
The Pennsylvania State University 

 

The Graduate School 

 

Department of Mechanical Engineering 

AUTOMATED  DOCKING OF A SMALL -SCALE TRACTOR -TRAILER  

USING AN INFRASTRUCTURE -BASED SYSTEM 

A Thesis in 

 

Mechanical Engineering 

 

by 

 

James Theodore Dorris 

 

 

Ò 2014 James Theodore Dorris 

Submitted in Partial Fulfillment 

of the Requirements 

for the Degree of 

Master of Science 

 

 

December 2014



ii  

 

 

 

The thesis of James Theodore Dorris was reviewed and approved* by the following: 

 

Sean Brennan 

Associate Professor, Department of Mechanical Engineering 

Thesis Advisor 

 

 

H. J. Sommer 

Professor, Department of Mechanical Engineering 

 

 

Karen A. Thole 

Professor, Department of Mechanical Engineering 

Head of the Department of Mechanical Engineering 

 

*Signatures are on file in the Graduate School 

 



iii  

 

 

ABSTRACT 
 

This thesis involves the design of a system that utilizes vehicle detection, vehicle control, 

and vehicle communication to back a tractor-trailer to a desired position and orientation adjacent 

to a loading dock location. There are currently systems that control a vehicleôs motion; however, 

many such systems rely on sensors and equipment that is attached to the vehicle itself, are 

designed for passenger vehicles, or utilize a model-free control approach. In contrast to these 

existing systems, the goal of this work is to design a system that does not require any sensing or 

major computing equipment to be located on the vehicle and utilizes a model-based control 

approach to back a tractor-trailer to a loading dock location. Simulations are carried out, as well 

as camera-based experimental tests using a 1:14 scale R/C tractor-trailer vehicle. 

The practicality of using a Light Detection and Ranging (LiDAR) unit for vehicle pose 

detection is also explored. For guiding the truck to the loading dock location, a state-space path-

following controller is used. Also, wireless communication is enabled between a computer 

workstation and the vehicle, which allows for autonomous guidance of the vehicle. Experiments 

showed rough agreement with simulated behavior, but discrepancies were found between the two 

approaches. For example, in experimental tests using a dock-mounted LiDAR unit to detect 

vehicle pose, some vehicle pose configurations could not be detected. However, it is concluded 

that LiDAR units could still be useful sensors for vehicle pose detection if implemented using 

more than one sensor. Overall, this infrastructure-based automated docking system that employs 

model-based control is demonstrated to be a viable concept. 
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Chapter 1  
 

Introduction  

This thesis explores the viability of using an infrastructure-based sensing and computing 

system, one that utilizes a mathematical model of truck motion to autonomously back a tractor-

trailer to a loading dock location. The main goal of this work is to examine the use of 

infrastructure-based sensors to determine the pose of the vehicle, and thereby lead it to a loading 

dock location. The main sensor used in this system is an overhead camera that emulates the 

capabilities of differential global positioning systems (DGPS); however, the use of a Light 

Detection and Ranging (LiDAR) unit for the purpose of vehicle detection is also investigated. A 

tractor-trailer was chosen as the vehicle to control because the process of docking a tractor-trailer 

can be extremely difficult for human drivers. Therefore, because drivers often spend many hours 

in the loading dock facility simply maneuvering vehicles, improving this process can potentially 

be very helpful to those in the trucking industry. A model-based approach is used for controlling 

the vehicle, because it can be more easily applied to different types of systems than a model-free 

or ad-hoc approach. 

In this thesis, the phrase ñinfrastructure-basedò refers to the sensing and computing 

equipment that is located external to the vehicle; the system designed in this thesis still requires 

equipment for communication and actuation to be located on the vehicle. Such a system that does 

not use sensors located on the vehicle itself is designed because it provides many benefits ï 

particularly in reduced costs ï over a system that relies on vehicle-mounted sensors. Additionally, 

this type of system has not been as widely used, and thus is a fairly novel contribution to the field. 

The work done in this thesis explores this unique concept for an automated tractor-trailer docking 
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system ï a sensing and computing system that is infrastructure-based and utilizes model-based 

control. 

1.1 Docking a Tractor-Trailer  

Docking a tractor-trailer is the process in which a tractor-trailer is maneuvered in reverse 

so that the rear face of the trailer is parallel to the front face of a loading dock. Tractor-trailers are 

used for transporting goods, and docking is a very important part of the loading and unloading 

process for every trailer. According to the Federal Highway Administration (FHWA), there were 

a little more than 2.5 million truck-tractors registered in the United States in 2012 [16]. Such a 

large number of truck-tractors suggests a great many docking events, considering that many 

trucks go through the docking process on a regular basis, likely one or more docking processes 

per day. 

In addition to occurring frequently, docking tractor-trailers 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 unloading. Also, trailers are of different lengths and some trailers can be up to fifty -three feet 

long [14], which makes it difficult for the driver to accurately judge where the rear face of the 

trailer is in relation to a dock. In tractor-trailer configurations in which the angle between the 

tractor and trailer is large enough, it can be very difficult or even impossible for the driver to see 

the rear of the trailer. Furthermore, because the tractor and trailer are separate units, the 

relationship between tractor steering and trailer position is not intuitive to the average driver [13]. 

All of these characteristics combine to make docking a tractor-trailer a very difficult task. 
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1.2 Automating the Docking Process 

Because docking is so difficult, it could greatly benefit from being automated. This 

would likely enable the tractor-trailer to back along a more efficient trajectory, which would save 

time and fuel. It could also prevent drivers from needing to drive the vehicle forward and 

backward multiple times before it is docked. Another advantage of an automated system is that 

drivers would not need to have prior experience with backing tractor-trailers; they would merely 

need to know how to guide the trucks to a position close enough to the dock for an automated 

system to take over. Finally, an automated system would allow the driver to be outside the vehicle 

during docking. Consequently, the driver could complete other tasks as the truck docks itself. 

These potential advantages associated with automating the docking process can result in 

significant cost, efficiency, and time savings versus current trailer docking methods. 

When considering different ideas for an automated docking system, systems that utilize 

sensors and computing equipment located on a vehicle have been studied in the literature, and 

there are some advantages to such systems. Vehicle-based systems are contained within a vehicle 

and do not rely on any external equipment in order to function. Therefore, as long as the vehicle 

is operational, the system can be operated. With vehicle-based systems, the equipment could be 

tuned according to the specific vehicle ï for example programming in the vehicleôs length, 

turning radius, etc. ï which could allow for more precise performance and operation that is better 

suited to the particular vehicle. Vehicle-based systems could also allow one vehicle to dock at 

many different loading docks with the same performance at each dock.  

Though there are advantages to a mostly vehicle-based docking system, there also seem 

to be many benefits associated with a mostly infrastructure-based system. First, a system that 

does not rely on any vehicle-mounted sensors or computing equipment would likely be less 

susceptible to damage or calibration errors, as the equipment is attached to fixed infrastructure 
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and is, therefore, mostly stationary. Equipment mounted to the tractor or trailer is more likely to 

be damaged or soiled in transit; collisions with other vehicles or objects are more likely, and 

travel conditions (e.g. road surface and traffic conditions) are variable. Moreover, if a company 

wanted to implement an automated docking system, they would require fewer systems to be 

installed if the systems were infrastructure-based ï many hundreds of different vehicles may load 

or unload at the same dock, and all could utilize the same sensor. Also, fewer infrastructure-based 

systems than vehicle-based systems have been developed. For the reasons mentioned here, an 

infrastructure-based automated docking system is chosen, rather than a system that relies on 

vehicle-mounted sensors and computing equipment. 

With regard to the type of sensor used for detecting the tractor-trailer, a camera is used as 

the main device for detecting the vehicle in this work, but the use of LiDAR is also explored 

because images taken of the same area with a camera can vary significantly under different 

lighting or weather conditions. Since LiDAR units operate by detecting distances from the unit to 

objects, lighting changes generally have less of an effect on the measurements acquired from 

them. This is a distinct advantage of using LiDAR instead of a camera. A drawback of LiDAR is 

that units are relatively expensive compared to cameras and the field of view from a typical 

LiDAR unit is a single scan line, which is much more restricted than the typical field of view of a 

camera. 

1.3 The Functions of the System 

The automated docking system presented in this thesis has three main functions: vehicle 

detection, vehicle control, and vehicle communication. These three functions operate together to 

determine the vehicleôs position and orientation (pose), calculate how it needs to be guided, and 

send steering and velocity commands to the vehicle. For detecting the tractor-trailerôs pose, a 
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ceiling-mounted camera is used that gives information about three points on the truck similar to 

that of using three DGPS systems mounted on the tractor and trailer. For calculating how the 

truck should be guided, a path-following controller is used that causes the truck to follow a 

straight path perpendicular to the front face of a loading dock position. Lastly, for communicating 

control signals to the vehicle, wireless serial communication is established between an off-vehicle 

computer and a microprocessor located on the vehicle. Later chapters elaborate on these three 

main functions. 

1.4 Testing the System 

Selected tests are carried out and compared in order to evaluate the performance of the 

designed docking system. First, MATLAB software is used to simulate the truck backing toward 

the dock from different initial configurations. The data from these simulations are used to assess 

the performance of the controller. These simulations also provide a best-case level of 

performance, as any actual implementation would be susceptible to communication errors, slower 

computational speeds, equipment faults, and other problems.  

In addition to simulations, experimental tests are carried out on a 1:14 scale tractor-trailer 

using an overhead camera. These tests exemplify ideal pose detection capability analogous to 

DGPS capabilities, since the position and orientation of the tractor-trailer can be known to the 

resolution of the camera ï which is similar to the spatial resolution of DGPS ï throughout the 

docking process. For example, certain DGPS systems produced by NovAtel, Inc. can achieve 

accuracies of 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 millimeters (mm). When scaled up to full-size, this would 

equate to about 7.6 cm. Because an overhead camera is similar to DGPS in performance, these 
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experiments provide a way to evaluate how well the system works in best-case actual 

implementation. 

1.5 Thesis Organization 

The organization of the following chapters of this thesis is outlined as follows. The 

current state of technology related to tractor-trailer docking is explained in Chapter 2. Details 

regarding the software and hardware components of the designed docking system are provided in 

Chapter 3. Chapter 4 explains how the system operates, including how sensor data is processed, 

what model is used for the path-following algorithm, and how the path-following algorithm is 

implemented. In Chapter 5, the results of the simulations and experimental tests are shown and 

discussed. Chapter 6 describes a method for using a LiDAR unit as a vehicle pose detector and 

presents preliminary results obtained through experimentation. Lastly, Chapter 7 identifies what 

can be concluded from this thesis project and what can be done in the future to improve upon the 

current work. 
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Chapter 2  
 

Literature Review 

Much literature exists that is related to this thesis topic: there are numerous papers that 

involve path-following, vehicle detection, tractor-trailer kinematics, vehicle control, and docking 

systems. However, few projects have been done that combine these different topics into one 

application. In this chapter, the literature related to docking tractor-trailers is explored in greater 

detail to illustrate the current state of research in this area. First, a summary of model-free 

algorithms is described in Section 2.1, but this is brief because this work considers primarily 

model-based approaches. Then, model-based path-following approaches are discussed (Section 

2.2), followed by model-based parking and docking approaches (Section 2.3) and vehicle 

detection methods (Section 2.4). The significant insight from this literature summary is that there 

appears to be no prior research that utilizes an infrastructure-based system for docking a tractor-

trailer that employs a model-based approach. 

2.1 Model-Free Systems 

The challenge of backing up a tractor-trailer along a desired path or trajectory is a 

popular problem in nonlinear control. There are model-free tools for imitating nonlinear behavior, 

like fuzzy logic, neural networks, or genetic algorithms that have been applied to describing or 

controlling the nonlinear behavior of tractor-trailer motion. These are called model-free systems 

because the resulting algorithms are not constructed using physics-based models that are easily 

parameterized. Thus, these algorithms may work on one specific vehicle or situation, but in 

general their performance is not guaranteed in the presence of changes in tractor-trailer 
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kinematics (lengths) or docking situations, at least not without complete re-tuning and perhaps 

even different implementations with each and every situational change. Without explicit 

parameterization of vehicle kinematics within a physics-based model, this retuning process is not 

easily done. However, model-free 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, in work by Eatherley et al. and Parra-Loera and Corelis, fuzzy logic was 

used to back a tractor-trailer to a docked position [13, 30]. Their fuzzy-logic membership sets 

were chosen for categorizing information related to the position and orientation of the tractor and 

the trailer. In work by Parra-Loera and Corelis, the range of possible trailer orientations was 

divided into four categories [30]. The range of possible tractor orientations was divided into two 

categories. In addition, categories were specified for hitch angle, tractor lateral position, tractor 

longitudinal position, and trailer lateral position values. Then, depending on the categories into 

which the parameters fell, a desired steering maneuver and a desired direction of motion (forward 

or backward) were identified. A similar type of logic was employed in the work by Eatherley et 

al. [13]. 

These fuzzy logic systems are both able to adequately dock a tractor-trailer, which shows 

the capability of feedback methods to solve the truck docking problem. However, because the 

limits of the membership categories and the choices of outcome behavior were chosen based on 

the specific application, the same sets and outcome behaviors cannot be easily applied to other 

systems of different conditions. Though the systems were able to successfully dock the tractor-

trailers, they relied on categories that were very specific to certain applications and setups, which 

prevented them from being implemented with vehicles of different dimensions or maneuvering 

capabilities. 

In addition to fuzzy logic systems, neural networks-based systems have also been applied 

to the tractor-trailer backing problem [20, 28]. While neural networks have been shown to be 
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effective in backing a tractor-trailer to a desired pose, they are not very practical for real tractor-

trailer backup implementation due to the significant training required of the controller. For 

example, the neural network driving controller designed by Nguyen and Widrow required having 

a tractor-trailer run through one or two thousand backing trials for each of sixteen different initial 

configurations to train the controller to back the tractor-trailer from a variety of initial positions 

[28]. The system might be applied to other tractor-trailers once it has been trained, but this is not 

clear and would likely require significant re-training. Even so, training of this magnitude would 

be impractical in a real application. 

Another model-free approach that has been applied to the truck backing problem involves 

genetic algorithms. In work by Koza, a genetic approach used position and orientation 

information of the truck and algebraic functions as input and produced control strategies for 

backing the truck to a desired pose [21]. The initial generation of programs consisted of 1000 

programs, and each new generation 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 twenty-sixth generation that a 

program was obtained that could dock the truck from all eight cases. A prohibiting drawback of 

using genetic algorithms such as Kozaôs is that, like neural network systems, they require many 

computations to arrive at a successful solution [21].  

Nejat and Benhabib developed a model-free vehicle guidance system that can 

theoretically be generalized to different types of vehicles [27]. In the implementation of this 

system, a passive-sensing method and an active-sensing method were designed for guiding a 

holonomic autonomous vehicle to a desired ñdockedò position by manipulating the line-of-sight 

of proximity sensors in relation the vehicle. The system operated by using mirrors to project laser 
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beams on position-sensitive-diodes (PSDs) located on the vehicle. The sensors measured the 

difference between where the laser beams were supposed to hit the PSDs, and where they actually 

did. Corrective commands were then sent to the vehicle based on these differences. Both the 

active and passive methods were simulated and experimentally tested, and both were able to 

guide the vehicle so that the final PSD offsets were less than five micrometers, after beginning 

with PSD offsets of around thirty micrometers. This method utilized proximity sensors and can be 

useful in situations in which a model-based approach is impractical or difficult to 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 approaches succeed in 

backing a tractor-trailer to a desired position and orientation in simulation, they are not very 

practical approaches for wide use in real situations or for changing tractor-trailer configurations. 

2.2 Path-Following Systems 

Path-following is the action of maintaining a mobile object along a desired path, and this 

section discusses many approaches designed for this purpose with particular focus on tractor-

trailer control. There are many variables related to path-following control, including: type of 

vehicle being controlled, type of path being followed, desired vehicle behavior relative to the 

path, and method of implementation. As can be observed in the following paragraphs, different 

path-following controllers are concerned with different levels of complexity of each of these 

characteristics, and so an important contribution of this literature is to suggest an appropriate 

model to use in a model-based path-following approach for tractor-trailer control. 

The most basic path-following approaches are concerned with simple vehicles and simple 

control tasks. In a system developed by Kanayama et al., the vehicle was modeled as a two-
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wheeled mobile robot, and the control task involved having the vehicle conform to a sequence of 

postures [17]. These postures consisted of Cartesian coordinates for position and an orientation 

angle. The posture of the robot was determined using a dead-reckoning approach, and the 

difference between it and the reference posture was taken as the error. Desired translational and 

angular velocities were then computed from this error using a proportional-integral-derivative 

(PID) filtering approach. In summary, this system presented by Kanayama et al. involved a 

simple vehicle type, used a fairly simple control approach, was implemented on a mobile robot, 

and acquired information about the robot from robot-mounted sensors (encoders) [17]. An 

advantage of this system was the simplicity of the approach. However, it was implemented on a 

mobile robot and utilized vehicle-mounted sensors, which are characteristics that make it difficult 

to translate this system to an infrastructure-based tractor-trailer docking system. 

In work done by DeSantis, a carlike (four-wheeled) mobile robot was used instead of a 

two-wheeled mobile robot [8]. Two linear time-invariant controllers were developed, with one 

controlling vehicle speed and the other controlling steering. The desired steering amount was 

calculated from robot heading, lateral offset, and steering offset, and the desired speed was based 

on the robotôs current steering and velocity. In this system, the path consisted of position, 

velocity, and acceleration profiles for the vehicle to follow instead of sequences of position and 

orientation information as seen previously. Compared to the work of Kanayama et al., DeSantisôs 

work involved a slightly more complex vehicle type, a different path representation, a different 

control method, and a different implementation method (simulation only) [17, 8]. The more 

complex vehicle type was an advantage of this system, though it was only tested in simulation. 

Building upon the system just presented, DeSantis also developed path-following systems 

for tractor-trailer-like mobile robots [9] and for car-like robots with single and double steering 

[10]. Again, two linear time-invariant controllers were designed ï one for steering and one for 

velocity ï and the paths consisted of position, velocity, and acceleration profiles. These systems 
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were able to track paths that were not necessarily straight or perfectly circular, and they utilized 

proportional-integral (PI) control and PID control for speed control. The system for tractor-

trailer-like mobile robots could be adjusted to control the vehicle during either forward or 

backward motion. Figures 2-1 and 2-2 depict the performance of the controller designed for 

tractor-trailer guidance during backward motion. It can be seen in Figure 2-2 that all of the offsets 

(lateral, speed, heading, and steering) eventually reach zero. These systems developed by 

DeSantis expanded upon previous work, as they were tailored to more kinematically complex 

vehicle types, yet they were tested in simulation only [9, 10]. The important aspect of this work is 

that a system was developed for guiding a tractor-trailer in backward motion. 

 

 

Figure 2-1. Tractor-trailer executing a backward circular maneuver, from DeSantis [9]. 
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Figure 2-2. Plots of performance of the controller developed by DeSantis [9]. 

 

In research conducted by Sampei et al., a path-following system was developed for 

backing a tractor-trailer-like mobile robot as well [33]. As in the work by DeSantis, a state 

feedback controller was used for steering the tractor-trailer-like robot along a straight path [9]. In 

contrast to that system though, this system assumed a constant vehicle velocity and utilized a 

much simpler state representation that has three states instead of eight. It also linearized the 

kinematics of tractor-trailer motion along the path and built a controller around that linearized 

system. The controller used a timescale based on the distance along the desired path in the 
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forward direction. To enable path-following control for backward motion, this timescale was 

transformed so that it increased proportional to the distance the vehicle moved backward. In both 

directions of motion (forward and backward), the controller used the lateral deviation, tractor 

orientation deviation, and trailer orientation deviation from the path values to determine a steering 

angle that would cause the vehicle to track the desired path. 

In addition to simulating this controller on a computer, experimentation was done by 

Sampei et al. with a small-scale tractor-trailer-like robot [33]. To monitor the pose of the tractor-

trailer, position-sensitive-detectors (PSDs) with infrared light-emitting diodes (LEDs) were 

connected to rotary encoders, with one of these modules located on the trailer and the other at a 

stationary location external to the vehicle. As the truck moved, the LED and PSD sensors 

maintained line-of-sight with each other, and the encoders indicated how each sensor was 

oriented. An ultrasonic sensor was used to measure the distance between the sensors. Knowing 

this information, the pose of the vehicle was determined. This system developed by Sampei et al. 

presented an alternative to the system developed by DeSantis for path-following control of a 

tractor-trailer-like robot in backward motion, and it was tested in both simulation and 

experimentation [33, 9]. This paper also investigated the situation of backward motion to park the 

vehicle in a garage, though experimental results were not provided or analyzed in the paper, and 

the experimental setup was different from that used in this thesis [33]. Nonetheless, this system 

marks a significant step in the development of path-following controllers for tractor-trailers, 

because it involved experimental tests of the controller. 

Sampei et al. additionally developed a path-following controller that allowed tractor-

trailer-like robots to track circular paths [34]. The authors approached the problem in the same 

manner as in their previous work described above, but linearized the kinematics of a tractor-

trailer with respect to circular motion instead of straight motion. The four-wheeled tractor used in 

experimentation was simplified to a three-wheeled model for modeling purposes. As before, a 
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timescale based on distance along the circular path was chosen, and a controller was designed to 

cause the radius of the trailerôs motion to converge to the radius of the desired circular path. 

Again, a state feedback controller was used to calculate the desired steering angle based on the 

deviation from the path. In this work, a path-following controller for straight paths and one for 

circular paths were combined into one system that switched between the two as necessary. 

As in the first paper by Sampei et al., both simulation and small-scale experimentation 

were carried out [33]. However, in this paper from 1995, a drastically different vehicle 

monitoring system was used. Three markers were located on the truck (two on the tractor, one on 

the trailer), and an overhead camera monitored the environment. A computer captured images 

from the camera and calculated the vehicleôs pose from the markersô locations. The computer also 

executed the controller and determined the desired steering angles for the vehicle. It then 

transmitted these commands to the vehicle via a radio controller. The application to parking 

articulated vehicles in garages was mentioned, but this situation was not explicitly tested [34]. 

This paper by Sampei et al. expanded upon their previous work from 1991 by adding a controller 

for tracking circular paths and allowing the controller to switch back and forth between curved 

and straight-path tracking controllers [34, 33]. This new capability greatly improved the system 

performance. 

Kim and Oh also implemented a controller on a tractor-trailer-like robot, but theirs was 

designed to guide it in backward motion along several types of paths [19]. The controller used 

was a globally asymptotically stable controller Kim and Oh had previously developed. It was 

shown to track straight line paths, sine wave paths, circular paths, and figure-8 shaped paths. 

Also, it tracked these various path types well even if the vehicle was initially offset from the path. 

Small-scale experimentation was done with a two-wheeled tractor vehicle towing a trailer, a 

camera tracking markers located on the vehicle, and radio communication between a computer 

and the vehicle. The experimental setup in this work by Kim and Oh was similar to that of the 
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work by Sampei et al., but it showed a wide variability of path types that path-following 

controllers can track effectively [19, 34], showcasing the potential path-following capabilities of a 

tractor-trailer control system. 

As another example of path-following methods, a system designed by Leng and Minor 

was a two-tiered controller that calculated a desired vehicle trajectory curvature in one layer and 

converted that desired curvature to steering angle commands in another layer [24]. A PID-style 

controller was used to control vehicle speed, and it was implemented on a full-size vehicle (a 

mini-van) with a trailer. A picture of the vehicle is shown in Figure 2-3. Sensors included a global 

positioning system (GPS) for measuring position, heading, and velocity, and a potentiometer 

located at the hitch for measuring the hitch angle. As can be seen from Figure 2-3, the vehicle 

used was not a tractor-trailer; however, this work was significant because it implemented a 

tractor-trailer type system on a full-size vehicle-trailer. 

 

 

Figure 2-3. The full-size vehicle with a two-wheeled trailer (Leng and Minor) [24]. 
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A concept that is used in many path-following algorithms is the idea of a look-ahead 

distance. This is a position projected in front of the vehicle along the vehicleôs centerline, where 

deviation from the desired path is evaluated. By judging the deviation at this look-ahead distance, 

adjustments can be made based on upcoming changes in the path. Research conducted by Sotelo, 

Martini and Murdocco, Wit et al., and Gonzalez-Cantos and Ollero had controllers that utilized 

look-ahead distances [36, 25, 42, 15]. The work by Sotelo and by Wit et al. controlled a 

nonholonomic four-wheeled vehicle, whereas the work by Martini and Murdocco involved 

control of a full-scale tractor-trailer [36, 42, 25]. In Martini and Murdoccoôs work, the tractorôs 

lateral deviation from a lane centerline, its speed, its yaw rate, its orientation relative to the roadôs 

curvature, and the future road curvature were monitored and used to determine steering 

commands for the tractor [25]. The vehicleôs sensors included: a pair of stereo cameras, an 

electronically-controlled steering system, a gyrometer, and other built-in sensors. These results 

show that a look-ahead distance can be a useful tool for path-following. 

Many different types of path-following controllers have been tested and compared in 

additional literature. In work by Bolzern and Locatelli, four types of controllers were compared 

via simulation: a Lyapunov-based controller, two linear controllers, and an input-output 

linearization-based controller [4]. The performance of each was ranked in the same order as listed 

above, with the Lyapunov-based controller producing the best performance. In work by DeSantis 

et al., three different path-tracking algorithms were tested to determine similarity between 

simulated and experimental results [11]. The algorithms included a Lyapunov-based one, a fuzzy-

logic based one, and an algorithm proposed by Bolzern, DeSantis, and Locatelli, and each was 

applied to both tractor-only and tractor-trailer situations [11]. The experimental results were 

found to correlate well with the simulated results. In work by Rajamani et al., an input-state 

feedback linearization controller without preview and an input-output feedback linearization 

controller with preview were tested for backing a tractor-trailer along straight and curved paths 



18 

  

[31]. The controller that incorporated preview was found to perform better than the one without 

preview. These various controller types further illustrate the large variety of path-following 

controllers that can be designed, and how different control approaches generally compare with 

each other. 

A final system that relates to controlled guidance of a tractor-trailer is the one presented 

in Chiu and Goswamiôs work [6]. In their paper, a system was developed for stabilizing a tractor-

trailer when traveling in reverse by merely manipulating the steering of the trailerôs rear axle. 

This system allowed the tractor and the trailer to have the same instantaneous center of rotation 

when turning. Therefore, the tractor-trailer could more easily be steered in reverse by the driver ï 

the steering was more intuitive. Both simulation and experimentation were done, with a one-

tenth-scale model vehicle being used for experimentation. Steering commands from a human 

operator were sent wirelessly to the tractor, while the system wirelessly sent commands to steer 

the trailer. A rotary encoder was used to measure the hitch angle between the tractor and the 

trailer. This system succeeded in providing path-stabilization for steering a tractor-trailer more 

effectively. Though not a path-following algorithm, Chiu and Goswami presented an interesting 

approach for trailer guidance that demonstrated a novel way for the trailer to react based on the 

behavior of the tractor [6]. 

2.3 Parking and Docking Systems 

As seen above, path-following 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 point. In such systems, the path to be followed 

is of finite length and typically extends from the vehicleôs current location to an end goal 
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location. These systems are designed to aid in the parking or docking of vehicles; therefore, they 

are very relevant to the truck-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 implementation. 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 sought for guiding a tractor-trailer to a desired 

position and orientation. In work by Vaz et al., a nonholonomic mobile robot was guided to a 

desired docked position using infrared (IR) sensors mounted on the robot and reflectors located at 

a dock [40]. The robot traveled from its initial position to the general location of the dock. Once 

there, it used 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, stepper motors on which 

the IR sensors were mounted, a PIC microcontroller that controlled the stepper motors, two DC 

motors for propelling the robotôs wheels, and an onboard computer. This docking system 

involved a fairly simple vehicle type ï a four-wheeled nonholonomic robot ï but relied on 

sensing equipment located both on the dock and on the vehicle. In this particular case, the 

kinematics of the vehicle was very different from those of a tractor-trailer; therefore, the system 

cannot be directly applied to the problem presented in this thesis. This work is included, though, 

because it identified an early docking system concept. 

In 1997, Divelbiss et al. developed a system that involved path planning, trajectory 

generation, and trajectory tracking control. It was designed and experimentally proven to park a 

car, a car-trailer, and a car with two trailers under different conditions [12]. The vehicle used was 

a quarter-scale four-wheeled car with optical encoders on three of the four wheels, an optical 

encoder to measure steering angle, and an optical encoder to measure each hitch angle. All of the 
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sensors were located on the vehicle, as were a computer and a radio receiver; the computer was 

used for motion planning and vehicle control, and the radio allowed users to remotely control the 

vehicle if desired. The system was successful in guiding different vehicle types along different 

desired trajectories. However, since the system relied on dead-reckoning and no information is 

provided about the surroundings, the vehicle had to begin 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 hinder its applicability to 

different initial configurations. 

Woodley and Acar took a multi-level approach when backing a tractor-trailer-like vehicle 

to a destination [43]. First, a straight path was generated from the current vehicle configuration to 

the goal vehicle configuration. One level of the algorithm constantly determined whether the 

vehicle had reached the goal configuration or not. The second level identified any obstacles along 

the generated path and re-routed the path around them if necessary. The third level refined the 

path by eliminating any unnecessary turns. The fourth level made any corners of the path 

smoother to make it easier for the truck to follow. The fifth level calculated the velocity and angle 

profiles required for the truck to follow the path. The final level controlled the actuators to 

execute the desired velocity and angle profiles. The benefit of the modular nature of this unique 

algorithm was that little computational effort was required to execute each individual level. This 

concept of dividing the computational load of a system can potentially be effective in many 

docking systems. One drawback of this work is that the method was implemented in simulation 

only, so no sensors were used nor was there any real-world use data. 

Another interesting system for docking a vehicle is the one developed by Lefebvre and 

Lamiraux in 2006 [23]. In it, a robot tractor-trailer was backed along a trajectory towards a 

general desired location, and then it was precisely guided to the desired configuration by 

matching perceived features in the environment (called ñperceptionsò) with features that the robot 



21 

  

was expected to sense in its final configuration (called ñlandmarksò). The system was 

implemented on a small-scale tractor robot towing a two-wheeled trailer, with a laser sensor 

mounted to the trailer for detecting the surrounding environment. An advantage of this system 

was that it could robustly dock the vehicle when obstacles blocked the original planned trajectory 

or when the final docking configuration changed location or size. A disadvantage of this system 

was the need to predefine ñlandmarks.ò Consequently, the docking environment must be known 

beforehand. Overall, this docking system illustrated a unique way of determining a vehicleôs pose 

within an environment. 

In research conducted by Lee et al., a method consisting of a path planner and a trajectory 

tracking controller was used to park a small-scale vehicle in garage parking and parallel parking 

situations [22] (see Figure 2-4). As the vehicle moved, its configuration was continuously 

monitored from a camera mounted above the parking environment. The vehicle was equipped 

with a DC motor controller, a microcontroller, encoders on each of four wheels for odometry 

purposes, and Bluetooth communication. In this particular system, only backward motion was 

considered. This work showed how a system specifically designed for parking maneuvers could 

be implemented experimentally, with the parking maneuvers being useful ones (garage parking 

and parallel parking). Since a four-wheeled car was used, though, it would likely be difficult to 

directly implement this system on a tractor-trailer setup. 

 

Figure 2-4. Pictures of garage (left) and parallel (right) parking situations, from Lee et al. [22]. 
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In 2005, Kawai patented a hitching system for use in full-size vehicles in which a rear-

facing camera was used to determine if a connection-ready vehicle or object was present behind 

the ego-vehicle [18]. This was checked by searching for a certain hitch or hitch pattern. A human-

machine-interface (HMI) was provided inside the vehicle that displayed the images taken by the 

camera. If a hitch or hitch pattern was found, a line was projected onto the HMI display to 

indicate how the centerline of the vehicle would extend rearward in the image. A path line for 

how the vehicle should be steered to connect to the hitch was also superimposed on the HMI 

display, and audio alerts could be sounded to communicate desired steering behavior to the 

driver. This invention was a full-scale implementation example of a docking-like system for a 

vehicle and one that is relevant to tractor-trailer docking. 

In 2007, Stahn, Heiserich, and Stopp developed a particularly interesting system that 

involved the navigation and docking of a full-scale tractor-trailer using laser scanner information 

[38]. This system used a LiDAR unit mounted at the center of a trailerôs rear face to detect 

objects behind the trailer. An HMI located in the tractor cab displayed the environment scanned 

by the LiDAR unit and allowed the driver to select a target docking object on the display. Once a 

docking object was selected, a path was generated between the current truck position and the 

selected target position, and was displayed on the HMI. Using odometry and LiDAR information, 

the pose of the vehicle relative to the target object was constantly calculated. From this 

information, a motion control module calculated the deviation from the target trajectory and 

determined what velocity and steering commands were required to maintain the vehicle along that 

target trajectory.  In fully autonomous mode, these commands were sent to appropriate actuators 

on the vehicle. In semi-autonomous mode, steering commands were sent to the steering actuator, 

but a driver controlled the throttle. Also, the system applied the brakes if the final position was 

reached or if collision with an object was imminent. This system was designed for a specific 

application ï autonomously docking a truck or trailer under portable, elevated freight containers 
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called swap bodies (see Figure 2-5) ï and it was effective in completing this task. It docked a 

truck into these swap bodies with lateral precision of 1 centimeter (cm), longitudinal precision of 

3 cm, and orientation error of 0.2 degrees at the target position. This docking system by Stahn, 

Heiserich, and Stopp is a novel docking system that has been proven to work well on full-scale 

tractor-trailers, and is particularly close in scope to the work presented in this thesis. 

 

 

Figure 2-5. Truck docking into a swap body, from Stahn, Heiserich, and Stopp [38]. 

 

Stahn, Stark, and Stopp completed work that built upon the system described above and 

carried out different maneuvers for docking tractor-trailers into swap bodies under different initial 

conditions [39]. These different backing maneuvers included: a single backward motion into a 

swap body, motion involving reversal points (switching between forward and backward motion), 

and docking from long distances. These maneuvers employed the same approach as described in 

the previous paper ï using LiDAR and odometry to determine current pose of the vehicle, 

choosing a target object, generating a trajectory, calculating commands based on deviation from 

the trajectory, and executing semi-autonomous or fully autonomous control of the vehicle. If an 

obstacle was detected while backing, the vehicle slowed down or stopped. For single backward 
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motion into a swap body, the system functioned as before. For motion involving reversal points, 

the system determined a path of forward motion that navigated the truck to a position from which 

it could back into the swap body. For docking from long distances, a 2D model of the 

environment was needed so that the drivable area could be estimated. The truck then determined 

its location within the environment by recognizing landmarks in its surroundings and, optionally, 

using a differential global positioning system (DGPS). This paper expanded upon the capabilities 

of the laser-scanner based navigation and docking system presented previously, and again the 

system achieved fine precision at the target position including a lateral precision of 1 cm, 

longitudinal precision of 3 cm, and orientation error of 0.2 degrees. 

Recently, a system was developed that can assist in the parking and docking of a tractor-

trailer. It is a system developed by ZF called ñSmart Trailer Parking,ò which uses a smart phone 

to control the positioning of a car-trailer or tractor-trailer [29]. An overhead illustration of the 

vehicle combination was displayed on the smart phone, along with a couple of parking options. 

The user could specify the speed at which the vehicle moves and the vehicleôs transmission gear 

(park, drive, neutral, or reverse). Once those options were chosen, the user simply touched the 

screen in order for the vehicle to move. The vehicle moved as long as the user was touching the 

screen; it immediately stopped once the screen was no longer being touched. The user could then 

position the trailer by dragging it left or right in the virtual display. The car or tractor vehicle was 

then steered based on how the user positions the trailer in the display. Throughout this process, 

the user could be outside of the vehicle and could therefore monitor the vehicle as it moved and 

adjust its position. In a docking application, the user could stand outside the vehicle and monitor 

firsthand the trailerôs pose relative to a loading dock and adjust it as needed. This capability 

allowed for fine control of the vehicleôs pose and afforded the user confidence when backing, 

since he or she could directly observe how close the trailer was positioned relative to its goal 

pose. The overall operation of this system was also very simple ï the entire vehicle combination 
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was guided by merely touching and dragging a virtual trailer left or right. Complete details of the 

system were not available, but it did utilize an automatic transmission, an electric power steering 

system, and an articulation angle sensor at the hitch point. 

This example of a phone-guided system has numerous advantages as it enables many 

types of docking capabilities not seen in previously cited work; however, it also has some 

disadvantages. In relation to the system designed in this thesis, this system utilizes at least some 

vehicle-based 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 

guided at each step. Lastly, 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 Trucking Info in July of 2014, so this 

technology developed by ZF is a very current example of the state-of-the-art in trailer backing 

technologies [3]. 

2.4 Vehicle Detection Methods 

In both path-following and parking and docking systems described above, different 

sensors were used to detect vehicle parameters or information about objects in a vehicleôs 

environment. This section describes additional methods that have been used for detecting 

vehicles. These methods are mostly concerned with how detection is achieved, and thus the 

summaries 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 tractor-trailer docking application. 

In work by Chellappa et al., a sensing algorithm fused information from acoustic and 

video sensors to track vehicles in both synthetic and real-world cases [5]. Direction-of-arrival of a 
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vehicle, ratio of the target vehicleôs speed to its range, and the vehicleôs heading direction were 

monitored in the analysis. An advantage of this system was that the parameters measured 

(direction-of-arrival, speed, and heading direction) would all need to be known when guiding a 

vehicle. The disadvantages of this method were: the video sensing became obsolete when the 

target vehicle was occluded, and the acoustic sensing became obsolete when the target vehicle 

was stationary and turned off. 

A system that used a stereo camera and different stereo-based algorithms to estimate the 

pose and motion of a vehicle in three dimensions was developed by Barrois et al. [2]. It 

implemented three different stereo-based algorithms for detecting three-dimensional points from 

an image. It then applied a clustering technique to determine which points belonged to a vehicle. 

Next, an iterative closest point algorithm was used to fit a cuboid model to the points to designate 

them as a vehicle. In order to provide ñground truthò data for the vehicle pose measurements, 

colored markers were placed on the faces of the vehicle, and color cameras were used to track 

them. This system was tested with real world data ï images of moving vehicles were captured, 

and the poses of the vehicles in those images were analyzed. Error in yaw angle measurement 

was about 3 degrees, and error in distance measurement was about 0.1 meters (m) when the 

optimal combination of algorithms was used. This stereo camera-based approach provided three-

dimensional information about a vehicle, which can be very useful in some applications. 

Weigel et al. combined camera and LiDAR information to generate accurate 

representations of vehicles that were much better than representations generated from either 

sensor alone [41]. This detection of vehicles was done from the perspective of a vehicle moving 

in traffic. A constant turn rate and acceleration (CTRA) model was used to model vehicle motion. 

Lanes were detected by processing image information from the camera, as lane lines were most 

easily detected visually. Vehicles were detected with the LiDAR unit, as it could measure 

distances very well. A three-dimensional grid-based approach was 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 filter was then used to track the points associated with each vehicle. Because the 

accuracy of the LiDAR diminished with increasing distance from the sensor, the camera was used 

in conjunction with LiDAR to track objects, especially those farther away, more accurately. A 

human-machine-interface (HMI) was also proposed that displayed relevant objects (pedestrians or 

vehicles) in a head-up display to the driver. By combining LiDAR and camera information, the 

capabilities of each sensor complemented each other to provide a more accurate detection method 

than any sensor operating alone. 

2.5 Literature Review Summary and Conclusions 

As can be seen, many systems have been developed that are relevant to the challenge of 

backing and docking a tractor-trailer to a specific configuration. Though not necessarily the most 

practical to implement in reality, certain model-free approaches have been shown to work well in 

simulation. The examination of model-based path-following approaches revealed that different 

path types, vehicle types, control methods, and implementation methods have been explored in 

the literature. Parking and docking methods have also been examined in the literature, some of 

which employ a path-following algorithm as a main part of their overall approach. Others rely 

more on detection of the environment, sometimes measured from the vehicle. Finally, diverse 

approaches involving the fusion of multiple data streams for detecting vehicles have been 

revealed in past work. This wide variety of vehicle guidance-related systems shows that there are 

many ways to solve the truck backing problem. 

A few of the approaches described in this chapter seem particularly relevant to the work 

completed in this thesis. The work by Stahn, Heiserich, and Stopp and Stahn, Stark, and Stopp 

used laser range data instead of image data for vehicle guidance purposes [38, 39]. However, the 
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LiDAR units used were mounted on the vehicle. Therefore, that system cannot be implemented in 

an infrastructure-based manner.  

Other work that is pertinent to this thesis was the work done by Sampei et al. [34]; the 

experimental setup used therein seemed very similar to the camera-based setup utilized in this 

thesis. However, this work by Sampei et al. utilized image-based data processing only, and the 

tractor-trailer was merely controlled to follow a path so its motion was not specifically controlled 

in a finite-path docking situation, though it mentions this as an application [34]. Consequently, 

this system would likely need to be modified at least slightly in order to be useful for a docking 

situation.  

Additionally, the system developed by Parra-Loera and Corelis also utilized an 

infrastructure-based sensing and computing system that included a camera [30]. Furthermore, 

unlike the work by Sampei et al. [34], their system was designed for docking a tractor-trailer. 

However, they utilized a fuzzy logic control system to guide the tractor-trailer to the dock, which 

cannot be applied as widely as a model-based system due to the difficulty in tuning the control 

algorithm to different vehicles and docking situations. Furthermore, this thesis discusses the 

experimental setup and performance in much more detail than in the papers by Sampei et al. or 

Parra-Loera and Corelis, and the 1:14 scale truck used in this thesis has double rear axles, which 

is more representative of actual full-scale trucks than the single-rear-axle truck used in the work 

by Sampei et al. and possibly also in the work by Parra-Loera and Corelis [34, 30].  

Last of all, the system developed by ZF exemplified the current state of trailer control 

technologies. The system was user-friendly and allowed users to directly monitor the trailerôs 

position as he or she controlled it, which was a unique capability. While the system appears to be 

very helpful for docking a tractor-trailer, it utilizes at least some vehicle-based 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, which differentiate it from the system that is presented in this 

thesis. 

As can be observed from the work presented in this chapter, much has been done that is 

relevant to the problem of docking a tractor-trailer, but an infrastructure-based sensing and 

computing system that is specifically designed for docking a tractor-trailer and employs model-

based control does not appear to have been yet developed and 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 

Chapter 4, the physical setup of the system is first described in this chapter. The docking system 

presented in this thesis is implemented in real-time on a 1:14 scale tractor-trailer system. This 

1:14 scale system offers a way to test docking maneuvers of a tractor-trailer without the expense, 

time, or complexity associated with testing on a full-scale vehicle. The idea is to design a system 

for the 1:14 scale setup first before trying to implement it on a full-scale vehicle. The 1:14 scale 

docking system consists of many software and hardware components, each of which are 

described in more detail in the following sections. 

3.1 Software 

For this thesis project, several different software programs are used, some for validating 

experimental results and others for implementing the system. MATLAB, Python, Robot 

Operating System (ROS) Hydro version [32], and the Arduino Integrated Developer Environment 

(IDE) are used on a computer running the Linux Ubuntu operating system. The majority of the 

code for this project is written in Python, as its fast computing speed facilitates real-time data 

processing. As such, different ñnodesò are written in Python to provide different functions, and 

these nodes transfer data among themselves using ROS. ROS also transfers sensor data to these 

nodes. MATLAB i s used for algorithm development, and specifically, to test algorithms on 

stored, static sets of data. With slower computing speeds than Python, MATLAB is not as 

effective for real-time data processing; however, data can be plotted, code can be debugged, and 
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algorithms can more easily be refined using MATLAB. Once the algorithms are refined, they are 

rewritten in Python for real-time implementation. The Arduino IDE is the software platform for 

the Arduino microprocessor, and it is used in this project to write a ñsketchò for controlling an 

Arduino and any hardware connected to it. The sketch is what enables the computer to 

communicate with the Arduino hardware, and allows the Arduino to send commands to actuators. 

All of these programs are run on the Linux Ubuntu operating system. The Ubuntu operating 

system is chosen because it is currently the only platform on which ROS is fully supported [32]. 

ROS is critical to the implementation of the system presented in this thesis, as it is one of the only 

free, near real-time software systems that seamlessly merges camera and LiDAR data. Thus, it is 

important that the Ubuntu operating system is used to facilitate the use of ROS. 

3.2 Hardware 

Table 3-1 lists the hardware components of the system with their respective costs. 

Sections 3.2.1 through 3.2.4 describe these components in greater detail. 

Table 3-1. List of hardware components for the docking system. 

Quantity Item 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 

$49.95 $49.95 2 Wixel module 

1 Thin (2mm) USB Cable A to Mini-B, 6 ft., Low/Full-Speed Only 

2 Power HD Standard 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 $43.99 

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 YV28x28SA-2 HD Vari-Focal Lens $80.00 $80.00 

1 Hokuyo URG-04LX Scanning Laser Rangefinder $2,310.00 $2,310.00 

17 TOTALS  $3,926.63 
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3.2.1 Tractor -Trailer

The tractor-trailer used for experimentation in this thesis is a 1:14 scale tractor-trailer 

sold by Tamiya, Inc. (see Figure 3-1). A twenty dollar bill is included in the picture to provide a 

better idea of the size of the truck, but the dimensions are also indicated. The truck is very 

realistic; the rear wheels of the tractor have a differential, the shape is representative of an actual 

truck, the tractor and trailer each have two rear axles, and it has many components (e.g. 

driveshaft, leaf springs) that are also present on a real, full-scale vehicle. In addition, the tractor 

has a three-speed transmission. A hitch pin located at the center of the tractorôs rear axles 

connects the tractor and the trailer and allows the trailer to easily rotate relative to the tractor. 

Because the model tractor-trailer is very realistic, it is a great platform on which to develop a 

docking system. 

 

 

 

Figure 3-1. The 1:14 scale tractor-trailer. 
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3.2.2 Motors 

There are three motors on the truck that provide different functions. One standard-size 

servo motor steers the front wheels of the tractor and one RS-540SH DC motor drives the rear 

drive wheels of the tractor. These motors are connected to a microprocessor control module 

(described in Section 3.2.3) and are controlled independently of each other. See Figures 3-2 

through 3-4 below for pictures of these motors (a nickel is included in the pictures to give a sense 

of scale). As can be seen in Figures 3-3 and 3-4 there is an additional servo motor, which can be 

used for shifting the transmission of the tractor. In this project, however, this functionality is not 

utilized. There are no motors on the trailer. 

 

 

 

Figure 3-2. The DC motor used to propel the tractor. 
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Figure 3-3. Top view of the shifting and steering servo motors. 

 

 

   

Figure 3-4. Bottom view of the shifting and steering servo motors. 
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3.2.3 Microprocessor Control Module (MCM)  

The microprocessor control module (MCM) is located on the tractor portion of the 

vehicle and consists of an Arduino Uno R3 microprocessor, a Wixel shield, a Wixel board, and a 

Pololu Dual VNH5019 Motor Driver Shield (see Figure 3-5). All of these components are 

connected together and control the vehicle by manipulating the motors mentioned above. The 

Arduino microprocessor provides the ñbrainsò of the module ï it receives signals from a 

computer workstation, parses them, and sends them to the appropriate motors. Mounted on top of 

the Arduino is the motor driver shield, which routes commands from the Arduino to the DC 

motor. It is used because it can provide more current to the motor than the Arduino can alone. 

Connected to the motor driver shield is a 7.2V NiMH battery that provides power to the three 

motors and the MCM itself. 

 

   

Figure 3-5. The components of the MCM, separate (left) and assembled together (right). 

 

Wixel components provide wireless communication between the MCM and a computer 

workstation. Wixel boards communicate with each other using a 2.4 GHz radio frequency. One 

Wixel is mounted on top of the Wixel shield, which is mounted on top of the motor driver shield. 

Wixel boards 

Wixel shield 

motor shield 

Arduino Uno R3 
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This Wixel communicates wirelessly with another Wixel that is connected to a computer via a 

USB cable. On each Wixel is a program that allows the wireless connection to act like a wired, 

USB serial connection. By connecting to the Wixel shield, the Arduino is interfaced with this 

Wixel-to-Wixel communication. Consequently, information like motor commands can be sent 

wirelessly from the computer to the Arduino. The Wixel shield also provides a breadboard 

surface on which connections to the servo motors are wired. 

3.2.4 Overhead Camera 

While most of the hardware associated with vehicle control is located on the vehicle, the 

hardware associated with vehicle detection is located in the vehicleôs surrounding environment. 

As mentioned earlier, the main hardware component used for detection is an internet protocol (IP) 

camera. The camera is mounted to the ceiling and faces downward to acquire overhead images of 

the docking area as the vehicle moves. The cameraôs field of view is equivalent to a floor area 

about 4.2 m long and about 2.9 m wide. See Figures 3-6 and 3-7 for diagrams of this sensor setup. 

 

Figure 3-6. Side view of the camera setup. 
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Figure 3-7. Plan view of the camera setup. 

 

Specifically, the overhead camera is a 1.3 Mega-pixel color IP camera manufactured by 

Point Grey Research, Inc., and it is augmented with a high definition vari-focal lens manufactured 

by Fujinon. The camera is connected to a computer via an Ethernet cable, and images are 

obtained from the camera using ROS. For purposes of this system, the camera is used to track the 

movement of three colored markers located on the truck. One marker is above the front axle of 

the tractor, one is above the hitch point, and the third is above the rear axle of the trailer. All 

markers are 12.4 cm by 10.5 cm (4.875 inches (in.) by 4.125 in.). Figure 3-8 is a picture of the 

truck with these fiducial markers. The loading dock included in Figures 3-6 and 3-7 does not 

physically exist. To maximize the docking area available for the experimental tests, a physical 

dock is not located within the cameraôs field of view. Instead, it is assumed that a dock is located 

just outside the cameraôs field of view. 
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Figure 3-8. The 1:14 scale tractor-trailer with pink, green, and blue fiducials. 

 

3.2.5 Communication Methods 

The vehicle communication 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. Python and ROS provide the 

mechanism 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 of the vehicle. 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. 
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Chapter 4  
 

System Operation and Main Components 

The autonomous docking system developed in this thesis has three main functions: 

detection, control, and communication. These three functions work together to guide the 1:14 

scale truck to a goal pose adjacent to a loading dock location. Figure 4-1 shows a general diagram 

of how these three main functions interact.  

 

 

 

 

 

 

 

 

 

 

4.1 Vehicle Detection 

The parameters relevant to the particular controller implemented in this system are the 

trailer orientation relative to a straight path, the tractor orientation relative to the trailerôs 

orientation, and the lateral deviation of the trailer rear axle center from a straight path; therefore, 

the vehicle sensing system needs to be able to determine these parameters. Detection involves 

Figure 4-1. Main components of the autonomous docking system. 
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sensing the vehicle from the ceiling-mounted camera or LiDAR system, and processing the raw 

image or range data to determine the relevant parameters from it. Next, the data processing 

procedure associated with the overhead camera is explained. 

4.1.1 Data Processing: Overhead Camera 

The processing of image data from the overhead camera involves locating three colored 

fiducial markers, calculating their positions relative to each other, and tracking them as they move 

across the docking area. As mentioned in Chapter 3, ROS is used to acquire images from the 

overhead camera (the images are 1024 pixels by 768 pixels), and it provides these images to the 

computer in a form useful for processing in Python. Consequently, the code for processing this 

image data is written and implemented as a node in Python (called ñcam_pose_detector.pyò). 

Before the camera can be used to reliably track the vehicle, it is intrinsically calibrated, which 

reduces barrel distortion in the image. Once it is calibrated, the camera can provide images that 

are more appropriate for tracking and analysis. The following paragraphs explain the approach 

taken for analyzing the image data. 

The first step in the image processing procedure is to convert the acquired image from the 

red-green-blue (RGB) color standard to the hue-saturation-value (HSV) color 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 colors are used for the fiducial markers: pink (front axle center of tractor), 

blue (rear axle center of trailer), and green (hitch point). In order to determine HSV thresholds for 

each color, the colors are first placed within the cameraôs view. Next, minimum and maximum 

thresholds are set for each of the HSV components. Any values that fall within these limits are 

plotted as white, and any other values are plotted as black. These thresholds are manually 
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adjusted until the desired color is the only color plotted as white. For printing purposes, these 

colors are inverted in the following figures. Figures 4-2 through 4-4 show the progression of one 

image as it is processed to find the pink marker.  Figure 4-2 is a raw image taken by the camera, 

before any processing. Figure 4-3 is an image after preliminary HSV thresholds are enforced. 

Figure 4-4 shows a fully processed image using the finalized, restrictive set of thresholds. Table 

4-1 provides the thresholds that correspond to each image. This process is repeated twice more to 

determine thresholds for identifying the other two colors (see Figures 4-5 and 4-6). Once each of 

the colors is identified, the location of the centroid of each marker is calculated using image 

moments and the OpenCV ROS package [7]. The pixel coordinates of these centroid locations are 

taken to be the pixel coordinates of the corresponding markersô positions. 

 

 

 

Figure 4-2. Raw color image acquired from the overhead camera. 






















































































































































































































