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INTRODUCTION

The pipeline processing configuration design (PPCS) described in this final
report was developed after careful analysis of the technical, functional, and economic
needs of the image exploitation environment. The design provides the most cost-
effective approach to a real-time, multisensor, image exploitation system.

The key feature of the system is its extreme flexibility, which is achieved by a
100 percent programmable image processor embedded in a system that supports data
transfer rates of 1280 Mbits/second, a modular growth capability, and large-volume
image storage capacity. Due to the system's flexibility, it will have a long life cycle
since it is capable of adapting to the rapid changes in image exploitation, such as higher
sensor data rates, new sensor types, new algorithms, and new modes of operation.

For example, as new sensors are developed, the PPCS system can support a
number of multisensor processing modes. The PPCS system can be physically time-
shared with one team of users at one time and another team at a later time. It can
be time-shared on a frame-by-frame basis so that two (or more) different types of
imagery can be processed simultaneously, each image type going to its own CRT
display(s). Using the same target screener system for multiple sensors would dramat-
ically reduce exploitation systems' life cycle cost.

The PPCS system also can be used for synergistic multisensor and sensor fusion
processing; this would be particularly valuable when multiple sensors are aboard
the same platform. Synergistic multisensor processing could make use of artificial
intelligence techniques to allow combining the information content of multiple sensors
on a real-time frame-by-frame basis to improve target detection and recognition.
Such techniques would be useful for camouflaged targets, deceptive targets, and
even recognition of clusters of targets.

New modes of operation such as real-time interactive image processing would help
improve target recognition and can be supported by the PPCS system because of its
high data transfer rate and unique image windowing capability. The PPCS short-~
term image memory will allow the system to directly address any 128 x 128 subregion
of the imagery contained in it (this memory can be sized to hold up to 64 Mbytes of
data or 8000 x 8000 x 8 bit pixels). This capability allows the system to concentrate
its computing power on the subregion of its choice in a real-time mode. Or the user
could direct the system in an interactive mode. This would be particularly helpful
where the automatic target screening algorithms assign two labels to the same target
with approximately the same confidence level. The user could interactively direct
additional recognition algorithms,

The flexibility of selectively applying the PPCS computing power to important
subimages allows the PPCS subsystem to support continuous recal-time processing of
FLIR and other TV-formatted imagery. The continuous processing capability adds
a new dimension of time-varying data to aid in the classification of difficult targets
by artificial intelligence and other sophisticated techniques.

The PPCS subsystem was designed to process imagery at rates of 100 Mbits/
second and above and be flexible enough to allow it to be a common element of all
present and future real-time IR, radar, and optical image exploitation systems.




BACKGROUND

The nature of the targets (mobile, fleeting, time sensitive) against which the
reconnaissance exploitation system of the 1980's and beyond are to operate requires
real-time or near real-time processing rates in order to minimize the time required
from initial sensor acquisition to subsequent strike. Data from a variety of current
sensor systems and many of the sensor systems under development are digital.
This digital aspect of these sensors can be used to dramatically reduce the life
cycle costs of these systems by using a common computer system capable of real-
time digital image processing for the image exploitation functions for all the digital
sensor system types.

The sensor types with which such a common design must operate vary in data
rates and format. For example, the PAVE TRACK system uses a FLIR sensor.
FLIR sensors may produce imagery at either the 525-line or 875-line TV rate (30
frames per second). The AN/AAD-5 sensor is capable of producing up to 10,000
six-bit pixels per line. Some of the electro-optical sensors currently being devel-
oped can produce 17,500 pixels per line, 1000 lines per second at four bits per pixel.

Since the sensors of the future will produce even more imagery, the PPCS system
X as a minimum must be capable of processing data at 100 Mbits/second. Moreover,

| the system must be capable of using auxiliary information such as input from a
moving target indicator; sensor position information such as sensor platform altitude
and look angle; and target location cueing data or other intelligence information.

The basic scenario under which the PPCS system analysis was performed assumed
a directed flight path (cued mode) with 2-1/2 minutes of 525-line TV-rate FLIR imagery.
The imagery would contain 40 targets and consist of groups of tanks, trucks, jeeps,
etc. The classification goals were 90 percent of the targets detected, 80 percent of
the targets correctly classified, and not more than 10 percent of the targets incor-
rectly classified. Target density was assumed to average 20 targets per 1000 square
miles, with a peak of 100 targets per 1000 square miles. The processing was to be
done in real-time (2-1/2 minutes from start of imagery input).

= Since the specific automatic detection and identification algorithms depend heavily
X on the sensor type, most of the algorithms studied were for FLIR imagery; however,
k. i optical and radar processing algorithms also were analyzed.

ALGORITHM ANALYSIS

Thirty-nine algorithms for target detection and classification were reviewed (all
algorithms reviewed are included in the bibliography). The algorithms were analyzed
and classified along two different metrics. One measures the computational complexity
of the algorithms from logical to fixed-point mathematical to floating-point mathematical,
Logical algorithms require relatively little mathematical operations and consist mostly
of comparisons and logical operations (AND, OR, etc.). Most region-growing algo-
rithms are logical. Fixed-point mathematical algorithms require a moderate amount of

‘ straightforward arithmetic. For example, convolution requires nine multiplies and
adds per pixel. This is sufficiently small so that fixed-point arithmetic is more than
adequate for such operations. Floating-point mathematic routines require such exten-
sive calculations that fixed-point arithmetic does not have sufficient precision to
handle the dynamic range of the variables. Most transformations such as an FFT fall
into this category.

ET = T N I 10



The second metric by which the algorithms were classified was suggested by
Hunt (1976). It delineates the nature of the memory accesses of the algorithms.
The three classes are pixel mappings, areal mappings, and transformations. Gray-
scale remapping is an example of pixel mapping. Convolution is an example of areal
mapping, and FFT is an example of transformation.

Pixel mappings are best executed in a pipeline processor since access to the
memory associated with only one pixel is needed at any one time. Areal mappings
can be handled by pipeline processors if the kernel size is small enough (say, 3 x 3).
However, large kernel sizes are difficult for pipeline architectures since all data for
each row (or column) of imagery in the kernel must be stored in the pipe or repeat-
edly passed through it. When windows become large (say, over 9 x 9), as they do
for sophisticated target classification, then the memory/multiple-pass aspect of pipe-
line processors requires special interconnections between stages of the pipe, which
reduces the design flexibility and commonality.

Finally, the transformation class is basically similar to the areal class except
that the interrelationship of neighboring pixels is much more complex with second
transformations than for areal algorithms and therefore is that much more difficult
for pipeline processors to handle. However, the floating-point aspect of this class
is well suited to pipeline techniques.

The results of these classifications are shown in Table 1. They indicate that
most of the algorithms fall into the fixed-point arithmetic classes in the one metric
and into the areal class in the other metric.

TABLE 1. ALGORITHM TYPES

Logical Fixed point Floating point
6 23 12

Pixel Areal

mappings mappings Transformations
9 28 4

Most of the algorithms analyzed were for FLIR imagery; however, the general
conclusions below apply to all types of image processing. First, there are effective
sets of algorithms for the autoscreening function. However, different sensors and
even different sensor conditions (day/night FLIR imageing) require different sets
of algorithms. The more sophisticated and more successful algorithms used larger
kernels (looked at larger areas) and took more computation time. Certain algorithms,
especially those used for target recognition, used techniques outside of "traditional"
image processing. That is, they are not pixel crunching. Algorithms that model
the targets and the sensor's perception of those targets are an example. These are
algebraically oriented and require considerable amounts of computer power.

In summary, the PPCS system must be efficient for logical operation, fixed-point
operation, and areal operation. Yet, it must be flexible enough to allow concentra-
tion of computing power when needed and it must be completely programmable to
allow it to be used for different sensors and under different conditions.
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TECHNOLOGY SURVEY

The technology survey addressed not only component (VLSI and VHSIC) tech-
nology but also architecture and peripheral technology. A well-designed processor
system requires that all areas be addressed. The component survey .oncentrated
on expected advancements in IC technology and the anticipated impact of those ad-
vancements.

Considerable attention is being paid to speed up chips for military appiication.
The VHSIC program is expected to produce processing rates of 1012 ¢ 10 gate Hz
in the 1985 time frame. Josephson circuits promise cycle times of 10716 seconds but
require very low temperatures. Such speeds invite on-chip algorithms such as con-
volution. However, there are problems. One is the major design effort required
to develop specialized chips. The approach to this problem is the macro-cell design
technique, where a library of predesigned (and debugged) circuit modules is used
to build the desired chip. However, this approach slows down the chip speed due
to the noncustom macro-cell designs. Another problem for VHSIC is that, with very
small line widths (for speed), optical techniques for mask generation can no longer
be used, but more expensive and time-consuming electron beam processors must be
used. Bell Laboratories has recently announced success with an X-ray technique
that may alleviate this problem.

In summary, over the past 20 years, a 16,000-fold increase in cost performance
has been experienced.* It would appear that the trend will basically continue.
However, the concept that this will allow vast new approaches to image processing
does not directly follow because the economics of general-purpose versus special-
purpose design will not change dramatically. In fact, any change is apt to go
against specialized design since, in the foreseeable future, there will be great demand
on existing resources; the resources will follow the marketplace, which will be
general-purpose chips. Consequently, custom algorithms on a chip will be too
expensive compared to alternate approaches except in applications where cost is of
no concern.

At the Non-Conventional Computers for Image Processing Workshop, held in
Madison, Wisconsin, May 27-30, 1981, four basic architecture classes were discussed:
sequential, pipeline, SIMD, ** and MIMD. ** For real-time image exploitation, sequential
computers are too slow and networks for more than six or eight processors (MIMD
architecture) cannot bc economically built since the operating system overhead added
to the system when a new processor is added is almost as large as the added com-
puting power. Thus, only SIMD and pipeline processors are viable candidates for
real-time image processing.

SIMD processors achieve their speed from parallel execution of sequential instruc-
tions on large amounts of data. In a first-order approximation, it is similar to a
hardware loop where all iterations of the loop are processed in parallel. Sixteen
thousand processors mean that the equivalent of 16,000 loop iterations is executed
at once. Since SIMD processors have a sequential instruction stream, they are
basically as easy to program as conventional computers.

F3
Block, E.; Galage, O., "Component Progress: Its Effect on High-Speed Computer
Architecture and Machine Organizations," IEEE Computer, 1978, p. 64-76,

*
SIMD = single-instruction, multiple-data parallelism; MIMD = multiple-instruction,
multiple-data parallelism,
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Pipeline processors achieve their speed from stacking processors together so
that a memory access is required for only the first and last processors - in effect
overlapping or pipelining functional operations.

The tradeoffs between SIMD and pipeline processors are (1) pipeline processors
can be designed to be faster for specific predefined algorithms, where SIMD processors
are more general and are faster over a broad spectrum of algorithm types; (2) pipe-
line processors can be built more cheaply for their designed algorithm but cannot
[ be easily modified for new algorithms, where SIMD processors are more expensive
but are easily reprogrammable to handle any new algorithm; (3) pipeline processors
are efficient with algorithms that do not require large window sizes (7 x 7 or less),
while SIMD processors are equally efficient regardless of window size; and (4) pipe-
line processors are efficient only when the data to be processed flows in a constant
stream, while SIMD processors can process randomly accessed data as efficiently as
] piped data.

In general then, pipeline processors are less expensive and less flexible than
SIMD processors. Both architectures can supply sufficient computational through-
put. It is estimated that SIMD processors.will be capable of 10° million operations
per second by 1990.*

1 Current CPU architectures can process data faster than peripherals can deliver
it. Therefore, a review of peripheral developments probably is the most important
aspect of the survey. Currently, high-density tapes, bubbles and CCD memories,
and optical disks hold the best promise for suitable peripherals for real-time image
processing. The high-density tapes suffer from the lack of random access while
bubble and CCD m:mories currently are too slow to provide sufficient throughput.
Fortunately, optical disks look promising.

Optical disks are being developed that store from 5 x 1010 to 1 x 1011 bits per
disk side. Transfer rates of up to 320 Mbits per second are possible with multiple
channels. An optical disk can have as many read/write heads (channels) as needed;
2 they may be switched from read to write and back under software control. Seek

time is somewhat slow at one-half second. Being a write-once device is a drawback.

= However, at the current time, optical disks appear to be the best choice for an image
- storage medium.

SYSTEM DESIGN

; Criteria

s The intent of the PPCS subsystem design was to accommodate multiple sensors,

provide real-time image screening, and yet be extremely flexible. By accommodating
multiple sensors, PPCS is a common image screener capable of processing FLIR,

DLIR , radar, and optical imagery. A single system that is capable of processing all
types of imagery greatly reduces the cost of sensor exploitation systems through
common hardware.

Real-time processing of imagery is required by the nature of the targets the
system is to detect. Finding mobile, fleeting, and time-sensitive targets in imagery
hours or days old is of little practical value. Moreover, the system should be designed
with sufficient reserve capacity to handle new sensors currently under development
with much larger data rates in at least real-time (less than five minutes).

F
Sos, J.; Cennell, E.; McCaleb, F., "Ground Data Processing Technology," in NASA
Space Systems Technology Model, Volume II, Space Technology Trends and
Forecasts, May 1980, p. 4-101 to 4-108,




The need for flexibility in the PPCS subsystem cannot be overemphasized. This
flexibility is needed on two levels. First, flexibility in adapting to new algorithms
is required if new sensors and new techniques (such as artificial intelligence for
processing camouflaged, deceptive, and multiple targets) are to be accommodated.
Basically, this kind of flexibility requires 100 percent programmability of the sub-
system.

Second, the new sensors and new techniques and the desire to process multiple
sensors simultaneously either for throughput or for sensor fusion effects requires the
flexibility to expand the processing power of the system at a later time. The expan-
sion capability needs to be in all three areas of increased computing power, increased
storage capacity, and increased bus capacity if increased processing throughput is
to be achieved.

All of the above criteria were kept in mind during the design phases of the PPCS
subsystem.

System Architecture

The PPCS subsystem design combines the best aspects of pipeline and SIMD pro-
cessing to achieve a real-time practical, flexible image exploitation target screener.
Pipeline techniques are employed on two different organization ievels to speed
throughput while the SIMD approach is taken in the image processing portion to
assure 100 percent flexibility.

On the functional level, pipeline techniques are used to overlap separate tasks
such as I/O, control, and image processing. For example, the data flow processor
will be inputting imagery from the next frame while it is outputting imagery from the
previous frame at the same time it is supplying data from the current frame to the
image processing unit.

The image processing unit consists of over 16,000 processors connected in a
two-dimensional array (128 x 128). Each processor is functionally complete and is
under the control of the program in the image processor control unit. Each processor
can have up to 8K bits of data memory. The programmable commands to the image pro-
cessor control unit are pipelined from the main control unit, which is a conventional
sequential computer. Therefore, the 16,000 processors are 100 percent programmable,
thus providing complete flexibility. Figure 1 shows the PPCS subsystem design.

All data flow into and out of the PPCS subsystem is under control of the data
flow control processor. It controls (1) the input of the sensor data from the sensor
buffers to the short-term image store, (2) the movement of data between the short-
term image store and the image processor unit, (3) the movement of data between the
short-term image store and the medium-term image store, and (4) the movement of
data between the short-term and/or medium-term image store and the rest of the
image exploitation system.

The image processor control is a programmable unit with 8K words of 64 bits*
dedicated to supplying instructions to the 16,000 processors in the image processor
unit. It, as well as the data flow control, is in turn directed by the PPCS main
control processor.

¥
All PPCS memories are easily expandable.
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Figure 1 - Block Diagram of PPCS Subsystem Design

Thus, the main control processor with 32K words of 16 bits per word not only
directs the flow of data in the PPCS subsystem but also determines what function
the image processor unit is to execute on the data and how the processing power
resource is to be utilized. For this reason, the auxiliary sensor data and image
exploitation control data are input directly to the PPCS main control.

For example, if the image exploitation system has been cued to look for specific
target types at specific locations, the main control would direct the image processor
to execute only those algorithms best suited for detecting and recognizing the cued
targets, direct the data flow control to supply to the image processor only that
imagery within the boundaries of the cued region, and direct the data flow control
to save the remaining imagery in the medium-term image store for potential later
processing.

The image storage function is divided into three levels: short, medium, and
long. The short-term store is a solid-state memory of up to 64 Mbytes whose
function is to provide a fast buffering capability to keep the PPCS subsystem oper-
ating at maximum efficiency. It has a high bandwidth capability (1280 Mbits/second)
and zero seek time. The medium-term store is intended to provide storage for the
duration of the image processing session (from five minutes to one-half day depending
on the utilization of the image exploitation system). It would be an optical disk
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system with sufficient read/write heads to match the short-term bandwidth. The
long-term storage function is not shown and is beyond the scope of the PPCS sub-
system. It could be satisfied by the long-term storage of the optical disks as they
are filled up, or it could be satisfied by a high-density tape facility. The long-term
storage of imagery is not necessary for the functioning of the PPCS subsystem.

Figure 1 shows a growth interface capability, which is a set of ports on the
high data rate bus between the short-term image store, the medium-term image
store, and the photointerpreter subsystem. These ports can be connected to addi-
tional medium-term image stores and/or short-term image store/image processor units.

The detailed designs of the function blocks in Figure 1 are described in GER-16624,
16627, 16650, 16659, 16679, and 16964, which are available from Goodyear Aerospace.

THROUGHPUT ANALYSIS

The throughput analysis is broken down into two parts. In the benchmark
section, the most important algorithms, as determined by the algorithm analysis
phase, are analyzed to determine the estimated speed at which they can be performed
in the PPCS image processor.

Due to the wide variation in sensor data rates, the benchmarks are not based on
any one sensor's image format but are expressed as percent of real-time assuming a
100 Mbits/second input rate. Since the image processor is a bit sliced processor,
these rates easily can be extrapolated to any sensor's data format. That is, in the
PPCS image processor, it takes one-half the time to process 4-bit pixels as it does
to process 8-bit pixels.

Due to the importance of FLIR imagery, a further throughput analysis of the
time required to process the imagery in the scenario outlined in the Background
section was performed. This analysis includes a description of a continuous image
processing approach.

Benchmarks

During the algorithm analysis, the algorithms in Table 2 were determined to be
representative of the most frequently used algorithms for FLIR, NLIR, radar, and
optical imagery. The benchmark values were determined by assuming that the input
imagery resided in the short-term image store (STIS) and that the output imagery
was to be output to the STIS.

It should be kept in mind that Table 2 expresses throughput in terms of real-
time for 100 Mbits/second. However, in any practical implementation of an image
screener, it is wasting resources to apply all functions to all imagery. This is a
major reason for using a SIMD architecture for the image processing portion as
opposed to a pipeline processor. It is difficult to apply algorithms to a run-time
selected subsection of an image with a pipeline architecture since the efficiency of
a pipeline processor comes from performing the same function on everything in the
pipe. However, with a SIMD processor, the efficiency comes from performing the
same function in parallel on an entire subportion of the image. 1f a new subportion
of the image is to be processed with a different algorithm, it is simply a matter of
executing a different sequence of code.

|




TABLE 2. ALGORITHM EXECUTION SPEEDS*

——

Item Speed (times real-time)
Convolution (3 x 3) 6.21
Convolution (7 x 7) 1.14
Template matching (7 x 7) 142.66
Pseudo-median filter (3 x 3) 74. 47
Histogram computation 0.01
Gray-scale thresholding 569. 88
Region growing 39.72
Two-dimension cross correlation (13 x 13) 163. 46
Target position determination 10485.76
Gray-scale averaging (32 x 32) 1.6384

¥
Assuming data rates of 100 Mbits/second.
Scenario Analysis

The scenario analysis is based on processing every frame of FLIR imagery in a
2-1/2-minute sequence. Since overlapping frames of imagery is extremely redundant,
not every algorithm is applied to every portion of imagery. Because of the 100 per-
cent programmable nature of the image processor, the portion of imagery and the
algorithms to be applied can be determined during the processing on a real-time
basis. This allows the PPCS system the flexibility to concentrate the computing
power of the system on the areas determined to be "most interesting" by the system.

Continuous image processing has the advantage over other approaches of pro-
viding a new type of information to image processing - time-varying data. It has
been shown that time-varying imagery is a rich source of information;** it is now
realized that the application of artificial intelligence techniques is easier to time-
varying imagery than static imagery.***

For example, algorithms have been developed for detecting moving objects** in
sequences of imagery. These algorithms require no special hardware and, moreover,
do not lose targets when they stop. They can easily track any number of targets
moving in random directions. This ability adds a new dimension of information that
can be used to help recognize clusters of targets. Since these algorithms detect
motion only and are immune to optical and IR camouflaging techniques, they also can
be helpful for detecting camouflaged targets.

*%k
Potter, J. L., "Scene Segmentation Using Motion Information," Computer Graphics
and Image Processing, 6, 1977, p. 558-581.

Kk
Potter, J. L., "Extraction and Utilization of Motion in Scene Description,"

Ph. D. Thesis, University of Wisconsin, 1974.
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Continuous FLIR Processing - TV-formatted infrared imagery is extremely redun-
dant. It is estimated that, in a typical sortie, from 80 to 95 percent of the ground
covered by a frame is also covered in the subsequent frame. This redundancy can
be taken advantage of in two ways: (1) process every N'? frame where N is large
enough to assure a minimal amount of overlap (typically N=10), and (2) process
every frame keeping track of the information content of previous frames to guide
the processing of the current frame. This continuous processing approach is dis-
cussed below.

The continuous image processing agproach to FLIR image exploration has several
advantages over the "process every NN frame" approach. First, there is a lower
computing puwér requirement. Second, it is most likely to allow instantaneous image
processing. Third, it can take advantage of the information content present in
sequences of imagery not present in a single frame. Fourth, it provides multiple
images (one per frame) of a target which can be used for recognition.

The continuous image approach can process every frame in real-time since it
remembers what it saw in the previous frames and needs only to update its memory.
Since every frame is processed, new data (or status) can be detected on a frame-by-
frame basis achieving true frame-by-frame real-time image exploitation.

For example, histogram computation is an extremely time-consuming operation
taking perhaps 100 times real-time. However, in a continuous mode, the histogram
for a sequence of imagery can be calculated during the first few frames when no
targets of interest are present and then updated in real-time throughout the remain-
der of the sequence on a frame-by-frame basis simply by statistical sampling.

Finally, processing every frame takes advantage of all of the information content
of the imagery. In particular, noisy regions in one frame can be smoothed by the
corresponding regions in adjoining frames. This may be very important when at-
tempting to classify targets. Moreover, syntactic information at a microscopic and
macroscopic level can be easily integrated in a continuous process. For example,
the information about the interrelationships of several targets (syntactic information)
is easier to extract from a frame in which the targets are too distant to provide the
best classification information. However, the information content of two images of
the same target (one distant, one up close) would be difficult to correlate if the two
frames are taken in isolation. In a continuous process, the target information ex-
tracted in the distant frame is assigned to the targets and updated constantly so that,
when the closeup frames are processed, the distant information is already associated
with the proper target.

(1) Computation Zones - In the idealized world, the targets on FLIR imagery
would appear at the tops of the frame, move downward, and exit at the bottom. In
the real world, the movement of the platform (sensor) while imaging would affect
the flow of the targets. During turns, for example, targets could appear along one
side and disappear on the other, in addition to the top and bottom. However, since
the side-to-side flow can be processed in exactly the same manner as the top-to-bottom
flow, the remainder of this discussion will assume top-to-bottom target flow only.

The imagery will be divided into three sections as shown in Figure 2. If one
pixel covers approximately one foot and the top most 128 rows are processed for new
targets every 1/30 second, then the combined speed of the sensor and the target
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would have to be: (128 pixels - 2 overlaps* (9 pixel/overlap)* 30 frame/sec*

60 sec/min* 60 min/hours* 5280 ft/mile = 2250 miles/hour in order for the target

not to be present in the 128-row band (the new target zone) in at least one frame.
This seems to be a safe assumption; therefore, only the new target zone of the image
need to be processed for new targets.

NEW TARGET ZONE ‘

SYNTACTIC ZONE %
RECOGNITION ZONE %

Figure 2. Computational Zones

The bottom portion of the imagery represents the targets closest to the sensor
and therefore represents the highest resolution and lowest distortion portion of the
i imagery. This section should be used to classify targets since the most accurate

o classification information can be obtained in this area.

The middle portion of the imagery is well suited for extracting syntactic relation-
ships. The only other processing that needs to be performed on the targets in this
region is to track them. This allows the syntactic data to be associated with the
proper target as it moves into the recognition zone. With this association, the syn-
tactic data can be used for target recognition.

- As the three zones of imagery suggest, the computational processes can be divided
into three functional pipeline stations: one for detecting targets, one for extract-

ing syntactic data, and one for recognizing/identifying targets. Physical pipeline
implementation of these functions is, however, not effective because all imagery must
go through every station of the pipe regardless of whether it is to be processed.
Thus, the detecting station would be idle over two-thirds of the time when the

- tracking and recognizing portion of the imagery is being processed. Consequently,
& functional but not physical pipelining is the best approach to continuous image pro-
: cessing.

(a) New Target Zone

(a-1) Target Detection - Potential new targets in the new target area of the
imagery are identified by first passing a median filter over the image to remove salt
and pepper noise. A histogram of the area is then computed. Then, a search for
_ the "hottest spots" is made*. These spots are then used as the seeds for region
v growing. The region growing process is based on the histogram and is designed to
: find regions of the correct size as a function of the parameters supplied during pre- !
. mission planning such as sensor height and attitude, cued objects, etc.

EY
Cold spots also are important in target detection in FLIR imagery. Since a target
' ‘ is likely to be composed of hot and cold spots, if the lower values are complemented

(converted to hot values), then the above process will group associated hot and
cold spots into the same region.

11
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Regions that pass the size criteria will be labeled potential targets. Every
region will be labeled, and all attributes of the region will be entered into the target
data base. Some of the attributes available at this time are position (within the
sensor frame of reference), length, width, and average intensity.

After a potential target has been detected in a frame, it must be verified in
subsequent frames. This is done by tracking the target region as it moves from
frame to frame. If a target region cannot be verified by tracking, it is eliminated
from the target list. If it is verified, it is labeled as a candidate target.

(a-2) Target Tracking - During the extent calculation of the region growing
process, the position of each region is calculated and saved. This position informa-
tion is used for target tracking. There are two cases to consider. In one, the
target region was first identified in the previous frame (it is a potential target).

In the second, the target has been firmly established (it is a candidate target).

Candidate targets (case two) are processed first. Based on past history, the
relative velocity of the target and the sensor is well known and the position of the
target in the previous frame can be easily updated to the predicted position in the
current frame. A search is made for a region at the predicted location allowing for
noise tolerances. If a positional match is found between the predicted target position
and an actual calculated blob position in the current frame, the positional information
is updated and the region (target) is removed from the frame.

If a region in the current frame is not found at the predicted location, a wider
search is executed. If the region is found, in addition to updating the position,
the position prediction parameters are updated. Also, the last four positional fixers
are saved for this purpose. If the region is still not found, the target is put on a
"missing" list for more detailed analysis later as time permits,

As the candidate target regions are processed, their regions in the current
frame are deleted. Thus, the only regions left are those that are new this frame or
were new the previous frame. The positions of the regions that were new in the
previous frame are translated to the expected position based on sensor motion. These
new regions are then tracked in the same manner as candidate targets.

While the tracking process is identical to the case two process, the searching
algorithm for the case one target region is much more sophisticated since less infor-
mation about the relative motion is known. Furthermore, some of the regions could
be noise, for which no matching region in the previous frame can be found. The
analysis of the situation must be made rapidly.

If a successful match is found, the new target region is marked as a candidate
target region and its relative motion is entered in the target data base. If matching
is unsuccessful, the target region is deleted from the list of potential targets.

After the newly acquired targets have been verified, they are eliminated from
the frame in the same manner as the candidate targets were. The remaining regions
of target size in the new target region of the current frame are processed and entered
in the data base as potential target regions.

(b) Syntactic Zone - Since the purpose of this system is to recognize targets
with a high degree of accuracy, after all positions for the known target regions
have been updated, but before the remaining target regions are processed, the
known target regions in the syntactic zone are processed for syntactic features.
Both global and local features are extracted.

12
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Global features tend to group individual target regions into groups of targets.
These features could be extracted directly from the imagery, but most commonly they
will be obtained from the target data base. For example, the same relative motion
of targets could be used to group vehicles traveling in a convoy. The grouping of
targets by proximity can easily be accomplished by searching on the target's coor-
dinate position. These global features can be extracted prior to any knowledge of
the specific target type. Indeed, these global features may be very useful in
determining what local features to look for to perform target recognition.

Since local features are basically simple subregions within the target region,
many of the same algorithms described above for target detection may be used for
local feature extraction. For example, if hot spots and cold spots are treated inde-
pendently and the region size parameters modified, the region growing algorithm can
be used to identify the prominent hot and cold spots within a target that are crucial
for its identification.

Once these subregions are identified, their syntactic interrelationships can be
obtained for comparing &ubregion coordinate positions. For example, left of, right
of, and similar prererties in addition to vicinity grouping can be obtained by coor-
dinate comparison.

(c) Target Recognition Zone - By the time the candidate target appears in the
target recognitior: ~one, several clues as to its type have already been extracted.
These clues will be .sed to guide the recognition subsystem. One clue is the anti-
cipated targe: types entered during the premission preparation phase. The other
clues are global syntactic in nature.

During the premission briefing, the system can be set to one of several process-
ing modes. In the directed mode, the system will look for and recognize only those
targets specified during the briefing. By restricting the system to specific targets,
more extensive recognition algorithms can be utilized resulting in a better classifica-
tion ratio and classification of more difficult targets.

In the cued mode, the system will look for the targets specified during the
premission briefing as highest priority. However, if a candidate target region can-
not be recognized as one of the cued targets, the system will attempt to classify it
as one of the other target types in its system as time permits.

Finally, in the free mode, the system will look for all target types with equal
intensity. Extracted image data will be used to direct the recognition process for
maximum effect, For example, if a missile acquisition unit was previously recognized
in an area, its accompanying tracking/firing units would be given top priority in
subsequent searches.

Perhaps one of the most important aspects of continuous FLIR processing is that
the target recognition process can be performed over several frames. For example,
if a candidate target region in a given frame cannot be accurately identified, the
same region in earlier and/or later frames where the resolution is better can also be
processed, If none of the frames is sufficiently clear to give a reliable target
assignment, the consensus of assignments across all frames should provide a reliable
assignment.




(2) Target Presentation

(a-1) Priority Ordering - The priority ordering of targets is done during pre-
mission planning. Priority can be based on target type (missile launches are more
important than jeeps) or on location (any target within a specified coordinate range
has highest priority), or a combination of both.

Once the processing of the imagery begins, the order of target presentation to
the photointerpreter is a function of the priorities established during the premission
planning phase. Normally, the highest priority targets are displayed first, but with
real-time processing lower priority targets may be displayed first because they were
found first. If a low-priority target is being displayed when a higher priority target
is detected, the user will be alerted by a tone and a display of the priority target
type on the CRT, The user can then abort the current image with the provision
that it be put back in the queue or that it be abandoned, or he may choose to con-
tinue working on the current image.

At all times, there is a display of the target types waiting in the queue. This
display will be ordered according the priority. When the display is idle, the top-
priority image would be displayed. However, the user can call the imagery out of
the queue in any order he desires.

(a-2) Target Display - The presentation consists of the imagery with the recog-
nized targets circled with a contrasting color (red for example). Unrecognized
targets (targets with a recognition confidence level less than the parameter set
during premission planning) are circled with a different color (say blue). All target
regions will be labeled with a colored label for easy identification. The remainder of
the image is black and white.

The targets and target regions can be identified by the user in two different ways.
One, the cursor can be positioned over the target and its position on the screen used
to identify the target region nearest it. Second, the label of the target displayed on
the screen can be used for identification. If the system has a voice recognition unit,
the label could be spoken or entered on the console.

The photointerpreter can identify a target and request its attributes displayed.
The photointerpreter can modify the attributes and request the recognition -process
to be repeated, can manually define a target region and request the recognition
process to be executed on that region, and can request that all frames with the
target of interest be displayed at a rate under his control. If a multiple-frame
recognition process was performed, the photointerpreter can request all target
assignments and the associated frame to be displayed.

When more than one target type is being processed, all potential targets will
be correlated against the target type masters. The highest correlation is used to
identify target types. If the correlation between one target master and a potential
target is high and the correlation is low for all other targets, the classification can
be considered to be correct. However, upon occasion, the correlation distinction
between targets may not be clear cut. In these instances, the photointerpreter will
be notified of all possibilities in order of probability.

14
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In these situations, the photointerpreter must decide what the target is. How-
ever, several classification aids are available. One is classification consistency.
In any given sequence, a number of target types will be detected. It is the nature
of military science that certain targets will be accompanied by other specific target
types. For example, tanks must have support vehicles such as fuel transports in
the immediate area. These interrelationships can be reviewed at photointerpreter
direction to verify proper classification.

At the user's request, the system will present a list of possible target types with
their probability along with the target imagery. The photointerpreter enters his
choice with a request for global verification. The photointerpreter's choice of target
type will bias the classification of other targets in the area. The effect of this
biasing on the adjacent targets will be displayed as an overlay and on a CRT.

(3) 1/O Analysis - One of the most important aspects of effectively using large
volumes of computing power is inputting and outputting data in an effective manner.
The preliminary design calls for I/O to be overlapped with computation in a pipeline
fashion. This overlap allows the I/O overhead to be negligible. At 100 nsec/cycle
and 128 columns per bit plane, it takes 12.8 microseconds to input a bit plane plus
one cycle to store it into memory. If there are eight bits per pixel, then it takes
102. 4 microseconds plus 0.8 microseconds, or a total of 103.2 microseconds to input
a byte (pixel) plane (6.3 nsec per pixel). However, there are times when a more
complex I1/O process is desired. For example, many image processing functions re-
quire access to neighboring pixel values. The most efficient way to provide this
access is to redundantly store the neighboring pixel values with each pixel. Figure 3
illustrates this data storage arrangement for a 3 x 3 window.

In the normal process I/O flow, each column of bits passes by each column of
memory; thus, the memory need only to "grab" the neighboring column data as they
are shifted by.

Figure 4 illustrates this concept using pixels instead of bits for ease of compar-
ison with Figure 3. The concept is the same; it just takes eight repetitions to input
a pixel.

Comparing Figures 3 and 4 shows that, at cycle j-1 in Figure 4, the data is in
alignment for a memory store for index (0,1) in Figure 2. At cycle j, the data is in
alignment for index (0,0); at cycle j+l, it is in alignment for index (0,1). Since
there are eight bits per pixel, it takes just eight additional cycles per redundant
column (east-west neighbor) store.

This procedure provides the redundant column data but not the redundant row
data. The row data must be shifted up and stored and then shifted down and stored.
Since this shift operation requires the P register, it cannot be performed by the
1/0 controller. It takes three additional cycles per bit per column position (nine
cycles altogether).

15
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INDEX MEMORY (i,j-1) MEMORY (i,j) MEMORY (i,j+1)

(-1,-1) pixel (i-1,j-2) pixel (i-1,j-1) pixel (i-1,j)

(0,-1) pixel (i,j-2) pixel (i,j-1) pixel (i,j)

(1,-1) pixel (i+1,j-2) pixel (i+1,j-1) pixel (i+l,j)

(-1,0) pixel (i-1,j-1) pixel (i-1,j) pixel (i-1,j+1)

(0,0) pixel (i,j-1) pixel (i,j) pixel (i,j+1)

(1,0) pixel (i+l,j-1) pixel (i+1,j) pixel (i+l,j+1)

(-1,1) pixel (i-1,j) pixel (i-1,j+1) pixel (i-1,j+2)

(0,1) pixel (i,j) pixel (i,j+1) pixel (i,j+2)

(1,1) pixel (i+l,j) pixel (i+1,j+1) pixel (i+l1,j+2)

Figure 3. Redundant 3 x 3 Storage

1/0 PLANE MEMORY (i,j-1) MEMORY (i,j) MEMORY (i,j+1)
1 : cycle j-1 pixel (i,j) pixel (i,j+1) pixel (i,j+2) ;
R cycle j pixel (i,j-1) pixel (i,j) pixel (i,j+1) |

cycle j+l pixel (i,j-2) pixel (i,j-1) -pixel (i,j) C‘

'f Figure 4. Pixel Presentation

E - Therefore, the time required to produce the data format in Figure 3 is:

Total = 8 bits/bytet (I/O controller time + PE controller time)

y Total = 8 bits/planet (shift into position + store + shift + store
, + shift + store)

"‘- + load P shift and , no. of _1 4 no.of
set topo store elements elements

= 8% (127+1+1+1+1+1(1+1%2*3)) = 1112 cycles
More generally, let (n,m) be the window size, then

Total per _ g*

_n-1
bit plane (128-—= + 2n+nm)

2
‘ = 1020+12n+8nm, where
1020+11n+7nm* of the cycles are performed by the I/O controller and are therefore

overlapped with the computational processes. Thus, for n=3, it takes 112.8 micro-
seconds to input a byte plane in the redundant configuration shown in Figure 3,

Tthat is, (n+nm) *8 cycles of the PE controller are required.
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l | o but only 9,6 microseconds of Processing time is required

the I/0 requirements for various window sizes,

} TABLE 3. [/0 TIMES FOR REDUNDANT DATA FORMAT

Figure 5. I/0 Times

The rationale behind this approach is that, if more than

time.
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Total Computing
1/0 time time
per pixel plane required
Window size (microseconds) (microseconds)
1x1 103.2 0.1
3x3 112.8 9.6
F
5x%x5 128.0 24.0
Tx 7 149.6 44.8
9x 9 177.6 72.0
200 l-
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j 150 »
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20
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g S 100
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one area process (con-

volution, medjan filter, etc.) is to be performed on an image, the inter-pixel com-
munication can be accomplished in one movement of the data during input instead
of once for each function. This results in a considerable improvement in execution
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(4) _Timing Estimates - Table 4 shows the timing estimates for the more impor-
tant functions required for continuous processing. These estimates are based on
512 x 512 x 8-bit frame size.

A PDL (program design language) of the continuous process was developed and
these times applied to it. The total time estimate for processing one frame is 13.78
milliseconds. This estimate was achieved by performing the histogram on approx-
imately 5 percent of the imagery. This reduces the histogram processing time to
10. 29 milliseconds/frame and results in a 152 Mbit/second throughput rate.

TABLE 4. ALGORITHM TIME ESTIMATES (MICROSECONDS)

—
——— 3

Item Time
Median filter 281.6 per frame
Histogram 205,712 per frame
Threshold 36.8 per frame
Region growing 528 per frame
Coordinate search 230 per frame
Two-dimensional cross correlation 128.3 per target
RECOMMENDATIONS

Table 5, which is derived from Table A-I in Appendix A to PPCS Status Report
No. 11, summarizes the estimated percentage of the PPCS system computing power
required under various operating conditions, assuming 100 Mbits/second per sensor.
This table demonstrates that the PPCS system can handle single sensors (100 Mbits/
second) in real time under all conditions and multiple sensors (200 Mbits/second) in
near real-time. The high computational rate and the 100 percent programmability
aspect of the PPCS system design allow multisensor operation, thus resulting in a
common design for multiple exploitation systems and thereby reducing life cycle
costs. Moreover, since multiple-sensor data can be processed simultaneously, new
approaches (such as artificial intelligence) to difficult problems (such as camouflaged
targets) can be supported in real-time or near real-time.

Goodyear Aerospace recommends that a detailed system design of the PPCS sub-
system be undertaken as soon as possible; this would assure the availability of a
PPCS subsystem in a test bed environment in the 1984-1985 time frame.

The transition from test bed to a field-deployable unit could be readily accom-
plished since Goodyear Aerospace is well versed in the state-of-the-art design of
military-qualified equipment and maintains IR&D programs to assure continued
excellence in this area.
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L TABLE 5. THROUGHPUT REQUIREMENTS*
|
X
i Automatic screening
l
l Multiple sensor
: Single (2 sensors) **
| sensort Without Al With Al
Real n
_ time 0.66 1.33 1.46"
4
| Near 0.33 0.65 0.67%
) real
: time
3 Automatic screening and target locating
i Nonreport correlation
'g Multiple sensor
s Single (2 sensors) **
f sensort Without Al With Al
Real !
4 time 0.80 1.59 1.90
- Near 0.39 0.79 0.87¥
; real
{ time
: Automatic screening and target locating
' Report correlation k
= Multiple sensor |
‘ Single (2 sensors) **
sensor Without Al With Al o
Real i
time 0.88 1.75 2.09 :
Near 0.43 0.87 0.95% -
real
time | J
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