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ABSTRACT

This thesignvolves the design of a system that utilizekicledetection, vehicle control,
andvehicle communication to backiactortrailer to a desired position and orientation adjacent
to a loading dockocation Thereare&e ur r ent |y systems t hhoweverontr ol
many such systems rely on sensors and equipment thistasett to the vehicle itsekre
designed for passenger vehiclesutilize a modefree control approachn contrast to these
existingsystems, the goalf this work is to design a system that does not requirsemsing or
major computingequipnent to be located on the vehicle and utilizes a mbdséd control
approach to back a tracttyailer to a loading doclocation Simulationsare carried oufas well
ascamerabasedexperimental testssing a 1:14 scale R/C tractivailer vehicle

The practicality of using Light Detection and Ranging (LIiDARInit for vehiclepose
detection $ also explored-or guiding the truck to the loadj docklocation astatespace path
following controller is used. Alsavireless communication is enabled between a computer
workstation and the vehicle, whietiowsfor autonomous guidance tife vehicle Experiments
showed rough agreement witimulatel behavioy but discrepancies were found between the two
approached~or example,n experimentateds using a dockmountedLiDAR unit to detect
vehicle posesome vehiclgoseconfigurations could not be detectétbwever, it is concluded
thatLiDAR units ould still beuseful sensarfor vehicle pose detectaf implementedising
more than one sens@verall, thisinfrastructurebased automated docking systérat employs

modelbased contras demonstrated to be a viable concept.
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Chapter 1

Introduction

This thesis explores the viability of usingiafrastructurebased sensingnd computing
system onethat utilizes a mathematical model of truck motion to autonomously back aractor
trailer to a loading doclocation The maingoal of this work is to examine the use of
infrastructurebased senssto determine the pose of thehicle, and thereby lead it to a loading
docklocation The main sensarsed in this system isiaverheadamerahat emulates the
capabilities ofdifferential global positioning systemBGPS; however, he use of Light
Detection and Ranging (LIDAR) itrfor the purpose of vehicle detection is alseestigatedA
tractortrailer was chosen as the vehicle to control becdesprobcess of docking a tractoailer
can be extremely difficufior human driversThereforepecause drivers often spend méyrs
in the loading dock facility simply maneuvering vehiciesproving this process can potentially
be very helpful to those in the trucking indusdymodetbased approach is used for controlling
the vehicle, because it can be more easily applietffesaht types of systems than a mcétele
or adhoc approach.

In this thesis, -bhe efrbtseasingantdompatsig r uct ur e
equipmenthat is located external to the vehidlee system designed in this thesis still requires
equipment for communication and actuation to be located on the veBiath. a systerthat does
not use sensors located on the vehiskf is designedbecause iprovides many benefiis
particularly in reduced costsover asystem that relies orehiclemountedsensacs. Additionally,
this type of system has not been as widely uaed thus is a fairly novel contribution to the field

The work done in this thesis explores this unique concept for an automaatedtrailer docking



systemi a sensing andomputing system that isfrastructurebasedand utilizes modebased

control.

1.1Docking a Tractor-Trailer

Docking a tractotrailer is the process in which a tractailer is maneuvered in reverse
so that the rear face of the trailer is parallel toftbet face of a lading dockTractortrailers are
used for transporting goods, and dockim@ very important part dhe loading and unloading
procesdor every trailer According to the Federal Highway AdministratigFHWA), there were
alittle more han 2.5million truck-tractors registered in the United State2012 [16]. Such a
large number of truckractors suggeses great many docking events, considetimg many
trucks go through the docking process on alegdhasis likely one or more doéhg processes
per day

In addition to occurring frequently, docking tractailers can be very difficult to do.
Most of the time, trailers must be backed to within inches of a loading dock to allow for loading
and unloadingAlso, trailers are of diffenet lengths andometrailers can beip o fifty -threefeet
long[14], which makes it difficult for the driver to accurately judge where the rear face of the
trailer is in relation to a dockn tractortrailer configurations in which the angle between the
tractor and trailer is large enouyghcan be very difficult or even impossible for the driver to see
the rear of the traileFurthermorebecause the tractor and trailer are separate thmts,
relationship between tractor steering and trailer posisiot intuitive o the average drivgi3].

All of these characteristics combinertake docking a tractdrailer a very difficult task.



1.2 Automating the Docking Process

Because docking is so difficult, it could greatly benefit from being automales.
would likely enable the tractdrailer to back along a more efficient trajectory, which would save
time and fuel. It could also prevedtiversfrom needing talrive the vehicle forward and
backwardmultiple timesbefore itis docked Another advantagef an automated system rsat
drivers would not need to have prior experiewdtt backing tractotrailers they would merely
need to know howatguide the truckt a positiorclose enough tthe dockfor an automated
system to take oveFinally, an atomated system would allow the driver to be outside the vehicle
during dockingConsequently, the driver could complete other tasks asutledocks itself.
Thesepotential advantages associated with automating the docking poacesesult in
significant cost, efficiency, and time savings versus current trailer docking methods

Whenconsideringdifferentideasfor an automated docking systesgstemshat utilize
sensors and computing equipment located on a vdfagle been studied in the literatuaad
there aresome advantages to sugystens. Vehiclebased systems are contained within a vehicle
and do not rely on any external equipment in order to funcliberefore, as long as the vehicle
is operational, the system can be operaféth vehiclebased systems, the equipment cdudd
tuned according to the specific vehiclé or exampl e programming in
turning radius, etd which could allow for more precise performance and operdhiahis better
suited to the particular vatte. Vehiclebased systems could also allow one vehicle to dock at
many different loading docksith the same performance at each dock

Though there are advantages to a mostly velbated docking systerierealsoseem
to be manyenefitsassociated v a mostlyinfrastructurebasedsystem. First, a system that
does not rely on any vehietaountedsensor®r computing equipmentould likely be less

susceptible tdlamageor calibration errorsas the equipmeid attached to fixed infrastructure

t

h e
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and is therefore, mostly stationarizquipmentmountedo the tractor or trailer is more likely to
be damagedr soikedin transit; collisions with other vehicles or objects are more likely, and
travel conditionge.g. road surface and traffitonditions)arevariable Moreover, if a company
wanted to implement an automated docking system, they would require fewer systems to be
installed if the systems were infrastructin@sed many hundreds of different vehicles may load
or unload at the same dock, and allldautilize the same sensdklso, fewer infrastructurdased
systems than vehicleased systems have been developedihe reasons mentioned here, an
infrastructurebased automated docking systernhissenrather than a system thatiesl on
vehiclemounted sensors and computing equipment.

With regard to the type of sensor used for detecting the trieitsr, acamera is used as
the main device fodetecting the vehiclim this work,but the use ofiDAR is alsoexplored
because imagdaken of the gae areavith a cameraan varysignificantly under different
lighting or weather aaditions. Since LiDAR units operate by detecting distances from the unit to
objects, lighting changegenerallyhave less of an fefct onthe measurements acquired from
them This is a distinct advantage of using LIiDAR instead of a camedaawback of LiDAR is
that units are relatively expdams compared to camerasd the field of viewrom a typical
LiDAR unit is a single scan linavhichis much more restricted than ttypical field of view of a

camera

1.3The Functions of the System

The automated docking system presented in this thasithree main functions: vehicle
detection, vehicle control, and vehicle communication. These three functions operate together to
det¢ mi ne the vehicleds position and orientation

send steering and velocity commands to the velitdedetecting the tractdrailerd s mo s e



ceilingomounted camera issedthat gives informatiombout thregooints on the truckimilar to
that ofusingthree DGPS systems mounted on the tractor and tredecalculatinghow the
truck should be guided, a pdibllowing controller is used that causes the truck to follow a
straight path perpendicular to thertdace of a loading doghosition Lastly, for communicating
control signals to the vehiclejrelessserial communication is established between aivedficle
computer and a microprocessor located on the vehiater chapters elaborate on these three

main functions.

1.4 Testing the System

Selectedests are carried out and compared in order to evaluate the performance of the
designed docking system. FirstATLAB software is used to simulatbe truck backing toward
the dock from different initial cordurations. The data from these simulatiansused to assess
the performance of the controllfihese simulationalso provide a bestase level of
performance, as any actual implementation would be susceptible to communication errors, slower
computatioal speed, equipment faults, and other problems.

In addition to simulations, experimental tests are carried outlotdescaldractortrailer
usingan overheadameraThese test&xemplify ideal poseetection capabilitanalogous to
DGPS capabilitiessince the position and orientation of the tradtailer can be knowto the
resolution of the cameiiawhich is similar to the spatial resolution of DGP&roughouthe
docking procesd-or example, certain DGPS systems produced by NovAtel, Inc.ctéeva
accuracie®f six centimeters (cm), with one particular system providing an accuracy on the order
of 1 cm[37]. As will be explained in Chapter 4, the maximum theoretical error in the
measurements of the camera is 5.4 millimetens). When scaledpto full-size, this would

equate to about 7.6 cifBecausan overhead camera is simila@&PSin performance, these



experimentprovidea way to evaluatedw well the system works inestcaseactual

implementation.

1.5Thesis Organization

The organizabn of the following chapters of this thesisostlinedas follows. he
current state afiechnology related to tractorailer dockingis explainedn Chapter 2. Details
regarding lhe software and hardware componeitthe degyned dockingsystem argrovided in
Chapter 3. Chapter 4 explains how the system opemathsdinghow sensor data is processed,
what model is used for the pdibllowing algorithm, and how the pafbllowing algorithm is
implementedin Chapter 5,le results ofthe simulations ad experimatal tests are showand
discussed. Chapterdgscribes a method for using a LIDAR unit as a vehicle pose detector and
presents preliminary results obtained through experimentatastly, Chapter 7 identifies what
can be concluded fronis thesis project and whatn be done in the future to improve upon the

current work.



Chapter 2

Literature Review

Much literature exists that is relatedthis thesidopic: there aremumerougpapers that
involve pathfollowing, vehicledetection, tractetrailer kinematics, vehicle controhnd docking
systems. Howevefew projects have been done that combine these different topics into one
application. In this chaptetheliterature related to docking tracttailers is explored in greater
detail to illustratehe current state of research in this akest, asummary oimodelree
algorithmsis described in Section 2.but this is brief because this work considers primarily
modetbased approacheBhen,modelbasedathfollowing approaches are discusseédton
2.2), followed bymodetbasedparking and docking approaches (Section 2.3) and vehicle
detection methods (Section 2.Fhe significant insight from this literature summary is that there
appears to be no prior research that utileeifrastructue-basedsystemfor docking atractor

trailerthat employs a modddased approach

2.1 ModelFree Systems

The challenge of backing up a tractmiler along a desired path or trajectory is a
popular problem in nonlinear contrdlhere are moddtee olsfor imitating nonlinear behavior,
like fuzzy logic, neural networks, or genetic algorithimsthave been applied ttescribing or
controllingthe nonlineabehaviorof tractortrailer motion.These are called mod#ke systems
because theesultingalgorithms are not constructed usipfysicsbased models that are easily
parameterizedT hus,thesealgorithms may work on one specific vehicle or situation, but in

general their performance is not guaranteed irpthsence of changes in tractaailer
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kinematics (lengths) or docking situations, at least not without completeieg and perhaps
even different implementations with each and every situational chéftdmmut explicit
parameterization of vehicle kinematics within a physiased model, this neting process is not
easily done. However, modfske methods are in general quite good for showing feasibility of an
approach and thus are often the trailblazing methods for solving complex nonlinear problems.
For example,n work byEatherley et alandParraLoera and Coreliuzzy logic was
used to back a tractarailer to a docked positiori B, 30]. Their fuzzylogic membership sets
were chosen for categorizing information related to the position and orientation of the tractor and
the trailer.In work by ParralLoera and Corelighe range of possible trailer orientatiomas
divided into four categorig80]. The range of possible tractor orientatioves divided into two
categoriesln addition, ategoriesvere specified for hitch angle, tractor latd position, tractor
longitudinal position, and trailer lateral position valuBsen, depending on the categories into
which the parameterslf, a desired steering maneuver and a desired direction of motion (forward
or backwardwereidentified. A similar type of logiovas employedn the work by Eatherley et
al.[13].
These fuzzy logic systems arethable to adequately dock a tractailer, which shows
the capability ofeedback method® solve the truck doking problem. However,dzause the
limits of the membership categories and theices obutcome behaviowere chosen based on
the specific applicatiorthe same sets and outcome behaviarsiot be easilgppliedto other
systems of different condition§hough the systemsere able to succeasfy dock the tractor
trailers, hey reliedon categorieshatwere very specific to certain applications and setuphich
prevenedthem from beingmplemented withvehicles of different dimensions or maneuvering
capabilities.
In addition to fuzzy logisystems, aural networkdased systems have also been applied

to the trator-trailer backing problem?0, 28]. While neural network$iave beeshown to be
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effective in backing a tractdrailer to a desired pose, they are not very practical for real tracto
trailer backup implementation due to #ignificanttraining required of the controlleffor
example, lhe neural networlriving controllerdesigned by Nguyen and Widraequired having
a tracor-trailer run through one or two thousalpaicking trialsor each of sixteen different initial
configurations to train the controller to back the trattaiier from a variety of initial positions
[28]. The systenmight be applied to other tracttrailers once it has been traindxut this is not
clear and wouldikely require significant réraining Even sotraining of this magnitude would
be impracticaln a real application

Another modefree approach that has been applied to the truck backing problem gvolve
genetic ajorithms. In work by Kozaa geneti@pproachusedposition and orientation
information of the truck and algebraic functions as input and prodiardrol strategies for
backingthe truck to a desired pos&l]. The initial generation of programs consisted of 1000
programs, and each new gemt@yn was produced by applying proportionate reproduction and
crossover (recombination) operations to the previous generation of programs. Each generation of
programs was evaluated to determine how many programs were successful in docking the truck
from eight different initial configurations. After four generations of tests, one of 1000 programs
was able to dock the truck in one of eight cases. It was not until the taigtitygeneration that a
program was obtained that could dock the truck from all eigbtsA prohibiting drawback of
usinggeneti@ | gor i t hms isthat, like reegral iewarlasyssems, they require many
computationgo arrive at a successful solutifi].

Nejat and Benhabib developed a mefileé vehicle guidance system thahc
theoretically be generalized to different types of vehicl&k |2 the implementation of this
system, a passiv&ensing method and an actisensing method were designed for guiding a
hol onomi ¢ autonomous vehi cl e ptlaingahe lthefsight ed Adoc

of proximity sensors in relation the vehicle. The system operated by using mirrors to project laser
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beams on positicaensitivediodes (PSDs) located on the vehicle. The sensors measured the
difference between where the laserrbeavere supposed to hit the PSDs, and where they actually
did. Correctivecommands were then sent to the vehicle based on these diffe Roitethe
active and passive methods were simulated and experimentally tested, and both were able to
guide the vehie so that the finaPSD offsets were less than five micrometers, after beginning
with PSD offsets of around thirty micrometeféis method utilized proximity sensors and can be
useful in situations in which a modehsed approach is impractical or difficto implement.
However, some disadvantages of this method are that the experimental space was a very
controlled environment, and it required equipment (PSDs) to be located on the vehicle.
Though fuzzy logic, neural network, and genetic algorithm appesasucceed in
backing a tractotrailer to a desired position and orientation in simulation, they are not very

practical approaches farde use in real situationsr for changing tractetrailer configurations

2.2 PathFollowing Systems

Pathfollowing is the action of maintaining a mddbibject along a desired path, and this
secton discusses many approaches dexigior this purposwith particular focus on tracter
trailer control There are manyariables related tpathfollowing control, includingtype of
vehicle being controlled, type of path being followed, desired vehicle behavior relative to the
path, and method of implementatidxs can be observed in the following paragrapifferént
pathfollowing controllers are concerned with differentéés of complexity of each of these
characteristicsand so an important contribution of this literature is to suggest an appropriate
model to use in a modélsed patfiollowing approach for tractetrailer control

The most basipathfollowing approache are concerned with simple vehicles and simple

control tasks. In a system devetal byKanayama et glthe velicle was modeled ag two
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wheeled mobile robot, and the control taskalved havingthe vehicle confam to a sequence of
postures [Z]. These pstures consietlof Cartesian coordinates for position and an orientation
angle. The posture of the robmés determined using a deagtkoning approach, and the
difference between it and the reference posturstaken as the error. Desired translaticarad
angular velocitiesvere then computed from this error using a proportiomagralderivative
(PID) filtering approachin summary, his system preented by Kanayama et alvolved a
simple vehicle type, use fairly simple controhpproachwas implemented on a mobile robot,
andacquiral informationabout the robot from robehounted sensors (encodersjfJ[1An
advantage of this system svthe simplicity of the approach. Howevenyvis implemented on a
mobile robot and utilizé vehiclemounted sesors, which are characteristics that make it difficult
to translate this system to an infrastructbased tractetrailer docking system
In work done by DeSantia carlike(four-wheeled)mobile robotwas used instead of a
two-wheeled mobile robo8]. Two linear timeinvariant controllersvere developed, with one
controlling vehicle speed and the other controlling steering. The desired steadngiwas
calculated from robot heading, ledéoffset, and steering offset, armbtdesired speeslas based
on the robot ds c urlnthinsystem tthe pathicongdbfaoositionv el oci t y .
velocity, and acceleration profiles for the vehicle to follow instead of sequences of position and
orientation information as seen previousdpmparedothewok of Kanayama et al
work involved a slightly more complex vehicle typa different path representati@ifferent
control methodand a different implementation methaihgulation only [17, 8]. The more
complex vehicle type veaan advatage of this system, though it wanly tested in simulation.
Building upon the system juptesented, DeSantidso developed patiollowing systems
for tracor-trailer-like mobile robots 9] and for ca#ike robots wih single and double steering
[10Q]. Again, two linear timenvariant controllersvere designed one for steering and one for

velocityT and the paths consestof position, velocity, and acceleration profiles. These systems



12

were able to track paths that menot necessarily straight or perfgatircular, and they utiliz
proportionalintegral (PI) control and PID control for speed control. The system for tractor
trailer-like mobile robots ould be adjusted to control the vehicle during either forward or
backward motion. Figurezd1 and2-2 defct the performance of the controlleiesigned for
tractortrailer guidanceluring backward motiorit can be seen in Figure2thatall of the offsets
(lateral, speed, heading, and steeriempntually reach zer@hese systems deloped by
DeSantisexpandedupon previous work, as theyere tailored to more kinematically complex
vehicle types, yet theyere tested in simulation &n[9, 10]. The important aspect of this work is

thata system was developed for guiding a trattailer in backward motion.

R

initial )
vehicle configuration

assigned /
work-space path

Figure2-1. Tractortrailer executing a backward circular maneuver, from DeS#8jti



- tateral otisel

meters, meters'sacond
o
[=-] —

04}

13

i
u - —— e e
-0 2]_ -— S — L i L |
5 10 15 20 23 30 a5
distance traveled along the path (meters)
1.5 = —
o
Iraclo~-heading otksel
05 a
il
E oo =
: \
05 teadler- heading offsel
S UNC
sleenng olisel
A5 L 1 L i S E— - —
o 5 10 15 20 25 30 a5

Figure2-2. Plots of performance of the dooller developed by Deghtis P].

In research conducted by Sampealeta pathfollowing system was developed for

backing a tractotrailer-like mobile robot as well33]. As in the work by DeSantia state

feedback controllewas used for steering the tractoailer-like robot along a straighgath P]. In

contrast to that system though, this system asgangenstant vehicle velocity and utiliza

muchsimpler state representation that has three states instead of eitgut lihearizd the

kinematicsof tractortrailer motionalong the patlandbuilt a controller around that linearized

system. The controller uda timescale based on the distance along the desired path in the
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forward direction. To enable patbllowing control for backward motion, this timescales
transformed so thdt increasd proportional to the distandhe vehicle move backward. In both
directions of motion (forward and backward), the controlledtise lateral deviation, tractor
orientation deviation, and trailer oriertat deviation from thg@athvalues to det@nine a steering
angle that wouldause the vehicle to track the desired path.

In addition to simulating this controller on a computer, experimentation wasgtone
Sampei et alwith a smaliscale tractotrailer-like robot [33]. To moritor the pose of the tractor
trailer, positionsensitivedetectors (PSDs) with infrared lighmitting diodes (LEDs)vere
connected to rotary encodgewith oneof these modulemcatedon the trailer anthe otherat a
stationary location external to thiehicle. As the truck mowk the LED and PSD sensors
maintairedline-of-sight with each other, and the encoders indithtev each sensor wa
oriented An ultrasonic sensavas used to measure the distance between the sensors. Knowing
this information, thgose of the vehiclerasdetermined. Tis systemdeveloped by Sampei et al.
presentedan alternativeo the sytem developed by DeSant pathfollowing controlof a
tractortrailer-like robot in backward motion, andvitas tested in both simulation and
experimentationd3, 9]. This paper also investigated the situation of backward motion to park the
vehicle in a garage, though experimental results were not provided or arialyzeghaperand
the experimental setup was different from that used irthieisis [33]. Nonethelesdyis system
marksa significantstep in the development of pditilowing controllers for tractetrailers,
because it involved experimental tests of the controller.

Sampei et aladditionally developed a pathllowing controlle that allowedractor
trailer-like robots to track circular path84]. The authorapproache the problem in the same
manner as in thepreviouswork described aboyéut linearizel the kinematic®f a tractor
trailer with respecto circular motion inead of straight motion. The fowheeled tractor used in

experimentation was simplified to a threeeled model for modeling purposes. As before, a
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timescale based on distance along the circularyastchosen, and a controlless designed to
causethe adi us of the trailerdés motion to converge
Again, a state feedback controligas usedo calculate the desiresieering angle based on the
deviation from the pathn this work, a patffiollowing controller forstraight paths and one for
circular pathavere combined into one system that switthetween the two as necessary.

As in the filst paper by Sampei et dboth simulation and smadlcale exprimentation
were carried out33]. However, in this paper fronB95, a drastically different vehicle
monitoring systemvas used. Three markengere located on the truck (two on the tractor, one on
the trailer), and an overhead camera moailtine environment. A computer captdienages
from the cameraandcalculdih e vehi cl ebds pose from the marker
executé the controller and determidehedesired steering angles for the vehicle. It then
transmittedhese commands to the vehicle via a radio contrdllee. application to parking
articdated vehicles in garages was mentioned, but this situation wagpliiitly tested [34].
This paper by Sampei et axpan@dupon their previous work from 1991 by adding a controller
for tracking circular paths and allovgrthe controller tewitch badk and forth betweeourved
andstraightpath tracking controller{ 34, 33]. This new capability greatly improddghe system
performance

Kim and Ohalso implemented a controller on a tradtailer-like robot, but theirsvas
designed to guide it in backwhmotion along several types of path8][T'he controller used
was a globally asymptotically stable controller Kim and Oh had previously developess. It
shown to track straight line paths, sine wave paths, circular paths, anddighaped paths.
Also, it tracledthese various path types well even if the vehide initially offset from the path.
Smallscale experimentatiomas done with a twavheeled tractor vehicle towing a trailer, a
camera tracking markers located on the vehicle, and radio cacation betweem computer

and the vehicle. The experimental setup inwosk by Kim and Otwas similar tothat ofthe
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work by Sampei et glbut it shoveda widevariability of path types that patollowing

controllers can track effectively $134], showcasinghe potential patfiollowing capabilities of a
tractortrailer control system.

As another example of patbllowing methods, a system designed by Leng and Minor
was a twatiered controller that calculade desired vehicle trajectory curvatureome layer and
converedthat desired curvature to steering angle commands in another2djyek PID-style
controllerwas used to control vehicle speed, andas implemented on a fulize vehiclga
mini-van)with a trailer. A picture of the vatle is shownin Figure2-3. Sensors includka global
positioning system (GPS) for measuring position, heading, and welacd a potentiometer
located at the hitch for measuring the hitch angytecan be seen from Figure32 the vehicle
used wasiot a trator-trailer; however, this worlwas significant because it implemedia

tractortrailer type system oa full-size véicle-trailer.

Figure2-3. The fullsize vehicle with a twavheded trailer (Leng and/inor) [24].
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A concept that is used in many pdititowing algorithms is the idea of a lo@head
di stance. This is a position projected in fron
deviation from the desired path is evaluated. By judtiegdeviation at this loekhead distance,
adjustments can be made based on upcoming changes in thegsatinch conducted by Sotelo
Martini and MurdoccpWit et al, and ®nzalezCantos and Ollerbadcontrollers that utilize
look-ahead distances$325, 42, 15]. The workby Soteloandby Wit et al.controled a
nonholonomidour-wheeledvehicle, whereathe wok by Martini and Murdoccinvolved
control of a fultscale tractotrailer [36,42,25]. 1 n Mar t i ni wodk Mut tectoast
lateraldeviation from a lane centerline, its speed, its yaw rate, its orientation relative to thesroad
curvature, and the future road curvatwere monitored and used to determine steering
commands forthetractor52 . T he v e hi c | deapairofsteraoxcameras,danncl ude
electronicallycontrolled steering system, a gyrometer, and otheriousénsorsThese results
showthat a lookahead distance can be a useful tool for {falfowing.

Many different types of patfollowing controllers have beenseed and compared in
additionalliterature. In workby Bolzern and Locate|lfour types of controllerasere compared
via simulation:; a Lyapuncebased controller, two linear controllers, and an irqautput
linearizationbased controllerq]. The performace of eactwasrankedin the same order as listed
above, with the Lyapunelased controller producing the best performanctedrk by DeSantis
et al, three different pattracking algorithmsvere tested to determine similarity between
simulated and expénental resultsI1]. The algorithms includia Lyapunovbased one, a fuzzy
logic bagd one, and an algorithm proposed by BolzBeSantis, and Locatelland eachvas
applied to both tracteonly ard tractortrailer situations11]. The experimental reis were
found tocorrelate well with the simulated results.Work by Rajamani et alan inpuistate
feedback linearization controller without preview and an irputiput feedback linearization

controller with previewwere tested for backing a tractoriler abng straight and curved paths
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[31]. The controller that incorporadgreviewwas found to perform better than the one without
preview. These various controller types further illustrate the large variety efgbathing
controllersthat can be degned and how differentontrol approachegenerally compare with
each other.

A final system that relates to controlled guidance of a tracader is the one prestad
i n Chi u anwork(Blols thedr paipdad, & systemas developed for stabilizg a tractor
trailer when traveling in reverse by merely manipulating the steering ofthétear 6 s. r ear
This systemallowedthe tractor and the trailer to have the same instantaneous center of rotation
when turning. Therefore, the tractailer could more easily be steered in reverse by the diiver
the steeringvas more intuitive. Both simulation and experimentatiane done, with a one
tenthscale model vehicle being used for experimentatgering commands from a human
operatomwere sent wielessly tahe tractor, whi¢ the system wirelessly ses@mmands to steer
the trailer. A rotary encodevas used to measure the hitch angle between the tractor and the
trailer. This system succeedlin providing pathstabilization for steering a tracttmailer more
effectively. Though not a patfollowing algorithm, Chiu and Goswarpresentdan interesting
approach for trailer guidance thdgmonstrated a novel way for the tratiereact based on the

behavior of the tractd].

2.3 Parking and Dockirg Systems

As seen above, patbllowing approaches can be very important with regard to vehicle
guidance. Building on the idea of maintaining a vehicle along a certain path, some systems are
used to specifically guide a vehicle to a certain end pointidh systems, the path to be followed

is of finite |l ength and typically extends

ax |

from
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location. These systems are designed to aid in the parking or docking of vehicles; therefore, they
are very relevant to theuttk-backing problem studied in this thesis.

There are various kinds of parking and docking approaches, and they are commonly
defined by the types of sensors used, the locations of the sensors, the type of vehicle being
controlled, and the method of implentation. In the following sections, examples of parking and
docking systems are described, and their differences regarding sensor type, sensor locations,
vehicle type, and implementation method are indicated.

Many different solutions have been soughtdoiding a tractotrailer to a desired
position and orientatin. In work by Vaz et gla nonholonomic mobile robatas guided to a
desired docked position using infrared (IR) sensors mounted on the robot and reflectoratocated
a dock §0]. The robot taveledfrom its initial position to the general location of the dock. Once
there, it usd the IR sensors and reflectors to guide it to the final docked position. The system
included two passive reflectors on the dock, two IR sensors on the robot, stepoes on which
the IR sensora/ere mounted, a PIC microcontroller that corledkthe stepper motors, two DC
mot ors for propelling the robotdés wheels, and
involved a fairly simple vehicle typé a fourwheeled nonhonomic robofi but relied on
sensing equipment located both on the dock and on the vahitiés particular case, the
kinematics of the vehiclerasvery different from those of a tracttnailer; therefore, the system
cannot be directly applied to tipeoblem presented in this thesis. This work is included, though,
because it identifidan earlydocking systenconcept

In 1997, Divelbiss et al. developed a system that inggbagh planning, trajectory
generation, and trajectory tracking controwéisdesigned and experimentally proven to park a
car, a cattrailer, and a car with two traileunder different conditions2]. The vehicle usedias
a quarterscale fourwheeled car with optical encoders on three of the four wheels, an optical

encoder to masure steering angle, and an optical encoder to measure each hitch angle. All of the
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sensorsvere located on the vehiglas were @omputer and a radio receiver; the computas

used formotion planning and vehicle control, and the radio aldusers taemotely control the
vehicle if desiredThe systemwvas successful in guiding different vehicle types along different
desired tajectoriesHowever, since the system ralien deaereckoning and no information is
provided about the surroundings, the véhiad tobegin in a predetermined initial configuration

in a known environment. This system appears to be very applicable to different vehicle types, yet
the limitations due to lack of information about the surroundings hitsdgpplicability to

different initial configurations.

Woodley and Acatook a multilevel approach when backing a traetiiler-like vehicle
to a destination43]. First, a straight pattvas generated from the current vehicle configuration to
the goal vehicle configuration. Onevée of the algorithm constantly determihehether the
vehicle hadeached the goal configuration or not. The second level idehgifig obstacles along
the generated path andnauted the path around theifinecessaryThe third level refind the
path ly eliminating any unnecessary turns. The fourth levaleaay corners of the path
smoother to make it easier for the truck to follow. The fifth level calalithie velocity and angle
profiles required for the truck to follow the path. The final leveltciled the actuators to
execute the desired velocity and angle profiles. The benefit of the modtuae of this unique
algorithm was that little computatioal effort wes required to execute each individual leVidlis
concept of dividing the computatial load of a system can potentially be effective in many
docking system€One drawback of this work is that theethodwas implemented in simulation
only, so no sensorgere usecdhor was there any realorld use data

Another interesting system for docgim vehicle is the one developed by Lefebvré an
Lamiraux in 2006 23]. In it, a robot tractotrailer was backed along a trajectory towards a

general desired location, and thewd#s precisely guided to the desired configuration by

matching perceivedféaur es i n the environment (called fAper
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was expected to sense in its finalwaconfiguratio
implemented on a smadlcale tractor robot towing a tweheeled trailer, with a laser sensor
mounted to the trailer for detecting the surrounding envirohrdenadvantage of this system
was that it ould robustly dockthe vehicle when obstacles bleckthe original planned trajectory
or when the final dddng configuration changeldcation or sie. A disadvantage of this system
was the need to predefine Al andmarks. 0 Conseque
beforehandOverall, tis docking systemillustradlea uni que way of deter mi ni
within an environment.
In researh conducted by Lee et ah method consisting of a path planner and a trajectory
tracking controllewas used to park a smadtale vehicle in garage parking gratallel parking
situations 22] (see Figure 2). As the vehicle mow its configurationwas continuously
monitoredfrom a cameranounted above the parking environment. The vehieeequipped
with a DC motor controller, a microcontroller, encoders on each of four wheels for odometry
purposes, and Bluetooth communication. In this particulaesysinly backward motiowas
considered. This work sh@ghow a system specifically digned for parking maneuvers could
be implemented experimentally, with the parking maneueng useful onggarage parking
and parallel parking)Since a fouwheeledcar was used, though, it would likely be difficult to

directly implement this system on a traetailer setup.

Figure2-4. Pictures of garage (left) and parallel (right)kpag situations, from Leet d. [22].
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In 2005, Kawai patented a hitching system for use irsiak vehicles in which a rear
facing cameravas used to determine if a connecti@ady vehicle or objeatas present behind
the egevehicle[18]. This was checkelly searching for a certahitch or hitch pattern. A human
machineinterface (HMI)was provided inside the vehicle that dismdyhe images taken by the
camera. If a hitch or hitch pattewas found, a linavas projected onto the HMI display to
indicate how the centerline of threhicle would extend rearward in the image. A path line for
how the vehicle should be steered to connect to the Wwaslalso superimposed on the HMI
display, and audio alertould besounded to communicate desired steering behavior to the
driver. This nventionwasa full-scale implementation example of a dockiikg system ér a
vehicle and one that relevant to tractetrailer docking.

In 2007, Stahn, Heiserich, and Stopp developed a particularly interesting system that
involved the navigation andatking of a fullscale tractotrailer usng laser scanner information
[38]. Thissystemuska Li DAR unit mounted at the center of
objects behind the trailer. An HMI located in the tractor cab digglte environment scaed
by the LIDAR unit and allowdthe driver to select a target docking object on the display. Once a
docking objectvas selected, a pathas generated between the current truck position and the
selected target position, ancsdisplayed on the HMI. Usingdometry and LiDAR information,
the pose of the vehicle relative to the target objgstconstantly calculated. From this
information, a motion control module calculdtiée deviation from the target trajectory and
determiné what velocity and steeringpmmandsvere required to maintain the velgalong that
target trajectory In fully autonomous mode, these commangse sent to appropriate actuators
on the vehicle. In serdautonomous mode, steering commaweee sent to the steering actuator,
but a diver controled the throttle. Also, the system apglithe brakes if the final positionas
reached or if collision with an objeatas imminent. This systemvas designed for a specific

applicationi autonomously docking a truck or trailer ungertable, &vated freight containers
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calledswap bodiegsee Figure 5)1 and itwas effective in completing this task. It datka
truck intotheseswap bodies with lateral precision otdntimeter (cm) longitudinal precision of
3 cm, and orientation error of Ddegrees at the target positidinis docking system b$tahn,
Heiserich, and Stopis a novel docking systethathas been proven to work well on fgitale

tractortrailers and is particularly close in scope to the work presented in this.thesis

Figure2-5. Truck docking into a swap body, from Stahn, Heiserich, and $8&pp

Stehn, Stark, and Stopgompleted work that builipon the system described above and
carriedout different maneuvers for dockj tractortrailers into swap bodies unddifferent initial
conditions B9]. These different backing maneuvers incldide single backward motion into a
swap body, motion involving reversal points (switching between forward and backward motion),
and dockng from long distances. These maneuvers engplthe same approach as described in
the previous papérusing LIDAR and odometry to determine current pose of the vehicle,
choosing a target object, generating a trajectory, calculating commands baseatordigim
the trajectory, and executing seanitonomous or fully autonomous control of the vehicle. If an

obstaclewas detected while lsking, the vehicle slowed down or stopp€&dr single backward
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motion into a swap body, the systéunctionedas beforeFor motion involving reversal points,
the system determide path of forward motion that navigdtée truck to a positiorrém which
it couldback into the swap body. For docking from long distances, a 2D model of the
environmentvas neededo that thalrivable area@uld be estimated. The truck then determiine
its location within the environment by recognizing landmarks in its surroundings and, optionally,
using a differential global positioning system (DGPS). This paper egdaipdn the capabilities
of the laseiscanner based navigation and docking system presented previously, and again the
system achievifine precision at the target positiorcluding alateral precision of tm,
longitudinal precision of 8m, and orientation error of 0.2 degrees.
Recently, a system was developkdtcanassist in the parking and docking of a tractor
trailer. Itis a system developed by €Fal | ed fASmart Trailer Parking, ¢
to control the positioning of a cénailer or tractottrailer[29]. An overhead illustration of the
vehicle combinationvas displayed on the smart phone, along with a coupgbauddngoptions.
Theusecoulds peci fy the speed at which the vehicle n
(park, drive, neutral, or revers€)nce those optionsere chosenthe user simply touclighe
screen in order for the vehicle to move. The vehicle miagdong as the useras touchinghe
screen; it immediately stoppedice the screemwas no longer being touched. The useuld then
postion the trailer by dragging it left or right in the virtual display. The car or tractor vehige
then steered based on how the user positions the trailer in the display. Throughout this process,
the usercouldbe outside of the vehicle acduldtherdore monitor the vehicle as it moyand
adjust its positionin a docking application, the usesutd stand outside the vehicle and monitor
firsthand the trailerb6s pose r eThiadapakity t o a | oa
allowedforfinecont r ol of t he v edthecaderecdnBdenpeowhen baeking, af f or d
since he or sheotlld directly observenow clacse the trailer wapositioned relative to its goal

pose. The cerall operation of this system walso very simplé the entire vehi@d combination
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was guided by merely touching and dragging a virtual trailer left or iginplete details of the
system were not available, but it did utilize an automatic transmission, an electric power steering
system, and an articulation angle sensdhe hitch point.

This example of a phorguidedsystem has numerous advantage anables many
types of dockingcapabilitiesnot seen in previously cited work; however, it also has some
disadvantages. In relation to the system designed in this ttiésisystem utilizes at least some
vehiclebased sensing equipment (the articulation angle sensor). Also, the user is responsible for
positioning the trailer as it moves; the system does not determine where the trailer should be
guidedat each stef.astly, the system requires the full attention of the driver during a backing
maneuver, unlike an automated system in which the vehicle can guide itself once a desired pose is
provided. An article was written about this system by Truckifig in July of 2014 so0 this
technology developed by 45 a very current example of the stafethe-artin trailer backing

technologieg$3].

2.4 Vehicle Detection Methods

In both patHfollowing and parking and docking systems described above, different
sensorsvereusedtoét ect vehicle parameters or informati
environment. This section describes additional methods that have been used for detecting
vehicles. These methods are mostly concerned with how detection is achieduis the
summaris do not focus much on how the detection information is used. These methods are
included to illustrate various vehicle detection capabilities and to highlight approaches that could
potentially be useful in a tractorailer docking application.

In work by Chellappa et ala sensing algorithm fudénformation from acoustic and

video sensors to track vehicles in boyhthetic and realvorld casesy]. Direction-of-arrival of a
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vehicle, ratio of the target v dahgdtectenvse speed t
monitored in the analysis. An advantage of this systemthat the parameters measured
(directionof-arrival, speed, and heading directiondwld all need to be known wheguiding a

vehicle.The dsadrantages of this methodere: the video sensing lmmeobsolete when the

target vehiclavas occluded, and the acoustic sensingabembsolete when the target vehicle

was stationary and turned off.

A system that used stereo camera and different stebb@sed algorithms to estimate the
poseand motion of a vehicle in three dimensions wasltigped by Barrois et g2]. It
implemenedthree different sterebased algorithms for detecting thrdienensional points from
an image. It then appliea clustering technique to determine which pob#kngdto a vehicle.
Next, an iterative closest point algorithmas used to fit a cuboid model to the points to designate
them as a vehicle. In order to provide Aground
colored markersvere placed on the fas of the vehicle, and color camevase used to track
them. This systemwas tested with real world datamages of moving vehiclesere captured,
and the poses of the vehicles in those imaggee analyzed. Error in yaw angle measurement
was about 3 daeges and error in distance measurememas about 0.Ineters(m) when the
optimal combination of algorithmsas used. This stereo camdrased approach providéhree
dimensional information about a vehicle, which can be very useful in some applications.

Weigel et alcombina&l camera and LiDAR information to generate accurate
representations of vehicles tivatre much better than representations generated from either
sensor alonedfl]. This detection of vehiclesas done from the perspective of a vehicleving
in traffic. A constant turn rate and acceleration (CTRA) madsl used to model vehicle motion.
Laneswere detected by processing image information from the camera, as langdiegsost
easily detected visually. Vehiclegere detected with the LIBR unit, as it ould measure

distances very well. A thre#imensional griebased approachas used to analyze the three
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dimensional LiDAR data and fit a rectangle to detected points corresponding to a vehicle. A
Kalman filterwas then used to track the pts associated with each vehidiecausehe

accuracy of th&iDAR diminished with increasing distance from the sentb@cameravas used

in conjunctionwith LIDAR to trackobjects especially those farther awagpre accuratelyA
humanmachineinterface (HMI) was also proposed that disptairelevant objects (pedestrians or
vehicles) in a headp display to the driver. By combining LIDAR and camera information, the
capabilities of each sensor compleneeigach otheto providea moreaccurate detectiomethod

than any sensor operating alone

2.5Literature Review Summary and Conclusions

As can be seen, many systems have been developed that are relevant to the challenge of
backingand dockinga tractottrailer to a specific configuration. Though not resarily the most
practical to implement in realitgertainmodetree approaches have been shown to work well in
simulation.The examination of modddased patfiollowing approaches reaked that dferent
path types, vehicle types, control methods, amalémentation methods have been explored in
the literature Parking and docking methods have also e&mined in the literatursome of
which employ a patfiollowing algorithm as a main part of their overall approdathers rely
more on detection of ghenvironmentsometimes measured from the vehi€limally, diverse
approaches involving the fusion of multiple data streams for detecting vehicles have been
revealed in past worll his wide variety of vehicle guidancelated systems shows that there are
manyways to solve the truck backing problem.

A few of the approaches described in this chapéem particularly relevaia the work
completed in this thesis. The work byaBh, Heiserich, and Stogmd Stahn, Stark, and Stopp

usal laser range data irestd ofimage datdor vehicle guidance purpose28| 39]. However, the
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LiDAR units usedveremounted on the vehicl@herefore, that system cannot be implemented in
an infrastructurdbased manner.

Other work that ipertinentto this thesisvas the workdoneby Sampeet al.[34]; the
experimatal setup usethereinseenedvery similar to the cametlaased setup utilized in this
thesis. Howevelthiswork by Sampeet al.utilized imagebased data processing onénd the
tractortrailer was meely controlked to follow a patlsoits motionwas not specifically controlled
in a finite-path dockingsituation though it mentions this as an applicatj8d]. Consequently,
this system would likely need to be modifigdeast slightlyn order to be useful for aodking
situation.

Additionally, the system developed ByarraLoeraand Corelisalso utilized an
infrastructurebased sensing and computing system that included a cggferBurthermore,
unlike the work by Sampeit al.[34], their system was designeaf fdocking a tractetrailer.
However, they utilized a fuzzy logic control system to gufdetractottrailer to the dockwhich
cannot be applied as widely as a melged systemue to the difficulty in tuning the control
algorithm to different vehickeand docking situationsurthermore, this thesis discusses the
experimental setup and performance in much more detail than in the papers by&amhpei
ParraLoera and Corelis, and the 1:14 scale truck used in this thesis has double rear axtes, whic
is more representative of actual fattale trucks than the singlearaxle truck used ithework
by Sampei et ahnd possibly also in the work by Patreera and Corelis3, 30].

Last of all, the system developed by @&emplifiedthe current statef trailer control
technologiesThesystemwas useffriendly andallowedu s er s t o directsly monit
position as he or she controlled it, whichsrgaunique capability. While the systeappears to be
very helpful for docking a tractdrailer, it utilizes at least some vehielmsed sensing

equipment, the user is responsible for positioning the trailer, and the full attention of the driver is
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required when backing the trailer, whidifferentiate it from the system that is presented in this
thesis.

As can be observeddim thework presented in this chaptenuch has been done that is
relevant to the problem of docking a traeti@iler, but an infrastructuseased sensing and
computing systerthat is specificallydesignedor docking atractortrailer and employs model
based contralioes notappear to haveeenyetdevelopedand analyzed to the extent carried out

in this thesis
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Chapter 3

Experimental Setup

In order to provide context for the theoretical aspects of the docking system presented in
Chapte 4, the physical setup of the system is first described in this ch@peedocking sgtem
presented in this thesis implemented in redlme on al:14scale tractotrailer system This
1:14scale system offers way to test docking maneuvers of &toatrailer without the expense,
time, or complexity associated with testing on a-$alhle vehicleThe idea id0 design asystem
for the 1:14scalesetupfirst before trying to implement it on a ftdcale vehicleThe1:14scale
docking system congisof many software and hardware components, each of which are

described in more detail in the following sections.

3.1 Software

Forthisthesis project, sevar different software programseaused, some for validating
experimental results and others fioyplemening the systemMATLAB, Python, Robot
Operating System (RO$}ydro version 2], andthe Arduino Integrated Developer Environment
(IDE) are used on a computer running Lthireux Ubuntuoperating systenThe majoriy of the
code for this projectiwritten in Python, as its fast computing spéedlitatesreattime data
processingAs suc h, di frefweittereinRythditopoodide sliffereat functions, and
these nodes transfdata among themselves usiR@S ROS also transferensordatato these
nodesMATLAB i s used for algorithm developmeand specificallyto test algorithms on
stored, static sets of dat/ith slower computing spesthan Python, MATLA is not as

effectivefor reattime dataprocessinghowever, data can be plotteshde carbe debuggedind
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algorithms camore easily be refined ingg MATLAB. Once the algorithms are refined, theg a

rewritten in Python for realime implementationThe Arduino IDE is the software platform for

the Arduino microprocessor, and & usel in this projecttowritefi s ket cho f or contro
Arduino and any hardware connected td ite sketch is what enables the computer to

communicate with thA&rduino hardware and allows the Arduino to send commands to actuators.

All of these programare run on the_inux Ubuntu operating systerithe Ubuntu operating

system$ chosen because it is currently the only platform on which ROSysstysported 32].

ROS B critical to the implementation of the system presented in this thestss onef the only

free, near redime software systems that seamlessly merges camera and LiDAR datat ichus,

important thathe Ubuntu operating systeswasedo facilitate the use of ROS

3.2 Hardware

Table 31 lists the hardware components of the systéth their respective costs.
Sectians 3.2.1 through 3.2.4 descritheese components greaterdetail

Table3-1. List of hardware components for the docking system.

Quantity Iltem Price for each| Total Price
1 Arduino Uno R3 microprocessor $28.95 $28.95
1 Pololu Dual VNH5019 Motor Driver Shield for Arduino $49.95 $49.95
1 Wixel shield for Arduino
2 Wixel module $49.95 $49.95
1 Thin (2mm) USB Cable A to MirB, 6 ft., Low/FullSpeed Only
2 Power HD Stadard Servo 3001HB $9.95 $19.90
1 Tamiya Plug with 10cm Leads, Female $1.49 $1.49
1 Tamiya 1/14 Knight Hauler Semi Kit TAM56314 $379.95 $379.95
1 Tamiya 1/14 King Hauler Semi Trailer Kit TAM56302 $299.95 $299.95
1 7.2V, 5100mAh NiMH battery $43.99 $43.9
1 Point Grey Research Flea3 1.3 MP Color Gige Camera $595.00 $595.00
1 12V 1.5A (18W) Wall Mount Power Supply for PGR camera $65.00 $65.00
1 Fujinon YV28x28SA2 HD Vari-Focal Lens $80.00 $80.00
1 Hokuyo URGO4LX Scanning Laser Rangefinder $2,310.000 $2,310.00
17 TOTALS $3,926.63
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3.2.1Tractor -Trailer

The tractostrailer used for experimentatiom this thesiss a 114 scale tractetrailer
sold by Tamiya, Inc{see Figure 4). A twenty dollar billis included in the picture to provide a
better ideaf the size of the trugkut the dimensions are also indicatéde truck is very
realistic the rear wheels of thteactor have a differential, the shapeépresentativef an actual
truck, the tractor and trailer each have two rear axdedjt hasmany componentse(g.
driveshatft leaf springgthat are als@resent on a real, fuficale vehicleln addition the tractor
hasathres peed transmission. A hitch pin | ocated ai
connects the tractor and the traderd allows the trailer to easily rotate relative to the tractor.
Because the oudel tractottrailer is veryrealistic, it isa great platfornon which todevelop a

docking system.

0.87 meters (34.5 inches)

0.62 meters (24.5 inches)

Figure3-1. The 1:14scak tractortrailer.
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3.2.2Motors

There are three motors on the truck that provide different functions. One staizgard
servo motor steetthe front wheels of the tractand one R$40SH DC motodrivestherear
drive wheels of the tractor. These motams @omected to a microprocessor control module
(describedn Section 3.2.Band are camolled independently of each oth&eeFigures 32
through 34 below for pictures of these motdie nickel is included in the pictures to give a sense
of scale) As can be seen in Figures33and 34 there is an additional servo motor, whazin be
usedfor shifting the transmission of the tractbr.this project, howeverhts functionality is not

utilized. There are no motors on the trailer.

Figure3-2. The DC motor used to propel the tractor.
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Figure3-3. Top view of the shifting and steering servo motors.
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Figure3-4. Bottom view of the shifting ansteeringservo motors.
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3.2.3Microprocessor Control Module (MCM)

The microprocessor control modyMCM) is located on the tractor portion of the
vehicle andconsists of an Arduino Uno R3 microprocessor, a Wskéld, a Wixel board, and a
Pololu Dual VNH5019Motor Driver ShieldseeFigure3-5). All of these components are
connected together and control the vehicle by manipulating the motors mentioned above. The
Ardui no micropr oc e s s oermodgule ot vecetves signalsifremai br ai ns o o
computer worksttion parsegdhem,and sends them to tla@propriatenotors.Mounted on top of
the Arduino is the motor driver shield, whipbutes commandsdm the Arduino to the DC
motor. It is usedoecauset can povide morecurrent to the motathan the Arduina@analone.
Connected to the motor driver shield i€.aV NiMH batterythat provides power to thehree

motors and th&CM itself.

Wixel shield

motor shield

Figure3-5. The components of the MCM, separate (left) and assembled together (right).

Wixel components provide wireless communication betweeMtkl and a computer
workstation Wixel boards communicate with each other using a 2.4 GHz radio frequency. One

Wixel is mounted o top ofthe Wixel shield, whichs mounted on top of the motor driver shield
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This Wixel communicates wirelessly with another Witheldt isconnectedo a computevia a
USB cable. O eachWixel is a progranthatallows thewirelessconnection t@ctlike a wired,
USB serial connectiarBy connecting tohe Wixel shieldtheArduinois interfacedwith this
Wixel-to-Wixel communicationConsequentlyinformationlike motor commands care sent
wirelessly fromthe computerto the Arduino The Wixel sield also provides a breadboard

surface on which connections to the servo maioesvired.

3.2.40verhead Camera

While most of the hardware associated with vehicle control is located on the vehicle, the
hardware associated with vehicle detectionis aht i n t hsarrowndifgEnvirdnements
As mentioneckarlier, the main hardware componargedfor detection isn internet protocollpP)
cameraThe camera is mounted to the ceiling and faces downward to acquire overhead images of
the docking area ake vehicle movesl he ¢ amer a6 & eduivakert o a ftodr areai e w

about 4.2 mongandabout2.9 m wide. See Figures-8 and 37 for diagrams ofhis sensor setup

<« Camera

Fiducial

o Edge of field
markers <

«— of view

2.58
meters

Loading
dock

|

4.2 meters

Figure3-6. Side view of the aaera setup.
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Figure3-7. Plan view of the camera setup.

Specifically, heoverheadcamera is a 1.3 Megaxel color IP camera manufactured by
Point Grey Research, Inand it is augmented with a high defion varifocal lens manufactured
by Fujinon. Thecameras connected ta computeria anEthernetcable, andmages are
obtained from the camera usiR®S For purposes of this systerhgtcamera is used to track the
movement of threeoloredmarkers dcated on the truckOne marker is above the front axle of
the tractor, one is above the hitch point, and the third iseatt@/rear axle of the trailer. All
markers are 12.dm by 10.5 cm (4.875 inchéis.) by 4.125 in). Figure 38 is apicture of the
truck with these fiduel markersThe loading dock included in Figuress3and 37 does not
physically existTo maximize the docking area available for the experimental tesiy,sical
docki s not | ocated within tihiassaneecttbatdackislochtede | d of

just outside the camerabts field of view
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Figure3-8. The 1:14scale tractotrailer with pink, green, and blue fiducials.

3.2.5 Communication Methods

The vehicle communid¢n component of this thesis involves converting desired steering
angle and velocity information, transmitting commands from the computer workstation to the
vehicle, and routing the commands to the correct vehicle parts. RatlddROSprovide the
mechansm for converting desired steering angle and velocity values from one form to another
and transmitting the commands between the computer and the vehicle. A sketch written in the
Arduino IDE software is used to route commands to the different parts oéhiedes A pair of
Wixels enables wireless transmission of commands from a computer workstation to the vehicle.

The vehicle communication process is explained in more detail in Chapter 4.



39

Chapter 4

System Operation and Main Components

The autonomous docking sgat developed in this thedias three main functions:
detection, control, and communication. These three functions work together to guidsdthe
scale truck to a goal pose adjacerd toading docKocation Figure 41 shows a general diagram

of how these three maifunctionsinteract

steering and
velocity commands

measurements desired steering
of truck truck pose and velocity
information
Vehicle | Vehicle values | yehicle
TRUCK ) > > .
Detection Control Communication

Figure4-1. Main components of the autonomous docking system.

4.1 Vehicle Detection

The parameters relevant to the particular controller impteged in this system atlee
trailer orientatiorrelative to a straighpath thetracta orientationrelative to the trailér s
orientation andthelateral deviation of the trailer rear axle ceritem a straight ath; therefore,

the vehiclesensing systemeeds to be able to determine these param&etsctioninvolves
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sensng the vehicle from theeiling-mounted camerar LIDAR systemand processing the raw
imageor rangedata to determine threlevantparameterérom it. Next, the datgrocessing

procedure associated with the overhead caimengplained.

4.1.1 DataProcesing: Overhead Camera

The gocesing of image data fsm the overhead cameravolves locating three colored
fiducial markers, calculating their positions relative to each other, and tracking them as they move
across the docking area. As mentioire@hapter 3ROS is used to acquire images from the
overheadccamerdthe images are 1024 pixels by 768 pixedsid it provides these imagesthe
computelin a form wseful for processing in Pytho@onsequentlythe code for processing this
image data is writteand implemented as a node in Pytlfcalledi ¢ apo®_detectar p)y 0
Before the camera can be used to reliably track the vehiclanitirsically calibrated, which
reduces barrel distortion in the image. Once it is calibrated, the camera can provide images that
are more appropriate for tracking and gsal. The following paragraphs explain the approach
taken for analyzing the image data.

The first step in the image processing procedure is to convert the acquiredrionage
redgreenblue (RGB)color standardio the huesaturatiorvalue HSV) cdor standard as HSV
color-space detection in the HS subspace of HSV is much less sensitive to changes in the ambient
lighting conditions Next, appropriate thresholds are determined for identifying the colors in the
image.Three different colorsra usedor the fiducial markerspink (frontaxle centerof tractor),
blue (rearaxle centepf trailer), andgreen(hitch point). In order to determine HSV threktwfor
each color,thecolorsae f i r st pl aced wWiext minimumtasrdenaxenamme r a 6 s
thresholdsare set for each of the HSdbmponentsAny values that fall within these limitsea

plotted & white, and any other valuaealotted as black hesethresholdsare manually

V



41

adjusted until the desired cola the only color plotted as whit€or printing purposes, these
colors aranvertedin the following figuresFigures 42 through 44 showthe progression of one
image as it is processéalfind thepink marker Figure 42 is a raw image taken by the camera,
before any processingidtare 43 is an imagefter preliminaryHSV thresholdsre enforced.
Figure 44 shows dully processed image usitigefinalized, restrictiveset of thresholdsl able

4-1 provides the thresholds that correspond to each ifiaigeprocess is repeated twice more to
determine thresholds for identifying the other two colors (sgerés 45 and 46). Once each of
the colords identified, thelocation of thecentroid of each marker is calculatesing image
momentsandthe OpenCV ROS packagé [ Thepixel coordinates bthese centroitbcationsare

takento bethepixelcoordinate of t he corresponding markerso p

Figure4-2. Raw color image acquired from the overhead camera.

































































































































































































































































































































