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ABSTRACT 

Recognition of articulated occluded real-world man-made objects in Synthetic Aperture Radar 
(SAR) imagery has not been addressed in the field of image processing and computer vision. 
The traditional approach to  object recognition in SAR imagery (at one foot or worse resolution) 
typically involves template matching methods, which are not suited for these cases because ar- 
ticulation or occlusion changes global features like the object outline and major axis. In this 
paper the performance of a model-based automatic target recognition (ATR) engine with articu- 
lated and occluded objects in SAR imagery is characterized based on invariant properties of the 
objects. Although the approach is related to geometric hashing, it is a novel approach for recog- 
nizing ob,jects in SAR images. The novelty and power of the approach come from a combination 
of a SAR specific method for recognition, taking into account azimuthal variation, articulation 
invariantri and sensor resolution. 

1.0 SCATTERING CENTER LOCATIONS 

The relative locations of SAR scattering centers are related to the aspect and physical geometry of the object, 
independent of translation and serve as distinguishing features. Because our experimental data (using the 
XPATCH radxr signature simulation code), Figure 1, shows that at six inch resolution significant numbers of 
these features dlo not typically persist over a few degrees of target rotation (even allowing for scintillation as in 
the 'non-continuous' results), we capture this azimuth variance by using 360 azimuth models. Other previous 
work [Ikeuchi,96] [Novak,94] [Novak,97] [Verly,93] has been limited to 12 to 72 models at 1 foot resolution, 
attempting to recognize unarticulated, unoccluded or slightly occluded objects. Here we demonstrate the 
need for 360 azimuth models at six inch resolution for recognition of articulated, highly occluded and occluded 
articulated objects. (While the target azimuth is uncontrolled, the radar depression angle to the target is 
controllable, or known, and is fixed at  15 degrees). 
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Figure 1: Scatterer Location Persistence. 
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Figure 2: Articulation Invariance. 

2.0 ARTICULATION INVARIANCE 

Our approach is the first to postulate the existance, demonstrate and quantify articulation invariants in SAR 
images. In contrast to the large azimuthal variance, we find significant invariance with target articulation 
(i.e. turret rotation for the T72, T80 and Mla l  tanks; missile erect vs. down for the SCUD missile launcher). 
Some examples of articulation invariance are shown in Figure 2 (comparing articulated with non-articulated 
scatterer locations), where on average 47.9 percent of the scattering center locations are invariant with 
articulation of these objects. These articulation invariant features allow us to  develop a recognition approach 
that avoids the combinatorial explosion that would accompany attempts to explicitly model articulation. 

3.0 RECOGNITION ENGINE 

Our model-based recognition engine uses standard non-articulated models of the objects to  recognize the 
same objects in non-standard, articulated and occluded configurations. Using a technique like geometric 
hashing [Lamden,88], the relative positions of the scattering centers, in the range and cross-range directions, 
are indices to a look-up table of labels that give the associated target type and pose. The number of scattering 
centers used is a design parameter that is optimized based on experimental results. The recognition process 
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Figure 3: Effect of Number of Scattering Centers on Articulated Object Recognition. 

is an efficient se,arch for positive evidence, using relative locations of scattering centers to  access the look-up 
table and generate votes for the appropriate object (and azimuth). The process is repeated with different 
scattering centers as reference points, providing multiple 'looks' at the model database to  handle spurious 
scatterers that arise due to  articulation, occlusion or noise. 

4.0 RECOGNITION RESULTS 

A four object recognition table for the SCUD missile launcher, T72, Mla l  and T80 is constructed from 
1440 non-articulated six inch resolution target chips and tested in 2520 trials with articulated versions of 
these objects (tanks with turrets at 60 and 90 degrees, missile erect). Figure 3 shows the overall recognition 
performance is above 90 percent probability of correct identification (PCI) using the 20 to 50 strongest 
scattering cente:rs. When positional noise (with zero mean) was added to the scattering center locations, the 
PCI (for 20 scattering centers) ranged from 90 percent at a 1/2 pixel sigma to  40 percent at a 3 pixel sigma. 
In Figure 4 the articulation invariant properties of the objects are used to  characterize recognition engine 
performance, with excellent performance when the invariance with articulation is above 40 percent. Similar 
results are obtained in Figure 5 for object occlusion in the presence of noise, with percent unoccluded as the 
invariant measure, and excellent results are achieved above 40 percent unoccluded. In Figure 6 the number 
of votes for the true object is predicted by the empirical relation: 

wt = n(n - 1)/2 + aMb(l - n/M),  (1) 

where M is the number of scattering centers used, n is the number of valid scatterers and the coefficient 
values are a = 4.9X10-3 and b = 2.85. To handle 'unknown' objects, we introduce a criteria for the quality 
of the recognition result that the ratio of votes for the potential winning object to the votes for the second 
place different object is greater than some minimum value. By varying this decision rule parameter (see 
Figure 7) we obtain a form of Receiver Operating Characteristic (ROC) curve with probability of correct 
identification VEL probability of false alarm. Figure 8 shows how target occlusion affects the recognition 
engine ROC curves. Other experiments were conducted with a known tank beside an unknown vehicle in the 
same 'target' chip. Recognition results (with 40 scattering centers and a 1.1 vote ratio) were an overall PCI 
of 97.8% with most of the recognition failures occurring when the unknown vehicle was in front and near 
'broadside', so that less than 30% of the strongest scattering centers came from the known tank. Finally, 
performance is characterized for articulated occluded objects. Figure 9 shows that for the same number 
of scatterers used or unoccluded, the PCI of the articulated tests is greater than the PCI for the occluded 
articulated tests. The worse results for the occluded conditions (with the same number of valid scatterers) is 
due to  the natural clustering of valid points in a small neighborhood for the occluded cases, which illustrates 
the importance of the relatively rare long distances for recognition. 
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Figure 4: Recognition Rate and Articulation Invariance (50 scatterers, average of 4 objects). 
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Figure 5 :  Effect of Occlusion and Number of Scatterers on Recognition Rate. 
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Figure 6: Occluded Performance Prediction. 
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(b) Probability of false alarm. 
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Figure 7: Receiver Operating Characteristic (60% occlusion). 
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Figure 8: Effect of Occlusion on Recognition ROC curve (40 scatterers). 
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5.0 CONCLUSIONS 

The paper outlines a new SAR specific approach, that is the first model-based automatic target recognition 
engine to  successfully recognize articulated, occluded and articulated occluded objects in SAR images. The 
large azimuthal variation in six inch resolution SAR imagery is successfully captured by using 360 azimuth 
models for a given depression angle. Useful articulation invariant features are found in SAR images of vehicles. 
The feasibility of a new concept for a SAR recognition engine to identify articulated and occluded objects 
is demonstrated. The performance of the recognition engine can be predicted by the percent articulation 
invariance (or percent unoccluded) when comparing the scattering center locations of the articulated (or 
occluded) test images with the non-articulated model scattering center locations. The power of the technique 
comes from the combination of a SAR specific approach for recognition, accounting for azimuthal variance, 
use of articulation invariants and the resolution of the sensor. 
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