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(a) (b) 

(c) (d) (e) 

Figure 4: Results for a satellite with mv=4 (S1 = 14.6). (a) Noiseless, diffraction-limited image; (b) 
Example of a conventional (left) and diversity image; (c) 64 image-pair reconstruction; (d) Example of a 
32 image-pair reconstruction; (e) Example of a 16 image-pair reconstruction. 

depending on the SNR of the imagery. Typically, between 500 and 600 total iterations are performed, and 
an automatic stopping criterion based on the percent change in the log-likelihood function is employed. 

Results for the most favorable case (mv = 4, S1 = 14.6) are shown in Figure 4. The diffraction-limited 
image is displayed in Figure 4(a) for reference, and example images in Figure 4(b) serve as visual aids to 
help gauge the SNR. In Figures 4(c), (d) and (e), respectively, we find the 64 image-pair, a 32 image-pair 
and a 16 image-pair reconstruction. In each case, the reconstruction is slightly sharper than the diffraction
limited image. Even the 16 image-pair reconstruction is quite good, and both the thin, diagonally-oriented 
feature (we'll refer to this as the diagonal antenna) and the thin, horizontal feature to the far right of the 
main body of the satellite (the horizontal antenna) are well-resolved. 

The simulation experiments for each value of mv are summarized in the array of reconstructions shown 
in Figure 5. The SNR is still fairly favorable (S1 = 8.2) for mv = 5, even though the detector noise 
is much more visible in the data [examples are shown in Figure 2(a)]. Nonetheless, we still find that 
the reconstructions [Figures 5(d)-(f)] are quite good in that the diagonal and horizontal antennae are 
recovered quite nicely. We do begin to notice a larger degree of pixel-to-pixel variation than observed 
for mv = 4 [Figures 5(a)-(c)], particularly on the cylindrical satellite body to the left of the horizontal 
antenna. Whereas the gross intensity variation is recovered, we note that there are variations at a finer 
spatial scale. The eye tends to integrate over this variation, however, and the reconstructions are still highly 
interpretable. The 16 image-pair reconstruction in Figure 5(f) is beginning to show signs of degradation, 
particularly with respect to the support of the reconstruction. We begin to observe residual energy in a 
dim, speckle-like cloud surrounding the reconstruction. Nonetheless, we believe that an analyst would still 
find that a 16-realization reconstruction is satisfactory. 

The SNR drops to 4.0 for mv = 6 [see Figure 3(c)], and we begin to notice in Figures 5(h) and (i) that 
the reconstruction fidelity visually deteriorates for J = 32 and J = 16. For mv = 4 and mv = 5, a Gaussian
shaped smoothing sieve with a standard deviation of 1 pixel was used to regularize the reconstructions. 
The width of the sieve was broadened to 1.5 pixels for mv = 6, and we observe a slight overall reduction in 
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(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

(k) (1) 

Figure 5: Summary of PDS simulations. (a) J = 64, mv = 4, Si = 14.6; (b) J = 32, mv = 4, Si = 14.6; 
(c) J = 16, mv = 4, Si = 14.6; (d) J = 64, mv = 5, Si= 8.2; (e) J = 32, mv = 5, Si = 8.2; (f) J = 16, 
mv = 5, Si = 8.2; (g) J = 64, mv = 6, Si = 4.0; (h) J = 32, mv = 6, Si = 4.0; (i) J = 16, mv = 6, 
Si = 4.0; (j) J = 64, mv = 7, Si = 1.8; (k) J = 32, mv = 7, Si = 1.8; (1) J = 16, mv = 7, Si = 1.8. 
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sharpness with respect to previous reconstructions. Another characteristic of these reconstructions can be 
observed in the diagonal and horizontal antennae. These linear, low-SNR features develop gaps, breaking 
up along their length. The support of the 16 image-pair reconstruction is less well-defined, and the speckle
like artifacts surrounding the body of the satellite are as bright as the horizontal antenna feature in some 
areas. The fact that the reconstructed antennae pixels align themselves linearly helps one distinguish these 
from artifacts. Since the antennae are about 1/2 the intensity of the brightest portions of the satellite, the 
SNR is lower than 4.0 for these pixels, and it is impressive that these features are restored at all. 

Finally, the last case explored is when mv = 7 and S1 = 1.8. We found through various reconstruction 
experiments that a sieve with a width of 3 pixels yielded the most interpretable results. The reconstruc
tions, shown in Figures 5(j)-(1), do not exhibit many fine-resolution internal features, and the support is 
somewhat eroded. This erosion can be understood when the effect of blurring is considered. The blurred 
edges in the raw imagery are lost in the noise [see Figure 3(d)], so the net result is an estimate of the object 
support that eats into these edges. We find that the erosion of the support in very low SNR regimes is a 
common feature of deblurring algorithms. While even the best reconstruction for the case of J = 64 is still 
quite poor with respect to the diffraction-limited image, an image analyst could surely learn something 
from the reconstruction in Figure 5(j) that cannot be observed in the extremely noisy raw imagery. We 
conclude that 16 realizations are adequate for mv = 4 and mv = 5, but that 32 realizations or more are 
desired for mv = 6, where the SNR is 4.0 and the performance is just beginning to decline. There is a large 
jump in loss of fidelity between mv = 6 and mv = 7, where the SNR dips below 2.0. In general, using 32 
image pairs is sufficient, and it does not appear that a significant improvement in fidelity is obtained when 
using 64 image pairs, which roughly doubles the computations per reconstruction. 

3. SATELLITE RECONSTRUCTIONS FROM REAL DATA 

Images of satellites were collected with the 1.5-meter telescope at the SOR using adaptive-optics (AO) 
compensation. The image data were collected at a center wavelength of 0.85 µm with a full-width at half
maximum optical bandwidth of about 0.1 µm. The selected satellites were small enough to accommodate 
the use of a single camera, so both the conventional and the diversity channels were imaged onto separate 
sides of a 12-bit, 64x64 CCD array. The signal was divided into two channels with a polarizing beamsplitter, 
and two BK7 glass plates with 1/8-inch and 1/4-inch thickness, respectively, were inserted into one channel 
to introduce a quadratic phase diversity of 0.7 wave peak-to-valley. The data are approximately Nyquist 
sampled at 283 nrad per pixel. Thus, the entire CCD captures a 18µrad x 18µrad FOV, which limits the 
satellite subtense when the two channels do not interfere. An important aspect of the PDS reconstruction 
algorithm is the accurate modeling of the imaging system, and calibration data were used to characterize 
the noise properties of the CCD (dark current and readout noise). Each of about a dozen satellite passes 
imaged consists of short-exposure images taken in sets of 256 frames for exposures times of 2, 5 or 10 msec. 
Sets of 256 dark frames (shutter closed) taken at the same exposure setting typically were collected after 
each set of data. 

The results of reconstructing a pass of Catalog No. (CATNO) 4419, which was imaged with self
referenced AO compensation, is discussed here. About a dozen, 256-frame image sets of varying SNR were 
collected across the pass. Examples of 5-msec image pairs (conventional on top) from the set with the 
largest SNR are shown in Figure 6(a). In this case, S1 = 7.4, which is quite comparable to the simulated 
case of mv = 5. We observe that the two images on the left of Figure 6(a) are reasonably well compensated, 
with aberrations that are quite a bit milder than a typical realization of Kolmogorov turbulence used in the 
simulations. The other two image pairs shown are examples of average and poor compensation, respectively, 
demonstrating our introductory assertion that aberrations can still be appreciable in systems employing AO 
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(a) 

(b) (c) (d) 

(e) (f) (g) 

Figure 6: PDS reconstructions of Catalog No. 4419. The set of 256 image pairs was divided into disjoint 
subsets of 256/J image pairs each, for J = 64, 32, 24, 16 and 8. (a) Examples of conventional (top) and 
diversity image pairs for a range of AO compensation quality. The ensemble SNR in the conventional 
channel is S1 = 7.4; (b) A 64-pair shift-and-add image; (c) Example of a 64-pair restoration; (d) Example 
of a 32-pair restoration; (e) Example of a 24-pair restoration; (f) Example of a 16-pair restoration; (g) 
Example of an 8-pair restoration. 
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correction. We note that a portion of the diversity images fall outside of the detector FOV. Fortunately, the 
PDS algorithm is designed to handle this using a processing "guard band" that is particularly important 
for applications of imaging scenes that extend beyond the sensor FOV [7]. We also note that the images 
translate somewhat from frame to frame; PDS naturally registers .the data estimating wavefront tilt and, 
therefore, does not require that the data be aligned prior to processing. 

The consistency of PDS object estimates with respect to the number of image pairs input to the 
algorithm is summarized in Figure 6. For each number of images pairs, J, the 256-pair set was divided 
into 256/ J (truncated to the nearest integer) disjoint subsets, and a restoration was made for each subset. 
The 64-realization shift-and-add image, d1 (x), that is used as the initial guess to one of the four 64-pair 
subsets is shown in Figure 6(b). The corresponding 64-pair restoration is shown in Figure 6(c). This 
restoration has an excellent support estimate and interesting intensity variations. A glint on the main 
body is observed, and shadowing is noted at the junction of the main body with the solar panels. The 
shadowing is consistent with our intuition and experience with sun-illuminated artificial satellites. There is 
also an interesting feature at the base of the main body that protrudes roughly vertically. Representative 
restorations for the cases of J = 32, 24, 16 and 8 image pairs are found in Figures 6(d)-(g), respectively. 
There is a high degree of consistency between the restorations, and it is not until we use only J = 8 
image pairs that the intensity features begin to vary and the support is less defined. Nonetheless, this 
restoration improves dramatically upon any individual short-exposure image and is significantly sharper 
than the shift-and-add initial estimate. This group of restorations also demonstrates that PDS can work 
well on images with favorable SNR, even when a portion of the diversity image data fall outside of the FOV. 
Furthermore, high-fidelity restorations can be obtained with only 16 image pairs, and decent performance 
is exhibited here with as few as only 8 pairs. Fine-resolution PDS restoration of solar granulation have 
been made using only 5 image pairs [7, 8], but the satellite-imaging results presented here are from a more 
stressing regime of operation with respect to SNR. 

A powerful means for assessing reconstruction accuracy is the comparison of restorations at different 
points in the satellite pass. The CATNO 4419 pass provides us with a very nice time sequence of 12 
restorations that shows the satellite at a variety of aspects. The sequence of restorations using J = 32 
image pairs is shown in Figure 7. The first 9 sets were collected with a 5 msec exposure, and the last 3 
sets use 2 msec. The SNR, S1, has an average value of 6.0 for the 5 msec sets and only 2.2 for the 2 msec 
data. The time interval between sets is not evenly spaced, and our best estimate (based on the time spent 
above 45 degrees elevation) is approximately 10 seconds between restorations. The third restoration in the 
sequence was shown previously in Figure 6(d). The restorations share many common features. Perhaps 
most meaningful of all is the fact that these features evolve with the change in satellite aspect in a believ
able fashion. For instance, (1) a glint on the main body begins to form in restoration frame 2 and persists 
for several frames before fading out; (2) shadowing of the panels near the main body is common to most 
of the restorations; (3) the main body gradually experiences a foreshortening with aspect; ( 4) a subtle, 
low-intensity region on the panels is observed in frames 4-7. These are just a few of the characteristics 
that persist throughout the pass. One image analyst also noted that the two panels are not fully planar, 
and that they retain a slight zigzag from deployment. The value of a time series of restorations like this 
should not be underestimated, and has already provided a third dimension of information for astronomers 
studying the evolution of small-scale solar features from ground-based observatories [12]. The reduction 
of artifacts and the ability to view the object at a variety of angles opens the door to a wealth of reliable 
information that can be mined from movies of satellites. 
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Figure 7: Time series of Catalog No. 4419 restorations. Each restoration derives from 32 image pairs. The 
sequence rasters from the upper left to the bottom right. The first 9 sets derive from data collected with 
a 5 msec exposure, and the last three were collected with a 2 msec exposure. The average conventional
channel SNR is 6.0 for the 5 msec data and 2.2 for the 2 msec data. 
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4. CONCLUSIONS 

The use of PDS for satellite reconstruction was demonstrated in simulation for a variety of SNR's. 
For a given turbulence strength, satellite reconstruction fidelity was evaluated as a function of quality and 
quantity of data. We found that performance degrades as expected as both the SNR and number of image 
pairs are reduced. The credibility of this study is enhanced by reconstructions from compensated data 
collected with the 1.5-meter telescope at the SOR. The authenticity of the reconstuctions was enhanced via 
a time series of reconstructions for CATNO 4419. We confirmed the simulation findings when we showed 
that excellent reconstructions can be obtained with 16 image pairs when the SNR is high. Important 
features persist throughout the pass, and changes in aspect and the location of shadows evolve as expected. 
Glints evolve rapidly as expected, and the size and shape of the satellite varies in a believable fashion. In 
addition, details of the restorations were corroborated with sketches of the actual objects, and, features 
such as the orientation of solar panels were identified by analysts experienced in space-object imaging. 

ACKNOWLEDGEMENTS 

We acknowledge the efforts of Cassandra Hoye and Sean Frazier of ERIM International, who conducted 
much of the simulation and real-data computer processing. We also thank Byron Welsh of the Air Force 
Institute of Technology and Michael Roggemann of the Michigan Technological Institute for providing 
the simulated satellite rendering and phase aberrations. Finally, we thank Richard Rast of the SOR for 
providing satellite collection planning and expertise in space-object identification. This research was sup
ported by the U.S. Air Force Phillips Laboratory under two separate contracts. Computing resources for 
the simulation investigation were provided by the Maui High Performance Computing Center (MHPCC) 
in conjunction with the AMOS/MHPCC Research and Development Consortium. 

References 

[1] A. Labeyrie. Attainment of diffraction limited resolution in large telescopes by fourier analysing 
speckle patterns in star images. Astron. and Astrophys., 6:85-87, 1970. 

[2] J. C. Dainty. Stellar speckle imaging. In Topics in Applied Physics: Laser Speckle and Related 
Phenomena, 2nd edition, J. C. Dainty, editor, pages 297-328. Springer-Verlag, New York, 1984. 

[3] J. Primot, G. Rousset, and J.C. Fontanella. Deconvolution from wave-front sensing: a new technique 
for compensating turbulence-degraded images. J. Opt. Soc. Am., 7:1598-1608, 1990. 

[4] J. D. Gonglewski, D. G. Voelz, D. C. Dayton J. S. Fender, B. K. Spielbusch, and R. E. Pierson. First 
astronomical application of postdetection turbulence compensation: images of a aurigae, v ursae 
majoris, and a geminorum using self-referenced speckle holography. Appl. Opt., 29:4527-4529, 1990. 

[5] R. G. Paxman, T. J. Schulz, and J. R. Fienup. Phase-diverse speckle interferometry. In Signal Recovery 
and Synthesis IV, Technical Digest Series 11, (OSA) New Orleans, LA, April 1992. 

[6] R. G. Paxman and J. H. Seldin. Fine-resolution imaging of solar features using phase-diverse speckle 
imaging. In Real Time and Post-Facto Solar Image Correction, 13th Sacramento Peak Summer 
Workshop, Sunspot NM, September 1992. 

[7] J. H. Seldin and R. G. Paxman. Phase-diverse speckle reconstruction of solar data. In Proc. of the 
SPIE Conj. on Image Applications and Restoration 2302, T. J. Schulz and D. L. Snyder, eds., pages 
268-280, San Diego, CA, July 1994. 



15

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 6/29/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

[8] R. G. Paxman, J. H. Seldin, M. G. Lofdahl, G. B. Scharmer, and C. U. Keller. Evaluation of phase
diversity techniques for solar-image restoration. Astrophysical Journal, 467, 1996. 

[9] R. A. Gonsalves and R. Chidlaw. Wavefront sensing by phase retrieval. In Proc. of the SPIE Conj. 
on Applications of Digtial Image Processing III 207, A. G. Tescher, ed., pages 32-39, San Diego, CA, 
1979. 

[10] R. G. Paxman and J. R. Fienup. Optical misalignment sensing and image reconstruction using phase 
diversity. J. Opt. Soc. Am., 5:914-923, 1988. 

[11] R. G. Paxman, T. J. Schulz, and J. R. Fienup. Joint estimation of object and aberrations by using 
phase diversity. J. Opt. Soc. Am., 9:1072-1085, 1992. 

[12] J. H. Seldin, R. G. Paxman, and C. U. Keller. Time series restoration from ground-based solar 
observations. In Missions to the Sun, Proceedings of the SPIE 2804-29, Denver, Colorado, August 
1996. 

[13] J. H. Seldin, R. G. Paxman, and B. L. Ellerbroek. Post-detection correction of compensated imagery 
using phase-diverse speckle. In Proc. of ESO/OSA Topical Meeting on Adaptive Optics, M. Cullum, 
ed., Garching, Germany, 1995. 

[14] R. J. Noll. Zernike polynomials and atmospheric turbulence. J. Opt. Soc. Am., 66:207-211, 1976. 

[15] D. L. Snyder and M. I. Miller. The use of sieves to stabilize images produced with the EM algorithm 
for emission tomography. IEEE Trans. Nuclear Science, NS-32:3864-3872, 1985. 

[16] J. S. Accetta and D. L. Schumaker (executive editors). The Infrared & electro-optical systems handbook. 
Infrared Information Analysis Center (ERIM, Ann Arbor, Michigan) and SPIE Optical Engineering 
Press (Bellingham, Washington), 1993. 

[17] S. L. Marple Jr. Digital Spectral Analysis. Prentice-Hall, Englewood-Cliffs N.J., 1987. 


