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ABSTRACT

Recently, we reported an adaptive cross-correlation (ACC) algorithm to estimate with high accuracy the shift as large as
several pixels between two extended-scene sub-images captured by a Shack-Hartmann wavefront sensor. It determines
the positions of all extended-scene image cells relative to a reference cell in the same frame using an FFT-based iterative
image-shifting algorithm. It works with both point-source spot images as well as extended scene images. We have
demonstrated previously based on some measured images that the ACC algorithm can determine image shifts with as
high an accuracy as 0.01 pixel for shifts as large 3 pixels, and yield similar results for both point source spot images and
extended scene images. The shift estimate accuracy of the ACC algorithm depends on illumination level, background,
and scene content in addition to the amount of the shift between two image cells. In this paper we investigate how the
performance of the ACC algorithm depends on the quality and the frequency content of extended scene images captured
by a Shack-Hatmann camera. We also compare the performance of the ACC algorithm with those of several other
approaches, and introduce a failsafe criterion for the ACC algorithm-based extended scene Shack-Hatmann sensors.
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1. INTRODUCTION

A Shack-Hartmann sensor (SHS) is an optical instrument widely used for wavefront sensing in optical testing and
astronomical adaptive optics. It consists of a lenslet array and a camera. The lenslet array is placed in a plane conjugate
to the plane of the wavefront error source, and the camera is located at the focal plane of the lenslet array. The
conventional SHS uses a point-source such as a star, a laser or a pinhole as its imaging object. In such a case, the image
captured by a Shack-Hartmann (SH) camera is an array of spot images, each of which is a sub-aperture PSF. When the
wavefront error at the lenslet array changes, the position of each spot image at the SHS camera shifts from its original
position, and one can measure the overall wavefront error by determining the shifts of all spot images from their
reference positions. The location of each spot is usually determined by calculating the centroid (center of mass) of the
spot [1].

In some applications, such as solar telescopes [2], remote-imaging along short horizontal or slant paths from the ground
[3] and remote-imaging from space, a point-source is not available but the use of an SHS-based AO system is still
desirable. In such a case, the SHS needs to image an extended scene and its lenslet array forms an array of sub-images
in its camera. We call this type of SHS an extended-scene SHS (ES-SHS). In an ES-SHS, the wavefront error at the
lenslet array shifts the sub-aperture images at the SH camera from their ideal locations. Therefore, the problem of
measuring the wavefront error of a system reduces to the problem of estimating the shifts of all the sub-aperture images
from their original positions. This is effectively a problem of image registration and the basic approach for solving this
problem is cross-correlation [4]. This is the standard approach when the allowable transformations of the template
include a small range of rigid transformations (translations, rotations and scale changes). In this approach, one typically
computes the cross-correlation between a target image and a template for each allowable transformation of the template,
and determines the types and the values of transformation parameters from the maximum of that cross-correlation
function, as detailed in Ref. [4]. In this case, the cross-correlation between a target cell and a reference cell can be
computed either in the spatial (or image) domain based on the Correlation theorem, or in the Fourier-domain using the
Fast Fourier-Transform (FFT) [2, 3, 5, 6]. Recently, Knutsson ef al. proposed a new approach which estimates the shift
based on the phase of two images’ cross-correlation spectrum [7]. The approaches proposed by the researches cited
above are restricted to situations where each lenslet image is shifted but almost undistorted and the mutual shift between
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two images is less than one pixel. Recently, we reported a new, adaptive cross-correlation (ACC) algorithm for ES-SHS
[8-9]. It determines the shift between two image cells based on the phase of the two sub-images’ cross-correlation (CC)
spectrum using an iterative image-shifting algorithm. The difference between this ACC algorithm and the one proposed
by Knutson and Peterson [7] is that the latter uses only two phase terms and single iteration for the phase slope-finding,
while the former uses 8 phase terms and multiple numbers of slope-finding iterations. Therefore, the former is slower but
more accurate than the latter. The ACC algorithm works for both point-source spot images as well as extended scenes.
By analyzing some image data measured from a single extended scene bar target on our ES-SHS testbed, we have shown
that highly accurate shift estimates can be obtained with the ACC algorithm; the estimation error being less than 0.01
pixel when the actual shift between two image cells is greater than 3 pixels.

The performance of the ACC algorithm depends on the content of the scene as well as the illumination characteristics of
the optical system such as illumination level and background light. Intuitively, it performs better when the scene has
more features, more high-spatial-frequency content, and the Shack-Hatmann camera (SHC) receives more light. In this
paper, we investigate the dependence of the ACC algorithm performance on the scene content, illumination level, and
background light. The goal is to establish an acceptance criterion on image quality for guaranteeing a normal wavefront
sensing operation with desired shift estimate accuracy. We will introduce a failsafe criterion, and also compare the
performance of the ACC algorithm with those of two other faster approaches.

Section 2 of the paper is dedicated to the evaluation of the ACC algorithm performance when the illumination level and
the background of an image change. Both simulated and measured images are used in the analysis of this section.
Section 3 deals with the dependence of the ACC algorithm performance on extended scene content, and presents a
highly reliable failsafe criterion. Section 4 compares the performance of the ACC algorithm with those of two other
faster approaches. Finally, the paper is concluded with a brief summary in Section 5.

2. ILLIMUNATION LEVEL AND BACKGROUND

The wavefront sensing accuracy of an ACC algorithm based ES-SHS is determined by the accuracy of the ACC
algorithm, and the performance of the ACC algorithm depends on the illumination level, the background and the content
of the extended scene, the noise characteristics of the Shack-Hartmann camera (SHC) as well as the shift between two
image cells. Image quality and photon noise lead to noise on the wavefont slope estimates. The slope estimate noise
can be measured with the bias and the variance of image shift estimates. In this section, we will examine the dependence
of the ACC algorithm on the image illumination level and background. The dependency of the ACC algorithm on the
image content will be described in the next section. The ACC algorithm has been detailed elsewhere [8-9] and will not
be repeated here.

The extended scene we used to study the shift estimate noise of the ACC algorithm is a 500x500 pixel satellite photo
shown in Fig. 1(a). The lenslet array in the SHS creates an array of sub-images at the SH camera, and each of these sub-
images looks like the example shown in Fig. 1(b). This 50x50 pixel sub-image becomes much blurred as compared to
the original scene, because its diffraction limit is defined by each lenslet array sub-aperture, not the whole aperture of the
optical system. The ACC algorithm we implemented uses a 32x32 image cell for image-shifting and a smaller, 16x16
pixel cells for calculating the cross-correlation spectrum of the test and the reference cells. In Fig. 1(b), a 16x16 pixel
and a 32x32 pixel areas are indicated by a black and a white frames, respectively. For our study in this paper, we
normalized the image inside the circular sub-aperture in Fig. 1(b) such that its gray-scale is from 0 to 1.0. The gray-
scale of the 32x32 pixel cell in Fig. 1(b) is from 0.063 to 0.966.

To analyze the extended scene shift estimation we use the following sub-image intensity model
Se(x.3) = Lolyy +7.G )]+ N(x.») M

where G(x,y) is the normalized (0—1.0 gray-scale) 32x32 pixel cell as highlighted by a white-frame in Fig. 1(b), v,
and vy, are the signal and the background factors, respectively, 7, is the number of photons received by the brightest
possible pixel in e/pix, N(x,y) is the noise term, and S.(x,y) is a 32x32 sub-image cell measured in e/pix. The noise
term includes G(x, y) —depended Poisson noise, detector read-out noise of 40 e/pix, and dark-current of 125 e/sec/pix.

We modeled the read-out noise and the dark-current as added white Gaussian noise corresponding to an exposure time of
0.1 sec, and assumed /, = 50000 ¢/pix in our simulations. Assuming a 12-bit SHC, we converted
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(b)

Figure 1. (a) An example of an extended scene to be used in an extended-scene SH sensor. (b) Expanded view of one 50x50
pixel sub-image obtained from a simulated SH lenslet images. This sub-image is produced from the whole image
shown in part (a). The white-frame shows a 32x32 pixel cell, and the black-frame corresponds to a 16x16 pixel cell.
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Figure 2. (a) Dependence of shift estimate standard deviation (o) on illumination level. The test and the reference cell
images are obtained using Eqns. (1) and (2) with y =0 and with different noise distributions. In this case, varying 7y,
is the same as varying the illumination level. Each data point is obtained from 500 noise realizations. (b) Same as part
(a) except v, =1—7v,. In this case, varying 7y, is equivalent to varying both the illumination level and the signal-to-

background ratio. All of the noise terms are also included in this simulation. The 1/SNR values are shown in both
figures as a reference. The original shift between the test and the reference cells are zero in both cases. That is, this

S.(x,y) into Sy, (x,y) measured in “digital-number” before data processing as follows:

where “round” represents a function for rounding a number towards the nearest integer and the subscript “dn” means
“digital-number”.

simulation is for a zero-shift case. o© is standard deviation.

Syn (x, 1) = round| S, (x,y)x 4095/ 1, |,

@

Figure 2(a) shows the dependence of shift estimate standard-deviations, c,and o, on the illumination level. In this

simulation, we set y, = 0 and varied y, from 0.1 to 1.0. The test and the reference cells are obtained with different
noise distributions, and each data point corresponds to 500 noise realizations. The curve of inverse signal-to noise ratio,

1/SNR, is also included as a reference. The SNR is defined as [10]
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Figure 3. (a) An SH camera image taken on the ES-SHS testbed at JPL. The window inside the white-frame is the active
window of the SH camera to be used in this study. The Reference and the test cells indicated on this figure are the ones
analyzed with the ACC algorithm in several cases in this paper. The gray-level of the SHC is 0 —4095. (b) Eight
frames were taken on the ES-SHS testbed using different exposure times as indicated in the title of each figure. Shown
here are 64x64 pixel reference sub-images of those 8 frames with a red-frame indicating the central 16x16 pixel cell in
each sub-image. They are all plotted in the same gray-scale for the purpose of comparison.

/

Total Shift (pix)

% S0 100 150 200 250 300 350 400
Sub-image Cell Number
Figure 4. The values of the total shift estimate of 400 test cells relative to a reference cell. They correspond to the image

frame with time = 39.7 msec and were obtained using the ACC algorithm. The shift values are plotted in an ascending
order for clarity.

stdev[S,(x,y) - N(x,y.G)] _ o, 3)

SNR = s
stdev[N (x,p, G)] G,

where “stdev” represents a function for calculating standard-deviation and o, and o, are the standard deviations of the
“noise-free” signal and the noise, respectively (The signal here can be considered as “noise-free” in the sense that we do
not add any noise to the signal. However, the satellite photo shown in Fig. 1a already contains various detector noises).
Figure 2(b) shows simulation results over a range of signal and background levels, or the effect of increasing the amount
of background. The image cell used in this simulation, Fig. 1(b), has relatively good quality and performs fairly well as
expected. The mean values of the shift estimates almost do not depend on the illumination level when v, > 0.2in the
case of Fig. 2(a) or on background when y, > 0.4 in Fig. 2(b), and their absolute values are less than 0.02 pixels in both

cases. As is seen from both figures, the performance falls off with the inverse of the SNR, just as in the case of
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