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1. INTRODUCTION

Everyone is accustomed to identifying objects in photographs by wvisual
inspection, so that it 1s natural to apply the same procedures in the analysis
of SAR imagery. Certainly, roads, rivers, and other terrain features are
readily recognized in high-resolution imagery. Thus it is commonly believed
that ground vehicles should also be readily identified in SAR imagery,
provided the resolution is sufficiently high. 1Indeed, a huge effort has been
going into the identification of stationary ground vehicles in SAR imagery.

This effort has not produced the kind of identification performance
needed in military applications, in particular if the vehicles are of similar
size and shape. The reason is that the backscattering behavior at radar
wavelengths is very different from that at optical wavelengths, with the
consequence that vehicle identification in SAR intensity imagery will not give
the required performance. The intensity image does not contain sufficient
information for reliable vehicle identification. However, a SAR system is
coherent, so that the image also has phase, not just intensity. The combina-
tion of intensity and phase, or the complex image, does contain information
for reliable vehicle identification. On the other hand, as soon as one is
required to utilize the complex image, quasi-optical approaches to image
interpretation are no longer applicable. It is our conclusion that reliable
identification of stationary ground vehicles requires the utilization of the
complex image, and because of this, also image analysis methods that are
totally different from the conventional methods.

With respect to the identification of moving rather than statiomary
ground vehicles, everyone’s idea appears to be that with the inclusion of a
motion compensation that removes the motion of the vehicle, the problem
becomes that of identifying a stationary ground vehicle. Since we do not
believe that truly stationary ground vehicles can be identified from their
intensity images, we believe even less that moving ground vehicles can be
identified in similar fashion after the requisite motion compensation.
However, at the outset of the program we thought that with the inclusion of a
good motion compensation we could identify moving ground vehicles from their
complex images, as can be done with moving aircraft. This turned out to be
incorrect.

The fact is that some vehicles moving slowly on a smooth road can be
motion compensated in such a way that the problem reduces to the identifica-
tion of a stationary vehicle. On the other hand, depending on the design of a
vehicle and whether it is moving on a good road, on a poor road, or off the
road, an adequate motion compensation may be virtually impossible. Thus we




had to develop a modified approach. We perform only a rather crude motion
compensation that removes the gross motion of the vehicle (and does not
introduce spurious effects), and then we search for a mnecessarily short
stretch of the data that provides an image of such a quality that feature
measurements and vehicle identification become possible, even though the
crossrange resolution may be poor. This approach is necessary even in the
benign case of a vehicle moving in weak surrounding clutter, or for data
collected with effective clutter suppression. In the more practical case of
interfering clutter, the motion compensation is even more difficult. In this
report we will restrict our analysis to imagery obtained without clutter
cancellation. '

The variety of vehicles, the different kinds of motion, and the different
environments imply that one cannot use a single processing/analysis procedure
to deal with all cases. One must have available a variety of procedures, and
before starting the detailed processing and analysis one must examine the
image and, based on the characteristics of the image, decide on a particular
procedure. As in other complicated applications, the identification system
thus must operate adaptively.




2. ANALYSIS OF THE TEL

2.1 The TEL Moving in a Circle (Data Set dra010600a092)

After finding the smeared image of the moving TEL in the SAR scene, we
perform a crude motion compensation based on the range motion of the entire
vehicle and then also on the Doppler motion of the entire vehicle. This will
compensate only for the smooth part of the vehicle motion, leaving any higher-
frequency variations in the data. The resulting image is shown in Figure 1.
The way in which the image is presented is unconventional in that the local
maxima in the intensity image are indicated by dots, the size of which are
proportional to the intensity peak. This presentation is more convenient for
our purposes. The processing time for this image is 2.1 s, centered near the
time of 76 s. This intensity image is actually fairly good for a moving
ground vehicle. However, to identify the vehicle among those of similar size
and shape would not be possible, in particular not in an automated fashion.
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We must now determine the characteristics of the motion remaining in the
image, so as to decide on a specific processing/analysis approach. The goal
is to generate an image in which we can determine the locations of scatterers
responsible for the stronger image responses. This can be done successfully
only with the complex image, but there is no practical way of presenting a
complex image. Thus we will show only intensity images, even though the image
phase will be used in all analyses.

To determine the characteristics of the residual motion in the image, we
would like the vehicle to contain a strong corner reflector. The phase
function of the response from this reflector then would show the details of
the motion of the corner reflector. We could then select a section of the
data over which the motion is one of constant Doppler (or linear phase). Over
such a data segment, the corner reflector response then would be properly
compressed in crossrange. Actually, since different parts of the vehicle may
move differently, we would want to have corner reflectors distributed over the
entire vehicle. For each of these corner reflectors we could then presumably
find a stretch of the data over which the motion is one of constant Doppler.
If we were lucky, these suitable data sections would all overlap in time, so
that a single data section would give a good image. If the vehicle motion is
so uneven that different parts of the vehicle should be imaged at different
times, we may have a problem of relating the Dopplers at the different times,
so that the crossrange positions of the responses may be falsified. However,
in that case we still could base identification on the range positions, using
Doppler merely to resolve responses so that good range measurements become
feasible.

Since real vehicles do not contain good corner reflectors, usually not
even one, we must perform the search for a good data section on the responses
from actual scatterers. Here the problem is that a scatterer is rarely by
itself in a given range gate, so that there is interference from other
scatterers. This makes it difficult to measure the motion of the scatterer.
We will demonstrate how the ideal measurements discussed in the preceding
paragraph can be approximated on a real image.

First, we must decide how long a data stretch is needed for imaging. The
imaging interval should not be too short, because then Doppler resolution is
poor. How much Doppler resolution is needed depends on the size and the
orientation of the wvehicle. We know approximately the sizes of ground
vehicles, and we also know (from experience) that we must subdivide the usable
part of the vehicle image into at least about 20 or 30 resolution cells for
positive identification. 1In the case of the image in Figure 1, we can argue
as follows. The vehicle extends over about 50 range cells, so that crude




crossrange resolution is satisfactory. If we measure the peak positions of
the spread responses that appear as a series of dots in the various range
gates, we can estimate that the width of the vehicle is in the order of about
50 crossrange gates. Assuming a practical vehicle width of 3 m (and a good
motion compensation), that would imply a crossrange resolution of 6 cm.
However, with the vehicle extending over 50 range cells, a crossrange resolu-
tion of only 10% should be adequate. Thus we would want to select a data
stretch at least about 10% of that used for the image in Figure 1. We also do
not want to attempt to achieve too fine a crossrange resolution, because then
the motion compensation would likely not be adequate. If the best crossrange
resolution we might want to use is 30 cm, we want the data segment to be 10%
to 20% of that used for Figure 1.

To find a suitable data segment, we investigate the range gates with the
strong or the isolated responses. We start with the range gate containing the
strongest response, which is Gate 55.69. The cut through the image in this
range gate is shown in Figure 2, the amplitude function on top and the asso-
ciated phase function at the bottom. If this is the smeared response from a
single dominant scatterer, then the transform will give an essentially
constant amplitude. In that case the phase function will describe the motion
of the scatterer, so that a good data segment can be selected.

The actual transform of the image cut is shown in Figure 3 (the amplitude
response has been deweighted). Since the amplitude is strongly modulated,
this image cut does not meet our criteria for selecting a good data segment.
However, if no better image cut were found, we still could use this one.
Provided the phase jumps remain much smaller than half a cycle, the general
trend of the phase function will be a good indication of the motion of the
dominant scatterer. In this instance, the section centered at the normalized
time of 0.2 s would likely be a good choice. However, we must examine other
image cuts and choose the best one.

One of the better image cuts is found in Range Gate 57.91, as shown in
Figure 4. 1Its transform is given in Figure 5. We see an amplitude with an
acceptable degree of modulation, and a maximum phase deviation of only 0.1
cycle over the marked section. Thus we may choose the time interval between
the normalized times of -0.33 and -0.16 s. _

As mentioned above, it is desirable that the same time segment also be
suitable for other parts of the vehicle, in which case we can expect a good
quality image without having to accommodate time sections that vary over the
vehicle. 1In Figure 6 we show the transform of the image cut in Range Gate
92.37, with the selected time section marked. As seen from the figure, the




APLITUCE
20000000
nuliobiode

10000000

o-
CROSSRANGE
GATES
©
I
w
§ «
e
:
o

el g Deenn e e b

'T'TT"]'(T] e I‘I‘T1T TTIT1'X ]'TI 17
180 200 220 240 260 280 300
IT'I'I PHIMTTIrT [am fpni 1" ] I'TITI'I’]'I'I']'TTI (AR R R R R AR R
60 40 20 0 20 40 60

el e loaa s Lo b gl brpas b e b b dena by

A

lllllllI'|1|||ll||||-|llll|l|ll'l

Figure 2. Image Cut in Range Gate 55.69.

lll|[llIIlllll]|lLlIIlllIJllil(llLlllllljlllllllll

l[ll[l'll"’l]'ll']'l{ll'l'l'[lIl'lIlllI'llll‘l'l|'r'l11|ll'll]llll
-0.4 -0.2 0.0 0.2 0.4

1M = loverse Crousronge Profile ( )

s e b b e d v by ool ey el s loaa gl

P
b1
2
2
b
S
S
©
~N
£ 8
8.
2
2
g
]
2
o
o
~
% =
3 3
= =
e =4
g i
]
o~ 7

l|l]'llllll'lll|||lll’]f1‘l'lll'III

Figure

3. Transform of Image Cut in Figure 2.




wo bbbt de i b e g Lo e s e e e
E 3
2 E
84 (-
4 3 3
= o7 -
g S.- _
= -
# 3 L C
mmm& Ty
50 100 150 200 250 500 350 400
GAIES m ]TTT] NI TTTT]" I'Tl'[T‘]] LARRREL ”TT] TIT ] I ]11”1']117'{1’] 1 ]T]T‘[‘”T IT]Tm
200 -150 -100 50 0 50 100 150
wtts bbb b e b bte e b e bt o ke e o ta e il e la fu didy
= 3
g 3 e
g =3 5
& 7 e
y 3 =
FI =
3 -
= =
3 E
P
Figure 4. Image Cut in Range Gate 57.91.
voaaad e oo e g a s s et e tbya e laees]
§:
AR B B A A [ 117 ‘|"l"r'r‘l‘|"r_"T‘l‘]‘1‘l i ']1 Ter " 1V | I ] 71T ‘ TTIT]C
=0.4 -0.2 0.0 0.2 0.4
TIME - Inverse Crossronge Profile ( ®)
cre by vea bvven by T bov o bt bl
2: —_
T - L
g 4 "
g = r
& 4 F
¥ C
§ £ -
SLOPE DOPPLER ST DEV - MAX DEV BEGIN ENO
263.1 262.6 0.05242 0.09985 -0.328 -0.163
Figure 5. Transform of Image Cut in Figure 4.




s &
— <
g &
e Jrrty T Tl‘]llll[llxl]lxn]“(lxr[lﬁITnll
=0.4 -0.2
lIFh'Invc:cCo»na"JcPol ile ( s)
_111J]L11|L1|Lx|1 sl e b e e e s b ga b lgay
3 :
&3 E
s 3 d
) 3 =
- :
& #3 5
€73 E
3 3
2 E—
SLOPE DOPPLER ST OEV MAX DEV BEGIN END

336.7 336.3 0.08027 0.24738 -0.333 -0.183

Figure 6. Transform of Image Cut in Range Gate 92.37.

phase is quite linear. Although the printout gives the maximum phase devia-
tion as 0.25 cycles, which would still be acceptable, this maximum deviation
occurs at a minimum of the amplitude pattern, and hence is harmless. Thus we
have selected an imaging interval that will give a good image. It may be the
best interval for this particular image.

The image over the time interval selected above is shown in Figure 7,'

again in peaks plot form. This image still has so many low level responses
that the residual motion is not as constant in Doppler as one might wish.
Since vehicle identification will depend primarily on the scatterers near the
edges and range resolution is very high, it appears preferable to reduce the
jmaging time further. In Figure 8 we show the transform of the image cut in
the range gate of the strong response near the center of the image, Range Gate
34.03. The amplitude function is sufficiently constant for the phase function
to be representative of the scatterer motion. We see a definite kink in the
phase function. If we choose only the right half of the time interval, the
trend of the phase function is nearly linear. Thus we reduce the imaging
interval by another factor of two.
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Note that this reduction will help the image quality, but in general will
not give an image equivalent to that from a stationary vehicle. The reason is
that the individual parts of the vehicle may not move in the same fashion,
because the vehicle may be flexible and its individual parts may slowly
vibrate in a different manner. In our example, a check of the major responses
shows that most move so that their phase functions are linear over the second
part of the time segment. The image quality thus is expected to be as high as
one can wish under these circumstances.

The new image is shown in Figure 9. Compared with Figure 7, we see a
scarcity of dots, also in the range dimension where resolution has not been
reduced. This is an indication of high image quality. A ground vehicle has
relatively few significant scatterers, so that an abundance of responses
indicates motion compensation problems. It is much preferable to have reduced
crossrange resolution than a poor motion compensation over the imaging time.
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The complex image corresponding to Figure 9 is now analyzed, so that from
the positions of the local intensity maxima indicated by the dots, we derive
the positions of the actual scatterers. The corresponding analysis technology
is far too complicated to describe in this report, but it is treated exten-
sively in a recent book by the authors [l]. We merely point out that the
amplitude and phase functions of each response are analyzed to determine the
positions of one or more scatterers contributing to the response. Whereas the
peaks in the intensity image often are determined by interference among the
scatterers, our analysis yields the true scatterer positions. Also, we might
determine the nature of a scatterer from the amplitude and phase functions of
its response, depending on the interference conditionms,

The primary way of identifying a vehicle from the scatterer positions
extracted from the image is to fit these positions to templates of predicted
scatterer positions for all candidate vehicles, rotating each template and
stretching it in crossrange (because of the unknown crossrange scale factor)
until a best fit is obtained. The vehicle with the best fit is then chosen as
the one represented by the image. This template match is augmented by other
information extracted from responées, to the degree available.

In the case of the TEL, a significant difficulty arose from the fact that
the available digitized photographs of the vehicle from various aspects were
difficult to wuse for extracting positional information on the various
scatterers. Even the identification of scatterers was sometimes difficult or
impossible. Nevertheless, the information about the vehicle was adequate for
demonstrating our approach to vehicle identification.

The template match for the scatterer positions extracted from the image
in Figure 9 1is shown in Figure 10. The measured scatterer positions are
marked by crosses, and the positions of the predicted vehicle features by
capital letters. For these position matches, the axis scales are in tenths of
gates (one gate is the nominal resolution of 1/B in delay and 1/T in Doppler,
where B is the bandwidth and T is the coherent dwell). The list of features
that were identified by us, mostly near the edges of the vehicle, is given in
Figure 10. A question mark means that we did not have a photograph suitable
to identify a specific feature observed in the image. Since the differences
in the behavior of the individual scatterers are small for this vehicle, and
because of the short processing time, the discrepancies between measured and

(1] Rihaczek, A. W., and S. J. Hershkowitz, Radar Resolution and Complex-—
Image Analysis (Artech House, 1996).
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predicted feature positions are likely caused mostly by measurement errors due
to interference, or to the inaccurate extraction of feature positions from
photographs. Nevertheless, the match indicated by Figure 10 appears more than
adequate for identifying the vehicle even if other vehicles were of a similar
size. There is no competing vehicle among the ones contained in the Dragnet
database. .

To provide a feel for the robustness of the approach, we performed a
match for the same vehicle for a somewhat worse time interval, and a longer
one than should be used. We selected the time interval from 0.19 to 0.36 s,
on the same time scale used in Figure 5. As can be seen from that figure, the
phase 1is still quite linear over this time interval, discounting the large
phase variations corresponding to the minima in the amplitude function. On
the other hand, the new time interval is not well chosen with regard to
Figure 6. At least we cannot be sure, because the break in the phase function
at 0.25 s can be due either to a change in the velocity of a single scatterer,
or a change in dominance from one scatterer to another. In other words, it is
not a safe selection, even though Figure 5 indicates it might be acceptable.

The image over the new timé interval is shown in Figure 11. Compared
with Figure 9, there are more responses because of the longer imaging
interval. This problem is partly remedied by analyzing only the stronger
responses. Since the aspect angle has changed between the two imaging times,
in principle we might observe a few new scatterers. Thus we tried modifying
the database of predicted scatterers somewhat in order to obtain a better
positional match.

The positional match for the new image is shown in Figure 12. As is seen
from a comparison of the lists of features in Figures 10 and 12, most of the
features remained the same. However, with the new image we also have more
unidentified "scatterers," probably because of problems with the image.
Still, even this lower quality image may suffice for identifying the TEL.

2.2 The TEL on a Straight Smooth Road (Data Set dra011400a084)

The peaks plot image of the TEL moving on a straight and smooth road is
shown in Figure 13, after a motion compensation consisting only of the range
and Doppler correction for the entire vehicle. The high degree of smearing of
the responses in crossrange implies a significant residual motion with
nonconstant Doppler. The situation is poor because, due to the small aspect
angle, the Doppler caused by the apparent turn motion of the vehicle is much
smaller relative to the "vibration" Dopplers than for the TEL moving on a
circle. In order to obtain adequate crossrange resolution, the imaging time
thus must be chosen so large that the vibrations of the individual parts of

12
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Figure 13. Image of TEL on Straight Smooth Road.

the vehicle have strong consequences. As concluded earlier, the processing
and analysis of moving vehicles must be done adaptively, and this requires
that the vehicle image be evaluated before deciding on the processing
procedures. This means that we will examine several image cuts in different
range gates spread over the length of the vehicle.

We select an image cut in the range gate of the first scatterer, Range
Gate 9.59, and take the transform. The result is shown in Figure 14. The
phase function has a break, and the two linear phase slopes correspond to
crossrange positions that differ by about two gates (see the printout on the
right margin, the item "slope"). If all scatterers had the same behavior, we
could choose either the first or the second half of the imaging time, or
alternatively correct the break in the phase function. The former approach
was usable for the turning TEL, because the turning motion provided more than
sufficient crossrange resolution with short imaging times. We can estimate to
what degree the imaging time may be reduced in the present case.

We recognize from the crude image in Figure 13 that the width of the
vehicle is in the order of five crossrange gates. Although we do not need
high crossrange resolution when the aspect angle of the vehicle is small, five
crossrange gates over the width of the vehicle is not so much that it can be
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greatly reduced. A correction of the break in the phase slope would be more
in order, provided it occurs for all scatterers.

In Figure 15 we show the analogous transform in Range Gate 26.80. The
phase slope measurement shows the same type of break as in Figure 14 by about
the same amount, However, in particular in the right half of the phase
function we now observe a (significant) phase deviation of about 0.1 cycle,
which is absent in Figure 14. The scatterer in this range gate thus contains
a high-frequency motion component that was absent in the former scatterer. A
common motion compensation for the entire vehicle thus appears inappropriate.

The same type of transform for the image cut in Range Gate 40.50 is shown
in Figure 16. Although the rapid phase modulation in the right half of the
figure is of the same kind as in Figure 15, for the left half the behavior of
the phase function is quite different. Lastly, in Figure 17 we show the
transform of the image cut in the last range gate on the vehicle, Gate 56.36.
Again, there are some common elements in the phase function, but there are
also differences.

From a comparison of the four phase functions we conclude that it is not
possible to follow the crude motion compensation with one or more additiomnal
motion compensation steps for the vehicle as a whole and obtain an image of
the quality needed for feature measurements, that is, for reliable vehicle
identification. 1In principle, we must vary the motion compensation over the
vehicle, This implies an undesirable processing complexity even when all
scatterers in a given range gate have the same motion behavior. Since this
need not be the case, the problem may be rather difficult, perhaps unsolvable.

In any case, before we resort to such a complicated motion compensation,
we must be sure that a simpler approach is not workable. This is the approach
we used with the TEL on a circle, where we selected such short imaging times
that the consequences of the different motion behavior of the individual
scatterers were acceptable. Although, as pointed out above, the approach is
less applicable when the turning Doppler is small, in particular for the small
aspect angle of the present TEL image, one must first evaluate the possibility
of using this simple approach before resorting to a motion compensation that
varies over the vehicle.

This evaluation consists of the following analysis. We take transforms
over the fange gates containing reasonably dominant single scatterers, such as
represented by Figures 14 to 17, and ask the following question. Can we find
a time segment over which the phases in all range gates are reasonably linear
and have reasonably small deviations? Reasonably linear means that changes in
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the phase slope should amount to differences in crossrange gates that do not
exceed about one gate. Reasonably small phase deviations are those that do
not exceed about 0.1 cycles.

An examination of the phase functions in Figures 14 to 17 shows that the
imaging inte