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Abstract 

This paper presents a concept for fusing 3-dimensional image reconnaissance data with LADAR imagery for aim 
point refinement. The approach is applicable to fixed or quasi-fixed targets. Quasi-fixed targets are targets that 
are not expected to be moved between the time of reconnaissance and the time of target engagement. The 3- 
dimensional image data is presumed to come from standoff reconnaissance assets tens to hundreds of kilometers 
from the target area or acquisitions prior to hostilities. Examples are synthetic aperture radar (SAR) or stereo- 
processed satellite imagery. SAR can be used to generate a 3-dimensional map of the surface through processing 
of data acquired with conventional SAR acquired using two closely spaced, parallel reconnaissance paths, either 
airborne or satellite based. Alternatively, a specialized airborne SAR having two receiving antennas may be used 
for data acquisition. 

The concept for fusion of LADAR and 3-D surface geometry for aim-pint refinement is as follows: (a) 
intelligence or 3-D surface sensing data, such as interferometric SAR, are acquired using a standoff 
reconnaissance asset; (b) a 3-dimensional image of the target and its surround is developed, and intelligence 
personnel mark the target on the 3-D reconnaissance image; (c) the 3-dimensional image data is projected onto an 
image plane useful for the LADAR-based tenninal guidance system; (d) the LADAR serves as the close-in, line- 
of-attack 3-D imaging system, and the correlation of the LADAR image with the 3-D.reconnaissance image is ’ 

used to refine the aim-point of the seeker as it approaches the designated target. 

The data sets used in this analysis are: (1) LADAR data acquired using a Hughes-Danbury system flown over a 
portion of Kirtland AFB during the period September 15-16,1993; (2) Two pass interferometric SAR data flown 
over a terrain-dominated area of Kirtland AFB; (3) 3-dimensional mapping of an urban-dominated area of the 
Sandia National Laboratories and adjacent cultural area extracted from aerial photography by Vexcel 
Corporation; (4) LADAR data acquired at Eglii AFB under Wright Laboratory’s Advanced Technology Ladar 
System (ATLAS) program using a 60 pJ, 75 KHz C02 laser; and (5) Two pass interferometric SAR data 
generated by Sandia’s STRIP DCS (Data Collection System) radar corresponding to the ATLAS LADAR data. 
The cultural data set was used in the urban area rather than SAR because high quality interferometric SAR data 
were not available for the urban-type area. Data sets (l), (2), and (3) were originally acquired for a precision 
navigation program referred to as Inertial-Terrain Aided Guidance System (ITAGS) sponsored by the Air Force 
under Sandia Contract 91930412. 

Overview 

This paper presents a concept for fusing 3-dimensional image reconnaissance data with LADAR imagery for aim 
point refinement. The approach is applicable to fixed or quasi-fixed targets. Quasi-fixed targets are targets that 
are not expected to be moved between the time of reconnaissance and the time of target engagement. The 3- 
dimensional image data is presumed to come from standoff reconnaissance assets tens to hundreds of kilometers 
from the target area or acquisitions prior to hostilities. Examples are synthetic aperture radar (SAR) or stereo- 
processed satellite imagery. SAR can be used to generate a 3-dimensional map of the surface through processing 
of data acquired with conventional SAR acquired using two closely spaced, parallel reconnaissance paths, either 
airborne or satellite based [ 11. Alternatively, a specialized airborne SAR having two receiving antennas may be 
used for data acquisition [2]. 
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The concept for fusion of LADAR and 3-D surface geometry for aim-point refinement (see Figure 1) is as 
follows: (a) intelligence or 3-D surface sensing data, such as interferometric SAR, are acquired using a standoff 
reconnaissance asset; (b) a 3-dimensional image of the target and its surround is developed and intelligence 
personnel mark the target on the 3-D reconnaissance image; (c) the 3-dimensional image data is projected onto 
an image plane useful for the LADAR-based terminal guidance system; (d) the LADAR serves as the close-in, 
line-of-attack 3-D imaging system and the correlation of the LADAR image with the 3-D reconnaissance image 
is used to refine the aim-point of the seeker as it approaches the designated target. 

The reconnaissance data used in this paper are derived from interferometric SAR data processed using data 
from two parallel passes of conventional SAR imaging and from stereo-based aerial photography. A more 
complete description of this work, including more detailed correlation results and error source analysis, is 
presented in reference 131. It should be noted that to use interferometric SAR derived from conventional SAR, 
both the magnitude and the phase of the conventional SAR, must be preserved in the data set. Some 
conventional SARs only record the magnitude of the data. 

The fusion concept presented here emphasizes global correlation techniques with aminimum of man-in-the- 
loop interactions with the data set. Presumably, intelligence personnel need only designate the location of the 
target in the 3-dimensional reconnaissance imagery. They are not required to separate the target from the 
surround or characterize its dimensions. 

A secondary objective of the study described here is to provide a preliminary evaluation of the potential for 
eliminating collateral damage by disarming the delivery system when thecorrelation process results in a metric 
that indicates that the target is not present in the LADAR field of view. In support of analyzing the potential of 
such a metric, analysis herein emphasizes error sources and relative contributions relative to the theoretical 
maximum for the correlation process. 

. 

Figure 1: Concept for LADAWSAR fusion 

The data sets used in this analysis are: (1) LADAR data acquired using a Hughes-Danbury system flown over a . 
portion of Kirtland AFB during the period September 15-16, 1993; (2) two pass interferometric SAR data 
flown over a terrain-dominated area of Kirtland A m ;  (3) 3-dimensional mapping of an urban-dominated area 
of the Sandia National Laboratories and adjacent cultural areaextracted from aerial photography by Vexcel 
Corporation; (4) a LADAR data acquired at Eglin AFB under Wright Laboratory’s Advanced Technology 
Ladar System (ATLAS) program using a 60 pJ, 75 KHz CO, laser; and (5) two pass interferometric SAR data 
generated by Sandia’s STRIP DCS (Data Collection System) radar corresponding to the ATLAS LADAR data. 



The cultural data set was used in the urban area rather tlian SAR because high quality interferometric SAR data 
were not available for the urban-type area. Data sets (l), (2), and (3) were originally acquired for a precision 
navigation program referred to as Inertial-Terrain Aided Guidance System (ITAGS) sponsored by the Air Force 
under Sandia Contract 9 1930412. 

Emphasis here is on the first stage of aim point refinement during which the field-of-view of the seeker is 
presumed to be a subimage of the larger 3-D reconnaissance image. The field of view of the seeker and the 
targeting area are assumed to have dimensions in orthagonal directions on the order of hundreds of pixels 
(perhaps horizontal and vertical). The first stage of the process can result in a final alignment error on the order 
of tens of pixels (resolution elements). It is presumed that this first stage is followed by a second precision 
location stage using the similar correlation processes where only the target region consisting of dimensions on 
the order of tens of pixels is used to locate the final position. The goal of the subsequent stage is to locate the 
aim point within one or two pixel elements. The first stage of image alignment between the reconnaissance 
(reference) image and the target (LADAR) image is addressed in this paper. It is presumed that essentially the 
same techniques applied to smaller correlation areas can be applied for the second stage to achieve the higher 
accuracies of being within several pixels of error. 

Complex Correlation Processing of Ambiguous Range Data 

The surface topography of the interferometric SAR and LADAR images can have height or range ambiguities. 
The Eglin AFB data is unambiguous and is presented after the following discussion of the complex correlation 
of ambiguous data. The ambiguities in the Kirtland AFB and Sandia data repeat in constant intervals that are a . 
property of the sensor system and data collection geometry. The technique that follows maps all data sets to the 
LADAR phase ambiguity interval because of its closer ambiguity interval spacing relative to the SAR or 
photogrammetric data However, the remappingdechnique can just as readily be applied to the SAR if the 
ambiguity interval is smaller for the SAR than for the LADAR. 

The 3-dimensional LADAR range image used in the subsequent analysis is a phase image. The imagery has 
range ambiguities on the order of 10 meters due to the frequency of modulation. In order to directlycompare 
the phase information from the LADAR to the interferometric SAR, both image sets must be projected onto the 
same image plane. The plane selected for the correlation is the ground (horizontal) plane: This plane is defined 
to be a distance h below the LADAR data collection platform. The.LADAR imagery used herein has a nominal 
vertical look at the scene midpoint (nadir) position. The ground plane will, in general, have different vertical 
offsets for the SAR and LADAR because of the difficulties in making precision transformations from one data 
collection platform to another. 

The LADAR was not placed on a fully stabilized platform. Roll, pitch and yaw were measured during the data 
acquisition. The maximum roll angle at side scan is 47.7' when the aircraft roll angle was 0' relative to the 
nadir (vertical) for the sensor. The maximum yaw and pitch angles observed during data acquisition for the 
cases presented here were 0.012 and 0.018 radians respectively. Therefore the dominant correction is for the 
roll axis having the defined rotation angle 8. At a nominal height above ground level of 1000 feet, the pointing 
error on the ground plane for the maximum yaw and pitch angles would be on the order of 10 to 20 feet for the 
maximum yaw and pitch angles. This may seem significant. However, if this pointing error is present 
throughout the scan of the region used for comparison of the LADAR and SARNexcel images (on the order of 
5 seconds for the aircraft flight profile), the dominant effect is a constant offset in the imagery relative to the 
m e  ground plane. Therefore, comparison of imagery for repositioning is not significantly affected as long as 
the target image remains in the imaged region. The primary effect of yaw is to slightly narrow the width of the 
swath on the ground plane and to introduce a cosine sensitivity on the overscan of objects (slight stretching). 
Pitch will result in similar displacements along track, and, if the error is reasonably constant, will not effect the 
mathematical procedure described subsequently. Therefore, the corrections presented here are only for the roll 
axis. 



The total phase from the LADAR, y: , for LADAR-to-surface distance R (e) and modulated at frequency 
f, is: 

R (8 ) is the distance from the LADAR to the imaged surface and c is the speed of light in air- If 11 is 
defined to be the height of the LADAR above the ground plane, the distance from the LADAR to the surface 
is : 

z(x,y) is the height of the surface topography above the ground plane. Therefore, 

The measured phase, defined here to be 

interval - 7C C y F 5 7C . The ambiguity intervals are defiied by the integral multiples of 2 IT and are 

y ,  is ambiguous in intervals of.2 IT and is constrained within the 

'1. included through modulo 

For the LADAR used in this application, the ambiguity interval in the vertical direction is 10 meters cos (e). 
Therefore, 

where A R (8 ) = lometers COS( 8) and M o  d A (e) ( of the vertical relief) is the modulus of the 

vertical distance above the arbitrary ground plane on the interval A R (8 ) . 

The constant offset, yo depends on the arbitrary height of the ground plane and does not affect the 

correlation that will be defined subsequently. The K r  is not recovered in the measurement process: it is the 

arbitrary integer value required to map y; (x , y ) into the measurement ambiguity interval. It will 

become apparent that the K r  term does not contribute to the correlation procedure because the function 

selected for comparison of the images is, in itself, ambiguous on the same interval as y p  (x y ) . Since 
the constant phase offset and the ambiguity terms are irrelevant to the subsequent mathematics for comparison, 
they are ignored and a new phase is defined that is a function only of the vertical topography, z(x,y). From the 
above expression, this new phase is: 



y ( x ,  y ) is the basis for the subsequent comparison of images. As noted in the above equation, 

Y ( x ,  y ) is obtained by subtracting the term 2 n M o d ,  (e  ( h ) from the measured phase. 

As noted previously, the LADAR data were compared with two types of 3D imagery. The SAR interferometric 
imagery has ambiguity intervals that exceed those of the LADAR. The Vexcel imagery does not have an 
ambiguity interval because it is not based on phase-based extraction of distance information to obtain the height 
above the ground plane. In order to make the LADAR and SARNexcel data sets equivalent, both the SAR 
interferometry and the Vexcel imagery were remapped to an equivalent phase ambiguity interval to that of the 
LADAR. 

The question rises: Why not unwrap the phase in the LADAR imagery to make it directly equivalent to the SAR 
or Vexcel imagery? Phase unwrapping algorithms work well for continuous topography [4]. However, they 
encounter difficulties for surfaces having sharp discontinuities, such as buildings, particularly when the building 
elevation changes are enough to approach the phase ambiguity distance. For the LADAR, the phase ambiguity 
interval is on the order of building heights within some of the processed scenes. 

The mapping has direct analogy to the definition of the yL and is presented here as: 

where-n <'Ys Sn. 

The definitions for the terms in the above equation are exactly analogous to those for the LADAR with the 
ambiguity interval being 10 meters cos(8). The key point here is that the relative value of zs is known within the 
smaller phase ambiguity interval of the LADAR. Therefore, the equivalently-ambiguous phase image as for the 
LADAR can be obtained from the SAR and the Vexcel inputs. 

Complex Correlation of Ambiguous Range Data 

The arbitrary ground plane strongly impacts the location gf the branch cuts in the imagery 
(i.e. -n < 'YL ,'Ys 5 n ) as can be seen in the phase continuities in Figure 3 (left) . This image is a LADAR 
image of an area on W a n d  AFB referred to as the NATO site. The bottom line is: Comparisons of the 
LADAR data with the SAR or photographic stereo imagery (referred to here as Vexcel imagery) cannot be . 
properly implemented using the raw phase because of the arbitrary dependence of the branch cuts. 

To address the problem of phase ambiguities, the LADAR and SARNexcel images were defined as phasors 

What measure should be used to interpret the similarity between the images derived from measured data, x: 
and x: ? Some insight can be gained by approaching the question in a manner analogous to the approach 

identified in 151. The images x: and xf are assumed to be products of different underlying, independent 
distributions. Independent noise distributions are assumed to be present on both images. The signal components 
of the two.images are presumed to be responses to the true 3-D renditions of the cultural or terraidvegetation 
features. The correlated components of the x and x: images are therefore derived from the presence of a 

common distribution to both of the images. Let this common distribution be xz, defined to be the true 3-D 



signal component within x: . An uncorrelated signal component (or distribution) may occur within xr and 
is defined here to be due to a second, independent distribution, 2. A measure of the similarity in the two 
images is needed. A desirable property of this measure would be that it approaches unity when the two images 
are identical (both are derived from x; ) and approaches zero when the two images are derived from 

independent distributions, x; and 2. The measure of similarity will be a as defined below. 

A model of the two images that responds to the desired characteristics is : 

The n I,k and n 2 , k  are the independent noise terms. The phase shift for the fist term in the right hand side of 

xi:, is due to the difference in reference geometries (offset of the ground plane) as discussed in the 
description of the YL and YS terms defined earlier. Note that a drives the desired correlation properties between 
the measured images as it approaches zero or unity. The underlying signal component is identical for both 
images when CY. is unity and completely uncorrelated when a. is zero. 

Eichel et all51 show that if the distributions in the above expressions are zero mean and Gaussian, the maximum 
likelihood expression for a can be shown to be: 

The measure % is the maximum likelihood estimate and themmmation over k is the summation over the image 
pixel values with index k. It is referred to from this point on as a (without the subscripts). a can be expressed 
in terms of the phase terms presented earlier as: 

Although sets of images cannot in general be shown to be zero mean and Gaussian, the above expression for a 
justifies the form of its estimation for a very significant set of complex surfaces; this form was used as the general 
basis for estimating the similarity between the LADAR and the reconnaissance (reference) images. 

The problem at hand is to maximize a by positioning the target image over the region of the reference image 
where there is the highest output for a. This positioning can be accomplished by “sliding” the target 
continuously over the reference image. This corresponds exactly to the cross correlation operation. Therefore, 
using the form of the estimator a, and treating the summation as a continuous process, the correlation function 
becomes: 



N in the previous expression for CX is the number of pixels in the integration area. Use of the above Cartesian 
form of the correlation function assumes that there is not a requirement to maximize a with rotations. For an 
operational concept, there will be small angular errors between the LADAR image pointing and the reference 
orientation of the SAR. A reasonable potential error might be _+ 5 O for the inertial navigation system. The 
correlation procedure presented here does not address rotatioh. 

In the above equation, the term "Area" refers to the total region of integration. For the application here, it is the 
area of the target image. The reference image is presumed to be significantly larger. The (x,y) coordinates are 
the coordinates within the reference image domain. The function r (x,y) has the same form as the more general 
definition of the complex correlation function: 

Area 
It is well known that the complex correlation function can be computed in the frequency domain. The required 
computations are: 

where 3 denotes the 2-D Fourier Transform of the phasors in the parentheses and R(ox,oy) is the Fourier 
Transform of r(x,y). Use of the finite transform for correlations implies that the truncated f(x,y) and g(x,y) 
become cyclic functions that extend periodically and infinitely in the x and y directions. 

Since r(x,y) can be,complex, the peak correlation is obtained from the peak in the absolute value of r(x.y). The 
correlations.that follow are normalized by the area of integration. Therefore the correlations are estimates of 
CX with a range between zero and unity. 

Normalized Cross Correlation of Unambiguous Range Data 

The ATLAS LADAR images contain three bands storing Cartesian coordinates for4he world coordinates of 
each pixel in the image array. The three image bands were combined into a single band by mapping the x and y 
coordinates to a pixel on the ground plane with the resolution of the ground plane corresponding to that of the 
SAR image. The z coordinate then represents the height above ground for each pixel. Due to the low 
depression angle used to acquire the LADAR images, only 6 to 8 percent of the pixels on the projected ground 
plane contain valid data as shown in the example in Figure 2. 

Figure 2: ATLAS LADAR Data Projected Onto Ground Plane. 



Because of the low sample rate on the projected images and the low number of prominent features in the rural 
scenes, an attempt was made to capitalize upon the vegetation and vertical surfaces. 

A filter identifying areas with the spatial distribution associated with vegetation patches was used to remove the 
areas as the two pass interferometric SAR processing is not as accurate in this type of terrain. The complex 
spatial correlation image which contains the measure of phase agreement between the two SAR flight images 
identifies those areas where poor flight position control occurred or where temporal changes occurred between 
the two collections; Those areas which show poor correlation, such as often occurs for vegetation patches due 
to movement on the order of a wavelength or more between flights, produce random phase difference values. 
Local phase averaging techniques are applied to improve the local phase estimates. As a result, vegetation 
regions suffer a loss of accurate height information. 

In order to identify vertical surfaces, the LADAR image was searched for high density pixel strips with equal 
height elevation, and these pixels were given higher weighting, Le. assigned relatively high elevation values, to 
enhance the SARnADAR correlation. The bunker targets used for the analysis are referred to as the B- 12 
bunkers by the ATLAS program. A specific bunker adjacent to another bunker was selected as the target in the 
image. The search for the vertical relief on the bunker was hastened since the approximate orientation of the 
hangar door for the target bunker was known. In SAR magnitude images, comers created by vertical surfaces 
and the ground reflect a large percentage of incoming radiation thus producing intensity spikes along the 
intersection of the two surfaces. The SAR magnitude image was screened for intensity spiked areas, and these 
areas were also given higher weighting. 

Note that assigning higher weighting to target features is crucial in the cross correlation of unambiguous range 
data. If an area with heights substantially greater than the target is viewed in only the LADAR image or the 
SAR correlation template, this area will dominate giving the greatest normalized correlation coefficient, 

where 

f ( x ,  y) is the pixel value for coordinates (x,y) in the LADAR image, 

f ( x ,  y) is the average value of the f(x,y) values in the region coincident with the correlation template, 
w(x, y) is the pixel value for coordinates (x,y) in the SAR target template, 
w (x ,  y) is the average value of the target template, 
and s and t denote the shift in the target template [6]. 
For example, one can easily verify that if any given pixel f ( x o  , yo)  >> 

f ( x o  , yo)  >> 
f ( x o ,  y o )  will dominate the sums in the numerator and in the denominator such that the normalized cross 
correlation coefficient, 

- 

- 

E f , 
E w , and N >> f ( x o ,  yo), where N is the number of pixels in the target template, 



where W,, is the largest value in the target template, S,,, and t,,, are the displacements for w,, to 

overlay f ( X o ,  yo )  , and CY 
coincide. 

is the variance for the target template, will peak where f ( x o ,  yo ) and w,, 

Thus, the incoming LADAR data must be bound, and it is preferable that the target pixels exhibit the greatest 
height values. 

Results 

Results are presented here for three correlations: (1) LADAR correlation with Interferometric SAR data 
acquired on open desert terrain at Kirtland Air Force Base (referred to as the NATO site); (2) LADAR 
correlation with stereo-interpreted imagery from Vexcel Corporation in a highly developed urban area; and (3) 
Unambiguous range LADAR correlation with interferometric SAR data acquired rural areas of Eglin AFB. The 
urban site is referred to as Wyoming and F Street. Target examples in the NATO and.Eglin AFB site imagery 
are bunkers while buildings are target examples for the Wyoming and F Street imagery. 

Desert-terrain (NATO Site) Background 

The SAR interferometric image of the NATO site, remapped to the same phase ambiguity level of the LADAR, 
is presented in Figure 4 along side the LADAR image.. The results of overlaying the LADAR SAR and 
LADAR images at the peak of the magnitude of the complex correlation function are shown in Figure 5. Note 
the relative positioning of the bunkers in the overlaid images. The magnitude of the complex correlation 
function within a 512 by 5 12 pixel region inclusive of the peak is shown in Figure 6. The correlation peak is 0.6 
rather than the theoretical perfect correlation of unity. Reference [3] discusses error sources. 

Figure 4: LADAR Image (left) and SAR Interferometric Image (right) of NATO site with 
SAR remapped to LADAR phase ambiguities. 



Urban Background 

The Vexcel data based on stereo photography was used for analysis of urban background because it was 
available in the highly developed area for which we already had LADAR data. We intended to acquire single 
pass, interferometric imagery with less than a meter phase noise for use in the urban area. However, such data 
was not available during the time frame of this funded effort. The Vexcel data had specified accuracies of k 1.5 
feet and resolution (pixel sizes) of 1.5 by 1.5 feet. The Vexcel imagery does not contain any vegetation 
contributions to the true 3-D profile. Also, it does not have any local phase noise. Such noise is present for 
both LADAR and SAR. 

The Vexcel remapped to the LADAR phase ambiguity interval and LADAR images are presented in Figures 7 
and 8. The trees around the buildings are apparent in the LADAR imagery. The LADAR target image was 
correlated with the 2048 by 1024 Vexcel reference image. Zero-padding was applied to both the LADAR and 
Vexcel images, expanded to 2048 x 2048 to identify the correlation peak. The magnitude of the complex 
correlation function for reposition of the location of the LADAR image is shown in Figure 9. The displayed 
region has dimensions 512 x 512 ceiitered around the position where the correlation maximum occurs for the 
2048 x 2048 correlation. This Nsplay of the magnitude of the correlation is looking. along the y-axis with a 20 
degree downward perspective on the x-y plane. The reason for this selection is to.provide perspective on the 
sharpness of the correlation pelk while it allows a perspective of the rest of the topography. It has the. 
disadvantage that the magnitu6.e of the correlation c?iinot be directly projected onto the vertical axis. To get the 
correct projection, one must correct for the correslsonding offset in the y axis (into the paper). All of the 
correlation plots presented in this paper have the same perspective. The correlation peak in Figure 9 is 0.32 
where perfect correlation is un.6. As ZG+& earlier, perfect correlation is normalized to the area of integration 
which for the case at hand is correlation over a 512 by 512 region, or 262144 pixels. However, the target image 
does not cover the entire 5 12 by 512 array because of limitations on the scan geometry. Therefore zero padding 
was used to fill out the Fast Fourier Transform array to the512 dimension. The area of integration was 210198 
non-zero padded pixels. The best-fit overlay of the Vexcel and LADAR images using the position of the 
correlation peak for alignment on the 512 by 512 region (with zero padding) is shown in Figure 10. 



Figure 5. Overlay of IFSAR and 
LLDAR for position of 
maximum in correlation peak. 
Note bunker with dark (IFSAR) 
over gray (LADAR) alignment. 

~ ~~ 

Figure 6 Magnitude of Complex Correlation Function for NATO site. 



Results for Unambiguous Range Data: Target in Terrain Background 

The correlation function for the Eglin SAR and LADAR data are presented in Figure 11. The overlay resulting 
from displacement of the target image to the location of the maximum value of the magnitude of r(x,y) is 
presented in Figure 12. The images overlay quite accurately. The bunkers are well aligned between the two 
images, as noted in the figure. 

Figure 7: Vexcel Image remapped to LADAR Phase Ambiguity Interval 
(Note the non-zero padded region of Figure S) 

Figure 8: LADAR Image used for Complex Correlation 



Figure 9: Magnitude of Complex Correlation of LADARNexcel Images 

Figure 10: Position of Vexcel Image (edges) overlaid on LADAR image 
(Note distortions) 



Table 1: Normalized Cross Correlation of Unambiguous LADAR and SAR Data 

Rotation (degrees) No Enliancemcnts Vegetation Filtered Enhanced Vertical Surface 

0 
36 
37 
38 
39 
40 
41 

Peak S(s,t) Match Peak S(s,t) Match Peak S(s,t) Match 
0.115 no 

0.101 no 
0.173 no 0,099 ' no 0.476 yes 
0.174 no 0,097 no 0.484 yes 
0.174 no 0.095 no 0.459 yes 
0.175 no 0.094 no 0.478 yes 
0.175 no 0.092 no 0.480 yes 

45 
50 
55 
60 
65 

0.105 no 0.095 no 
0.106 no 
0.111 no 
0.113 no 0.099 no 
0.115 no 0.001 no 

* Note that the correlation for the correct displacement and rotation with no enhancements was 0.13 

70 
75 
80 

0.122 no 0.114 no 
0.130 no 
0.134 no 

85 0.138 no I 1 
90 0.139 no 0.132 no 1 



Table 2 Normalized Cross Correlation of LADAR Data Without Target 

Figure 11: Plot of Correlation Coefficients Using Vertical Surface Enhancement 

Figure 1 2  Overlaid Unambiguous Range LADAR and SAR Images Showing Good Match with 
Enhanced Vertical Surface Correlation 



Summary of Error Analysis 

Although the error analysis is not presented here (see [3]), for the LADARNexcel image correlation, four 
identified error sources each individually reduce the magnitude of the correlation by the factors summarized 
below: 

Differences in Sensor Response 
Image Distortion 
Phase Drift 
Phase Noise 

0.80 
0.87 
0.75 
0.86 

The above error sources are quite independent. If one assumes independent, hence multiplicative reduction 
from the theoretical peak of unity, the four sources combine to reduce the achievable maximum of the 
magnitude of the correlation function to about 0.45. As noted in the phase drift error section, there is a 
significant unexplained aberration of the phase in the center one-f~th of the image that could contribute an 
additional 5 to 10 percent drop in the maximum of the magnitude of the correlation. The error sources account 
for the major portion of the degradation to a value of 0.32 for the LADARNexcel correlation, even excluding 
the aberration in phase beyond linear drift. 

Conclusions and Recommendations 

Based on the results obtained above, the following conclusions can be drawn: 

a. A correlation procedure has been developed for fusing different 3-D image responses that does not require 
the removal of phase-ambiguities to achieve image correlation. 

b. The above procedure has been demonstrated to provide good re-positioning of a target image on a reference 
(reconnaissance) image. 

c. Significant error sources have been identified and quantified for the selected data set. 

d. The complex correlation approach has been shown to be the most likely estimator for the set of zero-mean, 
Gaussian surfaces, and, on that basis, is a good estimator for the more general class of images. 

It is recommended that : 

a. Interferometric SAR be acquired over the Wyoming and F Street region for demonstration of geometric 
correlation among the SAR data and LADAR data in a cultural background; 

b. The data and techniques be presented to the relevant Department of Defense (DoD) community for their 
consideration for precision delivery and to further support the use of national reconnaissance assets that can 
generate 3-D surface images (photographic or SAR) as reference images; 

c. Based on demonstrated DoD interest, work be further developed for efficient rotation of the target image 
during the correlation process and for more exact location fixes within a localized image region (such as a 
particular building): 

d. Correlation procedures be developed that exploit the theoretical maximum and known system errors to 
determine whether target/non-target decisions can be made based on the value of the measured maximum 
correlation relative to the theoretical maximum. Such procedures could result in terminal seekers that could 
further reduce collateral damage when the target image is not identified in the reference image. Further 
research should focus on correlation techniques that weight the correlation integral in proportion to the changes 
in surface topography rather than responding in direct proportion to the topography. Such differential 
techniques will be more sensitive to subtle topographic characteristics of the target while suppressing the 



topography, such as flat terrain. However, the correlation magnitude obtained by weighting on topography 
differentials will be more sensitive to noise. It will also be more sensitive to image distortion because of the 
higher spatial frequency weighting. Future research should address development of robust techniques to suppress 
both of these factors. 

This work was supported by the United States Department of Energy under Contract DE-ACW94AL85000. 
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