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This thesis covers the design and implementation of a computer vision based vehicle 

tracking and following system.  Using multiple infrared targets arranged into an array on a 

vehicle, an infrared camera located on a following vehicle tracks the vehicle. The position of the 

leading vehicle can be determined based on the location of targets in the image. To improve the 

operational angle of the system, a panning camera mechanism was designed and implemented. 

To improve the range of the system, a second infrared camera with a zoom lens was also used for 

tracking. The sensor was integrated with a vehicle controller, allowing for convoy operation, 

without any additional sensor input.  Typical accuracies for position data from the vision sensor 

were plus or minus one meter each direction, with resolutions of 0.25 meter.
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CHAPTER 1 
INTRODUCTION 

Purpose 

Military convoys in hostile environments impose a high safety risk to soldiers. Reducing 

the required number of soldiers occupied with driving duties, would improve safety.  In order to 

reduce the manpower necessary for these operations, an automated system was designed 

allowing multiple unmanned vehicles to follow a leading manned vehicle. To eliminate the 

possibility of a third party disrupting the convoy, radio communication between vehicles is not 

used. Radio frequencies may be jammed to prevent insurgents from detonating improvised 

explosive devices and as such no radio communications are used in this project. Instead, a 

tracking methodology using night vision infrared targets was developed. The path of the manned 

vehicle is measured, and the system plans a path for the remaining convoy vehicles to follow.  

Communication between vehicles could also be achieved by flashing the infrared targets in a 

unique coded sequence.  

To provide a smarter convoy system, an implementation of the project was also carried out 

on a system outfitted with more sensor intelligence. This includes GPS, LADAR obstacle 

detection, and lane tracking.  This system was designed to track and follow a leading vehicle 

without following its path explicitly, thus allowing intersection behavior as well as observation 

of highway safety requirements. 

Design Specifications 

Several requirements were outlined to insure the system would perform reliably in a 

variety of environmental conditions. The system must have an operational range of 5 to 50 

meters, with an error of no more than one meter from the calculated result. It must determine the 

relative location of a point on the lead vehicle, but measurement of the lead vehicle orientation is 
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not required. Also, the convoy must be able to operate in day or night conditions as well as in the 

presence of precipitation. The infrared target array must be invisible to the human eye, and 

consume no more than 100 watts of power.  Both the array and the tracking camera must be 

easily mounted to vehicles in the convoy. In addition, the design must be modular, allowing 

quick installation and removal from convoy vehicles. This modularity reduces setup time and 

transition time to manual operation. 

Approach 

To minimize system complexity and cost, a CCD camera system is used to measure the 

relative position of the leading vehicle.  An array of infrared targets is mounted onto the leading 

vehicle. Then, after initial calibration a range is calculated based on the pixel distances between 

targets.. Also, based on the position of the center of the array in the image and the angle of the 

panning motor, the angle of the vehicle point from the camera is calculated.  The offset from the 

center of the image is subsequently used to control a servo motor, keeping the targets in the 

center of the image. The x and y locations relative to this sensor are then calculated based on a 

calibration with the camera-lens setup, and transformed to the follower vehicle coordinate 

system based on the sensor position on the vehicle. 

Two drive--by--wire vehicle platforms were used for the design. The first vehicle was a 

military truck, actuated and automated by Autonomous Solutions Inc. (ASI) for the Convoy 

project.  This truck was also equipped with a physical tether sensor, used for convoy operations. 

The tether would attach to a leader vehicle and measure the relative range and angle from the 

follower. Engineers at ASI also developed a controller to perform basic path following using this 

data. The task here was to replace the physical tether with the vision based system.  The other 

platform used for testing was the Urban Navigator, developed by CIMAR for the DARPA urban 
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challenge. This vehicle is fully automated and allowed for testing of a smart convoy system. 

Figure 1-1 shows the two vehicles used for the project. 

Software was written to track the targets with either one wide angle camera or with a 

wide angle camera and a telephoto camera.  With the dual-camera setup, each solution is given a 

score based on comparing the area of the targets, the array geometry, and the average score of 

previous solutions.  The solution with the higher score is then used to track and report position to 

the controller.  The addition of a telephoto camera significantly extends the stable range of the 

system from 30m to 60m. 

 Target array setups of two and three targets have been designed and implemented for 

tracking the leader vehicle and creating a working convoy system.  The use of three targets 

greatly improved the environmental noise rejection, further extending system range and 

preventing almost any noise to be recognized as a solution.  Multiple infrared targets were also 

designed and tested for use. The orientation of the vehicle is not calculated in order to simply the 

overall system design. Using a more complex array with additional infrared targets would allow 

for orientation measurement but is not necessary for a working vision based convoy. 

Background Research and Review 

 Developing autonomous vehicle control and implementation has been an ongoing area of 

interest as technology becomes more advanced. Likewise, as technology is improved, user 

friendly integration and sensible integration of robotic vehicles has become more present in a 

variety of fields. Convoy based autonomous systems have been explored in a variety of ways. 

These implementations can range from communicative methods with relays working in non-field 

of view environments to target creation and visual camera servoing. 

 Early attempts in vehicle tracking have included creating models of vehicles. This 

required that the tracking system be very observant of a high number of details. However, the 
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details were accurate for only a limited number of vehicles [1]. The clear problem with this being 

that vehicle tracking and subsequent following is most applicable in a large scale when there are 

numerous known details of the leading vehicle. Looking at such specific details creates a 

problem since it is difficult to acquire specific data from all vehicles in existence.  

 To the adjust tracking ability to meet the needs of more generic target sizes and shapes, a 

group of researchers from France began trying to track pedestrians. Though this did not involve 

tracking an object in a way that another vehicle or robot would follow the lead, their 

experimentation did provide valued results. This group found that by using a pan tilt camera 

system, they could track an object with no specific distinguishing features.  Though they still 

received minimal tracking errors, most of which can be attributed to reaction time, the findings 

provide a level of success through a visual servoing system [2]. The addition of a servoing 

system allows a wider field of view for object tracking. Zielke used symmetry to detect and track 

a leader vehicle. "Symmetry is a powerful concept that facilitates object detection and 

recognition in many situations [since] many objects display some degree of overall symmetry" 

[3]. In this system, symmetry provides a way in which to measure the distance between the lead 

and follower as well as generating specific means to ensure target acquisition. In this example, 

"to exactly measure the image size of the car in front, a novel edge detector has been developed 

which enhances pairs of edge points if the local orientations at these points are mutually 

symmetric with respect to a known symmetry axis" [3]. In other words, symmetry like shape 

recognition can be used to aid in reducing environmental noise when selecting the target. 

 Another way to complete a convoy maneuver is through measuring the GPS position of 

the lead and the following vehicle. This idea has existed since the "1939 World's Fair [when] 

General Motors introduced the concept of automated highways with vehicles controlled 
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longitudinally and laterally" [4]. Using GPS has advantages that radar sensors cannot provide.  

GPA data can identify vehicle location in a measurable variable (latitude and longitude), is low 

cost, and can be used to measure indirect distance [5].  GPS can also be important "to 

compensate for sensing limitations caused from having a limited (directional) view of the world 

with an imprecise localization of other vehicles"[4]. The problem with using GPS to locate and 

track a vehicle is that the "receiver must maintain its lock on each satellite's signal for a period of 

time that is long enough to receive the information encoded in the transmission"[6].  From 

research and experience, GPS data has little reliability when the signal is obscured by cloud 

cover, bends, overpasses, and tunnels. 

 Other research has taken the convoy concept and issue of communication along a 

different route. The reason for developing in a different manner comes from the fundamental 

question regarding out of sight maneuvers. Some researchers are exploring the acquisition and 

use of relay nodes. The case follows that "the relay robots follow the lead robot and 

automatically stop where needed to maintain a solid communication network between the lead 

robot and remote operator" [7]. 

 Recently, infrared beacons have been used as point of reference in convoy tracking. In 

this example, "a series of IR beacons were developed to emit a specific band of IR to which the 

camera filter was matched" [8]. Based on this implementation, the following vehicle has no 

direct need for communication with the lead vehicle. In this way, it is pivotal that the following 

convoy vehicle be able to collect images based on some camera structure and filter our 

unnecessary information. Similarly, on a smaller scale, others have used "real-time target 

tracking to track the movement of the vehicle immediately ahead of itself in convoy" [9]. By 

using similar real time data acquired through camera systems, engineers have been able to create 
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a small scale scenario where remote control vehicles can "follow its leader down a straight 

hallway and around corners in real-time" thus showing that "convoy utilizing this architecture 

can work with at least two vehicles" [9].  In creating such systems, the convoy through potential 

use of targets and a following camera device to record images is part of "the simplest and most 

efficient strategy" in this way, "the lead robot is to perform no explicit communication and 

simply perform its actions in the most efficient manner possible" [10].  These approaches 

provide simple integration and show an improvement over earlier strategies. A connecting 

feature between both convoy systems is the data recorded and its reliability in visual tracking. 

Most notably, "the visual tracking algorithm must maintain tracking in the presence of outdoor 

lighting conditions, including various forms of shadowing on the target and the roadway" [11].  

It is important to note that "the leader vehicle may have to be more intelligent and sophisticated 

to explore the unknown environment and communicate this information to the followers. 

Followers may have less sophisticated and sensory capabilities" all of which help justify the 

expense and rationale in using a robotic convoy [12].  

 Problems in visual tracking can seriously affect the likelihood of a working convoy 

system. Of these problems there are three main categories that need to be addressed. First, one 

must address the actual object being tracked. As shown in previous research, the item being 

tracked needs to be recognizable. This was shown through symmetry, infrared beacons, and 

characteristics. Several sources of literature have taken a different approach to address the object 

itself and its motion. Second, "the lighting in the environment can change causing the intensity of 

the object and all surrounding objects to change" [12]. Similarly, "if another object in the scene 

has features similar to the object being tracked, false alarms are generated" [12]. Following, the 

last area of concern is the camera itself. When considering the camera, attention is paid to the 
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focus and field of view. All three of the considerations listed above must be judged when 

creating a working tracking system for convoy operations [12]. Once addressed, this leads to the 

next obstacle of extracting real-time images. 

  In some systems, "the visual information that we want to extract from the camera images 

is the size (in image coordinates) of a vehicle driving ahead of us" [13]. From this model and 

camera integration, convoy vehicles will be controlled based on an ability to visually pick out the 

correct symmetry of the leading vehicle. By this, "the detection and tracking system exploits the 

symmetry property of the rear view of normal vehicles" [13]. Others have investigated more 

model based tracking systems. In this way, "visual servoing, which consists of controlling the 

motion of the robot based on visual features is among the most used techniques for tracking 

moving objects" [14].  In implementing a visual servoing system, many researchers have found 

the convoy task or mere vehicle tracking to be quite challenging. Many experts have found this 

"task is particularly challenging to accomplish due to the wide range of situations that must be 

taken into account, i.e. moving camera, cluttered background, partially occluded vehicles, 

different vehicle colors and textures" [15]. In order to address these challenges, one can look at 

the most recent inclusion of infrared emitters and tracking. Infrared tracking involves using a 

camera to find, filter, and organize infrared images in a way that the convoying vehicle can find 

an acceptable following solution. From this development, infrared tracking extends systems into 

a new realm of data acquisition. The "IR cameras are able to extend vision beyond the usual 

limitations" they can work beyond those systems that "simply mimic human vision"[15].  

 In addition to target data collection, particular emphasis has been placed on distance 

estimation. In calibrating and recording valid distance data, "a mere monocular calibration is too 

sensitive to vehicle (and thus camera) pitch and roll and to a non-flat road slope" [15]. As 
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previously found on small scale models not using infrared technology to track, there is a need "to 

avoid the risk of collision while maintaining assured linkage of the convoy" system [10]. In this 

way, as technology improves, we are still bound by some of the more basic constraints that have 

existed for an extended time in developing a convoy system. 

 Further supporting distance estimation through effective measurement, researchers from 

Graz University of Technology in Austria used more than calibration and slope to determine the 

location of beacons. These researchers investigated beacon tracking by using "two CCD-cameras 

capturing the position of several red light emitting diodes (LED's) [where] the position of the 

beacons in 3-d space is reconstructed out of the two 2-d images provided by the cameras" [16].  

This camera system being similar to the one created out of the University of Tennessee where the 

"image created by the camera is a 2-D interpretation of a 3-D environment" [12]. In Madritsch 

and Gervautz's proposed tracking system the use of two CCD cameras allows for creating a 

geometric relationship between all variables and determining the actual distance of the LED 

beacons. [16] This is later facilitated for use in convoy since "LED's can be easily recognized 

and separated from the background without the need of defined lighting conditions [and] a 

further advantage is that rotationally symmetric LED's do not change their appearance much 

when viewed from different directions" [16]. Overall, the approach with infrared beacons that 

Madritsch and Gervautz applied created very positive and reliable results with position data. This 

is highly applicable to further investigation and study in the area of autonomous convoy 

solutions.  

 Once the variables of communication, selecting beacons or targets to follow, camera 

image, and following distance have been decided upon, research has also shown three main 

considerations for the formation or the convoy.  First, the following vehicle needs to make a 



 

19 

decision to join a convoy of leave from a convoy [17]. This can be completed in a convoy where 

the following vehicle has advanced sensory ability and communication. Second, "once the 

vehicle has joined the convoy, its driving is influenced by the presence of the other vehicles in 

the convoy" [17]. In this way, the follower needs to be responsive to the changes in speed and 

trajectory in the path. Finally, some suggest that advanced ability following vehicles should have 

a direct impact on the convoy itself. This is to say that the following vehicle is "negotiating with 

the other agents participating in the coalition" [17]. However, it is important to note that for 

efficiency and economic value, the following vehicle does not have to be as advanced as the 

leading vehicle [12]. This decision would then simplify the convoy and dismiss some of the 

communication variables.  

 Based on completed background research there is a considerable application for further 

research and investigation in the field of convoy systems. With the more recent advancement in 

infrared and availability of powerful infrared LED emitters, one can take prior findings and 

move forward to generate a more responsive and robust autonomous convoy system. These new 

investigations are highly applicable to current world and lifestyle situations.  First, "military 

applications of convoy driving are the most obvious . . . [also] other applications can be found, 

for example, in flexible factories, where an automated robotic convoy is used for product 

transportation"[14]. In fact, actual "target classification and tracking is one of the key battlefield 

tactical applications" of the convoy system [18]. Taking all of these factors, limitations, and 

developments into account has led to the following experimental development of convoy systems 

using infrared targets and a servoing camera to follow a fully autonomous lead vehicle's beacons 

at all times.  
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Figure 1-1. Vehicle test platforms. 
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CHAPTER 2 
INFRARED TARGET DESIGN 

Design Requirements 

In order to make the system more covert, infrared markers were chosen over traditional 

visible spectrum lights.  The designed targets must be bright enough to be at least twice as bright 

as ambient light during daytime use within the operating range of the system.  In order to ensure 

safety for operators, the targets must be eye safe and not distracting to a vehicle operator.  Also, 

to extend battery life and keep the array mobile, each target must not use more than 50 watts 

power per target.  In addition, the light output from the targets must also be uniform with a 

horizontal cone angle of at least 180 degrees and a vertical cone angle of at least 45 degrees.  

Finally, the targets must be water resistant and able to withstand ambient temperatures of 100 

degrees Fahrenheit or more. Several revisions of targets were designed and built in order to meet 

these rigid requirements. 

Illuminator Selection and Capabilities 

For proof of concept, commercially off the shelf Lorex VQ2121 12VDC infrared 

illuminators were chosen. This minimizes complexity and system design time.  The emitters 

performed reliably and with low power consumption.  However, the illuminators proved to be  

too directional and did not provide the required horizontal viewing angle. The cone angle for 

these emitters was rated at 100 to 120 degrees, but was actually closer to 90 degrees after testing.  

To meet the required 180 degree horizontal cone, a mount was designed to position three 

emitters at 45 degree angle separation for each target. Figure 2-1 shows the basic design and 

fabrication of the target. 

As shown in the Figure 2-1, the infrared light is visible to the digital camera. However, 

looking at the target solely through human eyes, the infrared light appears very dim. Although 
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the target was visible for the required 180 degree horizontal cone angle, the light from the target 

was not uniform and presented problems with the image processing and tracking.  Due to 

classification as more than one target within the image, the system experienced dropouts around 

turns and at intermediate angles. This problem would hamper the convoy application in real life 

situations. 

Prototype Omni-directional Target Design 

To improve tracking around corners and at all angles, a marker with a more continuous 

light distribution was designed and tested.  The infrared LED’s from the LOREX emitters were 

removed from their boards and tested in a rapid prototyped housing.  The resulting light 

distribution was improved significantly without a loss in operational range.  The led’s were 

bench tested to find the ideal operational voltage by measuring the brightness in the CCD camera 

compared to the power consumption.  The brightest LED forward voltage compared to power 

consumption was found to be 1.7 V. 

Using a 12 VDC battery for power, sets of 7 LED’s were combined in series. Following, 

the series created were then wired in parallel to reach the approximate desired forward voltage 

drop for each LED.  Due to using a battery, voltage for the battery can vary between 10.5 and 14 

volts depending on the state of the vehicle. However, under normal operating conditions, voltage 

is approximately 12.5V.  For this variation in supply voltage, the individual LED’s would need 

to handle voltage between 1.5 and 2.0V.  This variation in voltage seemed to be within the safe 

range for the LED’s.  Thus, to reduce power consumption, resistors were not added in series with 

the LED’s. Figure 2-2 shows the prototype target design and fabrication. 

The improved distribution of light around the entire target greatly improved system 

performance. The targets functioned well during initial testing, however higher ambient 

temperatures during operation later caused reliability problems. The effect of increased junction 
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temperature on the maximum forward voltage was not considered in the design. Without a 

regulated source, some LED’s were damaged. Due to the lack of a circuit board design and the 

large quantity of LED’s in the housing, repair was difficult and motivated the design of a more 

reliable and robust target prototype.  

Target Design I 

The next design of the infrared target required the omni-directional light output of the 

prototype target. The target should be the same size, with a radius of approximately three inches. 

This was completed by focusing on the reliability of the LOREX illuminators. As an independent 

study project, two electrical engineering students designed the circuit board for the illuminator. 

The housing design was also improved significantly from the prototype. This change included 

protecting LED’s from water damage and allowing easy access to the boards for repair and 

maintenance. Figure 2-3 shows this target system.  

This target revision provided excellent brightness and light output, but consumed 

significantly more power than the LOREX illuminators.  Power consumption data was measured 

using a variable DC power supply and measuring the current and voltage of the target. At a 

normal battery voltage of 12.5V the target consumed 50W of power. From testing with the CCD 

camera, the relative brightness compared to that at 12.5V was measured qualitatively. Figure 2-4 

summarizes the power consumption and brightness of the target. The relative brightness was 

calculated by taking a snapshot with the infrared CCD camera, defining a rectangular boundary 

region for each target, and then integrating the pixel values across the bounded target area using 

code developed in MATLAB. Higher pixel values indicated a brighter target. 

From the above plots, the target demonstrated the best efficiency between 20 and 30 Watts 

(10.6-11.3V).  The target was approximately half as efficient near the maximum operating 

voltage.  Operation at maximum voltage for extended periods could cause thermal failure of the 
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LED’s and resistors. However, at voltages of 12.5V or less, extended running periods did not 

cause a mechanical problem.   

A cost analysis of the materials needed to manufacture the target is presented in the Table 

2-1. As shown in the table, each target has a material cost of 327 dollars. The high cost and 

efficiency problems at higher voltages motivated the design of yet another infrared target. 

Target Design II 

 The second target design was carried out using high power infrared LED’s. Unlike 5mm 

LED’s generally used for indicators or electronic remote controls, these illuminators are better 

designed for illumination.  These LED’s generally range from .5 to 5 Watts and are designed to 

be driven via constant current control. Most power LED’s also come mounted onto a heatsink to 

improve thermal dissipation and increase operational efficiency as well as lifespan. Also, the 

smaller number of LED’s necessary for a sufficiently bright target to meet range requirements 

simplifies wiring and eliminates the need for more expensive circuit boards. This then improves 

the overall system application. 

Inexpensive infrared LED’s rated at 0.5W were selected to test out the new type of LED’s. 

However, no data sheet was available to provide general specifics of the LED.  Bench testing 

was then carried out in order to select a proper constant current driver. The graph in Figure 2-5 

shows the resulting forward voltage versus forward current for the LED’s. 

From testing, the most efficient operation was found at 0.6 Amps, making the actual LED 

power consumption approximately 1.2W each.  To reach the necessary brightness, it was 

estimated that a power consumption of 20 Watts was necessary. Thus a quantity of 16 LED’s 

was chosen. Following, a higher design input voltage of 24VDC was chosen to lower the 

required current for the driver,. 
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To power the LED’s, a 1 amp constant current driver with internal adjustment between 40 

and 110% was chosen to power two series groups of 8 LED’s in parallel. Each set in series 

would then be driven at a little over .55A. The selected driver was a LuxDrive Buckpuck 3021-

D-I-1000 which requires an input voltage higher than the total forward voltage drop of the 

LED’s plus a 2 to 4V input margin. A datasheet is provided in Appendix A. 

In order to mount and cool the LED’s, a computer heatsink and fan from was selected. To 

protect the system against rain and impact an inexpensive clear Sterlite brand plastic container 

was selected and used as an encasement. Angle brackets and a spacer were fabricated to mount 

the components to the array pole.  Figure 2-6 shows the design and fabrication of the second 

infrared target. 

After testing the selected driver, the maximum current was close to 1.2A, which provided 

0.6A for each series set of LED’s. The total forward voltage drop for eight LED’s at 0.6A is 15V 

requiring an input voltage of at least 17VDC. The maximum permissible input voltage for the 

driver is 32VDC.  For cooling, a 12V (nominal) fan is also powered off the input voltage. The 

fan was tested and worked at up to 30V. In order to test this design and fabrication, a 19VDC 

laptop power supply was used. 

Upon testing, the targets performed with high reliability and efficiency. .  The total power 

consumption was 22W per target. Brightness was reduced from the previous design but still 

sufficient for the required operating range.  Improved thermal dissipation and air circulation 

coupled with reduced heat generation eliminated thermal issues experienced with previous target 

designs.  Due to constant current control, variations in supply voltage did not affect the 

brightness of the target.  From testing with the CCD camera, the brightness in the camera is 

approximately 75% of the brightness of the first design (at 12.5V) but uses 50% less power, 
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making the new design 50% more efficient than the previous target. A snapshot taken with the 

CCD camera with an 850nm band pass filter is shown in Figure 2-7. 

Table 2-2 summarizes the cost for materials for the second target design. As shown, the 

cost was reduced to 30% of the cost of the first design. Both targets functioned well in operation, 

but the second target design provided a less expensive alternative with a lower power 

consumption than the first design while maintaining comparable brightness. 

 

Figure 2-1. Infrared target concept. 

 
 
Figure 2-2. Prototype infrared target design. 
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Figure 2-3. Target I design and fabrication. 

A 
Figure 2-4. Target I design. A) Power consumption. B) Relative brightness. 

0

10

20

30

40

50

60

70

80

90

8 9 10 11 12 13 14 15

Po
w

er
 C

on
su

pt
io

n 
(W

)

Supply Voltage (VDC)

Target I Power Consumption



 

28 

 
 

B 
Figure 2-4. Continued 

Table 2-1. Target I cost analysis. 
Component Quantity Rate Cost (USD) 
Material 25 in^3 5 USD/in^3 $125 
LED's 168 0.25 USD/unit $42 
Circuit Boards 6 25 USD/unit $150 
Hardware   $10 
TOTAL   $327 
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Figure 2-5. Power LED voltage vs. current data. 

 
 
Figure 2-6. Infrared target II design and fabrication. 
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Figure 2-7. Target design visual comparison from CCD camera. 

Table 2-2. Target II cost analysis. 
Component Quantity Rate (USD/unit) Cost (USD) 
BuckPuck 1000 Driver 1 18.00 $18 
LED's 16 2.65 $48 
Heat sink and Fan 1 15.00 $15 
Hardware   $15 
TOTAL   $96 
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CHAPTER 3 
IMAGE PROCESSING AND COMPUTER VISION 

 In order to calculate the position of a leading vehicle, two infrared markers are separated 

vertically and positioned onto the leading vehicle, allowing for the calculation of distance and 

angle in the image. Matrix Vision Blue Fox USB CCD cameras were selected for the project due 

to availability, simple connectivity, excellent image quality, and fast frame rates. 

Camera Setup 

For the implementation of the project with Autonomous Solutions Inc., one camera 

equipped with a 4mm focal length wide angle lens was used.  To improve system range, a second 

camera with a 25mm telephoto lens was added.  

For the project implementation with ASI, a 4mm wide angle lens was selected in order to 

allow the system to allow operation at close ranges. An additional camera was considered but not 

included to reduce the cost and complexity of the system.  To improve accuracy and reduce noise 

a high resolution, 1024×768 CCD was paired with the lens. A large target separation distance of 

1.5 meters was chosen to increase the resolution of the image processing solution.  

In daylight conditions, the maximum system range was limited to approximately 30 

meters.  This was sufficient for tracking and following with the autonomous solutions controller 

at speeds up to 20mph, however increased range was desired. A second low resolution camera 

equipped with a 25mm lens was then added to the system.  The lower resolution camera was 

selected to improve image processing speed.  The lower resolution is also acceptable because 

less accuracy is needed at longer ranges. This camera setup extended system range to 

approximately 60 meters, and improved stability and accuracy at ranges near the maximum range 

limits of the 4mm lens setup. 
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Theoretical and Empirical Vision Models 

In order to derive the relationship between the separation distance between two targets 

fixed at a known measurement, the offset in the image and the actual relative position of the 

target array, a geometric model was developed using SOLIDWORKS 2009.  This model 

approximates that all light reaching the CCD is directed through the lens focal point and that 

aberrations caused by variation in wavelength are negligible. These assumptions should be valid 

since only light within a small bandwidth inside the infrared spectrum is observed. Figures 3-1 

and 3-2 define the measured pixel distances and show the geometry of the projection of light 

from the infrared emitters onto the CCD.  

Using geometry from the three dimensional model and unit conversion between pixels and 

length, the following relationship describing the angle and range of the target array were formed: 

𝜃𝜃[𝑑𝑑𝑑𝑑𝑑𝑑] = �180  [𝑑𝑑𝑑𝑑𝑑𝑑 ]
𝜋𝜋  [𝑟𝑟𝑟𝑟𝑑𝑑 ]

� 𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑎𝑎 �
𝑃𝑃𝑙𝑙𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎 ℎ �

𝑚𝑚𝑚𝑚
𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑𝑙𝑙 � 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑𝑎𝑎 [𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑𝑙𝑙𝑜𝑜 ]

𝑜𝑜[𝑚𝑚𝑚𝑚 ] �  (3- 1) 

𝑅𝑅[𝑚𝑚] = 𝑜𝑜 [𝑚𝑚𝑚𝑚 ]𝐷𝐷𝑎𝑎[𝑚𝑚]
𝑃𝑃𝑙𝑙𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎 ℎ �

𝑚𝑚𝑚𝑚
𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑𝑙𝑙 � 𝑃𝑃𝑜𝑜𝑑𝑑𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑝𝑝𝑜𝑜𝑎𝑎 [𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑𝑙𝑙𝑜𝑜 ] cos𝜃𝜃[𝑟𝑟𝑟𝑟𝑑𝑑 ]

  (3- 2) 

where Plength is the length in mm of one pixel on the CCD, Poffset is the number of pixel between 

the center of the image and the center of the targets, f is the focal length of the camera, Dt is the 

actual distance between the top and bottom targets in the array, and Pseparation is number of pixels 

between the top and bottom target in the image  

Because of servo tracking, the target array will be centered in the image, with viewing 

angles limited to plus or minus 10 degrees. For small angles, the inverse tangent can be 

approximated as its contents. At 10 degrees, this approximation introduces an error of 0.10 

degrees. This error is acceptable since it is much smaller than other errors in the system, such as 
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the 0.5 degree resolution of the stepper motor used for tracking. Therefore a simplified model for 

theta is derived as: 

𝜃𝜃[𝑑𝑑𝑑𝑑𝑑𝑑] = �180𝑑𝑑𝑑𝑑𝑑𝑑
𝜋𝜋  𝑟𝑟𝑟𝑟𝑑𝑑

�
𝑃𝑃𝑙𝑙𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎 ℎ �

𝑚𝑚𝑚𝑚
𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑𝑙𝑙 � 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑𝑎𝑎 [𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑𝑙𝑙𝑜𝑜 ]

𝑜𝑜[𝑚𝑚𝑚𝑚 ]   (3- 3) 

Assuming the lens is well constructed, the target separation distance is measured without 

error, and the camera lens setup produces a rectilinear image without distortion, the model 

should relate the defined pixel distances in the image to the actual position of the vehicle with 

good accuracy.  Further since the camera model is generic to the lens focal length, a variable 

focal length motorized lens could be used to increase system range and accuracy without the 

addition of another camera.   

To verify the accuracy of the theoretical model, empirical data was collected and 

analyzed. Using an existing grid for measurement, x and y distances from a fixed origin to 

different intersections on the grid were measured with a tape measure.  The camera lens setup 

was then located at the origin and the angle was calibrated to assure that no horizontal pixel 

offset from center was measured with a target array position at zero degrees. 

The actual position of the targets was recorded with the measured horizontal pixel offset 

from the center of the image and the spacing between the top and bottom targets. The 

measurements were repeated for different target separation distances, Dt, to assure that the range 

was linear with target separation as derived through the theoretical model. Because of the 

capability of servo tracking of the target array, the targets will be kept in the middle of the 

recorded image a majority of the time. For small angles, the inverse tangent is linear, thus a 

linear calibration model for the vehicle angle was estimated. 

 𝜃𝜃[𝑑𝑑𝑑𝑑𝑑𝑑] = 𝐶𝐶1 �
𝑑𝑑𝑑𝑑𝑑𝑑
𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑𝑙𝑙

� 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑𝑎𝑎 [𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑𝑙𝑙𝑜𝑜]  (3- 4) 
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𝑅𝑅 = 𝐶𝐶2[𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑𝑙𝑙𝑜𝑜]𝐷𝐷𝑎𝑎 [𝑚𝑚] 1
𝑃𝑃𝑜𝑜𝑑𝑑𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑝𝑝𝑜𝑜𝑎𝑎 [pixels ]cos(𝜃𝜃[𝑟𝑟𝑟𝑟𝑑𝑑 ])

  (3- 5) 

Values of the constants C1 and C2 were calculated using a least squares regression analysis.  

Plots of the calibration data and residuals are shown given in Figures 3-3 and 3-4. 

The figures show the collected data followed the model with very little deviation from the 

derived model.  For the range of the collected angle data, the approximation of a linear angle 

calibration did not add significant error to the system.  To verify the calibrated model matches 

the theoretical model without error, predicted values of the calibration coefficients were 

determined using the lens focal length, camera CCD size and camera resolution. The calculated 

values of the regression coefficients, theoretical coefficients, and camera properties are presented 

in Table 3-1. The standard deviations of the residuals were analyzed to predict the error in the 

models. From the residual plots, the accuracies of range predictions increase with increasing 

pixel separation in the image. Although the calibration model seemed to predict the position with 

less error, there are other small errors in measurement. For example, errors in the dimensions of 

the grid and measured target separation could be built in to the coefficients of the calibrated 

model, falsely improving the results of the calibrated model. To make the system more flexible 

to adjustments in camera and lens setup, the theoretical model is preferred.  The estimated 

uncertainties in the models are shown in Table 3-2: 

Because of the uncertainty in data collection measurements, it is concluded that prediction 

errors in the two models are not significantly different. The theoretical model was chosen, 

because of its adaptability to different camera setups without recalibration.  This makes it highly 

modular and applicable to convoy camera lens setup. However, any new camera and lens setup 

should be checked to assure the optics have predictable characteristics and follow the model 

before usage.  
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Image Processing Methodology and Coordinate Transformations 

 Image processing software written in C++ and using the open CV library was used to 

process real time camera data.  A single channel grayscale image is acquired from the Matrix 

Vision Blue Fox CCD cameras.  With the addition of infrared band pass filters, ambient noise is 

greatly reduced.  Thresholding to a binary image is then carried out to identify bright areas 

within the image.  Lastly, continuous contours from the binary image are identified and saved 

into an array of structures containing the x location, y location, and contour area within the 

image. 

 For an array containing two vertically spaced targets, comparing potential targets within 

an image is only a matter of checking if the contours are close to vertical and then comparing the 

areas and aspect ratios to see if a matching pair of targets is found from the contour data.  A 

score is given to the possible solution based on their area ratio, angle from vertical, comparison 

of their aspect ratios, and their variation from the previous three solution sets. The highest score 

solution from the group is then selected.  From the x and y locations of the contours, the pixel 

separation and offset from center are calculated. The pixel offset is then driven to zero using the 

panning mechanism. 

To improve noise rejection and to extend range, a third target located equidistant in a line 

between the top and bottom targets was added.  With the third target, sorting of the contours 

from highest to lowest y position must be performed before checking if the set is a match. 

Several additional checks are performed to reject sets of contours that are not a match. To check 

if the three contours are in a line, the distance between the top and bottom contour is compared 

to the sum of the distances between the top and middle and bottom and middle contours. Also, 

the distance between the top and middle and the distance between the bottom and top are 
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compared to check if the contours are equally spaced. These checks eliminated random 

environmental noise, allowing acceptance of more possible targets. 

The overall solution scoring function results in a non-dimensional value ranging from 0 to 

1.  This confidence value is calculated for the best solution in each camera. For comparing the 

areas, the following function generates a score associated with how well the areas match, where 

aave is the average area of the potential targets, ai is the area of an individual contour, and i is the 

number of contours to be compared: 

𝑝𝑝𝑜𝑜 𝑟𝑟𝑝𝑝 < 𝑟𝑟𝑟𝑟𝑎𝑎𝑑𝑑  �𝑟𝑟𝑝𝑝,𝑜𝑜𝑎𝑎𝑜𝑜𝑟𝑟𝑑𝑑 = � 𝑟𝑟𝑝𝑝
𝑟𝑟𝑟𝑟𝑎𝑎𝑑𝑑

�
𝑟𝑟𝑑𝑑𝑝𝑝𝑝𝑝

�   𝑑𝑑𝑙𝑙𝑜𝑜𝑑𝑑 �𝑟𝑟𝑝𝑝 ,𝑜𝑜𝑎𝑎𝑜𝑜𝑟𝑟𝑑𝑑 = �𝑟𝑟𝑟𝑟𝑎𝑎𝑑𝑑
𝑟𝑟𝑝𝑝
�
𝑟𝑟𝑑𝑑𝑝𝑝𝑝𝑝

�  (3- 5) 

 𝑟𝑟𝑜𝑜𝑎𝑎𝑜𝑜𝑟𝑟𝑑𝑑 = ∏ 𝑟𝑟𝑝𝑝 ,𝑜𝑜𝑎𝑎𝑜𝑜𝑟𝑟𝑑𝑑𝑎𝑎
𝑝𝑝=1   (3-6) 

To score the current solution based on the previous three iterations, the following function 

was designed: 

𝑝𝑝𝑜𝑜𝑎𝑎𝑜𝑜𝑟𝑟𝑑𝑑 = �1 − 𝑅𝑅−𝑅𝑅𝑟𝑟𝑎𝑎𝑑𝑑
𝑅𝑅𝑚𝑚𝑟𝑟𝑝𝑝

�
𝑟𝑟𝑑𝑑𝑝𝑝𝑝𝑝

�1− 𝜃𝜃𝑎𝑎𝑑𝑑ℎ𝑝𝑝𝑎𝑎𝑙𝑙𝑑𝑑 −𝜃𝜃𝑎𝑎𝑑𝑑ℎ𝑝𝑝𝑎𝑎𝑙𝑙𝑑𝑑 ,𝑟𝑟𝑎𝑎𝑑𝑑
360  [𝑑𝑑𝑑𝑑𝑑𝑑 ]

�
𝑎𝑎𝑎𝑎𝑑𝑑𝑝𝑝𝑝𝑝

�1 − 𝜃𝜃𝑎𝑎𝑝𝑝𝑙𝑙𝑎𝑎 −𝜃𝜃𝑎𝑎𝑝𝑝𝑙𝑙𝑎𝑎 ,𝑟𝑟𝑎𝑎𝑑𝑑
360  [𝑑𝑑𝑑𝑑𝑑𝑑 ]

�
𝑎𝑎𝑎𝑎𝑑𝑑𝑝𝑝𝑝𝑝

  (3- 7) 

In the above function, Rmax is the maximum allowable system range, θvehicle is the angle of 

the leading vehicle measured in the sensor coordinate frame, and θtilt is the relative roll angle of 

the array in the image. If there is no change between the current solution and the average of the 

last three solutions, the pscore function will be equal to one. The more the solution differs from the 

last three, the closer the score gets to zero. For the system using three targets, the contours are 

numbered from one to three, sorted from highest to lowest y position, and a score, based on how 

close the geometry of the array matches the actual geometry, is calculated. Also, the total 

solution score is calculated from the three sub-scores. 

𝑑𝑑𝑜𝑜𝑎𝑎𝑜𝑜𝑟𝑟𝑑𝑑 = �1 − � (𝑑𝑑12 +𝑑𝑑23−𝑑𝑑13 )
max (𝑑𝑑12 ,𝑑𝑑13 ,𝑑𝑑13 )�

𝑙𝑙𝑑𝑑𝑝𝑝𝑝𝑝 2
�
𝑙𝑙𝑑𝑑𝑝𝑝𝑝𝑝 1

�1 − � (𝑑𝑑12−𝑑𝑑23 )
max (𝑑𝑑12 ,𝑑𝑑13 )�

𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 2
�
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 1

  (3- 8) 
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𝑜𝑜𝑎𝑎𝑜𝑜𝑎𝑎𝑟𝑟𝑙𝑙 = 𝑟𝑟𝑜𝑜𝑎𝑎𝑜𝑜𝑟𝑟𝑑𝑑 ∗ 𝑝𝑝𝑜𝑜𝑎𝑎𝑜𝑜𝑟𝑟𝑑𝑑 ∗ 𝑑𝑑𝑜𝑜𝑎𝑎𝑜𝑜𝑟𝑟𝑑𝑑   (3- 9) 

Based on the sensitivity of the parameters used for scoring, the individual exponents were 

selected.  Table 3-2 summarizes the selected values for the scoring parameters.  These scoring 

functions proved to be very effective in selecting the appropriate target from the image. Figure 3-

5 shows a screenshot of the software and the scoring functions ability to reject noise. 

If the solution is found in more than one camera, the solution with the higher score is 

selected, used for servo tracking, and then transformed from the sensor coordinate system to the 

vehicle coordinate system. This relative position can be used for basic convoy behaviors such as 

path following.  To find the absolute position of the leader vehicle, the latitude, longitude, and 

yaw of the follower vehicle is measured using GPS and inertial measurement sensors on the 

vehicle.  This data allows for the calculation of the UTM position of the follower vehicle. Using 

the calculated relative position data, a transformation to the UTM position of the leader vehicle is 

carried out. Figure 3-6 shows the coordinate systems and parameters for the transformations. The 

formulations of the position of the leader in the UTM coordinate system and the position of the 

leader in the follower coordinate system are given below in equations 3-10, 3-11, 3-12, 3-13, and 

3-14. 

𝑇𝑇𝐹𝐹𝑜𝑜𝑙𝑙𝑙𝑙𝑜𝑜𝐹𝐹𝑑𝑑𝑟𝑟𝑈𝑈𝑇𝑇𝑈𝑈 = �

cos(𝑦𝑦𝑟𝑟𝐹𝐹) − sin(𝑦𝑦𝑟𝑟𝐹𝐹) 0 𝑋𝑋𝑈𝑈𝑇𝑇𝑈𝑈
sin(𝑦𝑦𝑟𝑟𝐹𝐹) cos(𝑦𝑦𝑟𝑟𝐹𝐹) 0 𝑌𝑌𝑈𝑈𝑇𝑇𝑈𝑈

0 0 1 0
0 0 0 1

�  (3- 10) 

𝑇𝑇𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟𝐹𝐹𝑜𝑜𝑙𝑙𝑙𝑙𝑜𝑜𝐹𝐹𝑑𝑑𝑟𝑟 = �

1 0 0 𝑋𝑋𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟𝐹𝐹𝑜𝑜𝑙𝑙𝑙𝑙𝐹𝐹𝑑𝑑𝑟𝑟

0 1 0 𝑌𝑌𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟𝐹𝐹𝑜𝑜𝑙𝑙𝑙𝑙𝐹𝐹𝑑𝑑𝑟𝑟

0 0 1 0
0 0 0 1

�  (3- 11) 
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𝑃𝑃𝐿𝐿𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟 = �

𝑋𝑋𝐿𝐿𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟

𝑌𝑌𝐿𝐿𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟

0
1

�  (3- 12) 

𝑃𝑃𝐿𝐿𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑈𝑈𝑇𝑇𝑈𝑈 = 𝑇𝑇𝐹𝐹𝑜𝑜𝑙𝑙𝑙𝑙𝑜𝑜𝐹𝐹𝑑𝑑𝑟𝑟𝑈𝑈𝑇𝑇𝑈𝑈 𝑇𝑇𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟𝐹𝐹𝑜𝑜𝑙𝑙𝑙𝑙𝑜𝑜𝐹𝐹𝑑𝑑𝑟𝑟 𝑃𝑃𝐿𝐿𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟 =

⎣
⎢
⎢
⎡𝑋𝑋𝑈𝑈𝑇𝑇𝑈𝑈 + �𝑋𝑋𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟𝐹𝐹𝑜𝑜𝑙𝑙𝑙𝑙𝐹𝐹𝑑𝑑𝑟𝑟 + 𝑋𝑋𝐿𝐿𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟 � cos(𝑦𝑦𝑟𝑟𝐹𝐹) − 𝑋𝑋𝑈𝑈𝑇𝑇𝑈𝑈 + �𝑌𝑌𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟𝐹𝐹𝑜𝑜𝑙𝑙𝑙𝑙𝐹𝐹𝑑𝑑𝑟𝑟 + 𝑌𝑌𝐿𝐿𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟 � sin(yaw)
𝑌𝑌𝑈𝑈𝑇𝑇𝑈𝑈 + �𝑌𝑌𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟𝐹𝐹𝑜𝑜𝑙𝑙𝑙𝑙𝐹𝐹𝑑𝑑𝑟𝑟 + 𝑌𝑌𝐿𝐿𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑆𝑆𝑑𝑑𝑎𝑎 𝑜𝑜𝑜𝑜𝑟𝑟� cos(𝑦𝑦𝑟𝑟𝐹𝐹) + 𝑋𝑋𝑈𝑈𝑇𝑇𝑈𝑈 + �𝑋𝑋𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟𝐹𝐹𝑜𝑜𝑙𝑙𝑙𝑙𝐹𝐹𝑑𝑑𝑟𝑟 + 𝑋𝑋𝐿𝐿𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟 � sin(yaw)
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𝑃𝑃𝐿𝐿𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝐹𝐹𝑜𝑜𝑙𝑙𝑙𝑙𝑜𝑜𝐹𝐹𝑑𝑑𝑟𝑟 = 𝑇𝑇𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟𝐹𝐹𝑜𝑜𝑙𝑙𝑙𝑙𝑜𝑜𝐹𝐹𝑑𝑑𝑟𝑟 𝑃𝑃𝐿𝐿𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟 = �

𝑋𝑋𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟𝐹𝐹𝑜𝑜𝑙𝑙𝑙𝑙𝐹𝐹𝑑𝑑𝑟𝑟 + 𝑋𝑋𝐿𝐿𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟

𝑌𝑌𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟𝐹𝐹𝑜𝑜𝑙𝑙𝑙𝑙𝐹𝐹𝑑𝑑𝑟𝑟 + 𝑌𝑌𝐿𝐿𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑆𝑆𝑑𝑑𝑎𝑎𝑜𝑜𝑜𝑜𝑟𝑟

0
1

�  (3- 14) 

JAUS Software Design 

In order to make the system more modular, the joint architecture for unmanned systems, 

JAUS, standards were followed for the software design.  This design allows for plug and play 

setup with other sensors and subsystems. Further information is available on the open JAUS 

website [19].  It also enabled integration with existing sensors such as GPOS.  Running on 

separate computers or nodes, the convoy sensor establishes a service connection with the GPOS 

component and receives a JAUS message containing the latitude, longitude, and yaw. In order 

for components to work, the open JAUS node manager must also be running on each machine. 

UTM initialization and conversion from latitude and longitude are made using functions built 

into the CIMAR core library. 

The image capturing from the CCD cameras are carried out in separate threads, increasing 

component speed significantly.  Stepper motor homing and control are also done inside the 

software.  Using one camera, an update rate of approximately 30 Hz is typical on the current 

computer setup. Using two cameras drops the update rate to around 15 Hz. 
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Figure 3-1. Projection of targets onto CCD. 

 
 
Figure 3-2. Geometrically calculated range and angle from pixel distances. 
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A 

B 
Figure 3-3. Calibration data and corresponding residuals for 25mm lens and 648x488 camera. A) 

Angle calibration. B) Angle calibration residual. C) Range calibration. D) Range 
calibration residual. 
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D 
Figure 3-3. Continued 

y = 3,395.57x
R² = 1.00

0

5

10

15

20

25

30

35

40

0 0.002 0.004 0.006 0.008 0.01 0.012

Ra
ng

e 
(m

)

Dt(m)/(Psep(pixels)*cos(theta))

25mm Focal Length, 648x488 Range Calibration

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0 10 20 30 40 50 60 70

Ca
lib

ra
ti

on
 R

an
ge

 R
es

id
ua

l (
m

)

Dt(m)/(Psep(pixels)*cos(theta))

25mm Focal Length, 648x488, Residual Plot of Range Calibration



 

42 

A 

B 
Figure 3-4. Calibration data and corresponding residuals for 4mm lens and 1032×776 camera. A) 

Angle calibration. B) Angle calibration residual. C) Range calibration. D) Range 
calibration residual. 
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D 
Figure 3-4. Continued 
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Table 3-1. Summary of camera and lens setup and corresponding calibration coefficients. 
Parameter Camera 1 setup Camera 2 setup 
Horizontal Length (pixels) 648 1032 
Vertical Length (pixels) 488 776 
Actual Pixel Length (mm/pixel) 7.407E-03 4.651E-03 
Rated Lens Focal Length (mm) 25 4 
Theoretical Value of C1 (pixels) 3375.0 860.0 
Theoretical Value of C2 (deg/pixel) (small angles) .01698 .06662 
Calibrated Value of C1 (pixels) 3395.6 874.8 
Calibrated Value of C2 (deg/pixel) (small angles) .01729 .06467 
Percent Error in C1 calibration (%) 0.61 1.73 
Percent Error in C2 calibration (%) 1.85 2.94 
Predicted Focal Length from Calibrated C1 (mm) 25.15 4.07 
Predicted Focal Length from Calibrated C2 (mm) 24.55 4.12 
 
Table 3-2. Summary of uncertainties for camera models. 

Parameter 

1032x776, 
f=4mm; 

Theoretical 

1032x776, 
f=4mm; 

Calibration 

648x488, 
f=25mm; 

Theoretical 

648x488, 
f=25mm; 

Calibration 
Range Error (m) 0.3 0.2 0.15 0.1 
Percent Full Scale Range Error (%) 3.3 2.7 1.5 1.4 
Angle Error (deg) 0.5 0.4 0.2 0.1 
 
Table 3-3. Scoring Parameters. 
Rmax [m] Rexp tvexp ttexp lexp1 lexp2 eexp1 eexp2 

120 6 4 4 800 1.75 40 2.5 
 

 
 
Figure 3-5. Example of software identified target array. 
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Figure 3-6. Parameters and coordinate systems used for point transformation. 
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CHAPTER 4 
PANNING CAMERA MECHANISM DESIGN 

Requirements 

In order to allow operation of the convoy around tighter turns and to allow for the use of a 

zoom lens, a panning mechanism was added to the system design.  The design of the mechanism 

had several requirements.  The mechanism must be accurate, controllable, and have a minimum 

speed of one rotation per second to allow sufficient tracking around corners. To prevent damage 

from rain or debris, the housing for the mechanism must be splash proof and protective against 

incidental contact. Two implementations of the mechanism were designed and used.  For 

development with the ASI system a servo motor and gear box was designed. Later, for use on 

future convoy systems a more compact, lower cost, stepper motor solution was developed. Both 

designs are outlined below. 

Mechanism Designs 

For the system used with Autonomous Systems Inc., an Animatics smart motor equipped 

with a 30:1 worm gear box was designed. The smart motor was chosen in order to reduce 

software development time and to improve mechanism controllability.  Because of low torque 

requirements and small packaging space, the SM2315D smart motor model was selected.  With 

27 oz-in of continuous torque at 5000rpm, the addition of a gear reducer was essential. For 

controllability during small angle adjustments, increased output torque, and low speed tracking, 

and a non-back drivable output, a worm gear reducer was chosen. 

Because the system was packaged in one enclosure, the form factor of the reducer was a 

design constraint.  To reduce the footprint of the gearbox and to provide accurate, low backlash 

positioning, a custom reducer was designed and fabricated for the project.  To achieve the 

approximate desired maximum output speed, a gear reduction of 30:1 was chosen.  This 
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reduction would give a maximum output speed of 2.7 rotations per second. Maximum output 

torque at this ratio would be 810 oz-in or 4.2 ft-lb. However, this output torque was limited by 

the gearbox design which did not need to be able to support torques of this magnitude. The 

output load was also balanced such that the center of mass was very close to the axis of rotation. 

Because little output loading will be present, keyways were not used to lock components onto the 

input and output shafts.  Simple set screw connections were used instead. 

For the worm wheel and worm gear, compact gears from WM Berg were selected due to 

their compact size and low backlash properties. A 60 tooth “anti-backlash” worm wheel, paired 

with a double threaded precision worm gear formed the desired 30:1 reduction. With precise 

positioning of the gearing, backlash can be neglected. Ball bearings were used on each side of 

the gear pair to handle shaft loading. A limit switch was also incorporated into the mechanism 

for angular reference. Mechanical drawings and a bill of materials for the gearbox design are 

attached in appendix B for reference. A summary of the mechanism cost is shown in Table 4-1. 

 In order to make the entire system modular, the power system, computer, and camera 

mechanism was packaged in a single, easily installed housing. A NEMA 4X aluminum enclosure 

was modified through the addition of an acrylic window for the camera mechanism, external heat 

sinks to improve thermal dissipation, power switches, power plugs, and data output plugs. Figure 

4-1 shows the system used with the ASI controller. 

For the implementation of the project on the Urban Navigator, existing computing and 

power resources were located inside the car. Because of the size and weight of the system used 

for Autonomous Solutions, a new more compact panning mechanism was designed in a separate 

housing. To reduce the cost of the mechanism, a stepper motor was chosen because of the 

capability of high torque at low speeds without the need for additional gearing. Also, because of 
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the capability of open loop control by keeping track of motor steps from a homed position, an 

encoder was not needed. The selection of an appropriate driver was the only other requirement. 

 Many stepper motor drivers were considered for the project.  Because of the simple USB 

interface, low cost, and software libraries built in a variety of programming languages, a Phidget 

1063 bipolar stepper motor driver was selected.  The driver also supported 1/16th step 

microstepping for smooth operation and high resolution position control.  Another advantage of 

the driver was the wide 9-30VDC input voltage. Example code, written in C++ and C# 

programming languages, was also provided for the driver allowing for decreased development 

time for software development. 

A compact high torque bipolar stepper motor was paired with the selected driver. Several 

surplus NEMA 23 Lin Engineering stepper motors were compared because of their low cost. 

With a typical accuracy of half a step for well constructed stepper motors, and a desired accuracy 

of 0.5 degrees, a minimum of 360 steps per revolution was desired. After comparing many 

models, the 5709M-05S was selected because of its high holding torque of 175 oz-in, high low 

speed torque, and relatively high resolution of 400 steps per revolution. The motor torque curve 

is shown in Figure 4-2. 

 Again because of the high low speed torque, no additional gearing was needed. Cameras 

could be driven directly from the motor output shaft, allowing for low cost and a compact 

housing design. Limit switches were also positioned in the housing for homing. To protect 

against rain and incidental contact, a transparent acrylic pipe was used as a window for the 

housing.  The stepper motor consumes a maximum of 30Watts of power from the driver, most of 

which is translated into heat which must be dissipated out of the housing to prevent damage to 

CCD cameras. Since the stepper motor is bolted against the base, aluminum was used for the 
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base of the housing to aid in heat transfer from the stepper motor.  In operation, heat was not an 

issue and the required power for the motor was closer to 10W. 

Several parts in the housing were manufactured using a rapid prototype machine, 

providing accuracy and low cost.  Only two components in the housing were machined, and the 

required tolerances were large enough for the parts to be made in house. This made the overall 

cost of the assembly very low in comparison to the smart motor assembly. The cost of the 

stepper motor mechanism and housing are shown in the following table. Prints for the stepper 

motor assembly and machined parts are also attached in Appendix B. 

The stepper motor mechanism was mounted on the front bumper of the Urban Navigator 

using shock absorbers. Wiring for the motor and cameras was run through the firewall to the 

bumper.  Also, because the distance between the computer and the cameras was greater than 15 

feet, a USB 2.0 hub was added to boost the signal for the cameras to prevent data corruption. 

Figure 4-3 shows the manufactured stepper motor mechanism as mounted on the Urban 

Navigator. 

Motor Control and Software Design 

For the smart motor mechanism, a serial interface was developed so that motor 

commands could be sent through the software. The smart motor also has the capability to read 

digital inputs. A roller limit switch was positioned at a known angle and used for homing during 

start up. The angle of the motor was read using a built in optical encoder and reported through 

the serial interface. An integrated PID controller provided robust position control of the motor. 

Motor gains were tuned to provide an optimal response without significant steady state error. A 

separate homing routine was written and saved on the smart motor memory. After homing, real 

time motor position commands were sent to correct the angle of the leader vehicle in the image, 

for tracking. Automatic searching was never implemented in this system. 
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For stepper motor positioning, open loop control allows for precise positioning of the 

motor as long as the motor does not stall after homing.  To prevent stalling, the motor current 

limit, desired velocity, and acceleration are tuned to provide optimal performance. Once properly 

tuned, stalling was not an issue in the design.  At start up, the motor must be homed using the 

limit switches in the assembly.  The maximum update rate of the digital inputs on the stepper 

motor driver is 62 Hz according to the specifications.  To ensure accurate angle measurement of 

the motor angle upon hitting the limit switches, the speed of the motor is greatly reduced until 

hitting the switch. Event driven functions included in the Phidget library were used to detect 

switch depression or release. After homing, relative angle commands are sent to the motor to 

center the target array. Another event driven function is called when the position of the motor 

changes.  If a solution is not found by the image processing software for a tuned number of 

iterations, a searching algorithm is executed to find the leader vehicle. 

Table 4-1. Cost analysis of smart motor panning mechanism design. 
Component Cost (USD) 
Smart Motor 2315D $1000 
Hardware (Bearings, Gears,  Locknuts) $125 
Machined Parts $1100 
Total Cost $2225 
  

 
 
Figure 4-1. Stand alone vision sensor used for military convoy. 
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Figure 4-2. Stepper motor torque vs. rotational speed. [20] 

Table 4-2. Cost analysis of stepper motor panning mechanism design. 
Component Cost (USD) 
Lin Engineering 5709M-05S $15 
Phidget 1063 Bipolar Stepper Driver $65 
Acrylic Window $30 
Material Cost for Machined Parts $35 
Cost for Rapid Prototype Parts $93 
Miscellaneous Hardware $22 
Total Stepper Motor Mechanism Cost $260 

 

 
 
Figure 4-3. Stepper motor camera mechanism used with urban navigator. 
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CHAPTER 5 
RESULTS AND DISCUSSION 

Static Testing 

To verify the accuracy and precision of the sensor, static data was recorded at various x,y 

locations, given by dimensions of a grid taken using a measurement wheel. For this test a target 

separation distance of one meter was chosen. The resulting errors between collected and 

predicted position for each camera setup are shown in Figures 5-1 through 5-4. 

Errors from the static test were well within the requirements for the system.  Generally, the 

camera setup equipped with the 25mm zoom lens provided accurate measurements with a 

precision of plus or minus 0.5 meters and plus or minus .25 degree with very little bias. The wide 

angle lens setup provided slightly less accurate range results, with a slight bias of approximately 

0.15meters.  This can be attributed to errors in lens construction, such as variations in focal 

length, runout, and angular misalignments between the camera and lens.  However, the small 

bias is still within the limits of the system requirements. Overall the 4 mm lens camera setup 

results in expected errors of plus or minus one meter and 0.5 degrees. Slight improvement in 

accuracy can be achieved by extending target separation distance, thus increasing the pixel offset 

at a fixed distance. Figure 5-5 shows the variation in range for a change of one pixel in 

separation distance. 

The largest source of error will occur when a large relative pitch exists between the leader 

and follower vehicles. Equation 5-1 shows the range error as a function of pitch angle,θp. 

𝐸𝐸𝑟𝑟 [𝑚𝑚] = 𝐷𝐷𝑎𝑎 [𝑚𝑚 ]𝑜𝑜[𝑚𝑚𝑚𝑚 ]

𝑃𝑃𝑙𝑙𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎 ℎ �
𝑚𝑚𝑚𝑚
𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑𝑙𝑙

�𝑃𝑃𝑜𝑜𝑑𝑑𝑝𝑝 [𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑𝑙𝑙𝑜𝑜 ] cos (𝜃𝜃)
− 𝐷𝐷𝑎𝑎 [𝑚𝑚 ]𝑜𝑜[𝑚𝑚𝑚𝑚 ]

𝑃𝑃𝑙𝑙𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎 ℎ �
𝑚𝑚𝑚𝑚
𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑𝑙𝑙

�𝑃𝑃𝑜𝑜𝑑𝑑𝑝𝑝 [𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑𝑙𝑙𝑜𝑜 ] cos (𝜃𝜃)cos(𝜃𝜃𝑝𝑝 )
  (5-1) 

 For most highway driving situations, this pitch angle was predicted to be within 15 

degrees. Figure 5-6 shows the effect of varying pitch angles at a range of 20 meters. 
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 As seen in the figure, error increases significantly at larger pitch angles. The system 

would need additional image processing techniques to determine the orientation of the vehicle in 

addition to the position.  In order reduce complexity, this error was acceptable for the operational 

conditions of the system.    

Testing of System with Ground Truth 

To further verify the accuracy of the system, to assure that parameters are correctly 

modeled, and to test the effect of small pitch angle changes in driving conditions, image 

processing position data was logged and compared to recorded GPS data from the leader and 

follower vehicles.  The follower vehicle was equipped with a North Finding Module, giving a 

precise determination of yaw, Latitude and Longitude data, with a typical maximum error of 10 

cm and one degree in north and south directions.  The leader vehicle was equipped only with a 

NovAtel GPS receiver, also with a typical position error of 10cm. With a total accuracy on the 

same order of magnitude as the vision sensor, the GPS data provided a good benchmark for 

validating the accuracy of the image processing data. The setup with the GPS unit is shown 

below in Figure 5-7. 

Figure 5-8 shows the Recorded Range between the two vehicle coordinate systems for the 

vision component and “ground truth.”  From GPS data, the range is calculated from the 

conversion of each vehicle’s latitude and longitude coordinates to UTM Northing and Easting 

coordinates. The range and angle are then simply given by geometry in equations 5-2 and 5-3 as: 

𝑅𝑅 = ��𝑈𝑈𝑇𝑇𝑈𝑈𝑝𝑝 ,𝑙𝑙𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟 − 𝑈𝑈𝑇𝑇𝑈𝑈𝑝𝑝 ,𝑜𝑜𝑜𝑜𝑙𝑙𝑙𝑙𝑜𝑜𝐹𝐹𝑑𝑑𝑟𝑟 �
2 + �𝑈𝑈𝑇𝑇𝑈𝑈𝑦𝑦 ,𝑙𝑙𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟 − 𝑈𝑈𝑇𝑇𝑈𝑈𝑦𝑦 ,𝑜𝑜𝑜𝑜𝑙𝑙𝑙𝑙𝑜𝑜𝐹𝐹𝑑𝑑𝑟𝑟 �

2
  

𝜃𝜃𝑎𝑎𝑑𝑑ℎ = arctan�𝑈𝑈𝑇𝑇𝑈𝑈𝑦𝑦,𝑙𝑙𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟 − 𝑈𝑈𝑇𝑇𝑈𝑈𝑦𝑦,𝑜𝑜𝑜𝑜𝑙𝑙𝑙𝑙𝑜𝑜𝐹𝐹𝑑𝑑𝑟𝑟�/�𝑈𝑈𝑇𝑇𝑈𝑈𝑝𝑝,𝑙𝑙𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟 − 𝑈𝑈𝑇𝑇𝑈𝑈𝑝𝑝,𝑜𝑜𝑜𝑜𝑙𝑙𝑙𝑙𝑜𝑜𝐹𝐹𝑑𝑑𝑟𝑟�  

(5-2) 

(5-3) 

Figures 5-9 and 5-10 show the difference between ground truth and the vision solution. 
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The recorded errors in range and angle were very similar to the static tests. What is more 

telling of the system performance is the continuity of the vision data.  In order to demonstrate the 

lack of noise and stability of the system, Figure 5-11 shows the UTM Easting position versus 

time for the vision solution and actual GPS data. 

 Very little noise was present in the vision solution, and data followed the GPS 

measurements with errors close to the expected values. 

Sensor Data Qualitative Results with ASI Controller 

The Autonomous Solutions Inc. controller, designed to work with the physical tether 

sensor, was used for unmanned operation using this data.  The physical tether provided highly 

accurate range and angle data using encoders to calculate the range and angle. Based on the 

velocity of the leader vehicle a controller calculates a desired following distance.  Filtering was 

carried out by the controller to prevent small fluctuations in position data to result in incorrect 

velocities.  Details of the controller design are outlined in ASI’s final report [21]. 

Because the vision solution had very little noise, the transition for the use of vision data with the 

vehicle went smoothly.  The path controller and vehicle spacing controller performed well with 

the vision data. From testing, the higher resolution image processing data provided better results.  

For best system performance, a high resolution camera, large target separation distance, and lens 

with the largest allowable focal length should be selected. Velocities up to 20 mph were tested 

autonomously without issue. 

Conclusions 

After research and experimentation, the convoy system showed the ability to operate 

reliably during autonomous control at ranges up to 60 meters. The selection of high powered 

infrared LEDS proved to be a sufficient targeting beacon at this range. Also, the protective 

housings designed for the beacons and panning camera mechanism were effective in creating 
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appropriate thermal dissipation and protecting the equipment from basic weather elements. In 

addition, it was found that the target design and implementation allowed for robust tracking of 

the leader vehicle and target array without deviating from the correct solution. Overall, the entire 

convoy system showed a level of effectiveness that supports further inquiry into this area of 

technological advancement and gains. 

The system could be implemented easily onto a vehicle already equipped with drive by 

wire capability.  All that is needed is a panning camera, image processing intelligence, and 

infrared targets on a leader vehicle.  The simplicity of the design would allow for low production 

cost and simple installation. 

Future Work 

To further advance system intelligence, the addition of other intelligence such as obstacle 

detection, lane sensing, and prior knowledge of the road network would further enhance the 

capabilities of the system.  This behavior would allow for observance of highway traffic rules, 

and intersection behavior. Although additional sensors require higher cost and more complexity, 

these behaviors allow for safer navigation with other manual vehicles. 

This concept would be easily implemented on the current vehicle platform. Using the 

current architecture for the autonomous vehicle used in the DARPA Urban Challenge already 

equipped with a full sensor package, the additional data from the tracking sensor would be used 

to determine the direction of travel of the follower vehicle, without explicitly controlling the 

vehicle path. The system would be capable of obstacle avoidance, deviation of the follower from 

the desired lane of travel, and observance of intersection rules.  Essentially the tracking software 

would only report the current road, lane of travel, direction, and velocity.  Because the tracking 

software was written using JAUS, tracking could be implemented without much additional 

development. 
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Figure 5-1. Theoretical model range error for 4 mm focal length, 1032×776 camera.  

 
Figure 5-2. Theoretical model angle error for 4mm focal length, 1032×776 camera.  
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Figure 5-3. Theoretical model range error for 25mm focal length, 648×488 camera.  

 
Figure 5-4. Theoretical model angle error for 25mm focal length, 648×488 camera.  
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Figure 5-5. Image processing resolution versus target separation distance. 

 
Figure 5-6. Error introduced from relative pitch between vehicles. 
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Figure 5-7. Setup of leader vehicle test platform with GPS aligned with targets. 

 
Figure 5-8. Recorded vision sensor range vs. GPS range driving test. 
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Figure 5-9. Range error versus time. 

 
Figure 5-10. Leader vehicle angle error versus time. 
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Figure 5-11. UTM ground truth and vision solution versus time. 
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APPENDIX A 
MECHANICAL DRAWINGS 

 
 

Figure A-1. Stepper motor assembly drawing, sheet 1.
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Figure A-2. Stepper motor assembly drawing, sheet 2. 
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Figure A-3. Motor stage part for stepper motor assembly. 
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Figure A-4. Housing base for stepper motor assembly.



 

66 

 
Figure A-5. Smart-motor mechanism assembly drawing, sheet 1. 
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Figure A-6. Smart-motor mechanism assembly drawing, sheet 2. 
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Figure A-7. Gear housing for smart-motor mechanism. 
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Figure A-8. Top bearing plate for smart-motor mechanism. 
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Figure A-9. Bearing input shaft for smart-motor assembly. 
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Figure A-10. Camera stage for smart-motor assembly.
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Figure A-11. Bearing output shaft for smart motor assembly. 
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