2. This node subscribes to theil_anglegopic to

listen to yaw, pitch, and roll angle$ the systemThese angles are then converted

to radians from 1it resolution angular measurements. Calculated yaw and pitch

angles correspond te- and— from the kinematic diagram of the designed system.

Using the knowledge 6f~and—, e quati ons found in the descr
forwardkinematics in thegositiondomainareu s ed t o | ocate the senso
with respect to the base framia other wordstransformation between thease

frame and thevelodyneframe is now available to us. This information is used to

construct thegeometry _msgsfansformStampeBROS message to be published

the/tf topic. In order to broadcast thiransform nformation tf2 library [36] of ROS

is used. tf2 is a great transform librargrh ROS that makes it easfor the users of
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ROS to keep track of multiple coordinate frames available in a robotic system
whether the transform between them is static or dynamic. This message published
on the/tf topic allows the user to accurately transfgomt cloud data obtained from

the sensor in theelodyndrame tothebase frame. Thus, the point cloud map of the
environment can accurately be built irrespective of the orientation and the location

of the £nsor with respect to the base frame.

webots_gimbal

In order to simulate thdesigned robotic system in the Webots robotic simulation
environment using the developed simul ati c
own controller interface, a ROS intace can be constructed. This WebiolROS

interface allows us ttestthe developedROS softwareon the simulated robot and

gather sensor data from the simulated sensors, published on different ROS topics.

For this purpose, a ROS package caiabots_gimal has been developed. This
packageontains a launch file that starts iMebots and the controller node, a simple

urdf file that describes the sensors on the robot, the controller written for the
simulator and the description of the simulation environmenwr i t t e wbti n  We b ¢
file format. This package successfully controls the two motors on the system and

provides sensor reading®m the simulatiorsimilar to the real system.

4.4.2 Available Packages

In addition to using the developed ROS packages, two meaeily available
collections ofROS packages have been used in this stilgse ROS package

collections are briefly explained in this section.
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velodyn€g37]

velodyneis a collection of ROS packages that supports various Velodyne LIiDAR
sensors including the Velodyne Pudkese packagdsave been used to get sensor
data in the form of ROS topics from tlsensor. Used packages froralodyne
collection arevelodyne velodyne_driverand velodyne_pointcloudAdditionally,
velodyne_driverdepends on theelodyne _msgpackage. Theselodynepackage
contains the main ROS launch file that was modified and U$eoelodyne_driver
package is the driver for treensorand it takes the raw data from the sensor and
combines it into a ROS message to be published once per revolution of the sensor.
For example, when 1200 rpm rotation is selected for the sensor, thesad®8&g)es

are published at 20 Hz. Tivelodyne_convert_nodeom thevelodyne_pointcloud
package subscribes to the raw messages fromvelmyne driverpackagé s
velodyne_drivernodeand converts them into point cloud data. This point cloud data
is then published by theelodyne _convert_nodm the topidvelodyne_pointsThe
message format of for this topicsensor_msgs/PointCloud®hich is a common

point cloud data format in ROS.

webots_ros238]

For the developed webots_gimbal package to work with Webots, a Wiel RiDsS
interface is neededvebots_ros2s a collection of ROS packages developed by the
devdopers of Webots for this purpodéeincludes several packages most of which

are demos which are designed to make it easier for developers to build their own
system. The main package needed for the application in this thesis is the
webots_ros2_driverpackage from the collection. This package serves three
purposes. These are to automatically create ROS interface for some of the sensors
from a Webots robot model, to allow users to configure the ROS intertaug the

urdf file, and to extend the ROSténface with a plugin mechanism to be able to

control the robot in the simulation.
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443 ROS Node Graph

RQt is a GUI framework from ROS that provides many plugins that can beaised
visualize and inspect the current ROS system. Node graph, one of these phamgins,

be used to visualize ROS computation graph, which can be summarized as the
network of ROS processes. Node graph of the system developed in this thesis is
given inFigure4.21. In this figure, boxes represent topieBipses represent nodes,

and the arrows show the flow of data. Explanations made in the chéagtdrand
4.4.2are visualized in this figure. Additionalljparameter_eventand/diagnostics
topicscome from the ROS itselOn the other handtf_statictopic, which tas no
connection to other nodes, is not used. This could happen when there is a subscriber

to a topic but there is no message on that topic.

Ivelodyne_packets

/diagnostics

/velodyne_convert_node Ivelodyne Jolnrs
\ Ivelodyne_driver_node
i

Jparameter_events

fimu_angles

Figure4.21 ROS Node Graph

45 Robotic Simulation

The designed zaxis gimbal system is also modeled in Webots robotic simulation
environment.This simulation model was created using the parameters of the real
system. This way an almost identical twin of the real system is obtained in a
simulation environment his simulation model otherobotic manipulatoin Webots

environmentan be seen in figure below.
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Figure4.22 2-Axis Gimbal Webots Model

And the following figure shows the exploded view of the roboticusation model
of the system in Webots.

Figure4.23 Webots Exploded View

This simulation model allows rapid testing of the systdefore starting the
manufacturing process, this simulation environment ugzsl to test the motion of

66



the system and to observe the effects of these motions to LIDAR pointdddad
distribution in the simulation environmernigure 4.24 showssample point cloud

data obtained by the sensor in two different orientations.

Figure4.24 Webots Point Cloud

Even after the manufacturing and assembly of the system, use of this simulation
environmeét makes it much easier to develop algorithms and test these algorithms in
different scenarios. The simulation environment can be manipulatbzsmed and

the algorithms can easily be tested in various environments. Additionally, this
simulation model bthe system can be used in other simulations tooekample,

this gimbal system could be mounted on a robotic platform and can be used with it.
One such scenario is showas an examplia Figure4.25in which the gimbal system

is mounted on a Pionee+Al robot model from Webots library.

Figure4.25 Gimbal System with PioneerST
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Representation of thdesigned syste 6 sobot model tree in Webotssimulation

environment can be summarized as follows:

Robot
Base (Solid)
Motor 1 (Solid)
Transform
HingeJoint
Joint Parameters
Device
RotationalMotor
PositionSensor
endpoint
Shapel(ink 1)
Transform
Motor2 (Solid)
Transform
HingeJoint
Joint Parameters
Device
Rotational Motor
Position Sensor
endpoint
Shape [(ink 2)
Transform
Shape (IMU)
Accelerometer
Gyro
Transform
Velodyne Puck (PROTO)
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This robot model of the designed system is also made availableP&0aO
definition. PROTO mechanism of Webots allows users to easily reuse complex
systems by defininghese systemaccording toPROTO file structuref Webots
PROTO definitions can be imported to any simulation world defined in Webuats

the changes made in the ®RRO definition of the system would be reflected to other

simulations, which use this PROTO, without any effort.
Controller

A controller software to easily control the simulated system is written in C. This
controller runs inWebots,and it was prepared according to the requirements of the
simulation, using the node API functions of Webdssic functionality of this

controlle can be listed as,

i Enable and drive motors

1 Enable and read encoders
i Enable LIDAR sensor

1 Read keyboard input

1 Move the sensor in a desired way

In addition to providing numerical values for sensor readings, Webots can visualize

these readings in aserfriendly interface.Figure 4.26 shows the plotted encoder

readings when a sinusoidal motion was given to each mbites.feature helps in

the development proceduri® orderto obtain a better scan pattern, & @ifset

be¢ ween each motords motion was inberoduce
seen in thatfigure. This motionalgorithm was then transferred to the real system to

have the same motion, namely nutation, and thus the same scan pattern was obtained

in the eal system.
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Figure4.26 Webots EncodePlots
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CHAPTER 5

EXPERIMENTATION AND RESULTS

After the successful completion of the design procedures and software thetup,
designed system h&égen tested to evaluate the mapping performance obtained by

the systemin Figure5.1, the test setup can be se&he system isnountedon a

heavy metal plate which creates a rigid base for the test setup.

Figure5.1 Test Setup

Numbered iterain Figure5.1 areas follows 1 - Base Metal Plate2 - Designed
System 3 - BaseCamBGC Pral - Velodyne Puck Interface Bo% - Power Supply
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5.1  Mapping an Indoor Environment

In the first qualitative experiment performed by using the designed system, an indoor
environment isscannedand its point cloud map is obtaindd.all the figures that
illustrate point cloud data, different colors represent the intensity of the returned laser
bean for each point. This information may give an idea about the reflectivity of the
surface, but it may also depend on the angle incidence. If the incidence angle for a
laser beam is too large, the returned laser beam may be weak even for a surface with

high reflectivity.

In the Figure 5.2 point cloud map of the environmeoaptured i the sensor in
stationary position as shown kigure5.1 can be seen. In this figure, point cloud
map obtained is from a single rotation of the lasers in the sensor. Therefore, the gap
between the points in the horizontal direction in addition tdatge gap between

the scan layers leads to a poor map.

ve\qune

base

Figure 5.2 Stationary Instant Point Cloud Map
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In the Figure 5.3, the sensor ikept stationaryas beforg however the pait cloud

map is obtained by accumulating the point cloud data for 1 second. In this scenario,

the empty space between the points in each layer in the horizontal direction are
mostly filled. This 1 s posisterdallrotatorhlu e t o t
speed varies slightly, which is an intentional feature of Velodyne Puck. However,

still there is an empty space between the scan layers which greatly reduces the

reliability of theobtainedmap.

Figureb.3 Stationary Accumulated Point Cloud Map

In the last scenario, theesigned system was utilized, and femsorwasgiven a

sinusoidal rotational motioaround pitch and yaw axes. The rotational range is from
¢ utd ¢ vfdom the stationary position for each aaisd the period of rotations

was approximately3.3 seconds. Point cloud map of the same environment with

accumulation of the point cloud for 8nds is given ifigure5.4.
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Figure5.4 Accumulated Point Cloulflap Usingthe Designed System

Thedesigned system allows us to scan the gaps between the layers and obtain a high
density homogenously distributed point cloud data. Additionally, the vertical field

of view of the sensor is also increasddhe system also allows us to change the
vertical feld of view by changing the motion limits of the systemthe fly.

Contribution of an additional axis of rotation to the quality of the point cloud can be
visualized inFigure 5.5 in which only the pitching motion was given to thenga
sensor. It can be seen from the figure that, there are empty spots in the point cloud
patternobtained by this motion. Additionallynintentionally we get high density
point cloud in some regions. This result is in compliance with the previous research

[26] explained in the literature survey part of tthissis.
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Figure5.5 Lidar Pitching Only

An additional representation of the performance of the system may be done by
providing the point cloud map of the whole buildwbich was obtainedsing the
same method. Ifigure 5.6, the LIDAR sensor was kept stationary, and the point

cloud data was accumulated for 5 seconds.
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Figure5.6 Point Cloud Map of the Buildingsing a Stationary LIiDAR

In the Figure5.7, the designed system was utilized to obthm point cloud of the
building by rotating the sensor in a previously described manner. In this scenario,

point cloud data was accumulated for 5 seconds.

Figure5.7 Point Cloud Map of the Buildin@btainedby the Designed System
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For indoor mobile robotics applicationa, completemap of the environment is
critical for safe operation of a robdh the point cloudneasurementsbtained in

this study the base of the sensor was kept stationary in the buil@ivegdesigned
system can be used on a mobile robot to completely map the environment with high

density and provide a reliable source of information for SLAM algorithms.

5.2  High Density Mapping of anObstacle

In order to identify obstacles in a point cloud map accurately, the point cloud
obtained needs to have a high resolution. In this experimentation scenario, a
cardboard box of dimensions X®.6x 0.4 m is placed 3.5 m away from the sensor.

A picture taken from this scenario is giverHigure5.8.

Figure5.8 Placement of the Obstacle and the Sensor

In thefirst scan, the sensor is kept stationary, and the point cloud is accumulated
over 5 seconds. Obtained point cloud map can be sé&gure5.9. It can be realized
from this figure that, using this point cloud data, the presence of an obstacle may be

detected, however it is almost impossible to identify the object. In this scenario, the
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obstacle was placed 3.5 m away from the seisaiing that the Velodyne Puck has

a scan range of 100 meters, it becomes much worse if an object that is farther away
from sensor needs to be identified. At 100 meters the separation betwesearthe
layersQ of the Velodyne Puck can be calculated as folloviere¢ Js the

angular separation between each lasan layer

Q prtat OEJJ 08 & (5.1)

Figure5.9 Obstacle Scan with Stationary LIDAR

Then the same objewtas scanned with theamemotion described in Sectioh.1

given to thesensor using the designed system. This time the point cloud was
accumulated for 5 seconds to increase the density of the map obtained. The resulting
point cloud map from this scan is givenFigure5.10. It can be seen in this figure

that the object was scanned with much higiwnt clouddensity The shape antthe
dimensions of the object can be extracted from the point cloud data and this point

cloud data can safelye utilized in object recognition algorithms.
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Figure5.10 Obstacle Scan with Moving LiDAR

5.3  Controlled Density Variation

Various algorithms have been developed to control the motion of the designed
system in such a way that the density of the point cloud obtained is varying as
desired. It was aimed to obtain high density in certain regions, while still getting
point cloud data from other regians Figure5.11 a regular scan obtained by the

system can be seen in which fi@nt cloud density is homogeneously distributed.
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Figure5.11 Constant Density Scan

On the other hand, iRigure5.12 a point cloud data with emphasis on taeater of
the map witht16 degrees in the vertical. This higknsityregion is homogeneously
distributed all around the sensorhis fact will also be shown clearly in the

simulation results in the next section.

Figure5.12 Increased Point Cloud Density at the Center
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In andher approach, the density of the point cloud was focused on the bottom part
of the map.This could correspond to the sides of a vehicle from which the point
cloud information is very crucial for safety reasdhe result obtained by this motion
algorithmcan be seemiFigure5.13. In this point cloud map, the emphasis is on the
near bottom part of the sensor while still getting a full point cloud map of the

environmet.

Figure5.13 Increased Point Cloud Density at tBettom

54 Robotic Simulation Results

Developed robotic simulation model of the designed system works similar to the real
systenthanks to its detailed description in the simulatorironmentRotations of
each motor is controlled to control the position and orientation of the LIDAR sensor
by using the developed ROS package. This paclkadphtionally, publishes IMU
sensor datagncoder readings and Velodyne Puck point cloud data, on different

topics.IMU and encoder messages from the simulation environment are then used
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to calculate the transformation between the base link and the LIDAR sensor. This
transformation is calculatedsimg the same mathematical model of the system and
then this information is published as a ROS message which is used to transform the
point cloud data. As a result, it was possible to test different motion algorithms on
the simulated system anidvestigatethe obtained point cloud map for each
algorithm. These simulations allow us to see the coverage and the pattern of the point
cloud map much clearlyn these simulations, the system is placed in a hollow sphere
of 20 meters in diameter.

The designed systecan achieve a full spherical scan of the environment. CEnis
be sea in Figure5.14. This scan was obtained in 2 seconds with a math

degrees in eaciixis whee the period of motion was 2 seconds.

Figure5.14 Simulated Scan Coverage

Motion control algorithms that can control the density of the point cloud map in
certain regions were also tested in the simulaystemin addition to theealworld
tests given in the previous sectidrhe results from this simulation allow ussee

the point cloud data distribution more cleanyhose scenariot Figure5.15, point
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