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ABSTRACT

The Remotely Accessible Target System (RATS) is a prototype that shows that a vision system,
along with many other systems, can be merged to create a viable solution to nearly every
problem encountered by a long distance target shooter. It is known in the shooting community
that collecting data from long distance targets is dangerous and time consuming. RATS is
portable, has a maximum range of 500 yards, includes a ballistic chronograph, has a resolution
of less than 0.05 inches, holds at least 12 standard paper targets which can be automatically
advanced, responds in less than 2 seconds, includes an easy-to-use PC interface, and retains the
ability to be further expanded. All data is collected by the powerful MSP430 microcontroller,
transferred via Bluetooth, processed within the software package, and then displayed to the user
with a graphical user interface (GUI). All problems that were encountered were overcome.
These included, but were not limited to, keystone correction, camera sleep mode, and electrical
noise. Finally, many additions are being considered for the future. These improvements are as
follows: a database to record all data received and processed, resizing of the form, and a range
finder to verify the physical distance between the shooter and the target platform.
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INTRODUCTION

The following report outlines the ten-month process involved in conceiving, conceptualizing,
designing, prototyping, and completing the Remotely Accessible Target System.

The Remotely Accessible Target System (RATS), as seen in Figure 1, is a total package that
allows marksmen to enjoy a safer, more leisurely shooting experience. The main objective of the
system is to virtually eliminate the dangerous act of walking down range to change and/or view
atarget. This system also saves time by eliminating the need to manually change paper targets
as well as by performing analysis and calculations, in milliseconds, that would take the average
shooter several minutes.

Figure 1: RATS System Overview

The system in Figure 1 is comprised of both hardware and software elements connected via a
wireless link. The main objective of the software is to provide a clear and unobtrusive method of
data interpretation and control. The hardware is used to collect the required data as well as to
provide a platform for 1/0 and expansion.

In short, this is accomplished with a few main components. At the site of the target, there is a
small digital camera, a microcontroller, the target advance mechanism, and a Bluetooth
transceiver. At the site of the shooter, there is a Bluetooth enabled laptop, which is running our
custom application. Each component has a specifically designed purpose. The combination of
the microcontroller and PC command the entire operation; all other components are called on to
perform their specific task. These features provide a complete system for the shooter.

More detailed system photographs are provided in Appendix B.
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Problem

Shooting is potentially one of the most dangerous sports in America. While firearms only
account for around 0.5% of all accidental deaths per year, this also means that about 615
Americans die yearly due to accidents with firearms [1]. The most dangerous situation
encountered while participating in an organized shooting event is walking down range to replace
or review a target. Often times this requires that the shooter walk between other idle shooters
and the target itself. This presents the opportunity for disaster.

Not only is walking downrange a safety hazard, it is time consuming. As most shooters change
his/her target every twenty shots or so, it is common that they may be spending as much time
tending to the target as they are shooting. Time is a precious commodity, and any device that
allows people to use their time more efficiently is a welcome improvement.

Aside from safety and time savings, another common problem with long range target shooting is
the ability to clearly see shot placement on the target. Even using today’s most common
solution, a high power spotting scope, identifying the placement of a bullet that is smaller than
the diameter of a pencil on a paper target a couple hundred yards away is extremely difficult.
Not only is it hard to see one hole in a paper target, after more than about ten shots have been
fired it often becomes hard to recognize which shot is the most recent. This is such a problem in
long range shooting that the military often uses a spotter. This spotter is a person that sits in a
pit under the target and radios or signals the shot placement to the shooter. The dangerous job
of spotting could be eliminated with a system such as the Remotely Accessible Target System.

Solution

We have come up with a solution that addresses these problems, along with other common
annoyances associated with target shooting. The main functionality of the Remotely Accessible
Target System is two-fold. The first is to relay shot placement back to a personal computer
located with the shooter via wireless communication, the final user interface as shown in Figure
2. Second, it holds 12 - 11” x 11” targets that have the ability to be changed (advanced) remotely
by the user. With our target platform, we can also take speed measurements, do shot placement
analysis, score keeping, single and multiplayer games, record keeping, environmental data, etc.
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Bullet Position Shots: 9 Score: 65 Grouping: 8.71

Figure 2: Remotely Accessible Target System Gféﬁhical User Interface

Figure 2 shows the main features of the user interface. In the upper left corner, a table displays
the distance from the center of the target and the XY coordinates for each shot. The most recent
shot is highlighted with white, and its statistics appear at the top of the table. In the upper right
corner, the number of shots taken, score, and group size are shown. The bottom bar shows
when events happen for instance, the camera wake up was a success. There is also a battery
meter, and the chronograph readout.

The Remotely Accessible Target System uses the Texas Instruments MSP430f2272
microcontroller as its heart. This micro provides the control for all of the hardware associated
with the system; such as the target advance, servo positioned laser bulls-eye, LED camera flash,
chronograph, and others.

All communication is handled through a set of Bluetooth modules, one embedded and the
second a USB dongle. This Bluetooth connection serves as a serial communication port between
a laptop computer and the microcontroller. Using a computer, the user can control the entire
target platform, from up to 500 yards away. This includes, but is not limited to, manually taking
pictures, advancing targets, and performing a hard reset on the camera. A large majority of the
features have also been implemented in a way that is fully automated, requiring the shooter to
simply shoot.

Credibility
The collective knowledge between Chad Ruttencutter and Peter Simon spans 15 years of
personal and professional experiences.

Chad Ruttencutter

Chad’s primary focus was the hardware design. Chad has been tinkering in electronic
and mechanical design since childhood. His interest in electronic design really started to
take off after his entrance into Ford Motor Company’s Electrician Apprenticeship
program. This interest is what led Chad to return to college to pursue his bachelor’s
degree in EET, where Chad became interested in mixed signal and analog design. While
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at the university, Chad completed all of his co-op experience at Mitsubishi Electric,
where he gained experience in vision system implementation. These experiences along
with a life-long interest in shooting provided the perfect combination of experience and
desire to complete this project.

Peter Simon

Peter is responsible for the creation of the user interface. Before he started at the
University of Cincinnati, he had already started to learn programming in high school —
Visual Basic. From there he was introduced to other languages such as Visual Basic for
Applications, Intel Assembly, PCSpim, C/GCC, C++/G++, C#, MATLAB, and Allen
Bradley’sRSLogix500. Not only does he have an extensive software background, but he
has also completed all of the required courses to obtain a bachelor’s degree in Electrical
Engineering Technology. This includes courses on AC/DC circuits, digital circuits, signal
processing, and much more. Though his primary purpose throughout this project was to
design the software that is used by the consumer, he was also an excellent resource in the
completion of the hardware design and testing.

Goals and Methodology

This project consists of two very distinct parts, software and hardware. The two primary
objectives for the system are to convey to the user shot placement as well as to provide the user a
platform to change paper targets automatically. The first objective is met by employing a
custom-made vision system. This vision system consists of a small digital camera that records
images of a specially illuminated paper target to highlight the holes in the target. This camera
then relays the image to the PC via a multiplexed long range Bluetooth connection. Once
received by the PC, the image is analyzed with a custom image analysis algorithm and the
location of the bullet holes can be determined. The second objective is met by allowing the user
to provide an input to the software interface to manually control some of the platform’s features.
These commands are then sent to the microcontroller via the same Bluetooth connection. The
microcontroller then supplies the 1/0 necessary to control features such as the target advance
and the servo positioned laser. This functionality, the major components, and their relationship
to each other can be seen in Figure 3.
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Figure 3: Block Diagram Illustrating Major Components and Functionality

The block diagram in Figure 3 depicts the different functions of the hardware, software, and
communications between them. These features will be discussed in detail in the subsequent
sections.

Overview

The remainder of this final report outlines in detail how the project was completed. This report
includes the following sections: design objectives, technical approach, budget, timeline,
problems encountered, and future recommendations.
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DISCUSSION

Project Concept

The RATS project was conceptualized from a variety of previous projects and experiences. The
key concept in this project was an article published in the June 2009 edition of Nut and Volts
magazine. This article, “Ballistic Chronograph” by David Collins [3], described the process he
used to build a ballistic chronograph. After reading the article, the realization was made that
this bullet detecting technique could be used for much more than just measuring a bullet’s
velocity. Originally the use of infrared light, as discussed in the article, was planned to be used
to detect the bullet’s position as well as its velocity. This however quickly proved to be a difficult
and complex endeavor. It was then determined to leverage both Chad’s previous experience
with vision inspection and Peter’s expertise with software development to create a custom
software package to analyze an image sent to the computer via a digital camera.

With the creation of the RATS platform, there were many opportunities to add on to the basic
design. The first is an automated target advance. This quickly led to the idea of shooting at a
moving target. This idea was deemed to be too difficult to do with the target advance system.
This then led to a servo positioned laser pointer, where the laser became a moving bull’s-eye
shone on the target.

These features then led to the need for an easy-to-use software package. This custom
application was intentionally modeled after a classic Window’s application. This was done to
ensure the average PC user could quickly learn the software and its features.

Design Objectives
The objectives and design criteria for the Remotely Accessible Target System are as follows:

Range of at least 300 yards
As the RATS is intended for use primarily by rifleman, the system had to have a relatively

long wireless range. Based on our own shooting preferences, 300 yards was determined
to be the minimum range acceptable. While 300 yards is the minimum, we intended to
try to maintain the option of operation up to 1000 yards.

Resolution of less than 0.1 of an inch

One of the main goals for the system was to provide the user with a sense of his or her
accuracy while shooting. An inherently inaccurate system would not be an acceptable
solution. The maximum resolution determined to provide this level of accuracy was
determined to be one hundred thousandths of an inch. The key to providing this level of
accuracy is a large enough picture resolution.

Portable
Portability is the key to the usability for the RATS. This system must be manageable by
one person.

Target size of at least 10 inches square

While the previous design criterion is portability, we also wanted to ensure the target
was large enough to provide a pleasurable shooting experience. Based on our own
shooting preferences, this minimum size was determined to be 10 inches square.

Response time of less than 3 seconds

Any system that the user deems unresponsive will eventually be cast aside. To ensure
the long-term viability of the RATS, we had to ensure the system had a response time of
less than three seconds. This would ensure all data would be available to the user within
a three-second window of each shot.
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Must hold at least 10 targets
One of the key features of the RATS is the ability to hold numerous targets. The absolute
minimum number of targets to be held on the platform is 10.

Intuitive and easy to use interface

What good is any piece of electronic hardware if its interface is frustrating and hard to
use? For this reason, an easy-to-use interface is a key feature that had to be designed
into the RATS.

Room for expansion
To provide room for later innovation, the physical design must provide the room and
capability to be expanded.

Technical Approach

The technical approach taken during the design, analysis, and testing of the Remotely Accessible
Target System was in-depth and multi-faceted. The custom solutions engineered into the RATS
are discussed in detail below. All system schematics are available in Appendix C, and
component specific details may be found in the datasheets located in Appendix D.

Microcontroller

As mentioned earlier, every piece of hardware, with the exception of the camera, relies
on the Texas Instruments MSP430f2272 microcontroller for the control necessary to
make this project a success. This microcontroller exceeded all of our requirements for
speed, capabilities, and peripherals. All the required programming was done in
assembly language due to the need for low overhead and performance; this code is
completely listed in Appendix A. The following sub-sections detail the major portions of
the microcontroller’s functionality.

» Communication — Communication is the primary role of the microcontroller.
This role required the micro to receive a command from the PC using the built in
Universal Serial Communication Interface in UART mode, then decipher this
command to perform the function requested. In order to achieve this goal we
created a four-byte command protocol which could contain all the data needed to
be passed back and forth over the serial port. This command protocol is
described in Table 1 below.

Table 1: RATS Command Protocol

Byte O, Prefix | Byte 1, Function Byte 2, Data #1 Byte 3, Data #2
0x55 0x50, ACK Previous Cmd Previous Data #1
0x51, NAK Previous Cmd Previous Data #1
0x52, Shot 15t byte of speed 2nd byte of speed
0x53, Target Adv - -
0x54, Move Servos | Random X pos. Random Y pos.
0x55, Cmd Prefix - -
0x56, Change Mode | Selected Mode Flash ON/OFF
0x57, Time 1st byte of time 2nd byte of time
0x58, Battery Level | 15t byte of Batt Level | 2nd byte of Batt Level
0x59, Reset Camera | - -

The command protocol above was used by reading bytes from the serial buffer in
an interrupt sub-routine. After the four bytes were read, the command was
deciphered, and the proper routines were executed.

» Bullet Velocity — The timers of the MSP430 can run at up to the same speed as
the main clock. It was this capability along with the fact that the timer values
were captured without the need to execute code that led to the selection of this
microcontroller. These features ensured the timer values were accurate.
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The method used to measure the time the bullet took to travel from the first light
curtain to the second was relatively simple. If the chronograph mode was
selected, Timer A was allowed to run free. Counting from 0 to 65535, and then
starting over again, when a shot was detected by the front light curtain the timer
value at that moment was captured and saved in memory. When the same shot
was detected by the rear light curtain, the new Timer A value was stored in
memory. These two different timer values were then subtracted and the
difference is the number of timer clock cycles it took the bullet to travel a fixed
known distance. This value is then sent back to the PC within the last two bytes
of the shot command. In the PC is where the final math is done to convert the
clock cycle count into a meaningful velocity.

» Target Advance — This is essentially a standard stepper motor control routine
with one difference. Instead of counting the steps the motor turns and then
stopping, the motor only slows when this fixed count is reached. After the motor
slows down, an optical limit switch is used to place the target precisely in the
desired position. This optical switch looks for a black rectangle printed on the
edge of the paper targets. When this black rectangle is in the proper position, the
input is provided and the target advance sub-routine is completed.

» Servo Positioned Laser — The idea was thrown around early on about how
cool it would be to somehow have a moving target to practice with. The most
efficient way we could think to achieve this was to have not a moving ‘target’ but a
moving bulls-eye on a target. This was achieved by connecting two radio control
(RC) style servos together in a manner where they could then move a laser
pointer in two axes. This configuration can be seen in Figure 4.

Laser bulls-eye

X-axis servo

Y-axis servo

Figure 4: Servo Positioned Laser Bulls-eye

Figure 4 shows the three components to the moving bulls-eye system. The
control needed to correctly position the RC servos is a OV to 5V Pulse Width
Modulation (PWM) waveform. These particular servos needed to see a PWM
waveform with a high pulse ranging from 0.9ms to 2.1ms, with 1.5ms being the
center position. This PWM control was easy to achieve using the MSP430’s
Timer B PWM outputs. This timer control allows two output pins to be set up to
oscillate at a set frequency and duty factor. When the timer is started the timer
controls the PWM output without any further need to control these outputs in
code. This frees up the microcontroller to multitask while the servos are being
positioned.

> Battery Level — A battery level indicator is a welcome addition to any device
that is not plugged in. With the MSP430’s built in Analog to Digital Converter
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(ADC), monitoring the battery level of the RATS is as simple as a voltage divider
and 15 lines of assembly code. The voltage divider was used to divide the battery
voltage from a maximum of 8.4V down to a maximum of 3.3V. This ensured the
microcontroller could read the battery voltage as a O to 3.3V signal, and that the
higher battery voltage would not harm the microcontroller. When the
microcontroller received a command to check the RATS battery it would simply
run the ADC routine and convert the scaled battery level to a digital value from O
to 1023. This value was then returned to the PC were it was converted into a
relative battery life percentage.

Chronograph

The key to automating the Remotely Accessible Target System was engineering a system
to reliably detect a bullet passing through the paper. To make the system capable of
determining bullet velocity two identical circuits were built. The first circuit was placed
in the front of the target platform, the second in the back. This hardware design
provided capability for both bullet detection and bullet timing.

The method chosen to detect the bullet was a substantially improved version of David
Collins Ballistic Chronograph as published in the June 2009 edition of Nuts & Volts
magazine [3]. This design consists of three simple parts: an infrared (IR) light source,
infrared photo diodes, and a filtered amplifier circuit.

The RATS bullet detection IR light source consists of 8 infrared LED emitters spaced
1.25” apart at the bottom of each chronograph light curtain. This IR light source creates
a steady ‘wall’ of IR light at both the front and back of the RATS.

These emitters were then forward biased with a Texas Instruments REG113-5 linear
voltage regulator. This regulator provided us with a small surface mount footprint at a
reasonable price. One of the key features in choosing this part was the enable input.
This feature allowed the regulator output to be turned off when the chronograph was not
in use, reducing power consumption by approximately 30%.

With the IR light source in place, a detection circuit was needed. For this, eleven IR
photo-diodes were connected in parallel and spaced 1” apart across the top of the light
curtain. This parallel bank of photo-diodes was then reverse biased with the same 5V

supply.

Fully illuminated by the IR emitters, this bank of reverse biased photo-diodes produces a
total current of 26pA. This current was then dropped across a 56kQ resistor producing
an average DC voltage of approximately 1.5V.

As a projectile passes between the IR emitters and IR photo-diodes; the amount of
infrared light detected by the photo-diodes decreases due to a shadow effect from the
bullet. This decrease in IR light causes a decrease in the current being supplied by the
photo-diodes. This leads to a decrease in the voltage across the 56kQ resistor. Early
testing indicated this decrease in voltage could be as small as 10mV.

The need was then to amplify a 10mV drop in voltage, with duration as short as 5us, into
a usable digital signal. Along with this performance criterion was the need to filter out
any noise applied to the circuit which was outside of what was to be normally expected;
mainly noise at or below 60Hz.

The final results given these design criteria can be seen in Figures 5 and 6.
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Figure 5: Chronograph Circuit Schematic

Figure 6: Bode Plot from Amplifier Circuit Simulation

As shown in Figure 5, the basic circuit for accurately detecting the voltage drop caused by
a bullet is a 2-stage inverting amplifier with a built in high-pass filter followed by a
voltage comparator. The simulation seen in Figure 6 shows the corner frequency of this
filter at about 75Hz, which attenuates all noise at or below 90Hz.

The operational amplifier used in the circuit shown above was carefully chosen. While
modeling things in this physical realm could have been done with a wide variety of Op-
amps, the Texas Instruments OPA4350 was selected. This choice was made considering
several key characteristics. This part’s single supply and rail-to-rail performance were
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the primary reasons for its selection. In addition, with a slew-rate of 22V/us, the fast
performance of this part provided a nice square output from the comparator stage
ensuring an accurate measurement of bullet velocity. The output of both the front and
rear comparator stages can be seen in the oscilloscope screenshot in Figure 7.

Figure 7: Oscilloscope and GUI Velocity Comparison

The oscilloscope screenshot in Figure 7 was taken while testing the light curtain and
chronograph’s performance. This image was taken while shooting a pellet gun through
the chronograph light curtains.

With two of these circuits, finding a bullet’s velocity is a relatively easy chore. The
MSP430 microcontroller has two timers (A&B) that are independent of the main
process. An input from each of the chronograph circuits was used to trigger the timer A
capture capabilities. Upon the first bullet detection, the internal timer A value was
recorded. When the second circuit detected a bullet, this timer value was then recorded
again. After the second timer value was captured, the first was subtracted, giving us the
number of timer counts from the first bullet detect to the second bullet detect. Dividing
this value by the clock rate, and again by the distance in feet, gives us feet per second.
This process can partially be seen in Figure 7. This oscilloscope screenshot in indicates a
difference in time of 3.86ms from the bullet passing through the first light curtain until it
passed through the second. Some quick math (0.00386s / (26.57/12)) indicates this is
equivalent to 572fps. When compared to the 580fps output by the RATS application
these values indicate a percent error of 1.4% at this velocity.

Communication

Wireless communication was a mandatory part of the RATS. Due to widely available out
of the box solutions, a Bluetooth wireless link was chosen to be the most practical way to
establish a communications link between the target platform and the PC. One problem
that had to be overcome was the need for a wireless communication link from the PC to
both the MSP430 microcontroller and the C328R serial camera.
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The solution to this problem was the Texas Instruments TS5A23159DGS analog switch.
This integrated circuit (IC) is a double pole double throw analog switch which was used,
in combination with the ESD110v2 Bluetooth module’s Data Transmit Ready (DTR)
output, to effectively multiplex the Bluetooth serial connection as seen in Figure 8 below.
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Figure 8: Multiplexed Bluetooth Wireless Connection Schematic

The schematic shown above shows how both the C328R camera (Cam Tx & Cam Rx) and
the MSP430 microcontroller (uC Tx & uC Rx) are used in conjunction with the
TS5A23159DGS to share one Bluetooth connection. The direction of this analog switch
is controlled directly from the PC through the Bluetooth radio. The DTR output of the
ESD110v2 is switched automatically by the PC from within the RATS application. The
direction of the switch then depends on whether the application needs to communicate
with the camera or with the MSP430. The application defines a default position to one
in which the communication link is switched to the microcontroller to allow the
microcontroller to send commands back to the RATS application during normal
operation.

Power Regulation

There were many considerations taken into account when designing the power supply
circuitry for the RATS. First and foremost was the fact that we wanted this to be a
completely wireless device with a long battery life. The second most important
consideration was to take into account the noise issues from the serial communication
devices that we saw during early development. Another issue we chose to address while
considering the first two was to replace BJT and MOSFET switches with localized
switchable regulators. These solutions can be seen in Figure 9 below.
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Figure 9: Power Regulation Solutions

A huge variety of voltage regulators available from Texas Instruments gave us almost
unlimited options in addressing these issues. The first design issue, minimizing power
consumption to maximize battery life, was addressed in many different ways.

» Low-power Microcontroller — Our choice of a low-power microcontroller
was an easy one with the selection of the TI MSP430f2272. At our chosen
operating frequency of 8MHz and voltage of 3.3V, the MSP430f2272 consumes
less than 3mA of current.

» High-efficiency Step-up DC Convertors for Low-duty Regulation —
Within the RATS platform, there are two circuits that require much higher
voltages than the rest of the circuitry and are used infrequently and for brief
periods of time. Using a 12V battery and regulating to 3.3V and 5V using linear
regulators was deemed too inefficient. The choice was made to use the lowest
voltage battery possible to power all components that are used 100% of the time.
The low-duty, higher-voltage regulation would be stepped up only when needed.
The high voltage circuits mentioned are the camera flash circuit and the stepper
motor driver, both of which are shown in Figure 9.

The flash circuit consists of two parallel circuits of six LEDs in series. A 15.5V
regulated supply is required to power these LEDs. The regulator chosen to drive
these LEDs was a Texas Instruments TPS61040. This switching regulator has a
built-in enable feature that limits the quiescent current to less than 1uA when the
regulator is not in use. This enable feature also reduces the need for a separate
transistor switch.

Due to size and cost constraints, the stepper motor chosen requires 12V to drive
the motor coils at approximately 600mA. Another Texas Instruments step-up
switching regulator, the MC33063A, was chosen to provide this power. The high
current capability and ease of use drove this choice. With a rating of 1.5A it was
known there would be no adverse effects due to the motors high starting current
requirements.

» Quiescent Power - In order to limit quiescent power consumption, a 7.4V
battery was used and the main circuits were regulated using Texas Instruments
high-efficiency REG104 family linear regulators. These 3.3V and 5V regulators
both have a current output of up to 1A, and an ultra-low drop-out voltage of less
than 0.25V.
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Inhibiting the noise issues experienced during prototyping was also addressed using
regulation techniques. Some circuits, that were known to either impart noise onto the
power bus, or to be susceptible to noise, were selected to be powered with a separate and
localized regulator. These circuits are the Bluetooth transceiver, camera, and IR light
curtains. Not only was it desirable to have a small package size, but an enable feature
would again allow us to reduce parts count by turning load devices off and on with the
regulator and not a separate switch. The regulators selected, which meet these
requirements and offer a high efficiency, are the Texas Instruments REG113-5 and
REG113-3.3.

Picture Analysis

The only function of the camera is to take a picture of the target paper, and relay it back
to the computer. Once the picture is received, it is analyzed pixel-by-pixel. This allows
for the most accurate results in finding each bullet hole. A combination of analysis
techniques were used to retrieve the bullet’s location. Figure 10 shows the picture as it is
received by the computer.

Figure 10: Initial Picture Taken from the Target Platform

In Figure 10, bullet holes are clearly visible to the eye, but they are oriented incorrectly.
The first step was to reverse the image. The picture taken is from a point- of-view that is
behind the paper target. If this point-of-view issue was not corrected, any shot that
lands on the right side of the target would be mistakenly shown on the left. Figure 11
shows the same image after it is mirrored across the y-axis.

Figure 11: Initial Picture after Rotation
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The mirror image in Figure 11 now shows the picture as if from the point-of-view of the
shooter.

After the picture has been mirrored across the y-axis, it is turned into a black and white
picture using a black and white averaging filter. This black and white image allows for a
faster analysis, which we determined to be critical. Each pixel’s red, green, and blue
value was averaged. That corresponding value then replaced all of those RGB values.
This allowed for future analysis to only be concerned with a single pixel’s monochrome
value, rather than each pixel’s red, green, and blue values. The result of this conversion
can be seen in Figure 12 below.

Figure 12: Rotated Picture after Black and White Filter

Following the conversion to black and white, a proprietary filtering technique was
applied to the photograph. This Ruttencutter-Simon (RS) image analysis filter analyzes
a black and white photograph, like the one shown above, and creates a subsequent
image. This resultant image can be seen in Figure 13 below.

Figure 13: Picture after RS Filter

As seen above, the result of the RS Filter is a clearly defined image. The only information
remaining in this image is the background and the blobs created using the RS filter.
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Following the creation of the blobs, the remaining picture is put through a blob detection
algorithm. This algorithm is used under the Lesser General Public License and was
provided by AForge.net. According to AForge.NET, “AForge.NET is a C# framework
designed for developers and researchers in the fields of Computer Vision and Artificial
Intelligence - image processing, neural networks, genetic algorithms, machine learning,
robotics, etc.”[4] This library of functions was instrumental in the final analysis of our
filtered picture.

Each blob found has many useful properties associated with it (area, center of gravity,
fullness, X/Y position, height, and width). Within the filter a maximum and minimum
height and width is set. This filters out blobs that are too small and too large. For
example, in Figure 13, the blobs on the left and right side are caused from the edges of
the paper target and the keystone effect. This is ignored since its size is much greater
than that of a bullet.

The center of gravity property of each blob is how we determined the blob’s (bullet
hole’s) location. When the blob detection method is called it returns the center of
gravity, number of pixels contained within the blob, and the location of the blob in the
image. Each center of gravity is then sent to our keystone correction algorithm.

Keystone Correction

The most challenging consideration that had to be made, in terms of software, was the
keystone correction. Keystoning occurs when a picture is taken from an extreme angle.
Our camera is positioned below the line of fire so it will never be hit by a bullet. This
creates the kind of angle that causes the keystone effect to occur. To correct the keystone
effect, an initial in-depth analysis had to be done by hand on the images.

It was observed that the relationship between a point on the bottom-left and a point on
the top-right was linear. This knowledge allowed a linear correlation algorithm to be
developed. First, the change in spatial density in the ‘y’ direction was calculated. This
was important because the distance between objects appears to decrease as the height
increases. The solution to this problem was finding the change in pixel density in the ‘y’
direction. For each center of gravity that was reported by the blob detector, the ‘y’ value
would be scaled according to the determined change in density. This would produce the
final ‘y’ location of the shot.

To find the ‘X’ position of the bullet hole, similar steps were taken, but in the ‘x’ direction.
It can be said that points appear closer together in the ‘x’ direction the higher in the
picture they are located. In order to correct this, the change in density in the x’ direction
also had to be calculated. In the same manner as before, the blob’s center of gravity,
along with the scaling factor, would produce the final *x’ location of the shot.

Flash and Sun Shade

While the above stated method of image analysis worked, it was not as reliable as needed
due to the dynamic lighting conditions seen outside. The camera was later accompanied
by a red LED flash. Figure 14 shows how the addition of the flash greatly enhances the
clarity of each bullet hole.
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Figure 14: Initial Picture with Red LED Flash

As seen in Figure 14, this flash provided a consistent color for the camera, which made
the size of the transferred picture smaller. With this flooding of light, many of the
unnecessary details of the target paper are washed out, making it easier to analyze.
Plastic sheathing was also added to provide shading from angled sun light. This was not
initially included in our plan, but after field-testing it became very apparent that any
shadows that were cast on the paper target greatly affected the quality of the picture, and
became a detriment to finding shot placement.

Texas Instruments Analog Design Contest

Entering the Texas Instruments (T1) Analog Design Contest had a very positive impact in the
completion of this project. Tl was able to provide an integrated circuit for nearly every solution
we desired. This, along with the support of the TI community, greatly improved the
development cycle of the Remotely Accessible Target System. The reasons for component
selection along with their impact on our project are discussed below. All system schematics are
available in Appendix C, and any component specific details may be found in the datasheets
located in Appendix D.

TS5A23159DGS Analog Switch

The TS5A23159DGS Analog Switch was the cornerstone of solving the problem of
multiplexing three devices over one serial communications channel. This analog switch
was used as a double pole double throw switch to control which device the PC was
communicating with, the serial camera or the MSP430. The break-before-make feature
of this IC was imperative for its use as a communications switch; this ensured no
unwanted bits would be transferred to the wrong device during switching. Another
important feature was the fast switching time of less than 13ns. This speed allowed the
switching between communication devices to occur without incorporating any delays in
the programming.

OPA4350 Operational Amplifier

A high quality Operational Amplifier (OP-AMP) was one of the most important part
selections of this project. The OPA4350 exceeds our needs on every aspect.
Performance and simplicity of design were the key criteria when picking this part. High
performance and speed were needed as this part was not only to be used for
amplification of the analog input from the light curtain, but the timing of that input also.
In order to keep the design simple, we needed this performance out of a small package
which provided single supply rail-to-rail operation. The OPA4350 met these criteria.

REG104 Linear Regulator
Both the 5V and 3.3V REG104 linear regulators were used in the RATS. These regulators
were selected due to the need for low noise, low dropout, and small package size. The
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REG104 family exceeds all of these requirements while providing fast transient
regulation and high efficiency.

REG113 Linear Regulator

Both the 3.3V and 5V varieties of these parts were selected for the same reasons as were
the REG104 regulators. With one added feature that set these regulators apart from
others, that being the enable pin. This input pin allows the output of the regulator to be
switched with the regulator itself and no external parts. This along with the small
SOT23-5 package allowed for localized regulation which helped provide noise immunity
for sensitive devices.

MSP430f2272 Microcontroller

The selection of the MSP430f2272 microcontroller was driven largely due to the wide
variety of capability in such a small package. Texas Instruments was generous in
providing us with an evaluation kit for any one of the MSP430 varieties we chose. While
our original plan was to use a PIC microcontroller; after playing with the TI evaluation
kit and learning the MSP430, we chose to use it instead. It turns out this was an
excellent choice. The MSP430f2272 had more capability than we needed, and was very
easy to use. The flexibility of the timer peripherals was key in our project due to the
different timing features we needed to use. The features of the MSP430f2274 used in the
RATS include: Analog to Digital Converter, Timer A capture, Timer B PWM outputs,
UART serial communication, input interrupts, and others.

TPS61040 DC/DC Boost Converter

The TPS61040 DC/DC Boost Converter was used to power our camera flash. The flash
circuit consisted of 12 red LEDs. Six of them in series and then in parallel with the other
six in series. The voltage needed to power this configuration was 15.5V with a desired
current of 75mA. This power was only needed for a duration of one second and at a
relatively low frequency. It was for this reason, and the ability to quickly start the boost
converter with the enable pin, that the TPS61040 was selected. Another feature that put
it above others was the high switching frequency. It was estimated that any light
variations at any frequency between 1kHz and 125kHz may be detected by the bullet
detect circuitry as a shot. To ensure this problem would not be created with the camera
flash, we chose to use a step-up regulator with as high of a switching frequency as
possible. With a switching frequency of up to 1MHz, the TPS61040 was a perfect match.

BQ2057T Charge Management

The RATS uses a 5400mAh 7.4V lithium ion battery for its power source. To simplify
use, it was determined an on-board battery charging circuit was needed. While looking
for an optimal solution to charge the battery, there seemed to be a wide variety of
commonly used battery charging circuits available. Some of these solutions were more
complex than was needed. The BQ2057T from Texas Instruments was found to be the
perfect compromise between performance, safety, and complexity. With features such as
temperature monitoring, current and voltage control, and battery conditioning, the
BQ2057t provides all the desired performance with only six external components.

MC3063A Boost Switching Regulator

The desire to keep idle power consumption to a minimum required the need for a battery
which was as close to the standard operating voltage as possible. The battery selected
was 7.4V. The need then came about to boost the voltage to 12V to drive the stepper
motor when advancing the target. Initial testing indicated that the torque required to
consistently advance the target without missing any steps was marginal at 12V. It was
this reason the choice was made to drive the motor using a 13V supply instead of the
rated 12 volts. This put us at 20% over maximum rated power. However, due to the low
duty cycle of the motor, this was determined to not be an issue. The current draw by the
motor at this voltage was calculated to be 0.38A. Therefore we desired a step up
regulator that could provide this current at the required 13V. These performance criteria
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along with efficiency and simplicity are what drove the choice of the MC3063A switching
regulator. This regulator circuit was then enabled with an external PNP transistor and
coupled with a TlI L293D H-Bridge to provide a complete interface between the stepper
motor and the MSP430 microcontroller.

Budget

The initial budget for this project included all of the necessary components to build a working
model. In Table 2, which was created in the first month of the project, all parts that we thought
would be needed to create our project were included. A miscellaneous row was added to absorb
all small components and extra costs. All of the parts had been thoroughly researched and
specifically chosen for their tasks. This preliminary cost estimate was $440.39.

Table 2: Initial Cost Estimate

Description Manufacturer Part Number Oty |Cost Per [Cost Total
MicroController Basic Micro Atom Mano 28 1 58.95 58.95
Emb. Bluetooth Parani Parani-ESDLO00 1| S46.80 S46.80
Bluetooth Dongle Parani Parani-uUD-100 1| S37.05 S537.05
Bluetooth Ant. 5dBi Parani DATS-GOLR 2 57.95 515.90
WiEA camera CcCOmMedia C328-0016I1R 1 547.45 517145
SuperBright Red LED Kingbright WP FL13SRD/H 1 S50.59 53.54
7AW 3.64N0 Li-lon Battery | - - 1 S20.00 S20.00
Photo Diodes Fairchild Semiconductor [QSD2030 12 50.22 S52.64
Differential Amplifier Texas Instruments Undetermined 4 S2.00 S8.00
Modular Extruded alum. |Faztek 10EX 10 16 ft 52.80 544 80
Y x 3™ 5160 Spring Steel mMcehlaster-Carr 286444TAS 6 ft 59.21 S555.26
Printed Circuit Board Undetermined - 1| S50.00 S50.00
Misc. Hardware [N [N - S100.00 S100.00

TDEl %0.35

The final budget, seen in Table 3, was created in the final month of the project. This budget
shows the final costs of the parts that are used in our working model. The final cost was nearly
double the original estimate. The greatest contributors to this difference are structural
aluminum, and plastic sheathing. The original budget allowed for 16 feet of 1-inch modular
extruded aluminum. The final model required 8 feet of 1-inch, 2-inch, and 3-inch modular
extruded aluminum. This larger, more rigid, extruded aluminum created a substantially more
robust platform that would not have been possible using the previously budgeted 1-inch
aluminum framing. No expense was spared in order for the platform to be soundly made. The
plastic sheathing was a very late addition, but was also found necessary in order to provide
consistent lighting for the camera. Finally, the lasers/servos were added to provide a game for
the shooter.

Table 3: Final Cost Estimate

Major Components Description Cost
Bluetooth Communication ESD110v2, UD100-GO1, Ant. $107.90
Serial Camera C328R $50.77
PCB Custom $52.80
Structure Faztek Extruded Aluminum $208.84
Enclosures Plastic Sheathing and Boxes $182.10
Lasers/Servo Sparkfun S55.90
Battery Debco Special $19.26
Target Advance Motor and Custom Rollers $38.00
Steel Armor Custom $55.26
IR Emitters/Receivers Fairchild QED223, QSD2030f $17.65
Active Components IC’s and Microcontroller $27.83
Passive Components Resistors, Inductors, Capacitors $33.72
R.A.T.S. Total $850.03
Estimated R&D 1400 Hours _@ $28/hour $39,200.00

This final cost estimate in Table 3 also includes research and development.
that this project was in development, over 1400 man-hours were invested. These hours

In the 10 months
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included research, hardware development, software development, integration, and testing. The
monetary value assigned to each hour is an average hourly wage for an entry-level engineer; this
total amounted to $39,200.

There were also some costs that were not included in the budget, as they were received free of
charge. Texas Instruments provided a debugger for the microcontroller that was used during
the development of our project. Also, the University of Cincinnati and Microsoft’s partnership
provided Visual Studios. These contributions saved the team nearly $1000.

Timeline

A timeline was created in the first month. This timeline broke down the main aspects of the
project, and assigned an amount of time to them. Figure 15 shows how much time was initially
assigned to each task.

Remotely Accessible
Target System

Research

Innovation

Hardware Prototyping
Software Development
Microcontroller Software

Frame & Target Construction
Peripheral Integration
Testing and Debug

Tech Expo Preparation

Tech Expo

Figure 15: Initial Gantt Chart

In this original timeline, there was little room for error. The amount of work that needed to be
done was immense, and is shown in the amount of time allotted. Initially the project progressed
towards Demo Day. This was scheduled for the end of the winter quarter (in March) and
required a working prototype. In Figure 16 the actual milestones of the project were inserted to
show how closely the project followed the timeline.
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Figure 16: Final Gantt Chart

This chart shows the large milestones, and when they were achieved. This also helps show the
completion of each of the major components of the target platform, and its respective user
interface. All expectations were either met or exceeded for both Demo Day and Tech Expo.

Problems Encountered

Keystone Correction

The position of the camera is set below the firing line in order to never be in jeopardy of
being hit by a bullet. This causes a phenomenon known in photography as the Keystone
Effect. Figure 17 shows how a building, that is known to be a uniform width, can appear
to become thinner as it rises farther to the sky.

Figure 17: An Example of the Keystone Effect

The picture of the building shows how the appearance is distorted by the extreme angle
at which the picture is taken. This same phenomenon occurs with the target platform.

In order to correct this, both the x-axis and y-axis needed to be scaled based on the
distance from the bottom of the picture. This effectively warps the coordinate system we
use while finding the bullet hole’s location, providing us with accurate results.
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Camera Sleep Mode

One of the most persistent problems during this project was a ‘power saving’ feature
built in to the CoMedia C328R serial camera. This feature forced the camera into a sleep
mode after approximately 10 seconds of idle time. After the camera enters this sleep
mode, it must be synchronized and initialized again before an image can be taken. This
adds approximately 2 to 3 seconds to the picture taking process and was deemed
unacceptable. While this is inconvenient, the largest problem was the fact that this
feature was undocumented in the camera’s datasheets and manuals. This issue was only
realized after the camera was deemed unsuitable and a replacement could not be found.
A true solution to this problem was never found. The only thing we could do to keep the
response time of the camera as short as possible was to force it to stay awake by sending
it a synchronize command every seven seconds to prevent it from entering this power-
saving mode.

Noise

The serial communication circuitry, which is used both in the control box and at the
platform, has been found to inject noise into surrounding components and circuitry. The
most detrimental part of this noise is induced onto the bullet detection circuitry from
within the cable that connects the control box to the platform. This noise is only active
when the PC is communicating with the camera or when the PWM outputs to the laser
positioning servos are active. Fortunately, in both cases this can be ignored because a
shot should not be detected at the same time the camera is relaying an image of a
previous shot or when the microcontroller is positioning the servo.

Future Recommendations

Database

A database could very easily be added on to this project. Nearly all of the information
that would be requested of a target shooter is already gathered, or calculated. A database
would be automatically filled with information after each shot. This could include, but is
not limited to, a picture of each shot, grouping, shot placement, etc. There is also
available hardware space that could incorporate weather-monitoring devices. These
devices would report humidity, temperature, wind speed, and wind direction. These are
crucial environmental factors that can greatly affect each shot. With this information
collected, a shooter can prepare for a new shooting session based on the information that
was collected from previous sessions. Input boxes would be provided on the user
interface so the round, gun, and sight positions can be recorded.

Off Switch Signal

Throughout testing, it was found that if the user interface was connected to the control
box via Bluetooth, and then the control box’s power was turned off; then an unavoidable
serial error would occur. This error would crash the interface — causing unneeded wait
time to the user. It was determined that it would be possible to connect a capacitor
backup to the power switch of the control box. This switch would then be monitored as
an interrupt input to the microcontroller. When this interrupt occurred, a command
would be sent to the PC interface to disconnect the serial connection. After the switch
had been powered off the capacitor would power the system for a brief period of time.
This would allow for a safe power off of the control box.

Automatic Resize

Currently, the user interface must be at a fixed resolution of 1280x800. This
requirement was instated due to the fact that the image of the target must remain square
at all times. After the size had been locked, all the shot placements were made as an
absolute distance, based on the size of the interface’s form. If the target could be made
to remain a square, all other placements could be set to recalculate based on the current
size of the form.
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Range Finder
A range finder was suggested to prove and log the distances the shooter was shooting.

This would allow a competitive shooter to prove, with the pictures in the future database
along with a range finder, their accuracy at a given distance. There were many suggested
methods; the most prominent was a dual Global Positioning System (GPS) system. This
system would integrate a GPS module into the control box, near the target platform, and
a GPS module into a box near the user’s laptop. These two GPS modules would relay
data to the computer, which would calculate the absolute distance and log it. This
feature would not only be useful to verify the distance at which rounds were shot, but can
be used in conjunction with the chronograph. This would show the speed of the bullet at
a certain distance, which could be used with the database to determine a projectile’s
deceleration.

CONCLUSION

The final outcome of this project is the working prototype shown in Figures 17 and 18. This
prototype was thoroughly tested on many occasions. We feel that all of the goals, set by us and
for us, were exceeded. We realize that there are areas that have room for added potential, and
this will be addressed in the following months. The potential to market this model is real. With
a large majority of the research behind us, the real development can begin. Many of the future
recommendations are already in process, and more have been added to our personal checklists.
This project may be finished with respect to the University of Cincinnati, but it is not over for us.

Figure 18: Remotely Accessible Target System
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Figure 19: Remotely Accessible Target System
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APPENDIX A

Microcontroller Code
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APPENDIX B
Photographs

C328R Serial Camera

Target Advance System

Camera and Flash Permanently Mounted Platform’s Main Structure
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First Image of a Target from the Serial Camera

Platform’s Main Structure and Target Infrared Emitters Turned On

Image Testing with Flash Printed Circuit Board without Components
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Printed Circuit Board with Components Screenshot of Calibration Analysis

Finished Main Control Box

Targets Printed from Plotter

Screenshot from Actual Bullet (17hmr) RATS ‘About’ form with Logo



Remotely Accessible Target System Page |42

Remotely Accessible Target System at its Completion

Tech Expo 2010, Remotely Accessible Target System
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Tech Expo 2010, Remotely Accessible Target System

Tech Expo Awards: Best EET, Best IEEE, Harris Communications Award, and Most
Innovative Concept.
Left to Right: Peter Simon, Professor Michael Haas, Chad Ruttencutter



Remotely Accessible Target System Page |44

APPENDIX C

Schematics

Battery and Charging Circuit

Output Buffer Circuit
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Power Regulation Circuits
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Communication Circuit

Amplifier Voltage Divider Reference Circuit
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MSP430f2272 Microcontroller Circuit

Control Box to Platform Connector Circuit
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Stepper Motor Circuit
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Front Bullet Detection Circuit

Rear Bullet Detection Circuit




®  Univerzal Serial Communication Interface

- Enhanced UART Supporting
Auto-Baudrate Detection (LIM)

- IrDA Encoder and Decoder
- Synchronousz SPI

® 10-Bit 200-kzpe Analog-to-Digital (AD)
Converter With Internal Reference,
Sample-and-Hold, Autozcan, and Data
Tranzfer Gontroller

description
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APPENDIX D
Datasheets
MSP430f2272
MSP430x22x2, MSP430x22x4
MIXED SIGNAL MICROCONTROLLER
SLASSO4C - JULY S006 - AEVISED MAY 2005
® Low Supply Voltage Range: 18 Vio 36V ® Two CGonfigurable Operational Amplifiers
& Uliralow Power Consumption (MSP43 0223 Oniy)
- Active Mode: 270 pA at 1 MHz, 2.2V ® Brownout Detector
- Standby Mode: 0.7 pf ® Serial Onboard Programming,
- Off Mode (RAM Retention): 0.1 pA Mo External Programming Voltage Needed
® Ultrafast Wake-Up From Standby Mode in Programmable Code Protection by
Less Than 1 pe Security Fuse
® 16-Bit RISG Architecture, 62_.5-nz ® Bootstrap Loader
Instruction Cycle Time ® On Chip Emulation Module
® Basic Clock Module Configurations: # Family Members Include:
- Internal Frequencies up to 16 MHz With MSP430F2232: 8KB + 2568 Flazh Memory
Four Calibrated Frequencies to +1% 512E DAM
- Internal Very-Low-Power Low-Frequency MSP430F2252: 16KE + 2568 Flash Memory
Dacillator 5128 RAM
- J2-kHz Crystal MSP430F2272: 32KB + 2568 Flazh Memory
- High-Frequency Crystal up to 16 MHz 1KB BAM
- Resonator MSP430F2234: 8KE + 2568 Flazh Memory
- External Digital Glock Source 5128 BAM
- External Resistor MSP430F2254: 16KB + 2568 Flazh Memory
® 16-Bit Timer_A With Three 512B RAM
Capture/Compare Registers MSP430F2274: 32KB + 256B Flazh Memory
# 16-Bit Timer_B With Three 1KB RAM
Capture/Compare Registers ®  Available in a 38-Pin Thin Shrink

Small-Outline Package (TSSOP) (DA} and
40-Pin GFN Package (RHA) (See Available
Oplionz)

For Complete Module Dezcriptions, See the
MSPI30x2Dex Family Uzer’s Guide,
Literature Number SLAU144

The Texas Instruments MSP430 family of ultralow-power microcontrollers consist of several devices featuring
different sets of peripherals targeted for various applications. The architecture, combined with five low-power
modes is optimized o achieve extended battery life in porfable measurement applications. The device features
a powerful 16-bit RISC CPU, 168-bit registers, and constant generators that contribute to maximum code
efficiency. The digitally confrolled cscillator (DCO) allows wake-up from low-power modes to active mode inless

than 1 us.

“ This irvisgrated cirouit oan b= damaged by ESD. Texms Instuments recommends that all int=grated oiouits be handed with

At

buil-in ESD proteoction.

Bppropriate precautions. Failure toobseree proper handiing mnd installation prooedures can sause damage. E50 demsge oan mnge
from subtle perfomanoe degradasion to complete devioe failure. Preoision imtegrabesd oimuits may be mone susospible o damsge
beoeuse very small paramstrio changes could oause the devioes ot to meet its published speofications. These devioes have imit=d

Flemse be aware that an important nofioe conoe=ming availability, standard wamanty, and use in oritival applioations of
Texas Instruments semisonduotor produots and disolsimens thensto appears st the =nd of this dats sheet

Al trademarios are the of thesir re: TUE DAWTRES.

PRODICTION DATA imlormelion @ corent oz of pablicwbon Sels. Copyright © 2009 Texas Instrumenis Incomoraied
Prosiucty comborm b peecific sioar per e e of Tenm msiremesty

scen nol L)
e Q TExas

FOST OrMcE Box e ¥ DLl A8 TENAS Tanes L
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ESD110v2

Parani-ESD100V2/110V2

User Guide

Version 2.0.0

20091119
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C328R
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REG104
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REG113
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BQ2057t



Remotely Accessible Target System Page |56

TPS61040
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TS5A23159
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OPA4350
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MC33063A
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L293D
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TC74LCX125
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FZT790A
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QSD2030F
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QED223



