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OVERVIEW

The 2008 STTR effort consisted of three main components; providing field test support, analysis
of data taken at the field tests, and providing supporting equipment and expertise to Eddy. While
two field tests were initially budgeted and planned, only the March 2008 Tonopah testing was
conducted. During this test, a series of Man-Portable Air Defense Systems (MANPADS)
launches were performed, both foreign and domestic, to allow signature collection for the
purpose of analyzing system performance under realistic conditions. This data was analyzed
extensively to determine the Eddy warning sensor performance during this testing, as well as to

identify where improvements would need to be made.

During the process of this analysis, a set of GUI-based algorithms were developed as MATLAB
script, and converted into a stand alone executable using Microsoft Visual Studio C++ compiler,
so as to allow in-the-field, quick-look analysis of EDDY camera data sets, similar to what is done
at JHU/APL. The cutrent version of the code is not optimized for speed or memory usage, but
contains functions deemed to be useful for a quick-look analysis with a “clickable” interface and
can be operated by anyone with minimal training. The manual for this software analysis tool was

delivered in a separate report, and will not be discussed extensively here.

Throughout the year, APL delivered equipment to Eddy for use with the STTR project. This
equipment was authorized and delivered in compliance with the statement of work. Also, APL
provided quick feedback on technical issues as needed by Eddy. This feedback typically occurred

over the phone, and not in a formally documented process.

DATALOGGING CONTROL CARD DESIGN

During the first part of 2008, Eddy funded the addition of a USB interface to a filter control
board developed elsewhere at APL with the thought that the board could then be used for
lifetime data logging of the EDDY system; however, it was later determined that the as designed
board was to large to fit within the warning sensor so a similar effort at the Eddy Company was
initiated instead. In the interest of completeness, the APL control board is documented here
since it could potentially be used in the future. The APL control board is approximately 4” by
2.5” x 0.6” in size and includes a complete controller for 1 filter and includes all components and

requires only a computer interface (serial or USB) to program the initial settings and power.
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The features of the APL designed controller board are:

1) 47x2.5”x0.6” size and less than 6 oz weight.

2) Operation on 12 - 28.5 VDC power

3) 12-bit control of temperature set-points (0 — 3.8 VDC into WTC3243)

4) 16-bit digitization of both cell and reservoir measured temperatures (-50C — 290C),
voltages (0- 32.72V), and currents (0 - 2.5A)

5) Measurement of 4 temperatures @ 16-bits (-50C to 150C)

6) Measurement of 6 analog channels @ 16-bits ( (3) 0-5V, (3) 0-30V)

7) 8 digital inputs or outputs (3.3V output, 5V tolerant input)

8) Frequency measurement of camera frame timing signal

9) On-boatd clock to allow data-logging of the time as well as total run time.

10) Communication to a control computer using either USB or RS-422

11) All parameters logged at a rate of 1Hz in non-volatile memory for a total run time of
2 years without changing memory cards or downloading. This would allow for

anomaly detection and automated lifetime monitoring

Since the Eddy design of the board was halted, the current status of the control board is that the
layout has been completed, but no boards have been built or populated. If the board was to be
used in the future, the layout files would be sent to a PCB manufacturer, populated, and the
programming inside the microprocessor would then need to be updated for the Eddy board
version. The estimated cost for this activity is $15,000 NRE and $2,500 per board built thereafter.
The component cost of the board is $1,200 and the other $1,300 is labor to populate the board
and flash it. Special versions of the board could be programmed to act as automated test stations.
Since the board includes a real time clock, the control board could be programmed to turn on and
off automatically, and step through various temperature settings, all while recording the results to
the non-volatile memory. This could enable a completely automated, 24/7, accelerated lifetime
testing module with only small changes to the controller card programming. The schematic and
BOM for the device is given in Appendix 2.

MARCH 2008 TONOPAH FIELD TEST

APL supported NRL engineers in the 2008 Tonopah test series. In an effort to ensure money
was available for a second field test campaign at the end of 2008 and extensive data analysis for
both, it was determined that APL would train NRL operators for the first 3 days of the field
testing, and then provide phone support from APL for the duration of the month long test. The
second field test never materialized; and therefore in 2009, it has been determined that APL will

act as the prime operators for the Eddy instrument and remain on-site at all times.
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TEST SETUP

The testing at Tonopah is done utilizing the natural topography of the terrain and the local valley. The target area is
located on top of a large hill, known locally as Bill's Hill, and targets are fired from the valley below at a standard Wal-
Mart hot plate mounted on a steel beam on top of the hill. 'The sensors are located in metal shipping containers near
the top of the hill so that the geometry is such that the missile is neady directly at the sensors. Almost all of the testing
in this series was done at night; however there wete a few daytime shots in the April test seties.

Map Satellite Ter

Sensors and Target

Launch Points

Figure 1. Satellite image of the test location. The firing pads are nothing more than cleared
squares of desert floor spaced at certain fixed distances away from the target.

The data collected consisted of 24 events (firings) throughout a month long test series. The
first 5 events were collected before APL arrived at Tonopah. The delay was due to the delay
in the STTR program being turned on by ONR and the subsequent delay in subcontracting
APL. When APL arrived to Tonopah, it was discovered that the camera was severely out of
focus and the first 5 data collections were not useful. This was corrected, and valid data was
obtained for Events 6-24.
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Satellite

Figure 2. Topographical map of the test location. The target is about 100 — 150m above the
firing locations on the valley floor.

| Death Valley
" National Par<

.

Figure 3. Location of the test site. (37.601984 N 116.694782 W)




Figure 4. Satellite image of Bill’s Hill. Clearly visible are the sensor trailers below the target atea,

as well as the target beam.

Figure 4 above is an image of Bill’s Hill and the numerous impact craters can clearly be seen
marking the sides of the hill. The sensors are setup in the trailers just below the top of the
hill, and nominally missiles should fly above and to the right of the sensors. This can be
seen in the data, as most tests end with the missile plume streaking by and out of the top
right of the field of view. The streaking is due to the extreme speed of the missile as it
reaches the target area and the relatively slow 30 Hz frame rate of the system.

The table below contains the summary collection notes for the test series. The notes cover
simple test parameters such as whether it was day or night, along with the camera settings
and simple status notes for the test collections. Unfortunately during Project Agave, the
only daytime shots collected, the NRL operators did not change the camera settings for
daytime operation and the sensor saturated on most of the tests. APL was able to analyze
the signatures for 4 of the daytime Project Agave tests, however no radar data was provided

and APL was not able to provide as complete of analysis as for the main series of testing.
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SIGNATURE EXTRACTION

Each event data set (6 through 24) consists of several hundred (250 - 500) individual camera
frames stored in a multiple TIFF image file. This data consists of a series of TIFF images
direct from the camera, along with standard header information for the series. MATLAB
was used to analyze the data and can directly read such files using built-in functions. The
APL developed software analysis tool was used to analyze the files using settings selected to
accurately detect the missile events. In the future, it is expected that the selection of these
settings can be fully automated, but currently, they must be chosen beforehand. Figure 5
depicts the software settings.

The signature extraction works as follows. First, the SNR can be increased by summing up sub-
sets of pixels to roughly the size of the point spread function of the optics. In the case of the
optics at the March Tonopah 2008 testing, a value of 4 x 2 roughly makes the targets point like.

10
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The values of H bin and 17 bin are used to do this. In the above example, pixels in 4 x 2 sets will
be summed up, reducing the original 1004 x 1002 pixel frames to 251 x 501. The noise decreases
by the root of the number of total pixels binned. In the case above, the noise is reduced by2+/2 .

If the two parameter values are left as 1 x 1, then no summing will be done.

J ‘Main Menu Version 1.1

Dark TIF W & L
Event TIF W " :
Figme: 395 [ Save Dark Parms ] Sawe Evert Parms |
oo || I |
Selmmi——— | I |
— I |
1 I |
— I |
1 I |
()| S | I |
| —c—

Figure 5. Settings used in the analysis of all Event files.

Next, for each frame analyzed, an estimate is made of the previous level of the background and
the noise on a per pixel basis. If no events are on-going, then this is simply the mean and
standard deviation (STD) of that pixel’s behavior over the last X frames, where X is the value set
in the Buffer Size input box. Setting Buffer Size to a larger value provides a better estimate of the
local noise and background however can slow processing. Essentially, Buffer Size is the length of
the buffer used to determine the adaptive threshold for detections. If an event is detected or has

11



N
|-:=|L
-
|.I‘I,
rlIlIlIll

"~
Y
.

been on-going, then things are more complicated. It isn’t useful to allow an active detection to
enter the statistics buffer as this would cortupt the statistics and would lead to false and/or missed
detections. To do this, whenever an event is detected or on-going, the pixel statistics for those
pixels involved are locked to their pre-event detection values and only slowly updated by
uninvolved areas of the image. This prevents the mean and standard deviation statistics from
being artificially increased. To put it another way, for those pixels that were considered to be
inside a detected event, the actual data placed into the statistical buffer is the estimated
background without the detection. Once an active detection ends, the locked pixels are released

and the actual data from the image is again placed into the statistical buffer.

The next step is to mask the current analyzed image using the per pixel statistics gained from the
buffer. This determines current pixels whose value rises above the estimated background level by
more than Sigma times the per pixel standard deviation above the estimated mean level of the
buffer. This produces a popcorn binary image. These pixels are then grouped together based
upon 8-way adjacency criteria. Groups containing more then Blb Size pixels (6 was used for this
analysis) will be flagged as a detected event. This serves to allow detections much in the way that
a human eye perceives them. A macro-block of pixels all exceeding the noise threshold, is much
more likely to be an event, than a single pixel with elevated intensity. A very basic estimation of
how often a false alarm will be detected, is to calculate the probability of a single pixel breaking
Sigma over the mean value using standard Gaussian statistics, and then calculating the probability
of Blob Size pixels all breaking the threshold adjacent to each other. Roughly this can be calculated
as (P-exceed_std)"Blob Size.

Only frames between Szarf and S#p will be used in the analysis; however it is important to
recall that the buffer is Buffer Size long, and this must be full before actual analysis begins.
Therefore, the first actual frame analyzed is S7art + Buffer Size + 1. It is imperative that there
are no events during the buffer frames so that the background statistics are correct.
Recording of an event must start early enough, to allow the buffer to build before recording.
For example, if the frame rate is 30Hz, and Buffer Size is set to 30, then the recording must
begin at least 1 second before the event to be analyzed otherwise the adaptive buffer
statistics will be corrupted. In the case of the Tonopah data analysis, this wasn’t an issue as
there were many frames preceding the event to initialize the buffer. If more information is
needed about the signature extraction, please refer to the manual for the Eddy Software
Analysis Tool v1.2.

NORMALIZING THE EXTRACTED DATA

12
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Once the extraction is complete, the software analysis tool saves a data file with a *.mat
extension which contains the analyzed data from the event file. A second APL analysis tool
was written that reads this file, along with the NRL provided radar data file, to accurately
correct the signature data for range and for aspect angle. The range correction is a simple
1/R? normalization taken at 1 km range. The aspect angle correction attempts to use the
position vector and velocity vector in the radar file to correct the signature for how much of
the side of the plume the sensor can see. Obviously, the same missile looks brighter when
viewed from the side than from head on. Due to limitations in the data collected, an
assumption that the missile body vector was coaxial with the velocity vector had to be made.
However this is not always the case, and missiles do have an angle-of-attack (AoA) while in
flight. Any AoA creates an error in the aspect angle calculation, although generally, these

errors are only significant right after the missile is launched or during hard maneuvering.

The radar data record lists each event with corresponding time elapsed, x-, y-, z- coordinates
of the missile and corresponding vector velocity components, and the radial velocities and
accelerations. It was determined by examination of the radar data that the coordinate system
used is centered at the target. The radar data was interpolated to give values usable at the
same points in time as those where the camera took a snapshot. This was necessary since
the radar and camera did not share a 30 Hz framerate. Each frame within the event data
corresponds to a specific frame time calculated based on the camera frame rate of 30 Hz.
The zero time is taken to be the elapsed time given in the radar data which is determined by
automatic detection of first movement of the missile by the radar. Because the elapsed time
listed in the radar data is triggered by motion of the missile, signatures appear in the data at
times before T-0. This is due to the fact that the kick motor must first propel the missile out
of the tube before motion is detected by the radar. Typically the Eddy sensor detected this
signature 0.25s before the radar detected first motion. Since it is possible that the Eddy
sensor may not detect first light, it was decided to let T-0 be set by the radar movement data,
not by the Eddy system.

Once an array of camera frame times was generated from the event start to end, a linear
interpolation was performed based on radar range and radar time to determine camera to
missile range. In addition to the correction of camera frame time, it was necessary to account
for the offset between the target (radar data origin) and the sensors. This was done by
adjusting the radar-observed missile x-, y-, and z- locations by -10.9 meters, -10.9 meters,
and +06.1 meters, respectively. Once this correction was done, it was possible to generate a

position vector from the sensor to the missile.

To correct for aspect angle, the aspect angle from camera-to-missile was calculated for each

13
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radar time step and then linearly interpolated for the correct camera frame time. The aspect

angle, y (degrees), is a function of the event time and range and is defined as

L L), 0 (X, 0,2), 1)

X2
Uxy.z0h.Av.,v,,v. 1D

¥ = Cos

m

The dot product of the x, y, and z missile velocity vectors (V,,V,,V.),, and the range vector
from the missile to the camera (X, ),z ). is divided by the products of the norms (||x||) of
the velocity vector and range vectors. The aspect angle correction factor I' is used to correct

the image intensities, where
I' =cos(y —90). 2)

The intensity (in counts) for each event is scaled for a 1 km range by applying the inverse

square law and dividing byl". The following section details the results.

€)

Y - N
ICorrected = ”"C(’l’“—"wted *(” X, y,Z H)c

INTERPRETING THE OUTPUT DATA

Figures 6-8 show the 1-km aspect angle corrected intensities in counts as a function of
elapsed time for each event. Several events show comparable patterns in intensity
observations. Event 6, 7, and 9 exhibit similar sinusoidal variations in intensity from 1.5 to
2.5 seconds after launch. These sinusoidal patterns exhibit two to three peaks and troughs
and are likely a function of the specific maneuvers the missile performs to hit the target.
Events 13 through 16 also display a similar sinusoidal pattern in intensity for 1.5 to 2.5
seconds; however the frequency of the peaks appears to increase. In the case of Event 13

and 14, the periodicity of the peaks increases to 5 or 6+ between 1 and 3 seconds.

A distinct rise in intensity (a ‘hump’ structure) is noted early in Events 8, 9, and 12, between
0.5 and 1.5 seconds, which could indicate these missiles have higher initial thrust or signature
for some other reason. It should be noted that the Event 11 is truncated due to explosion of
the missile after it fails to impact the target, and instead falls short. The unburned fuel burns
free once the case of the missile splits open. The radar data for this event is also likely

corrupt after impact.

14
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Range & Aspect Angle Corrected Integrated Intensity Vs. Time
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Figure 8. Event intensities corrected for aspect angle and range as a function of frame time.
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Event 15 shows a sharp decrease in intensity from 5e4 counts to 5e3 counts prior to missile-
target impact at 2 seconds. The lower intensity, double-hump structure could potentially be
an artifact of radar range correction as the missile departed from the normal trajectory and

flew out above and the left of the sensor instead of the nominal above and to the right.

The event data is grouped according to similarities in the plotted intensity profiles. Figure 6
consists of events 6 - 12 and 15. These events are characterized by a short observational
period (2 - 2.5 seconds) due to the close firing range of the missile. Most events show a
preliminary ‘boost’ between 0 and 1 seconds frame time, followed by a series of flat
(constant intensity) observations from 1 to 1.5 seconds. Events 6, 7 and 10 show definitive
sinusoidal variation prior to impact at 2.5 seconds, perhaps indicative of oscillation of the
missile as it maneuvered to the target. Notice that the time of flight cannot be used as a
discriminator in actual use as the range to the missile is not known. Without knowledge of
the starting range, it is not possible to use time of flight (TOF) to characterize the missile
type, as the time of flight is heavily dependent on the range. We did not attempt to
characterize the types of missiles here based upon TOF, as that would have likely sorted the

missiles into groups based upon their firing range.

Figure 7 consists of events 13, 14, and 21-24. All of these events are characterized by
decreasing intensity with increasing frame time. It is possible that the decreasing signature is
due to decreasing thrust levels as the missile burns. Events 13 and 14 show distinct
sinusoidal variation over the extent of the observational period. This may be due to missile
oscillation (change in the velocity vectors). The period of the oscillation is a potential

discriminator for missiles of that type.

Figure 8 groups events 16 — 20. These events are characterized by a longer observational
period (5.5 — 7 seconds) due to the longer range in which the missile was fired. Events 16,
17, 18, and 20 share similar structure including a preliminary ‘boost’ phase at time 0 seconds
and increasing intensities near impact. Between frame time 1.5 and 4 seconds, the intensities
appear scattered and incoherent. Examination of the data revels that the signature of the
missile is indeed coming in and out. This could be due to the combination of long range and
obscuration of the plume by the missile body due to the head on aspect angle. Event 19,
unlike the other events, exhibits a continual decay in intensity with time from frame time of
1 second onward. Upon examination of the raw data, it is apparent something happened to
the missile. It appears as if it launched initially, and then failed in flight or perhaps never
launched from the tube. This also means the radar data for this test may be invalid and the
corrected intensity should be viewed with skepticism. In all cases, the initial launch flash was
detected with high SNR as well as the last 1.5 seconds of flight. The middle portion of flight
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was in the sensor noise for some events at the longer 2km+ ranges, however, detection was

achieved at launch.

Appendix 1 includes the range and angle corrected intensities versus frame time for events 6-
24 and the Project Agave launches as well as the corresponding event camera-to-missile
range and the aspect angle y (right). Within the intensity plots (left), red points indicate the 1-
km intensity values corrected for aspect angle and blue points indicate the 1-km intensity
values uncorrected for aspect angle. At right, the blue dashed line corresponds to y as a
function of camera frame time. The green line indicates the camera-to-missile range as a
function of camera frame time. On the far right of the intensity plots, positive slope ‘tails’
are noted for several Events (all but 8, 12 and 13) appearing as high intensity detections.
These are artifacts introduced by the aspect angle and range correction between the radar

data series and the camera frames.

CONCLUSIONS AND PATH FORWARD

The nighttime testing conclusively demonstrated excellent detection for all cases. Every nighttime
launch was detected by the Eddy system at launch. Comparison to daytime performance should
be reserved until the issues discussed below are addressed. The sensor settings were also
incorrectly set during the daytime Project Agave testing and the camera was operated in or near
saturation. Even so, the Eddy system detected all missiles fired during the daytime testing when
not operating in saturation. Further characterization of the sensor during the daytime after the
issues below are addressed will be needed to fairly assess the system against the more mature
traditional technologies.

When looking at the data, it became clear that there were three areas that needed work in regards
to the sensor. These are listed in order of their importance.

1) The scattered light allowed to enter the filter needs to be greatly reduced. In the
daytime testing it was apparent that performance was degraded due to scattered light
entering the filter. This isn’t a flaw of the filter technology as it is known that the
filter cannot block scattered light. This topic was discussed eatly in the year with the
Eddy Company, and efforts have already been completed to control this effect.

2) The optical system path needs to be tuned to allow a tighter focus. The unit that was
used at Tonopah demonstrated a best focus of 10 pixels vertically and 4 pixels
horizontally. This is typical of coma, and may be induced by tilt of the filter assembly
with respect to the normal of the optical axis. This can be investigated further in
2009; however it was much more critical that the stray light issue be solved first.

3) The final system needs to be able to automatically control gain and integration time,
so that the camera does not saturate when the background scene changes. This can
be easily accomplished using a feedback loop.
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In addition to the hardware upgrades, it is also recommended that in 2009 the software analysis
tool be upgraded as well. The upgrades to the tool will allow it to adaptively select the correct
settings to be used with the input data. This will allow a further reduction in user workload and
act as a precursor to a hardware implemented real time detection processor that would be needed
in a complete system. The development of this algorithm, in combination with potential clutter
data collected in flight tests, would allow for determination of Type I and II false alarm rates as
well as performance estimates of the sensor in different clutter environments.
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APL Interface Board Schematics
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