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ABSTRACT 
 
 

The ability to determine the range and attitude between two satellites can be a 
challenging venture. It can be made more challenging when considering the use of such a 
system on a small satellite. Successful implementation of a small and low power range 
and attitude sensor could open potential doors to multiple small satellite constellations 
and formation flying maneuvers. After successfully demonstrating an electromagnetic 
docking system on a one-dimensional air track, it was determined that continued work 
into two and three-dimensional systems would require a more functional range and 
attitude sensor than was originally used. Such a sensor would have to be small enough for 
use aboard a small satellite, require little power while operating and provide accurate data 
over the required range of operation, all while maintaining a minimal monetary cost. 

The SATellite Range and Attitude Imaging SystEm (SATRAISE) was developed 
to meet this demand. In order to meet all of the listed requirements, a system based on an 
embedded Linux computer platform was developed. The hardware for the system utilized 
consumer grade, commercially available parts, including a standard computer webcam 
and LEDs. The software for the system made use of existing image processing libraries in 
order to facilitate the detection and identification of target points in frames captured by 
the webcam. 

Following successful integration of the hardware and implementation of the 
required software, the SATRAISE was characterized under a variety of operating 
conditions in order to verify the accuracy, stability and power requirements of the system. 
The results showed that the SATRAISE met or exceeded all of the established design 
goals.
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INTRODUCTION 

 
 

The determination of range and attitude between a number of space vehicles is a 

problem that has been contemplated and solved a variety of ways (1; 2). The range and 

attitude data determined by these systems is used in a variety of ways, including the 

control of automated docking systems. Many of these solutions involve complex and 

expensive hardware and in turn do not yield themselves easily to the world of university-

built small satellites. One example of such a solution is the navigation system aboard the 

unmanned Automated Transfer Vehicle (ATV) used by the European Space Agency 

(ESA) to deliver supplies to the International Space Station (ISS) (3). From 30 km to 250 

m, the ATV utilizes relative GPS positioning to control the approach to the ISS. 

However, this method does not provide the necessary accuracy to mitigate safety 

concerns during the final approach to the ISS. For the final approach, an imaging system 

is used to track laser illuminated retro reflector targets in order to determine the range and 

attitude between the ATV and ISS with a very high precision.  

Another system used for automated docking missions with the ISS is the Kurs 

system, developed for use aboard the Russian Soyuz and Progress vehicles (4). The Kurs 

system first acquires a signal from the ISS in order to control the initial approach of the 

Soyuz or Progress vehicles from a range of 200 km to 200 m. During the final 200 m of 

the approach, an antenna array aboard Soyuz or Progress vehicle monitors the delay and 

strength of the ISS’s signal. Based on the delay and the relative strength of the signal at 

each of the array elements, the range and attitude between the two vehicles is determined. 
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Both the ATV and Kurs systems are designed with multiple levels of redundancy and 

engineered under very constrained operating parameters. 

While the previous examples of current range and attitude determination solutions 

used in automated docking systems have outstanding accuracies and provide all the 

necessary feedback for docking two large space vehicles, they do not lend themselves to 

use in the small satellite community, especially university members. First, the accuracies 

obtained by both systems at ranges in the hundreds of kilometers are not necessary for 

many university small satellites. These constellations would typically maintain ranges in 

the tens of meters and only require resolutions in the centimeter range. Other concerns for 

using systems like the ATV and Kurs aboard small satellites relates to the size of the 

hardware components and the power required to operate them. Large vehicles like the 

ISS are able to generate power through large solar panels and others like the ATV, Soyuz 

and Progress are only expected to operate over a limited lifetime where batteries can be 

used to power their systems. For small university labs especially, the ability to build 

multiple satellite constellations that are able to track the range and attitude between each 

member hinges on a solution that is not only small and low power, but one that is also 

low cost. 

 The Satellite Range and Attitude Imaging SystEm (SATRAISE) is a low cost 

camera based system that uses a known pattern of LEDs as a target for determining the 

range and attitude between two satellites. Through the use of low power consumer grade 

components, the SATRAISE is able to accomplish the goal of determining the required 
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range and attitude data without requiring the space or power of existing determination 

solutions. 

Background 

 
 
 The SATRAISE system was originally conceived to provide range and attitude 

data between two independent satellites, a host and drone, for the Secondary Launch 

Interface/Parasitic Payload (SLIPP) Project. SLIPP was a DARPA funded Phase 1 

investigation into the viability of using electromagnetic actuators to control the docking 

between host and drone satellites, as well as the use of rectannas for power harvesting 

operations (5). The Space Science and Engineering Laboratory (SSEL) at Montana State 

University (MSU) co-proposed the project with Littleton, CO based MicroSat Systems in 

order to pursue research into the launch interface objective during the fall of 2006. Over 

the course of the next five months, SSEL students developed and presented the initial 

findings and design of the system to DARPA representatives with promising results (6). 

Following this presentation, work began on a one-dimensional demonstration system to 

test the feasibility of an electromagnetic docking system. By the fall of 2007, a fully 

functioning demonstration was constructed by using an in-house-built electromagnet, a 

low-friction air track, and infrared range sensor and a laptop running MATLAB control 

code. This demonstration accelerated a drone 'satellite' from a distance of one meter to a 

cruising speed of about 2 cm/s and then decelerated the drone to a stop just before contact 

with the 'host' electromagnet. The next logical step for the demonstration was to add a 

second dimension to the drone's movement, but the IR range sensor used in the one-
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dimensional demonstration was not able to provide the necessary attitude feedback for a 

two-dimensional system. At this time, it was decided a more versatile range and attitude 

sensor would be needed before the SLIPP project could move forward. 

Motivation 

 

In order to proceed to a two-dimensional demonstration of the electromagnetic 

docking system, a new sensor was required that would provide not only absolute range 

information, but also attitude information between the host and drone satellites. To 

achieve this, SATRAISE captures an image of a known LED target pattern, analyzes the 

image and provides the needed range and attitude information between the host and the 

drone. This information provides the control system feedback and also allows monitoring 

of the docking maneuver for mechanical feasibility. The mechanical limitations of the 

SLIPP system will be discussed in the following section as they were used to determine 

the design goals for the system. It should be noted that while this sensor was initially 

planned for a two-dimensional application, it could also be applied to a three-dimensional 

application because the three-dimensional space is being imaged and analyzed. 

Design Goals 

 

The design goals of the SATRAISE system are driven by the limited space and 

power available aboard small satellite platforms, such as the NanoSat platform shown in 

Figure 1 (6). 
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Figure 1: NanoSat small satellite platform. This satellite represents the intended drone for use in the SLIPP 
system. 

 

To provide as many capabilities to a satellite without sacrificing space or power 

the use of expandable parts is a desirable choice. For example, if the computer used in the 

SATRAISE can provide the computing power for not only the system, but other 

subsystems, a higher power computer can be used with its excess resources distributed to 

multiple subsystems. The imaging and target components also need to be low power and 

require little to no additional hardware to maintain. 

A further constraint placed upon the design of the SATRAISE system is the 

minimization of the overall cost of the subsystem. This constraint can be overcome 

through the use of off the shelf components, as opposed to costly laboratory grade 

components. The use of off the shelf parts is a practice used extensively by the SSEL in 

order to keep the costs of satellite construction to a minimum wherever possible. This 
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practice allows additional funds to be used for more mission critical components, such as 

high accuracy payloads. Additional funds also translate to more projects the SSEL can 

take on, to further the teaching goals of the lab. Time and time again, the SSEL has 

shown how much it can do with consumer, low cost and off the shelf parts.  

The SATRAISE system must also meet the mission goals of the SLIPP project, 

while addressing the limited space and power available and maintaining a low subsystem 

cost. Table 1 summarizes the mission goals of the SLIPP project as they pertain to the 

SATRAISE system. For the purpose of this thesis, range refers to the absolute distance 

between the camera and target and attitude refers to the bearing to the target and the 

orientation of the target relative to the camera. Figure 2 and Figure 3 illustrate the 

meaning of each of these parameters. 

Table 1: SLIPP mission goals that must be successfully accomplished by the SATRAISE system. 

Parameter Requirement 

Range Resolution ±1 cm between 0-3 meters 

Bearing Accuracy ±2.5 ° 

Target Orientation Accuracy ±2.5 ° 

Operating Environment Space/Low Earth Orbit 
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Figure 2: Illustration of the SLIPP system’s mechanical mission goals, including the cone of capture the 
SATRAISE system must be capable of operating within and the range requirements. 

 

 

Figure 3: Operational parameters for the SATRAISE system. In this example, the green arrow represents 
the absolute range from the drone (camera) to the host (target), the blue arrow represents the 
bearing angle to align with the center of the host (target), and the red arrow represents the 
orientation angle between the host(target) and drone(camera). 
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Because of the mechanical design of the docking interface, there is no alignment 

requirement on the rotation of the drone around the Z axis. This means that if the drone is 

within the cone of capture, the rotation along the Z axis is unimportant. The space 

environment requirement refers to the system's ability to successfully identify the target 

under adverse illumination conditions, meaning that the camera would need to be filtered 

in order to block out the majority of excess solar light while in space. 

Thesis Outline 

 
 

This thesis is organized into the following chapters. The methodology of how the 

problem began and evolved, how the final solution was decided upon and insight into the 

design process for the SATRAISE system will be discussed in chapter 2. In chapter 3, an 

introduction to the hardware used in the SATRAISE system is presented with an 

overview the components, as well as background data used in the selection process. 

Chapter 4 discusses the software element of the SATRAISE system. In chapter 5 the 

validation methods and results used to characterize the SATRAISE system are presented. 

Final conclusions and possible future work on the SATRAISE system are discussed in 

chapter 6. 
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METHODOLOGY 

 

The idea of the SATRAISE system was born out of the need to provide accurate 

range, bearing and plane rotation information required for docking a drone satellite to a 

host satellite as an integral component to continue research into the SLIPP project. As 

previously mentioned, the intention of the SLIPP project was to provide a docking system 

for a host and drone satellite that did not rely on expendable fuel. Instead, 

electromagnetic actuators would be used as a renewable resource for the docking 

maneuvers. For the initial one-dimensional demonstration of the SLIPP system, shown in 

Figure 4, an infrared range sensor was used to provide feedback to the control system. 

The use of the one-dimensional infrared range sensor was an acceptable solution for this 

demonstration because the demonstration was confined to an air track and the host and 

drone simulators were not allowed to rotate, so the drone would never leave the sensor's 

narrow field of view. 

 

Figure 4: Photo of the one-dimensional demonstration of the SLIPP system using a simple infrared range 
sensor 
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In order to proceed to a two-dimensional, and eventually a three-dimensional, 

demonstration, a sensor was needed that provided not only a range, but also bearing and 

plane rotation information between the host and drone satellites as shown in Figure 3. 

Sensors currently on the market that could perform such a task were either outside of the 

lab's budget (7; 8; 9), or not yet designed for outdoor conditions, let alone space. At this 

point, an in-house solution was determined to be the most viable and cost effective 

solution. First, the sensor would need to have a reasonable field of view, at least ±30° to 

cover the SLIPP mechanical docking requirements and provide information about a target 

that was not necessarily directly in front of the sensor, like the limited infrared range 

sensor used in the one-dimensional demonstration. Within the sensor's field of view, the 

sensor would have to find the range and bearing to the target, as well as determine how it 

was rotated, or oriented, in space. This information is critical to the SLIPP system for 

controlling the movements of the drone and correctly aligning with the host. The lack of 

this information was also the road block for continued research into the SLIPP project. 

Without it, the drone might know how far away the host is, but not know in what 

direction the host was located and orientated. 

At this point, a camera-based imaging system and a laser based flash LIDAR 

(light detection and ranging) system were considered. While a LIDAR system would 

have the potential to provide high resolution range information and not require a target on 

the host, miniaturizing such a system for use on a small satellite would prove to be 

difficult and expensive. A LIDAR system was also not practical for the small distances 

expected to be measured. It was at this point that a camera-based system was determined 
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to be the best option. This system uses a digital camera on the drone to take a picture of a 

predefined LED target and uses the projected image of the target in the picture to 

determine the range, bearing and orientation of the host. The proposed camera based 

system requires components on both the host and drone satellites, the imaging system 

aboard the drone and the LED target aboard the host. The decision to locate the majority 

of the hardware on the drone satellite was based upon a goal for the SLIPP project. By 

locating a large majority of the hardware aboard the drone, the docking interface and 

drone satellite could be secured to any number of host satellites without requiring a large 

amount of redesign work, allowing the SLIPP system to be quickly and easily 

implemented aboard a given host. Because the drone in the SLIPP project would have 

short range communication capabilities with the host, the target could be activated only 

when a docking maneuver would be attempted. When a docking maneuver was initiated, 

the target would be turned on and the camera aboard the drone would begin to take 

pictures of the target and analyze the projected positions of the LEDs in each frame to 

find the range, bearing and orientation of the target on the host. 

While a sensor of this type is not something new, the design and implementation 

of the SATRAISE system needs to be specifically tailored for operating in a space 

environment while aboard a small satellite. Even though this system could easily function 

on a typical desktop or laptop computer, neither is applicable to a small satellite. A 

computer with both small power requirements and physical dimensions is needed. An 

embedded Linux computer made by Gumstix Inc. was chosen to be the best available 

option to handle the computing needs for the SATRAISE system. The Gumstix computer, 
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shown in Figure 5, meets the size and power requirements and provides room for 

expansion to handle more than just the SATRAISE system processing (10). The stripped 

down version of the Linux 2.6 kernel installed on the Gumstix has all of the potential to 

expand to a solid software base, without starting out bloated with a large amount of 

unnecessary software and background processes. 

 

Figure 5: Gumstix Verdex Pro motherboard. This provided the processing power for the SATRAISE 
system. Not shown are the expansion boards required for the camera and compact flash interface. 

 

A Logitech webcam was selected as the camera because of simple interfacing 

through USB, universal cross compilable drivers and higher than average image quality, 

compared to other consumer webcams. This particular webcam is shown in Figure 6 (11). 

 

Figure 6: Logitech Quickcam® for Notebooks Deluxe webcam prior to any modifications. 
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Because the SATRAISE would be operating in space under adverse lighting conditions, 

the webcam was also modified to only be sensitive in the near infrared (NIR) end of the 

light spectrum to limit visible background light from the sun and make the target LEDs 

more visible in the captured frames. To better illustrate this point, a plot of solar 

irradiance as a function of wavelength is shown in Figure 7 (12; 13). It can be seen that a 

large portion of the solar spectrum is avoided by blocking incoming light below 900 nm. 

Based on an ideal filter with 0% transmission below 900 nm and 100% transmission 

above 900 nm, only 13% of the total solar irradiance is allowed to reach the camera. 

 

Figure 7: Spectral solar irradiance as a function of wavelength. Marked points highlight the solar peak and 
the SATRAISE system operating point. The operating point at 940 nm helped to limit excess 
background light that would result from solar reflections. 

 
The modification process is discussed further in chapter 3. The target LEDs used 

are typical NIR emitters with a peak emission at 940 nm. But, before these LEDs could 
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be arranged in the final target pattern, a method of calculating a target's pose would be 

needed. The term pose is used extensively in the field of computer vision and is related to 

the combination of the range, bearing and orientation of the target. 

Since the Gumstix was running a modified version of the Linux 2.6 kernel, any 

software written for the Linux operating system had the possibility to run on the Gumstix, 

provided that any required libraries could be successfully ported to the embedded 

processor.  

With the hardware selected and final target decisions waiting on pose calculation 

methods, focus turned to the software that could run on the Gumstix and determine the 

target's pose. The idea of using a camera and a known target to find the pose of an object 

is not a new one. In the field of computer vision, pose estimation methods have been 

researched as far back as the 1980s. However, not all of the solutions have been efficient 

or practical. Many of the existing solutions rely on processor intensive matrix inversions 

while others require initial guesses for the pose of the target (14; 15; 16). Any method 

relying on an initial guess was ignored because the first measurement should be 

considered blind, due to no guarantee for the initial positions of the host and drone 

satellites.  

After researching a number of possibilities in the field of pose estimation, a 

solution was found. The POSIT method (17) , Pose from Orthography and Scaling with 

ITerations, had been developed to overcome the limitations described above by using 

simple linear algebra calculations that require fewer arithmetic operations and no initial 

guess to begin the calculation process. By matching at least four in frame image points to 
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a real world model, or target, POSIT determines the pose of the target, typically in a few 

iterations. The final result of POSIT is a set of matrices known as the translation and 

rotation matrices, shown in equations Equation 1 and Equation 2. 

Equation 1: The translation matrix result from the POSIT algorithm contains the X, Y and Z translations to 
move from the center of the camera coordinate system to the center of the target coordinate 
system. 

� � ����� 
 
Equation 2: The rotation matrix result from the POSIT algorithm contains the projections of the target’s 

coordinate unit vectors onto the camera’s coordinate unit vectors. 

 

� � �	00 	01 	02	10 	11 	12	20 	21 	22� 
 

The translation matrix contains the X, Y and Z distances to translate from the 

origin of the camera coordinate system to the origin of the target coordinate system. The 

units of these distances are determined by the units used to construct the target model. 

The elements of the rotation matrix are used to calculate the rotation between the camera 

and target planes, referenced from the camera coordinate system. There are a number of 

different interpretations for the rotation matrix, but for this application the rotation matrix 

would be converted to axis angles. The axis angle calculation results in a three-

dimensional unit vector and a rotation angle about the vector that describes the angular 

orientation of the target relative to the camera. The conversion calculations involved are 

detailed in chapter 4 as part of the software operations of the system. 

With the calculation method determined, the LED target could finally be 

designed. The target decided upon was an equilateral triangle with a fourth point at the 

geometric center and elevated out of the plane of the other three LEDs. The elevated 
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point was required to avoid convergence problems with the POSIT algorithm caused by 

coplanar points. Example orientations of such a target are shown in Figure 8. These 

orientations demonstrate how the target design appears as a projected image in a captured 

picture. The center LED moves within the perimeter of the triangle as the host satellite’s 

orientation changes. It is this projected movement of the target that allows the POSIT 

algorithm to successfully determine the range, bearing and orientation of the host. 

 

Figure 8: Example of the target projection seen in a captured frame. As the target’s orientation changes, the 
position of the elevated center LED is seen moving within the perimeter of the triangle.  

 

There were two major considerations that needed to be taken into account when 

designing the above target for the host. First, POSIT requires at least four non-coplanar 

points in order to determine a target's pose, so the target would need at least four LEDs. 

The second consideration required more thought and dealt with the mechanical 

requirements of the docking interface. Because the drone could be at any rotation about 

the Z axis and still successfully dock, measuring this rotation was not necessary. This 
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meant that by using a symmetric target design, the outer three LEDs in the target could be 

arbitrarily matched to the three outer LEDs detected in the captured frame and still yield 

correct results from the POSIT algorithm. This is a result of the Z axis rotation being 

directly related to the outer LEDs position relative to the center LED in the captured 

frame. The center LED would always be matched to the center LED in the frame and 

provide a constant reference for the range and bearing data. The process used in 

identifying the LEDs and assigning them to model points is also detailed in chapter 4. 

Now that all of the top-level hardware and software decisions have been made, it 

is time to turn to building the system. The following two chapters go into the details of 

the hardware integration and design and the theory and implementation behind the 

software. 
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SATRAISE HARDWARE 

 
 

The SATRAISE system is designed to function with two distinct and separate 

parts. Shown schematically in Figure 9, the primary part involves the imaging system and 

the secondary part involves the LED target. In the case of the SLIPP demonstration, the 

imaging system represents the drone, while the target represents the host satellite. 

 

Figure 9: SATRAISE system hardware block diagram. The two dotted boxes represent the separate 
hardware located on the drone and host for the SLIPP system. 

 
The imaging system uses a consumer-grade digital web camera that has been 

modified for infrared detection and a Linux based embedded computer. The computer 

runs software that captures an image of a target with a known configuration and 

processes the image to determine the range, bearing and orientation between the target 

and camera using the POSIT algorithm discussed in the previous chapter. A discussion of 

the SATRAISE system hardware will be presented in this chapter. 
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Computing Hardware 

 
 

In order to function as a subsystem for a small satellite, the computer used in the 

SATRAISE needed to be physically small with minimal power requirements and still 

meet the computing requirements for the SATRAISE system. These requirements are the 

ability to interface with the camera, provide a means for communicating to external 

systems, provide ample storage space for collected information, allow easy access to the 

internal operating system for simple installation of required software and have the 

necessary computing power for near-real-time image processing. The Freescale HC12 

and its variants currently used by the SSEL are well understood, require little power and 

have a number of external interfaces, but do not provide the necessary computing power 

needed for near-real-time image processing, with processor speeds only reaching into the 

10's of MHz (18). It is this processor speed limitation that led to the possible solution of 

using an embedded Linux-based computer. These systems offer a wide variety of 

hardware options and are capable of running most modern operating systems with 

processor speeds between 100 MHz and 2.0 GHz while remaining small and requiring 

only a fraction of the power needed by standard laptop and desktop computers. Initially a 

solution using the PC/104 standard was considered, but ruled out due to prohibitive costs 

and the inclusion of unneeded functionality. For example, a PC/104 computer based on 

the Intel XScale 520 MHz processor included 2 network interfaces, 3 USB ports, a video 

controller and a touch screen interface. While some these features could be useful for a 

ground based system, they would not all be needed for a satellite based system. Even 

without taking advantage of this additional hardware, the typical idle power consumption 
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for such a computer would be around 3.5 W, without including the power required to run 

the connected camera. In addition to this, the cost for this computer and the standard 

development kit would be about $1200 (19). 

The Gumstix embedded computer was found to meet all of the computing 

requirements, especially with minimal power requirements and a low cost. This computer 

has the small dimensions of 10.5 cm x 5 cm x 2.5 cm and is available with a low power 

XScale 600 MHz processor, a USB 1.1 interface for communicating with a camera and 

the ability to store data on a compact flash card, through the use of expansion boards. In 

addition to the motherboard, two expansion boards were required to add the USB 

interface and a compact flash (CF) adapter. These three boards and additional hardware 

came to a low cost of just over $300 (20). The Gumstix power consumption can be 

expected to be less than 0.5 W in standby, 1.5 W while idling and less than 3.5 W while 

operating in the sensor mode and supplying power to the camera. Thus, this computing 

hardware solution meets both the size and power constraints for operation on a small 

satellite. The Gumstix connected to the USB and compact flash expansion boards is 

shown in Figure 10. 
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Figure 10: The Gumstix embedded computer with compact flash and USB expansion boards connected. 

 
The Gumstix is accessed externally through either a serial or network connection, 

allowing a user to control it using a standard Linux terminal interface (21). Even though 

the Gumstix cannot provide a user-friendly development environment itself, because the 

system runs an embedded version of the Linux 2.6 kernel, software can be written on any 

desktop or laptop computer and easily ported to the Gumstix by cross-compiling and 

installing any required libraries onto the Gumstix. The USB 1.1 interface allows a USB 

digital camera to be connected and uses existing Linux drivers for capturing images. The 

compact flash expansion board provides ample storage space for captured images and log 

files kept by the system. In addition to providing the computing hardware for the system, 

the Gumstix also had the potential to expand and satisfy all of the computing needs for a 

complete small satellite. 
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Optical Hardware 

 

The optical components of SATRAISE system include the modified NIR digital 

camera and 940 nm NIR LEDs. The system was designed to operate in the NIR in order 

to move the operating wavelength off of the solar peak around 550 nm as previously 

shown in Figure 7. By avoiding the solar peak, background illumination is greatly 

reduced, improving the system’s signal to noise performance. The camera began as a 

standard Logitech Quickcam for Notebooks webcam with a CMOS sensor. This 

particular webcam was chosen for its glass manual focus lens. While webcams with 

automatic focus have entered the market, a constant focal length is needed for accurate 

POSIT calculations. Because this webcam was designed to image visible light scenes, a 

number of modifications were needed to improve its NIR characteristics. First, the lens 

had a NIR-block coating covering the back surface of the lens facing the CMOS sensor, 

as shown in Figure 11c. This was carefully removed so that the camera worked in both 

the visible and NIR. 
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Figure 11: Captured frame from the visible and NIR modified webcam without visible blocking filter (a) 
and with visible blocking filter (b). The webcam lens (c) following removal of the infrared block 
coating and the small floppy disk filter. 

 
In order to block the visible light from reaching the sensor and adding to the 

background noise of the image, a visible block/infrared pass filter was required. Initial 

investigations into commercial filters resulted in disappointment. Many of the filters 

available that would block up to around 800 nm and have reasonable transmission at the 

940 nm peak of the LEDs had costs that rivaled the cost of the Gumstix. Even 

inexpensive gelatin filters cost $80 for the desired spectral performance and would result 

in wasted material for the project, as only a small piece was required. In researching the 

visible and NIR characteristics of typical consumer products, a viable option was found 

inside of a typical floppy disk. An article written in 1997 to provide people with safe 
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methods to view a solar eclipse showed that a piece from the inside of a floppy disk had 

very little transmission in the visible, 0.00001-0.1%, and around 1% transmission in the 

NIR. Figure 12 plots this transmission information as a function of wavelength (22). 

While not ideal, the floppy disk did significantly reduce the background solar light and 

still pass the NIR light from the LEDs, as shown in Figure 11a and Figure 11b. In Figure 

11a without the visible blocking filter, the NIR LED and window both saturate the 

camera’s sensor. But with the filter in places as shown in Figure 11b, the background 

light from the exterior window has been reduced in intensity by 75% while the LED has 

only been reduced in intensity by 2%. For the SATRAISE system a small piece of floppy 

disk shown in Figure 11c was placed between the lens and sensor inside the webcam. 
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Figure 12: Density(transmission) plot as a function of wavelength for easily obtainable materials. The use 
of the floppy disk as a visible block/infrared pass filter allows for minimal transmission, less than 
0.1%, up to 800 nm and 1% at 940 nm. 

Finally, the LEDs used to construct the target were simple IR emitters purchased from 

Radio Shack, having a peak emission wavelength of 940 nm. The target consisted of four 
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LEDs. Three of the LEDs were arranged in the pattern of an equilateral triangle and the 

fourth was located at the geometric center of the triangle, 2 cm above the triangle's plane. 

This symmetry simplified the matching of the LEDs in the image to the proper model 

points by only requiring the center LED to be exactly matched to the model. In order to 

broaden the beam width of the LEDs, the curved surface of the LEDs were ground flat to 

provide a more consistent light source that was less dependent on viewing angle, as 

shown in Figure 13. This adjustment nearly doubled the effective beam width of the 

LEDs and still provided ample illumination to be detected by the camera. 

 

 

Figure 13: By grinding down the surface of the infrared LEDs, the viewing angle can be seen to be greatly 
increased. Left-standard LED, right-ground down LED at viewing angles of (a) 0°, (b) 35° and (c) 
80°. The ground LED provides a more consistent light over a broader range of viewing angles 
when compared to the standard LED 
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The successful combination and modification of the selected hardware to provide 

an integrated system capable of capturing images in the NIR spectrum and storing them 

to a compact flash card for later analysis for the SATRAISE system was presented in this 

chapter. The use of the Gumstix embedded computer also allowed the SATRIASE 

system’s computer the capability for handling additional functions aboard the satellite, 

including taking on the role of the flight computer. 
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SATRAISE SOFTWARE 

 
 

The software used on the SATRAISE system is written in the C++ programming 

language and makes use of existing image processing functions in the OpenCV package 

from Intel (23). In order to operate on the Gumstix, all of the OpenCV libraries were 

cross compiled using the build environment provided with the Gumstix. The majority of 

the functions were successfully ported, with the exclusion of the functions associated 

with displaying images on an external monitor. This is not surprising due to the Gumstix 

limited video capabilities. The OpenCV library also included an integrated POSIT 

algorithm which was used in order to speed up software development. The other routines 

in the libraries are applied to the particular problem of detecting and identifying LEDs in 

a captured camera frame. The following chapter outlines the operating flow of the 

software and details how specific solutions were implemented at each step. 

Software Flow 

 
 

The software written for the system follows a loop structure, continuously making 

measurements until reaching a set termination condition. The flow diagram in Figure 14 

illustrates the software operation of the SATRAISE system in its current configuration. 
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Figure 14: SATRAISE system software flow diagram. 

Software Implementation 

 
 

The first step in the program initializes the camera for operation by setting the 

capture format and image resolution through the use of the Video4Linux drivers installed 

on the Gumstix (24). For the Logitech webcam, the image format was set to JPEG with a 

resolution of 320x240 pixels. While the webcam was capable of 640x480 resolutions (11) 

the 320x240 resolution was selected to limit the processing load for each image by a 

factor of 4. The accuracy of the system was not greatly affected by the lower resolution. 

Next, the POSIT model points for the target are assigned. These points identify the 

location of all the LEDs in the target as referenced from the center LED in the units of 

centimeters, based on the right hand coordinate system shown in Figure 15. 
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Figure 15: LED target final design and target coordinated system. The spatial coordinates of the three LEDs 
that make up the triangle are shown as function of the triangle’s side length. The center of the 
triangle is the center of the target coordinate system. 

 
Once the initialization steps have been successfully completed, the main program 

loop is entered and run continuously until reaching the termination condition. In the case 

of this particular loop, once the camera is within 30 cm of the target, the termination 

condition is reached and the loop is exited. This 30 cm condition was decided upon 

during initial testing of the software to confirm proper operation and can be changed in 

the operating variables of the code. The first step in the loop captures an image from the 

camera. The frame is then processed in order to locate any LEDs. In order to correctly 

classify LEDs from other light sources in the frame, a number of steps are taken to 

process it. First, the frame is converted to a single channel, grayscale image to prepare the 
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frame for binary conversion based upon a predetermined intensity threshold, which in the 

case of this program was a value of 125, on a scale of 0-255, or black to white. An LED 

had an intensity range between 150-250, depending on viewing angle and the distance to 

the camera. The LEDs Any pixel in the frame less than this value would be ignored and 

not considered part of an LED. Pixels less than the threshold value are typically 

reflections off the back of target surface or noise in the frame. These processing steps are 

shown in Figure 16. 

 

Figure 16: These three frames represent the processing done to each captured frame to prepare for LED 
detection. (a) Original image, (b) grayscale image and (c) thresholded image. 

 
The binary image is then scanned for a grouped set of pixels with a value of 1. 

The pixel grouping characteristics are then compared to LED characteristics including 

size and shape. A pixel grouping detected as an LED will enclose between 10 and 1000 
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pixels and have a maximum length and width of about 30 pixels. An LED will also have 

a length and width ratio near 1, or nearly circular. A ratio of less than 1.6, accompanied 

with the proper pixel dimensions and intensity translates to a detected LED. Figure 17a 

shows the original captured image and Figure 17b highlights the pixel groupings that 

were identified as LEDs. 

 

Figure 17: An example of a successful LED detection. Following the process illustrated in Figure 16, the 
four LEDs from the original frame (a), were successfully detected and highlighted in (b) 

 
Following the detection attempt, a decision is made based on how many LEDs 

were actually detected. If more or less than four LEDs are found in the frame, a range 

calculation will not be attempted. Instead, the program attempts to determine the 

direction in which the target was traveling before being lost in order to aid in 

reacquisition. This requires at least two previous frames where the target was 

successfully found. Currently this feature is only used to aid in testing for cases when the 

LEDs drift out of the frame.  Later implementations of the SATRAISE system using 

multiple cameras could determine which camera should be used to reacquire the target. If 

all four target LEDs are found in the frame, a range calculation will be made. 
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First, the center target LED is determined and the image points are assigned to the 

corresponding model points. The center LED is the only image point that must be exactly 

matched to the target model. By finding the average location of all four LEDs in the 

frame and finding the LED closest to the overall average LED location, the center LED 

can be successfully determined for the range of angles that the system is designed to 

operate. Now, the other three LEDs can be matched arbitrarily to the outer model points 

because of the target’s symmetry. The compiled list of image points is then combined 

with the POSIT model initialized earlier in the program and entered into the POSIT 

algorithm, along with the focal length of the camera in pixels, error criteria and maximum 

iteration count. The resulting translation and rotation matrices, returned from the POSIT 

algorithm are then processed to provide the absolute range to the target in centimeters, 

the bearing to the target and the orientation between the camera and target planes in 

degrees using the following equations. Term references can be found in equations 

Equation 1 and Equation 2. 

Equation 3: Absolute range equation between the camera and target 

���� �  ��� � �� � �� 

 
Equation 4: Bearing angle rotation around the X axis 

� ��	��� �  tan�� ���� 

 
Equation 5: Bearing rotation angle around the Y axis 

� ��	��� �  tan�� ���� 

 
Equation 6: Rotation angle for the alignment of the camera and target planes. ���� � ��� � !���� �

 cos�� %&''(&��(&����� ) 

 
Equation 7: X unit vector component for plane rotation axis 

� *��� +�,� 	 �  	21 - 	12
�.	21 - 	12/� � .	02 - 	20/� � .	10 - 	01/� 
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Equation 8: Y unit vector component for plane rotation axis 

� *��� +�,� 	 �  	02 - 	20
�.	21 - 	12/� � .	02 - 	20/� � .	10 - 	01/�  

 
Equation 9: Z unit vector component for plane rotation axis 

� *��� +�,� 	 �  	10 - 	01
�.	21 - 	12/� � .	02 - 	20/� � .	10 - 	01/� 

 

The range and attitude data is appended to the log file and the captured image is 

saved as part of the overall log of the maneuver. The termination condition is checked 

following a successful measurement and if satisfied, the program ends. If the termination 

condition has not been reached, the loop begins again by capturing the next frame for 

analysis. 

The software written for the SATRAISE combined the hardware discussed in 

chapter 3 into a functioning system, successfully analyzes the captured camera frames to 

detect and identify LEDs and uses the POSIT algorithm to accurately determine the 

range, bearing and orientation of the LED target. The program also left room for 

enhancement and customization to different operating conditions and requirements by 

allowing easy access to program parameters and control conditions. 
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EXPERIMENTAL VALIDATION 

 
 

In order to validate the functionality of the SATRAISE system and confirm the 

operating specifications outlined in Table 1, a validation method that would provide 

consistent and reproducible information is necessary. The testing needs to confirm 

camera operating parameters, LED detection and identification methods, background 

rejection, range, bearing and orientation accuracy and power consumption. The testing 

setup, procedure and the camera calibration are first discussed in this chapter. Next, the 

results are presented. 

Validation Method 

 
 

Testing the components that comprise the SATRAISE system was performed in a 

laboratory setting. All of the optical components were mounted on a 2’ x 4’ optical 

breadboard in order to satisfy the condition of constant and reproducible data. The 

camera was also calibrated using the method outlined in the following section to confirm 

operating parameters. The LED target, arranged as described in chapter 3 with side 

lengths of 9.25 cm and the center LED elevated 2 cm out of the plane of the triangle, was 

first secured to a corner of the breadboard as shown in Figure 18. This position allowed 

for the greatest adjustment in approach angle during testing without requiring the target 

to be repositioned. Due to the target symmetry, the results for the various approach angles 

could be expected for the same approach angles from a variety of directions. 
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Figure 18: LED target mounted to the corner of the optical breadboard. The sides of the triangle are 9.25 
cm. 

 
The IR camera was then mounted to a securable optical base, Figure 19, that could be 

moved and remounted to the table in order to take consistent and reproducible 

measurements. 

 

Figure 19: The webcam was secured to an optical base that could be removed and re-secured to the optical 
breadboard for consistent measurements. 

 
Once the camera was secured for a measurement, the capture and processing 

program was run at least twice to confirm the measurement. Measurements were taken 

under a variety of conditions, and the locations of all the detected LEDs in the frame and 
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the translation and rotation data were documented for future reference and analysis. First, 

the camera and target planes were kept in a parallel orientation as shown in Figure 20. 

The Z-axis translation was made from 104.14 cm to the point at which the camera could 

no longer capture all four of the target LEDs, at X-axis offsets of -1.27 cm, -6.35 cm,       

-11.43 cm, -16.51 cm, -21.59 cm and -26.67 cm. 

 

Figure 20: Parallel plane measurement setup. The camera is positioned around the table at various offsets 
and distances in order to collect data while the target and camera planes are parallel. 

 
The second set of measurements was taken with the camera turned to different 

approach angles as shown in Figure 21. Measurements were made as described above. 

The three approach angles used, 18.06°, 32.57° and 45.83°, were selected based upon the 

most secure positions available to translate the camera on the breadboard. 
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Figure 21: Angled plane measurement setup. The camera is run along a secured meter stick secured at 
various approach angles to characterize the plane rotation accuracy. 

 
Following the system characterization, the SATRAISE system would be 

connected to a digital multimeter to confirm the expected power consumption estimates. 

Power consumption data would be collected for a number of operating states, including 

standby, idle and data gathering modes. All of the values would be compared to other 

possible solutions and broken down based upon individual component consumption. 

Individual component figures would provide insight into the portability of the system by 

determining which components contributed to the majority of required power and how 

different applications could be expected to affect power consumption. Finally, in order to 

confirm the reliability and reproducibility of the collected data, a statistical analysis of the 

method would be performed. Measurements would be made under constant and adjusted 

conditions to determine if the use of the optical breadboard could ensure that the 

collected data could be considered an accurate test of the system's capabilities. 
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Camera Calibration 

 
 

Because the webcam used in the system was expected to introduce lens distortion 

into the captured images and not provide ideal images, a calibration program was used to 

confirm the operating parameters of the camera (25). These parameters include the lens 

focal length, the actual projected center of the lens on the CMOS sensor and the 

distortion introduced by the lens. The first two of these parameters were the most 

important because the focal length and frame center were both numbers used by the 

POSIT algorithm. The specifications cite the focal length to be 3.85 mm, or 344 pixels 

based on the dimensions of the sensor, and the center to be 160x120 pixels as referenced 

from the upper left corner of the frame. In order to properly calibrate the camera, a grid 

target shown in Figure 22 was captured from multiple angles and analyzed by the 

calibration program in MATLAB. 

 

Figure 22: Captured frames used to calibrate the webcam and determine any lens distortions and the 
projected center of the lens on the webcam’s CMOS sensor. 
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By locating all of the target corners in the frames and comparing the shapes and 

orientations to what they were known to be, a plot of the lens distortion was generated 

and the actual focal length and frame center were found. As can be seen in the distortion 

plot in Figure 23, as the target LEDs move to the outer edges of the frame, their actual 

location is distorted by up to 14 pixels. Figure 23 is a two-dimensional plot of the lens 

distortion as a function of position on the CMOS sensor. This distortion could be 

removed from the frame, but proved to be unnecessary for accurate measurements. The 

calibration identified the average focal length of the camera as 355.67 pixels and the 

center to be located at 167.04x126.86. These two parameters were used to complete the 

POSIT algorithm in the ranging software and compensate for inaccuracies that would 

have resulted from the use of the ideal camera specifications. 

 

Figure 23: Two-dimensional distortion plot and projected center plot as a function of position on the 
CMOS sensor, generated from camera calibration. Note that the projected center of the lens is 
offset from the actual center of the CMOS sensor. 
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LED Detection 

 
 

Once a frame from the camera has been captured, the image processing routines 

in the program begin by detecting all of the LEDs and rejecting all of the other pixel 

groupings detected after binary conversion, such as reflections from other light sources 

using the process outlined in chapter 4. The coordinates to the pixel groupings matching 

the predefined LED conditions are then recorded. The detection process has been shown 

to be accurate under all of the expected operating conditions. However, an unexpected 

problem with the optical breadboard began to introduce false LED detections. Although 

the brushed surface of the board did not cause reflections from the overhead fluorescent 

lights, at the shallow angle between the board and camera, it did for the NIR LEDs, as 

shown in Figure 24a. 

 

Figure 24: LED reflections caused by the surface of the optical breadboard and nearby cabinet (a). With 
adjustments to the LED detection code, the reflections were successfully removed in the binary 
image(b). 

 
These intense reflections required a modification to the LED detection code. By 

first dilating the frame in order to reduce the overall intensity of the reflections, and then 

performing the binary conversion with a slightly higher threshold level, 135 instead of 
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125, the reflections were successfully rejected by the detection code. The grinding down 

of the excess plastic on the LED casing in order to remove the lens effects on the LED 

also improved the rejection by diffusing the reflection seen by the camera and putting it 

under the threshold level, shown in Figure 24b. It should be noted that the strong 

reflections seen during validation are not expected during normal operation of the system 

and could have been remedied by covering the area between the camera and target with a 

non reflective material. The change in the software was made in order to demonstrate the 

flexibility of the SATRAISE system’s code. 

LED Identification 

 
 

With the LED coordinates now determined by the detection code, the important 

step of identifying the target's center LED began. In some previous systems, the use of 

different color LEDs made identification simple through the use of color segmentation. 

This process finds pixel groupings in the frame that match a specific color range and 

matches the pixel grouping to a target point. But, in order to avoid the bright, visible light 

from the sun, only NIR LEDs were used in the target. These LEDs all appear as either 

pale purple or white in the captured pictures due to the filter and CMOS image sensor 

sensitivity in the NIR. As described in chapter 4, by placing the fourth target LED at the 

center of the triangle pattern, the geometric average of all four LEDs in the image 

corresponded closely to the actual center LED. The identification method, shown in 

Table 2 proved to be accurate within all angular operating ranges of the system. 
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Table 2: Center LED identification example. LED 3 has the smallest sum of differences from the total 
geometric center of all four LEDs, and therefore is identified as the center LED. 

LED Number X Coordinate Y Coordinate Sum of 
Differences 

Result 

LED 1 149 124 24.625  
LED 2 180 123.5 24.375  
LED 3 164.5 114.5 0.375 Center LED 
LED 4 164 97 18.125  

Average 164.375 114.75   

 

It should be noted that beginning at the extreme angle of 70.89°, the center LED 

begins to move out of the area enclosed by the outer LEDs. If this occurs at a point where 

the center LED is also aligned with an outer LED, the outer LED can be mistakenly 

identified as the center LED. But, well before this angle, the docking maneuver for the 

SLIPP system would be considered a failure and halted for being outside of the 30° cone 

of capture. 

From the above presented results, the LED detection and identification methods 

are shown to be rather robust. Even with the unforeseen breadboard reflection problem, a 

minor change to the processing of the image before detecting the LEDs removed the 

problem and did not affect the accuracy of the system, as will be shown in the following 

section. 

Calculation Accuracy 

 
 

With the LEDs detected and the center LED correctly identified, the next goal of 

the SATRAISE system was to provide accurate range and attitude data. As previously 

described, the range refers to the absolute distance between the camera and target and 

attitude refers to the bearing to the target and the orientation of the target relative to the 
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camera. Following detection and identification, the LED locations in the frame were used 

to build the image point list for the POSIT algorithm, which in turn determined the 

translation and rotation matrices between the camera and target. These matrices yielded 

the range, bearing and orientation between the camera and target, based upon the 

equations provided in chapter 4. In order to characterize the accuracy of the system, the 

actual range, bearing and orientation between the camera and target needed to be 

determined. By utilizing the grid pattern of the optical breadboard, the range, bearing and 

orientation between the camera and target were measured for each of the corresponding 

calculated data points by using the same equations outlined in chapter 4. The range and 

attitude accuracy results will be presented separately in order to highlight the results of 

each and compare them to the design goals stated in Table 1. 

Range Accuracy 
 

The range between the camera and the target relied on the accuracy of the X, Y 

and Z components of the translation matrix. 
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Figure 25: Calculated X, Y and Z components as a function of the measured Z distance between the camera 
and target from the translation matrix (a), (b) and (c). Using Equation 3, the absolute range to the 
target was calculated and plotted as a function of the measured range between the camera and the 
target (d). 

 
The plots in Figure 25 show the calculated X, Y and Z values as a function of the 

measured Z distance between the camera and the target for the data collected with the 

camera and target planes parallel to one another. The X and Y value plots show that the 

calculated values remained nearly constant, which would be expected, through each 

offset measurement. The average Y value for all of the data sets, including the rotated 

approach angle sets, was -2.61 cm, or a -0.01 cm difference from the measured value of 

2.6 cm. The average X values for each set differed from one another based on the offset 

used for each measurement, but the average difference between the measured and 

calculated values was only -0.17 cm. The average difference between the calculated and 

measured Z values was only 0.33 cm for all of the data sets. Because the Z value 
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dominated the range calculation, the average difference between the calculated and 

measured range was close to the Z value difference, at 0.37 cm or a 0.63% average range 

error for the system. The calculated range as a function of measured range plot in Figure 

25d demonstrates this small error, as a linear trend match for the -1.27 cm offset data has 

a slope of 1.0078 with a 0.999 correlation to the data set. All of the data sets showed 

small range error, with the greatest average percent error appearing in the 32.57° data set, 

at 1.50% or 0.85 cm. Even this maximum error still remains within the ±1 cm goal, and is 

less than 0.5 cm greater than the average error for all data sets. The system successfully 

achieved the design goal of an average ±1 cm error in range measurements. 

Attitude Accuracy 
 

The attitude performance of the system was next characterized, beginning with 

the bearings and followed by the orientation. As illustrated in chapter 2, the bearings refer 

the rotation angles about the camera's X and Y axes required to center the target in the 

frame and align the drone's center axis to the center of the target. This method of 

alignment was selected for the SLIPP application because of how the drone would be 

expected to maneuver. Rotations about these axes could be performed by the use of offset 

magnetic actuators and used to align the drone to the docking interface. Because these 

rotations were very similar for all of the data sets, the sets with the smallest and largest 

errors will be shown to illustrate the spread of the data. 
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Figure 26: X and Y bearing calculations for -11.43 cm offset measurements (a) and (b), and 18.06° 
measurements (c) and (d). All of these plots are a function of the measurement number. 

 
The bearing information as a function of measurement number for the -11.43 cm 

offset data is shown in Figure 26ab. This data showed the lowest bearing errors, with the 

X axis having an average error 0.03° and the Y axis having an average error of 0.003°. 

For the 18.06° angled plane measurements, the calculated bearing information as a 

function of the measured Z value shown in Figure 26cd showed the greatest bearing 

errors with the X axis having an average error of 0.18° and the Y axis having an average 

error of 0.02°. For all of the collected data, the average X axis bearing error was 0.032° 

and the average Y axis bearing error was 0.0062°. With the average error, and maximum 

error, well within the ±2.5° design goal, the system successfully achieved the bearing 

design goal. 
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The next attitude parameter calculated by the system was the orientation of the 

target relative to the camera. The orientation is expressed in terms of a rotation angle and 

unit vectors with which the target is rotated about. Due to the validation method used and 

the restrictions of the optical breadboard, only rotations about the Y axis could be 

accurately measured. Any orientation rotational components calculated for the X and Z 

could not be confirmed. Any non-zero results could be partially attributed to small errors 

in the target. Orientation data will be presented for both the parallel and angled plane data 

sets to characterize the system's accuracy under both conditions. 

 

Figure 27: Orientation data as a function of measurement number for parallel plane -1.27 cm (a) and -26.67 
cm (b) offset measurements. 

 
The plots in Figure 27 demonstrate that the calculated orientation rotation angles 

are not ideally 0°for the parallel plane measurements, but do average to be nearly 0°. It 

should be noted that even though there could be variations in the calculated rotation 

angles for the Y axis due to small inconsistencies in the securing of the camera to the 

breadboard, the X and Z rotations should be consistently smaller than Y rotations due to 

the flatness of the breadboard. This does prove to be true, as the average axis rotation 

angles for all of the parallel plane measurements turn out to be 0.65°, -1.80° and -0.09° 
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for the X, Y and Z axes respectively. So, for the parallel plane measurements, the 

SATRAISE system operates within the ±2.5° orientation accuracy design goal. 

 

Figure 28: Orientation rotation data as a function of measurement number for all angled plane 
measurements. 

 
For the calculations made with a varied plane angle, the two plots in Figure 28 

show how the system performed. In each case, the plane angle corresponds to an 

orientation rotation about the Y axis as defined in the camera coordinate system. The X 

and Z axis rotations for all of the angled planes again had small average rotations of 0.78° 

and 0.051°, respectively. The calculated Y axis orientations for the three above plane 

angles were 17.13°, 31.25° and 45.55° respectively, with errors of -0.93°, -1.29° and        

-0.28° respectively. Again, the system operated within the orientation accuracy design 

goal of an average accuracy within ±2.5° of the measured orientation angle. 
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For all of the collected data, it should be noted that a consistent source of error 

was the finite size of the LEDs in each captured frame. Depending on the how much of 

the LED's light was above the threshold level; the average location of each LED in the 

frame could fluctuate from calculation to calculation. At different angles and offsets, the 

shape of the LED's surface could vary between a circle or an oval, and even the actual 

location of the LED inside the package would appear to change. This effect on the 

accuracy of the system could be countered through the use of smaller LED packages or 

another target design method altogether, that would shrink the physical size of each target 

point, such as using a thin mask with the target pattern to cover a larger NIR light source. 

Measurement Stability and Repeatability 

 
 

To ensure that the validation method previously outlined would result in an 

accurate characterization of the SATRAISE system and yield reproducible information, a 

set of statistical tests were performed to analyze the stability of the measurements under 

constant conditions and the repeatability of the measurements as the target was moved 

and re-secured to the breadboard. Data was collected with the camera located at three 

points on the breadboard and under two conditions. First, with the target left in place with 

a -1.27 cm offset and 73.66 cm from the target for all 100 samples, the range to the target 

was recorded. Second, with the target left in place with a -26.67 cm offset and 73.66 cm 

from the target for all 100 samples, the range to the target was recorded. Finally, the 

camera was removed and re-secured for each of the 100 samples with a -1.27 cm offset 

and 73.66 cm from the target. Because this test was performed to test the stability of the 
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measurements made using the optical breadboard, and changes in conditions would result 

in a change to both the calculated range and attitude, only the range was documented to 

demonstrate stability. 

 

Figure 29: Statistical summary plots for the measurement stability verification. The histograms show the 
spread of the calculated range values as a function of 0.1 cm increments. 

 
Table 3: Measurement stability summary. With standard deviations for all measurements in the sub 

centimeter range, the validation method making use of the optical breadboard is shown to be an 
ideal solution to the reproducibility concern. 

X Offset Measured Z 
Distance 

Stability 
Condition 

Mean 
Calculated 
Z Distance 

Median 
Calculated 
Z Distance 

Standard 
Deviation 

-1.27 cm 73.66 cm Constant 74.26 cm 74.26 cm 0 cm 

-26.67 cm 73.66 cm Constant 73.51 cm 73.48 cm 0.158 cm 

-1.27 cm 73.66 cm Removed 74.16 cm 74.27 cm 0.17 cm 
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From the results shown in Table 3 and Figure 29, the stability of the system given 

a constant position was very high. For an offset of -1.27 cm all 100 measurements were 

the exact same. Because the LEDs were very close to the center of the frame, there was 

very little distortion and a much better chance that the average LED locations would be 

calculated consistently. For an offset of -26.67 cm, the data was still very stable with a 

standard deviation of only 0.147 cm. The LEDs in these frames were approaching the left 

edge of the frame and would be experiencing shifts between 10 and 15 pixels based on 

the distortion plot from the camera calibration. These shifts coupled with the uncertainty 

of the average LED location would magnify small changes in the range calculation. Next, 

with the camera back to a -1.27 cm offset, it was removed and re-secured before each 

measurement to test the reproducibility of the collected data. After 100 samples, the 

standard deviation of the samples was 0.17 cm, the difference in the average range 

compared to the average of the fixed samples was only 0.09 cm, and the difference in the 

median was only 0.01 cm. 

Power Consumption and Cost 

 
 

Following the characterization of the system, power consumption measurements 

were made to confirm the estimated power figures determined during hardware selection. 

Table 4 contains all of the collected power data. 
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Table 4: Power consumption summary for various operating modes of the SATRAISE system. *The 3.25 
W includes the 1.5 W required to independently power the camera 

Operating Mode Supply Voltage Supply Current Power 
Consumption 

Startup 5 V 480 mA 2.4 W 

On/Idle 5 V 330 mA 1.65 W 

On/Sensor Mode 5 V 650 mA 3.25 W* 

Standby 5 V 33 mA 0.165 W 

 

As was expected, when placed into standby, the Gumstix only required 0.165 W 

of power, and while idling only required 1.65 W. With the camera active and the sensor 

software running, power consumption was only 3.25 W, still below the idling power 

requirement of a typical PC/104 computer (19). Even though 3.25 W is a large power 

figure for a small satellite subsystem, it should be noted that the actual system only 

required 1.6 W, beyond the 1.65 W idling power and including the 1.5 W to power the 

camera. When taking into account the expected SLIPP docking time of 30 minutes and a 

daily duty cycle of 2.1% for the system, the power consumption would not be too high 

for many applications. Putting these numbers into practical terms, if the system was 

powered by typical rechargeable batteries, AA's with a 2500 mAh capacity, and a 

reasonably efficient power regulator, 80%, the SATRAISE system could operate 

continuously for over 3.5 hours, or more than 7 docking maneuvers before needing to be 

recharged. Processor load numbers also show that at maximum, the SATRAISE system 

software only required 50% of the Gumstix processing power for sensor operation. This 

also indicates that the Gumstix could easily be used to handle more of the satellite's 

computing needs, making the larger than normal power consumption even more 

acceptable. 
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The final cost of the SATRAISE system was $296.95, detailed in Table 5 with a 

breakdown by computing and imaging hardware. In the expected situation where the 

Gumstix would be used as a distributed computer for multiple subsystems, or the entire 

satellite, the cost for the additional system components comes out to be only $37.95. 

Table 5: System cost for the SATRAISE system, broken down by component and subsystem costs. 

Component Unit Cost Number  
Required 

Total Cost 

Gumstix Motherboard $169.00 1 $169.00 

Console Expansion Board $25.00 1 $25.00 

Compact Flash Expansion Board $65.00 1 $65.00 

Computing Subtotal   $259.00 
Webcam $29.99 1 $29.99 

Near Infrared LEDs $1.99 4 $7.96 

Imaging Subtotal   $37.95 
Total System Cost   $296.95 
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CONCLUSION 

 
 

With the SSEL continuously working to design and build bigger and more 

advanced satellites, any subsystem that can provide a useful function while only 

sacrificing negligible power and mass is an asset. The SATRAISE began as a project to 

supplement continued research on the SLIPP project, but grew into a sensor that could 

allow for range and attitude determination between multiple satellite constellations. 

The SATRAISE also managed to operate within all of the design goals. 

Table 6: Final SATRAISE system operating specifications. The SATRAISE system met all the required 
operating specifications required for use with the SLIPP docking project 

Parameter Requirement Actual Operating Specifications 

Range Resolution ±1 cm ±0.85 cm 

Bearing Accuracy ±2.5 ° ±0.032° 

Target Orientation Accuracy ±2.5 ° ±1.80° 

Operating Environment Space/Low Earth Orbit High background light rejection 

 

Future Work 

 
 

While the SATRAISE system performs the duties it was originally designed for, 

there are a few aspects of the system that could be researched further and improved upon. 

Calculating ranges that are physically small requires a small target in order to fit 

in the camera's limited field of view. But this small target makes longer range 

calculations more difficult because the LEDs are very close together and makes small 

attitude changes harder to detect. With a scalable target system, as the range between the 

host and drone changed, the size of the target could change accordingly. As previously 

mentioned, the host and drone of the SLIPP project would have short range 
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communication capabilities and as the drone closed on the host, it would signal the host 

to scale the target down in size. 

Depending on the application, the speed of the system could be a serious limiting 

factor. At a repetition rate of about 2-3 Hz, the system is currently limited to slow moving 

applications such as the SLIPP project, where the drone speed is not expected to exceed 2 

cm/s and the greatest change in distance between measurements is in the sub centimeter 

range. For anything faster, the software running on the Gumstix would need to be 

improved. While the POSIT algorithm in the OpenCV package can operate at faster 

speeds on a laptop computer, it is not optimized for embedded computing, and therefore 

is an obstacle to the speed of the system. An optimized embedded computer option would 

have the potential to improve the embedded system's speed and allow it to rival a more 

powerful computer counterpart. 
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///////////////////////////////////////////////////////////////////////

/ 

// 

// CBFTP 

// Nathan Greenfield 

// October 2008 

// 

// 

// This program captures a frame from an infrared camera, identifies 

// blobs and LEDS for a given model and calculates the range and 

// rotation of the target using the POSIT algorithm. 

// 

// The current target using is a coplanar equilaternal triangle with 

// 10 cm sides and an LED 2 cm above the triangle plane located at the 

centroid. 

// 

///////////////////////////////////////////////////////////////////////

/ 

#include <stdlib.h> 

#include <stdio.h> 

#include <cv.h> 

#include <highgui.h> 

#include <Blob.h> 

#include <BlobResult.h> 

#include <cmath> 

#include <vector> 

#include <cstring> 

#include <linux/videodev.h> 

#include <iostream> 

#include <fstream> 

#include "v4l2uvc.h" 

using namespace std; 

#define PI 3.14159265 

 

 

// Global Variables 

int counter; 

double prevAvgX1 = 1; 

double prevAvgX2 = 1; 

double prevAvgY1 = 1; 

double prevAvgY2 = 1; 

double vectX = 1; 

double vectY = 1; 

double slope = 1; 

/* 

initializeCam() 

Initializes the capture device based upon settings located in function 

Arguments: NONE 

Returns: UVCVideo struct vdIn* 

*/ 

struct vdIn* initializeCam() 

{ 

  char *videodevice = "/dev/video1"; 

  int format = V4L2_PIX_FMT_MJPEG; 
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  int grabmethod = 1; 

  int width = 320; 

  int height = 240; 

  struct vdIn *videoIn; 

   videoIn = (struct vdIn *) calloc (1, sizeof (struct vdIn)); 

  if (init_videoIn 

      (videoIn, (char *) videodevice, width, height, format, 

grabmethod) < 0) 

    exit (1); 

 

 

 

      //Reset all camera controls 

  v4l2ResetControl (videoIn, V4L2_CID_BRIGHTNESS); 

  v4l2ResetControl (videoIn, V4L2_CID_CONTRAST); 

  v4l2ResetControl (videoIn, V4L2_CID_SATURATION); 

  v4l2ResetControl (videoIn, V4L2_CID_GAIN); 

    return (videoIn); 

} 

 

/* 

captureImg() 

Captures and saves an image from the capture device. Returns saved 

image in OpenCV format for processing 

Arguments: UVCVideo struct vdIn*(created by initializeCam()), char* 

outputfile(name of image to be saved) 

Returns: OpenCV image IplImage* 

*/ 

IplImage* captureImg(struct vdIn* videoIn,char* outputfile){ 

    FILE *file; 

    time_t ref_time; 

    int delay=0; 

    ref_time = time (NULL); 

    if (uvcGrab (videoIn) < 0) { 

      fprintf (stderr, "Error grabbing\n"); 

      close_v4l2 (videoIn); 

      free (videoIn); 

      exit (1); 

    } 

 

    if ((difftime (time (NULL), ref_time) > delay) || delay == 0) { 

      file = fopen (outputfile, "wb"); 

      if (file != NULL) { 

        fwrite (videoIn->tmpbuffer, videoIn->buf.bytesused+DHT_SIZE, 1, 

file); 

        fclose (file); 

        videoIn->getPict = 0; 

      } 

      ref_time = time (NULL); 

    } 

      IplImage* temp=0; 

      temp = cvLoadImage(outputfile); 

      return temp; 

} 
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/* 

releaseCam() 

Releases the capture device when capturing is finished 

Arguments: UVCVideo struct vdIn* 

Returns: NONE 

*/ 

void releaseCam(struct vdIn* videoIn) 

{ 

    close_v4l2 (videoIn); 

    free (videoIn); 

} 

 

/* 

initializePositObject() 

Initializes the posit object to be used in pose estimation. Model point 

dimensions are in cm. 

Arguments: NONE 

Returns: OpenCV cvPOSITObject* 

*/ 

CvPOSITObject* initializePositObject() 

{ 

    std::vector<CvPoint3D32f> modelPoints; 

    double a = 9.25; 

    double H = a*sqrt(3)/2; 

    double h = H/3; 

    double b = a/2; 

    double d = 1.913; 

 

//    modelPoints.push_back(cvPoint3D32f(0.0f, 0.0f, 0.0f)); 

//    modelPoints.push_back(cvPoint3D32f(-5.0f, -2.89f, 2.0f)); 

//    modelPoints.push_back(cvPoint3D32f(0.0f, 5.77f, 2.0f)); 

//    modelPoints.push_back(cvPoint3D32f(5.0f, -2.89f, 2.0f)); 

//    modelPoints.push_back(cvPoint3D32f(0.0f, 0.0f, 0.0f)); 

//    modelPoints.push_back(cvPoint3D32f(-b, -h, -d)); 

//    modelPoints.push_back(cvPoint3D32f(0.0f, H-h, -d)); 

//    modelPoints.push_back(cvPoint3D32f(b, -h, -d)); 

    modelPoints.push_back(cvPoint3D32f(0.0f, 0.0f, 0.0f)); 

    modelPoints.push_back(cvPoint3D32f(-b, h, d)); 

    modelPoints.push_back(cvPoint3D32f(0.0f, h-H, d)); 

    modelPoints.push_back(cvPoint3D32f(b, h, d)); 

 

 

    CvPOSITObject *positObject = cvCreatePOSITObject( &modelPoints[0], 

static_cast<int>(modelPoints.size()) ); 

    return (positObject); 

} 

 

/* 

threshImage() 

Takes the passed OpenCV image and thresholds to binary image to locate 

LEDs in the frame 

Arguments: OpenCV IplImage* 

Returns: OpenCV IplImage* 
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*/ 

IplImage* threshImage(IplImage* img) 

{ 

  // threshold the image and blur the LEDs 

 // printf("Thresholding image\n"); 

  IplImage* mono_thres = cvCreateImage( cvGetSize(img), 8, 1 ); 

  cvConvertImage(img,mono_thres); 

  cvThreshold( mono_thres, mono_thres, 150, 0, CV_THRESH_BINARY); 

  cvErode(mono_thres,mono_thres); 

  cvDilate(mono_thres,mono_thres); 

 

  // save mono_thres 

  //cvSaveImage("mono_thres.jpg",mono_thres); 

    return (mono_thres); 

} 

 

/* 

findLeds() 

Arguments: OpenCV thresholded image IplImage*, array pointer for 

returning LED locations in frame 

Returns: Array pointer to LED locations in frame 

*/ 

double* findLeds(IplImage* img, double* ledBlobs) 

{ 

//Threshold captured image 

  // threshold the image and blur the LEDs 

 // printf("Thresholding image\n"); 

  IplImage* mono_thres = cvCreateImage( cvGetSize(img), 8, 1 ); 

  cvConvertImage(img,mono_thres); 

 

    cvDilate(mono_thres,mono_thres); 

 

 

 

  float filter_up = 500; 

  float filter_down = 100; 

  cvThreshold( mono_thres, mono_thres, filter_up, 255, 

CV_THRESH_TOZERO_INV); 

  cvThreshold( mono_thres, mono_thres, filter_down, 255, 

CV_THRESH_BINARY); 

 

  cvErode(mono_thres,mono_thres); 

 

  // save mono_thres 

  cvSaveImage("mono_thres.jpg",mono_thres); 

 

    CBlobResult blobs; 

    counter=0; 

    double wantedRatio=2; 

    blobs = CBlobResult( mono_thres, NULL, 100, true ); 

 

 blobs.Filter( blobs, B_INCLUDE, CBlobGetArea(), B_LESS, 1000 ); 

 blobs.Filter( blobs, B_INCLUDE, CBlobGetLength(), B_LESS, 200 ); 

 blobs.Filter( blobs, B_INCLUDE, CBlobGetArea(), B_GREATER, 5); 
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    // mark the blobs on the image 

 // delare a single blob 

 CBlob Blob; 

 // some vars 

 double iMaxx, iMinx, iMaxy, iMiny, iMeanx, iMeany; 

 // for each blob 

 for  (int i=0; i<blobs.GetNumBlobs(); ++i) 

 { 

  // get the blob info 

  Blob = blobs.GetBlob(i); 

  // get max, and min co-ordinates 

  iMaxx=Blob.MaxX(); 

  iMinx=Blob.MinX(); 

  iMaxy=Blob.MaxY(); 

  iMiny=Blob.MinY(); 

  // find the average of the blob (i.e. estimate its centre) 

  iMeanx=(iMinx+iMaxx)/2; 

  iMeany=(iMiny+iMaxy)/2; 

//  // mark centre 

//  cvLine( img, cvPoint(iMeanx, iMeany), cvPoint(iMeanx, 

iMeany), CV_RGB(50, 50 , 50), 4, 8, 0 ); 

//  // mark box around blob 

//  cvRectangle( img, cvPoint(iMinx , iMiny ), cvPoint ( iMaxx, 

iMaxy ), CV_RGB(150, 150, 150), 1, 8, 0); 

  // print the blob centres 

  printf("\n%d, X: %.02f, Y: %.02f\n", i, iMeanx, iMeany); 

 

  // get length & breadth of blob 

  CBlobGetLength getL; 

  CBlobGetBreadth getB; 

  double blobL, blobB; 

  double ratio; 

  blobL = getL(Blob); 

  blobB = getB(Blob); 

 

  ratio = (blobL/blobB); 

 

 

       if (ratio<=wantedRatio){ 

              ledBlobs[counter*3+0]=(iMeanx-167.4725); 

              ledBlobs[counter*3+1]=(iMeany-123.5); 

              ledBlobs[counter*3+2]=ratio; 

              counter++; 

       } 

 

 

 }// each blob 

 

    return ledBlobs; 

} 

 

/* 

runPOSIT() 
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Uses OpenCV POSIT functions to calculate target pose based on detected 

LEDs in frame 

Arguments: Lots 

Returns: POSIT results 

*/ 

double* runPOSIT(CvPOSITObject* positObject, std::vector<CvPoint2D32f> 

imagePoints, double* ledBlobs, double* Rt, CvMatr32f 

rotation_matrix,CvVect32f translation_vector) 

{ 

 

// Find average LED location 

    double ledAvgX = 

round((ledBlobs[0]+ledBlobs[3]+ledBlobs[6]+ledBlobs[9])/4); 

    double ledAvgY = 

round((ledBlobs[1]+ledBlobs[4]+ledBlobs[7]+ledBlobs[10])/4); 

    prevAvgX2 = prevAvgX1; 

    prevAvgY2 = prevAvgY1; 

    prevAvgX1 = ledAvgX; 

    prevAvgY1 = ledAvgY; 

    vectX = prevAvgX2-prevAvgX1; 

    vectY = prevAvgY2-prevAvgY1; 

    slope = abs(vectY/vectX); 

//printf("Average LED Location\n%.02f\t%.02f\n",ledAvgX,ledAvgY); 

 

// Determine the target's center LED in the frame 

    int rowCent = 0; 

    double smallDiff = 500; 

    for (int i=0; i<=3; i++){ 

 

        if (round(abs((ledBlobs[0+3*i]-ledAvgX))+abs((ledBlobs[1+3*i]-

ledAvgY))) < smallDiff){ 

            rowCent = i; 

            smallDiff = round(abs((ledBlobs[0+3*i]-

ledAvgX))+abs((ledBlobs[1+3*i]-ledAvgY))); 

            } 

            else{ 

            } 

    } 

    rowCent++; 

 

//printf("Row of Center Coordinates: %d\n",row); 

// 

//// Build the image points vector 

//    printf("Adding Image Points...\n"); 

 

 

    switch (rowCent){ 

        case 1:{ 

        imagePoints.push_back(cvPoint2D32f(ledBlobs[0],ledBlobs[1])); 

        imagePoints.push_back(cvPoint2D32f(ledBlobs[3],ledBlobs[4])); 

        imagePoints.push_back(cvPoint2D32f(ledBlobs[6],ledBlobs[7])); 

        imagePoints.push_back(cvPoint2D32f(ledBlobs[9],ledBlobs[10])); 

        printf("Case 1\n"); 

        break; 
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        } 

        case 2:{ 

        imagePoints.push_back(cvPoint2D32f(ledBlobs[3],ledBlobs[4])); 

        imagePoints.push_back(cvPoint2D32f(ledBlobs[6],ledBlobs[7])); 

        imagePoints.push_back(cvPoint2D32f(ledBlobs[0],ledBlobs[1])); 

        imagePoints.push_back(cvPoint2D32f(ledBlobs[9],ledBlobs[10])); 

 

//        imagePoints.push_back(cvPoint2D32f(ledBlobs[3],ledBlobs[4])); 

//        

imagePoints.push_back(cvPoint2D32f(ledBlobs[9],ledBlobs[10])); 

//        imagePoints.push_back(cvPoint2D32f(ledBlobs[0],ledBlobs[1])); 

//        imagePoints.push_back(cvPoint2D32f(ledBlobs[6],ledBlobs[7])); 

 

 

 

 

 

        printf("Case 2\n"); 

        break; 

        } 

        case 3:{ 

        imagePoints.push_back(cvPoint2D32f(ledBlobs[6],ledBlobs[7])); 

        imagePoints.push_back(cvPoint2D32f(ledBlobs[0],ledBlobs[1])); 

        imagePoints.push_back(cvPoint2D32f(ledBlobs[3],ledBlobs[4])); 

        imagePoints.push_back(cvPoint2D32f(ledBlobs[9],ledBlobs[10])); 

        printf("Case 3\n"); 

        break; 

        } 

        case 4:{ 

        imagePoints.push_back(cvPoint2D32f(ledBlobs[9],ledBlobs[10])); 

        imagePoints.push_back(cvPoint2D32f(ledBlobs[0],ledBlobs[1])); 

        imagePoints.push_back(cvPoint2D32f(ledBlobs[3],ledBlobs[4])); 

        imagePoints.push_back(cvPoint2D32f(ledBlobs[6],ledBlobs[7])); 

        printf("Case 4\n"); 

        break; 

        } 

    } 

 

 

 

 

    CvTermCriteria criteria = cvTermCriteria(CV_TERMCRIT_EPS, 20, 1.0e-

3 ); 

    int focallength = 355.41975; 

 

//    printf("Running POSIT Calculation...\n\n"); 

    cvPOSIT( positObject, &imagePoints[0], focallength, criteria, 

rotation_matrix, translation_vector ); 

 

    for (int i = 0;i<9;i++) 

    { 

        Rt[i] = rotation_matrix[i]; 

    } 

    for (int i=0;i<3;i++) 
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    { 

    Rt[i+9] = translation_vector[i]; 

    } 

 

    return Rt; 

} 

 

 

/* 

printPOSITResults() 

Prints all POSIT results for verbose mode 

Arguments: POSIT array from runPOSIT 

Returns: NONE 

*/ 

void printPOSITResults(double* Rt) 

{ 

    if (counter == 4){ 

 

            printf("Rotation Vector\n"); 

            printf("%.02f\t",Rt[0]); 

            printf("%.02f\t",Rt[1]); 

            printf("%.02f\t\n",Rt[2]); 

 

            printf("%.02f\t",Rt[3]); 

            printf("%.02f\t",Rt[4]); 

            printf("%.02f\t \n",Rt[5]); 

 

            printf("%.02f\t",Rt[6]); 

            printf("%.02f\t",Rt[7]); 

            printf("%.02f\t \n",Rt[8]); 

            printf("\n"); 

            printf("Translation Vector\n"); 

            printf("%.02f\n",Rt[9]); 

            printf("%.02f\n",Rt[10]); 

            printf("%.02f\n",Rt[11]); 

} 

else if (counter > 4){ 

    printf("Too many possible LEDs detected...\n"); 

} 

else if (counter < 4){ 

    printf("Not enough LEDs detected...\n"); 

} 

} 

 

/* 

main() 

Pass a for 'Ranging Mode' or b for 'Verbose Mode' 

Arguments: a or b 

Returns: int 

*/ 

int main(int argc, char **argv) 

{ 

 

    double finalRange = 30; 
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    double range = 500; 

    IplImage* img = 0; 

    double arrLEDS[10*3]; 

    double* ledBlobs = arrLEDS; 

    double arrRt[3*4]; 

    double* Rt = arrRt; 

    int runs=0; 

    char outputfile[64]; 

    char rangeData[64]; 

    CvFont font; 

    double hScale = 0.35; 

    double vScale = 0.35; 

    int lineWidth = 1; 

    cvInitFont(&font, CV_FONT_HERSHEY_SIMPLEX|CV_FONT_ITALIC, hScale, 

vScale, 0, lineWidth); 

 

// Initialize the set parameters for the program 

 

    struct vdIn* videoIn; 

// Build the model points vector and create POSIT object 

    CvPOSITObject* positObject = initializePositObject(); 

// Placeholders for rotation and translation data 

    std::vector<CvPoint2D32f> imagePoints; 

    CvMatr32f rotation_matrix = new float[9]; 

    CvVect32f translation_vector = new float[3]; 

 

// Mode Dependent running 

// If ranging mode is set continuously run until within finalRange 

if (strcmp (argv[1],"a")==0){ 

    printf("***Ranging Mode***\n"); 

        ofstream rangeFile; 

    rangeFile.open("Range_Data.txt"); 

 

// While outside the preset finalRange, continuously find target range 

    while (range > finalRange){ 

        snprintf(outputfile, 64, "image%d.jpg",runs); 

// Capture the image 

        videoIn = initializeCam(); 

        img = captureImg(videoIn,outputfile); 

        releaseCam(videoIn); 

// Find the LEDs using Blobs functions 

        //mono_thres = threshImage(img); 

        ledBlobs = findLeds(img, ledBlobs); 

// Only run POSIT function if 4 blobs matching LEDs are found in the 

frame 

    if (counter == 4){ 

        Rt = runPOSIT(positObject, imagePoints, ledBlobs, Rt, 

rotation_matrix, translation_vector); 

        range = sqrt(pow(Rt[9],2)+pow(Rt[10],2)+pow(Rt[11],2)); 

        double bearingX = atan(Rt[9]/Rt[11])*180/PI; 

        double bearingY = atan(Rt[10]/Rt[11])*180/PI; 

        double rotAngle = acos((Rt[0]+Rt[4]+Rt[8]-1)/2)*180/PI; 

        double xUnit = (Rt[7]-Rt[5])/sqrt(pow((Rt[7]-

Rt[5]),2)+pow((Rt[2]-Rt[6]),2)+pow((Rt[3]-Rt[1]),2)); 
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        double yUnit = (Rt[2]-Rt[6])/sqrt(pow((Rt[7]-

Rt[5]),2)+pow((Rt[2]-Rt[6]),2)+pow((Rt[3]-Rt[1]),2)); 

        double zUnit = (Rt[3]-Rt[1])/sqrt(pow((Rt[7]-

Rt[5]),2)+pow((Rt[2]-Rt[6]),2)+pow((Rt[3]-Rt[1]),2)); 

        printf("Range to Target: %.02f\n",range); 

        printf("BearingX: %.02f\n",bearingX); 

        printf("BearingY: %.02f\n",bearingY); 

        printf("Rot. Angle: %.02f\n",rotAngle); 

        printf("X Unit: %.02f\n",xUnit); 

        printf("Y Unit: %.02f\n",yUnit); 

        printf("Z Unit: %.02f\n",zUnit); 

 

        sprintf(rangeData,"Image%d.jpg, Target Range: %.02f cm, 

Bearing(X,Y): (%.02f,%.02f), Rotation: %.02f, Unit Vector(X,Y,Z): 

(%.02f,%.02f,%.02f)\n",runs,range,bearingX,bearingY,rotAngle,xUnit,yUni

t,zUnit); 

        rangeFile << rangeData; 

        cvPutText(img, rangeData, cvPoint(10,225), &font, 

cvScalar(255,255,255)); 

        cvSaveImage(outputfile,img); 

    } 

// If there are not enough OR to many blobs matching LEDs, start over 

    else{ 

        printf("Unable to calculate range...\n"); 

  //      printf("X: %.02f\t Y: %.02f\t Slope: 

%.02f\n",vectX,vectY,slope); 

        if (slope <= 0.75){ 

            if (vectX >= 0){ 

                printf("Move Left\n"); 

            } 

            else{ 

                printf("Move Right\n"); 

            } 

        } 

        if (slope > 0.75){ 

            if (vectY >= 0){ 

                printf("Move Up\n"); 

            } 

            else{ 

                printf("Move Down\n"); 

            } 

        } 

        sprintf(rangeData,"Image%d.jpg-Unable to calculate 

range...\n",runs); 

        rangeFile << rangeData; 

        cvPutText(img, rangeData, cvPoint(10,225), &font, 

cvScalar(255,255,255)); 

        cvSaveImage(outputfile,img); 

    } 

// End while loop 

    runs++; 

 

    } 

// End if - ranging mode 
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    rangeFile.close(); 

 

} 

// Else if single mode is selected, run once 

else { 

    printf("***Verbose Mode-Single Run***\n"); 

    printf("Capturing image...\n"); 

    sprintf(outputfile,"image%d.jpg",runs); 

    videoIn = initializeCam(); 

    img = captureImg(videoIn,outputfile); 

    releaseCam(videoIn); 

    runs++; 

    printf("Thresholding image...\n"); 

    //mono_thres = threshImage(img); 

    printf("Finding all LEDs in image...\n"); 

    ledBlobs = findLeds(img, ledBlobs); 

 

    if (counter == 4){ 

    printf("\nRunning POSIT...\n"); 

    printf("\n"); 

    Rt = runPOSIT(positObject, imagePoints, ledBlobs, Rt, 

rotation_matrix, translation_vector); 

    } 

    else{} 

    printPOSITResults(Rt); 

    double heading = atan2(-Rt[6],Rt[0])*180/PI; 

    double attitude = asin(Rt[3])*180/PI; 

    double bank = atan2(-Rt[5],Rt[4])*180/PI; 

 

//    printf("\n"); 

//    printf("Heading: %.02f degrees \n",heading); 

//    printf("Attitude: %.02f degrees \n",attitude); 

//    printf("Bank: %.02f degrees \n",bank); 

// End else - single run 

} 

 

// Cleanup when done 

    cvReleasePOSITObject(&positObject); 

//    delete [] outputfile; 

//    delete [] rangeData; 

 

  return 0; 

// End program 

} 

 

 


