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ABSTRACT 

We have developed a new, adaptive cross-correlation (ACC) algorithm to estimate with high accuracy the shift as large 
as several pixels in two extended-scene images captured by a Shack-Hartmann wavefront sensor (SH-WFS).  It 
determines the positions of all extended-scene image cells relative to a reference cell using an FFT-based iterative 
image-shifting algorithm.  It works with both point-source spot images as well as extended scene images. We have also 
set up a testbed for extended-scene SH-WFS, and tested the ACC algorithm with the measured data of both point-source 
and extended-scene images. In this paper we describe our algorithm and present our experimental results.  
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1. INTRODUCTION 
A Shack-Hartmann wavefront sensor (SH-WFS) consists of a lenslet array and a camera at the focal plane of the lenslet 
array; the lenslet array is placed in a plane conjugate to the plane of  the wavefront error source.  Its simplicity, 
inexpensiveness and real-time data processing capability has made the Shack-Hartmann sensor a popular wavefront 
sensing instrument in various areas including astronomical adaptive optics, optical testing and ocular aberrometry since 
its invention [1].  When used in a closed-loop wavefront sensing and control system of a telescope, it offers high 
dynamic range, albeit with a lower wavefront measurement resolution than, for example, the Modified Gerchberg-
Saxton (MGS) WFS approach [2].  In some applications of space-based, airborne, and ground-based adaptive optical 
systems, SH-WFS with extended-scenes provides some great benefits.   

The conventional method used in an SH-WFS first produces a grid of spot images from a point-source, estimates the 
offsets between these spot image positions and a set of pre-determined reference positions, then reconstructs the 
wavefront phase information from the offsets.    In an extended-scene SH-WFS, the lenslet array produces sub-images at 
the SH camera, and wavefront phase error shifts these sub-images from their reference positions.  Therefore, in order to 
measure wavefront error, one needs to estimate the shifts of these sub-images from their ideal positions.  Recently, 
Poyneer reported a periodic correlation technique to obtain an estimate on the sub-pixel shift between two scene-based 
images [3].  In that approach, the periodic correlation of a sub-image with a specific reference sub-image is taken, then 
the shift is estimated by parabolic sub-pixel interpolation of the correlation peak location.  It was confirmed 
experimentally that for point-source based adaptive-optics (AO) system, the periodic correlation technique is more 
accurate, more robust to changing conditions and provides lower noise than a centroiding algorithm [4-5].   

We have developed a new, adaptive cross-correlation (ACC) algorithm to estimate with high accuracy the shift as large 
as several pixels in extended-scene Shack-Hartmann images.  It determines the positions of all of the extended-scene 
image cells relative to a reference cell using an FFT-based iterative image-shifting algorithm.  We have developed some 
preliminary failsafe criteria for both point-source and extended-scene images to be processed.  Using those criteria, the 
corresponding code of the ACC algorithm first determines if an SH image is from a point source or an extended scene, 
then it applies different failsafe criteria to determine if an SH image is acceptable or not for wavefront sensing.  This 
made it possible for the ACC code to work autonomously on an SH image.  We tested the shift estimation accuracy of 
the ACC algorithm with both point-source and extended-scene images. We also compared its phase estimation accuracy 
with that of a conventional centroid-finding algorithm, and obtained good agreement between the two approaches.  Our 
investigation conducted with the ACC algorithm has re-confirmed some of the above-mentioned advantages of the  
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periodic correlation technique over the conventional centroiding algorithm.  In this paper we describe our algorithm and 
present some experimental results.  

2. BRIEF DESCRIPTION OF THE ACC ALGORITHM 
The ACC algorithm has been reported in detail elsewhere [6-7].  Therefore, we review it only briefly here.  An extended-
scene SH-WFS images a scene, not a point source as in the conventional case.  An example of such a scene is given in 
Fig. 1(a).  The lenslet array in the SH-WFS creates a grid of sub-images at the SH camera as shown in Fig. 1(b), and 
each of these sub-images looks like the example shown in Fig. 1(c).  This 64x64 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.   
 

   
 

Figure 1. (a) An example of an extended scene to be used in an extended-scene SH sensor.  (b) A simulated extended scene 
image similar to the one captured by a SH camera.  It was obtained by convolving the image shown in part (a) with a 
measured SH point-source spot image.  (c) Expanded view of one 64x64 pixel sub-image obtained from the simulated 
SH image shown in part (b).   

The ACC algorithm is based on the following property of Fourier-transform:  Position shift in the image domain 
corresponds to a linear phase in the Fourier-domain.  That is, 
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where ),( yxs  is a sub-image or cell as highlighted by a white frame in Fig. 1(c), ),(ˆ vus  is its Fourier-transform, and the 
↔  symbol represents the forward and the inverse Fourier-transform operations.  If we take a test cell ),( yxs  and a 
reference cell ),( yxr , then, under an ideal condition, the test cell is just a copy of the reference cell only shifted in 
position by },{ yx ∆∆ , that is, ),(),( yyxxryxs ∆−∆−= .  In such a case, if we construct a cross-correlation function, 

),(ˆ vuc , of the test and the reference cells in the Fourier-domain, that is,  

 ),(e),(ˆ),(ˆ),(*),(ˆ vujvucvusvurvuc ϕ−=↔ , (2) 

then its phase becomes a linear function of },{ vu .  That is, )(2),( yvxuvu ∆+∆= πϕ , and the },{ yx ∆∆  corresponds to the 
shift of the test cell relative to the reference cell along the x-axis and the y-axis, respectively.  The “*” symbol in Eqn. (2) 
indicates a complex conjugate. 

In the real world, however, the test cell is not only a shifted version of the reference cell, its texture or content can also 
be different from that of the reference cell.  In such a case, the ),( vuϕ becomes a non-linear function of },{ vu  and the 
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coefficients of its linear components in the u-axis and v-axis directions contain },{ yx ∆∆ .  Therefore, the problem of 
finding the shift of a test cell relative to the reference cell reduces to the problem of finding the linear phase coefficients 
or u- and v-slopes of ),( vuϕ .   

The computer code of the ACC algorithm finds },{ yx ∆∆  adaptively through a while-loop in the following way:  It finds 
}δ,δ{ yx  in the current slope-finding iteration.  Then it accumulates }δ,δ{ yx  in the form of xxx δ+∆=∆  and yyy δ+∆=∆ , 

respectively, and also calculates the test cell shift, s∆ , found in the present iteration, 2δ2δ yxs +=∆ .  If this s∆ is 
greater than a pre-set tolerance or the total number of iterations is still smaller than a pre-set limit, then the code shifts 
the test cell with a larger dimension, ),( yxS  as shown with a black frame in Fig. 1(a), by },{ yx ∆−∆− via an inverse 
Fourier-transform operation, 

 )(2e),(ˆ),( yvxujvuSyyxxS ∆+∆↔∆+∆+ π    , (3) 

and repeats the slope-finding iteration one more time.  Otherwise it terminates the while-loop.  Because the slope-finding 
operation is carried out in such an iterative way, very high accuracy, such as better than 0.01 pixel, can be achieved with 
this algorithm.  In our present case, the ),( yxs  and the ),( yxr  have a size of 16x16 pixel, and the ),( yxS  has a size of 
32x32 pixel.  Using such smaller cells ),( yxs  and ),( yxr  in the slope-finding process makes the data-processing faster 
and also increases the dynamic range of the SH-WFS.  Whereas using a larger cell ),( yxS  for image-shifting prevents 
the shifted test cell ),( yxs  from wrap-around error. 

The shift-finding steps described above are for finding the shift of one test cell relative to the reference only.  In order to 
find the shifts of all cells in an SH camera image, one only needs to repeat the above steps for N times, where N is the 
total number of cells.  For each SH camera image, one cell is chosen as a reference cell, ideally from the approximate 
center of the whole image, and the remaining cells become the test cells.   

3. TESTBED 
A picture and a schematic diagram of the SH-WFS testbed at JPL are shown in Figs. 2(a) and 2(b), respectively. The 
testbed employs a deformable mirror (DM) to introduce a known aberration that is measured by both a SH camera and a 
Phase Retrieval Camera (PRC).  The main component of the testbed is a field projector consisting of three identical off- 
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Figure 2.  (a) A photograph and (b) the corresponding schematic diagram of the SH-WFS testbed at JPL.   
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