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ABSTRACT
The focus of this paper is optimizing recognition models for Synthetic Aperture Radar (SAR) signatures of vehicles
to improve the performance of a recognition algorithm under the extended operating conditions of target articulation,
occlusion and configuration variants. The recognition models are based on quasi-invariant local features, scattering
center locations and magnitudes. The approach determines the similarities and differences among the various vehicle
models. Methods to penalize similar features or reward dissimilar features are used to increase the distinguishability
of the recognition model instances. Extensive experimental recognition results are presented in terms of confusion
matrices and receiver operating characteristic (ROC) curves to show the improvements in recognition performance
for MSTAR vehicle targets with articulation, configuration variants and occlusion.

Keywords: articulated object recognition, automatic target recognition, object similarity, recognizing configuration
variants, recognizing occluded objects, synthetic aperture radar

1. INTRODUCTION
In this paper we are concerned with optimizing recognition models of Synthetic Aperture Radar (SAR) signatures
of real vehicles to improve the performance of a recognition system. The recognition system starts with real SAR
chips of actual military vehicles from the MSTAR public data'2 and ends with the identification of a specific vehicle
type (e.g., a T72 tank). A major challenge is that the vehicles can be in articulated configurations (such as a
tank with its turret rotated) , have significant external configuration variants (fuel barrels, searchlights, etc.) or
they can be partially occluded. The detection theory,3 ' pattern recognition1° ' 13 and neural network5 approaches
to SAR recognition all tend to use global features that are optimized for standard, non-articulated, non-occluded
configurations. Approaches that rely on global features are not appropriate for recognizing occluded (or articulated)
objects because occlusion (or articulation) changes global features like the object outline and major axis.14 Our
previous work1'6'7'8 relied on local features to successfully recognize articulated and highly occluded objects. We
started using invariant locations of SAR scattering centers as features and later developed techniques using quasi-
invariant locations and magnitudes of the scattering centers. Other work, by Boshra and Bhanu on predicting the
performance of recognition systems,2 introduced the idea that recognition performance depends on the distortion in
the test data and the inherent similarity of the object models. In this paper we develop an approach that determines
the similarities and differences among the object models and uses this apriori knowledge to optimize the recognition
models to improve the recognition system performance.

The key contributions of this paper are:

1. Quantifies the similarities between object models of SAR scatterer locations and magnitudes.

2. Develops an approach that successfully uses apriori knowledge of the similarities between object models to
improve the performance of a SAR recognition system.

The remainder of the paper is organized as follows: The next section gives a description of the basic SAR
recognition system. Section 3 describes the approach used to measure model similarity, presents similarity results
and gives example similarity weight functions. Section 4 gives experimental results for various similarity weight
functions for the configuration variant cases. Section 5 extends these results to articulated and occluded objects.
Finally, conclusions are drawn in Section 6.
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Figure 3. Example recognition model look up table collision histograms.

Table 1. Number of collisions for a given percent of the population (example for N =39, L = 9)

Object — Number ofcollisions
BMP2 27 46 66 87 110 136 167 209 274 676
BTR7O 21 37 53 70 91 116 148 192 266 712

T72 27 48 68 89 111 137 168 209 271 667

zsU 23/4 0 0 0 0 0 1 3 18 78 760

Percent [ ii ii ii ii ii ii ii ii ii
Figure 3 shows example model collision histograms (at N = 39 and L = 9) for four MSTAR vehicles (at 15°

depression angle): BMP2 armored personnel carrier (APC) serial number (#) c21; BTR7O APC #c71; T72 tank #132
and ZSU23/4 anti-aircraft gun #d08. Note that the ZSU23/4 has significantly fewer collisions with the other vehicles,
because the ZSU23/4 SAlt scatterers cover a larger area than the other objects, and thus, have fewer collisions.

The similarity of a pair of scatterers of given object (at a given azimuth) to the other objects modeled can be
measured by the number of collisions with other objects in the look-up table. This can be expressed as a relative
measure by using the collision histogram. For convenience, the population of collisions for a particular object is
mapped into equal partitions (each with 10% of the total number of collisions). As an example, for the collision
histograms in Figure 3 we obtain the results in Table 1 ,which shows the number of collisions for a given percent of
the population. For the BMP2, for example, 27 collisions or less is in the 10% of the population that is the least
similar to the other three models (whereas, 90% of the BMP2 scatterer pairs have 274 or less collisions).

The apriori knowledge of the similarities between object models, expressed as the number of collisions for a given
percent of the population, can be captured by assigning weighted votes to model entries in the look up table, based
on collisions with other objects. This is accomplished off-line by again using a version of the recognition algorithm
to obtain the number of look up table collisions for a particular occurrence with a pair of scatterers from a subject
model and azimuth, as before, and then based on the number of collisions determine the population partition (e.g.,
using the inverse of Table 1) and finally a given weight function is used to assign a weight label to that instance of
the particular model, azimuth scatterer pair entry in the look up table. Thus, in this approach the model similarities,
collisions and associated weightings are all precomputed and appropriate weightings are stored in the look up table
during the off line modeling process.

C1)
ci)0
C
ci)

000
0
ci).0
E
C

0 100 200 300 400 500 600
number of collisions
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Figure 4. Table weighting functions.

Figure 4 shows the various weight functions that are used in this research. Function 1 applies equal weight to
all the values and is later referred to as unweighted. Functions 2-4, the convex weight functions, penalize the most
similar features (in the right tail of the histogram). Function 5, with equal steps is linear. While functions 6-7,
which reward uniqueness (the left tail of the histogram) are concave. These weight functions illustrate a range of
possibilities from function 2, which penalizes only the most similar 10% of the population, to function 7, which
rewards only the most dissimilar 10%.

4. RESULTS FOR CONFIGURATION VARIANTS
Our previous results' (using a distance weighted voting technique) showed that for the real vehicles used in the
MSTAR data, the differences of configurations for an object type are a more significant challenge for recognition than
articulation (where the model and the test data are the same physical object under different conditions). Similarly,
the previous results6 on occluded objects (using an unweighted voting technique) demonstrated significantly better
recognition results than the configuration variant cases. For these reasons, in this research we follow a similar
approach and optimize the recognition system for the difficult configuration variant cases and then utilize the same
system parameters for the other cases.

In these (15° depression angle) configuration variant experiments, the two object model cases use T72 tank #132
and BMP2 APC #C21 as models, while the four object model cases add BTR7O APC #c71 and Z5U23/4 gun #d08.
The test data are two other variants of the T72 (#812, #s7) and two variants of the BMP (#9563, #9566). In
addition, BRDM2 APC #e71 is used as an unknown confuser vehicle. The forced recognition results for MSTAR
configuration variants are shown in Figure 5 for both two object and four object look up table models using various
weight functions (defined earlier in Figure 4). These results use the optimal parameters (N,L) for each weight
function and table size. For the two object cases, function 3 gives the best results, a recognition rate of 95.81%,
compared to the unweighted case of 95.17%. For the four object cases, the convex and linear weighting functions
all provide better forced recognition performance than the unweighted case. The concave weighting functions result
in worse performance than the unweighted case. The best four object result is 94.17% for function 2, compared to
the unweighted case of 92.27%. Thus increasing the number of objects modeled from two to four, reduces the forced
recognition rate by 2.9% (95.17 - 92.27) for the unweighted case, while using model similarity information in the
optimum weight function reduces that loss to 1% (95.17 - 94.17).

Table 2 shows example confusion matricies that illustrate the effect of going from a two object recognition system
to a four object model recognition system for the MSTAR configuration variant data. In both cases the system
parameters (N,L) are optimized for forced recognition (2 objects at 38,11 and 4 at 38,12), both are unweighted cases

0 10 20 30 40 50 60 70 80 90 100
percent of collision population
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Table 3. Example MSTAR configuration variant confusion matrix for weight function 4 (Vmin1100)

Identification results
(configuration modeled)

test targets BMP2 T72 BTR7O ZSU23/4 Unknown
[serial number]

BMP2 [#9563,9566]
(#C21) (#132) (#C71) (#d08)

179 6 1 0 32
T72 [#812,57] 4 143 0 0 50
BRDM2 (confuser) 30 6 32 0 178

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

probability of false alarm

Figure 6. MSTAR configuration variant ROC curves for beneficial weight functions (4 objects).

and linear weight functions provide generally better performance than the unwighted case. In addition, Figure 7
shows that the concave weight functions give worse performance than the unweighted case (except for the region
where PCI < 0.5, P1 < 0.05). The convex weight functions penalize the most common features and so are not much
affected by noise (due to configuration differences or other confuser vehicles) . On the other hand, the concave weight
functions reward (very strongly reward in function 7) the relatively unique features, which makes them susceptible
to conditions where noise is strongly rewarded.

5. ARTICULATION AND OCCLUSION RESULTS
In the articulation experiments the models are non-articulated versions of T72 #a64 and ZSU23/4 #d08 and the
test data are the articulated versions of these same serial number objects and BRDM2 #e71 as a confuser vehicle
(all at 30° depression angle). Since weight function 2, with N = 39 and L = 9, gives the optimum ROC results for
the 2 object (T72, BMP2) configuration experiments and the optimum unwieghted parameters are N = 38 and L =
11, these same parameters are used for the articulation experiments. Figure 8 shows the ROC curves, with excellent
articulated object recognition results for both the weight function 2 and the unweighted cases.

The occlusion experiments use the same four models as the configuration variant experiments: T72 tank #132,
BMP2 APC #C21, BTR7O APC #c71 and ZSU23/4 gun #d08 (all at 15° depression angle). Since there is no real
SAR data with occluded objects available to the general public, the occluded test data in this paper is simulated by
starting with a given number of the strongest scattering centers in target chips of these same four objects and then
removing the appropriate number of scattering centers encountered in order from one of four perpendicular directions
d (where d1 and d3 are the cross range directions, along and opposite the flight path respectively, and d2 and d4 are
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