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AUTOMATIC MEASUREMENT  OF THE EYE'S WAVE ABERRATION G00002 SPECIFICATION
BACKGROUND OF THE INVENTION .  The present invention is directed to a
wavefront sensor and more particularly to a wavefront sensor for ophthalmic
applications. It is known in astronomy to detect wavefront aberrations
caused by the atmosphere  through the use of a Hartmann-Shack detector.
Such detection is disclosed,.e.g.,'in D. M.  Alloin and J. M. Mariotti,
.-eds., Adaptive Optics for Astronomy, Dordrecht: Kluwer  Academic
Publishers, 1994. More recently, such a technique has been used, to detect
wavefront aberrations in the human eye for such purposes as intraocular
surgery and contact  lens fabrication. Such detection is disclosed, e.g.,
in Liang et al, "Objective measurement  of wave aberrations of the human
eye with the user of a Hartmann-Shack wave-front  sensor," Journal of the
Optical Society ofAmerica, Vol. 11, No. 7, July, 1994, pp. 1-9, the
disclosure of which is hereby incorporated by reference in its entirety
into the present  disclosure. That technique will be summarized with
reference to Fig. 1. A beam of light from  a laser diode or other light
source is directed toward the pupil and is incident on the retina.  Because
the retina is highly absorbing, a beam on the order of four orders of
magnitude WO 01/28.109 2 0 APR 2004  PCT/US00/29078 



dimmer than the original beam is reflected by the retina and emerges from
the pupil.  Typically, the incoming and emergent light follow a common
optical path; the incoming  light is brought into the common optical path
with a beamsplitter. The emergent beam is applied to a :Hartmann-Shack
sensor to detect the aberrations.  Such a detector includes an array of
lenslets that break up the light into an array of spots and  focus the
spots onto a charge-coupled detector or other two-dimensional light
detector. Each  spot is located to determine its displacement A from the
position which it would occupy in  the absence of wavefront aberrations,
and the displacements of the spots allow  reconstruction of the wavefront
and thus detection of the aberrations through known  mathematical
techniques. Improvements to the technique of Liang et al are taught in J.
Liang and D. R. Williams, "Aberrations and retinal image quality of the
normal human eye," Journal of the  Optical Society of America, Vol. 4, No.
11, November, 1997, pp. 2873-2883 and in U.S.  Patent No. 5,777,719 to
Williams et al. The disclosures of that article and of that patent are
hereby incorporated by reference in its entirety into the present
disclosure. Williams et al  teaches techniques for detecting aberrations
and for using the aberrations thus detected for  eye surgery and the
fabrication of intraocular and contact lenses. Moreover, the techniques  of
those references, unlike that of the Liang et al 1994 article, lend
themselves to  automation. German published patent application No. DE 42 22
395 Al teaches a further  variation using polarizing optics to control
back-scatter from the lenses in the detector setup. Analysis of the eye
presents unique problems and issues not necessarily faced in  astronomy.
For example, while wavefront sensor systems in astronomy exhibit uniform
intensity across their entrance pupil, this is not the case with systems
for the eye. The eye,  unlike a telescope, is subject to the
Stiles-Crawford effect. That effect is a directional 2 20 APR 2004 WO
01/28409 PCT/US00/29078 



sensitivity of the retina, one manifestation of which is an intensity
variation across the pupil  of the eye when light is reflected from the
retina. It exists because illuminated cones radiate  more light back toward
the center of the pupil than toward the pupil margin. Also, unlike
astronomy, stray light from other sources, such as from corneal reflection,
can be introduced  into the wavefront sensor from the eye, and such stray
light can interfere with the  measurement of spot placement. Other problems
unique to the eye have been encountered. For example, a subset of  the
spots that should be formed in the Hartmann-Shack detector cannot be seen,
either  because the aberrations are unusually large (e.g., a huge
aberration caused by a scar or the  like can displace or deform the spot so
much that the spot's origin cannot be determined or  the spot leaves the
field of view of the detector altogether),or they are occluded by opacities
in the eye's optics or by the pupil. In current wavefront sensors, the loss
of any spots frustrates the computation of the wave aberration. Another
problem is that of variable pupil size, as opposed to the fixed pupil of a
telescope. Moreover, there is the issue of real-time operation. Real-time
wavefront sensors  have been demonstrated in astronomy, but where operation
is required at rates typically  greater than 300 Hz with closed loop
bandwidths greater than 30Hz. The atmosphere is  much too turbulent for
real-time compensation at slower rates. On the other hand, present
adaptive optics techniques for the eye operate at a very slow rate, less
than 0.25 Hz, and do  not automatically compute the wave aberration, even
with single exposures. Real-time  operation is not possible because of the
factors described above. Also, these techniques  employ relatively long
focal length lenslet arrays. Such instruments have high sensitivity  to
small changes in the slope of the wave aberration at the expense of dynamic
range and 3 2 0 APR 2004 robustness, Individual spots in the wavefront
sensor image often overlap, particularly near  



the edge of the pupil, making it difficult for automatic centroid spot
computation. Such  problems can develop especially for a commercial
instrument in which operator intervention  should be minimized. As a
result, these systems cannot measure the wave aberration in a  large
fraction of human eyes. An optimized wavefront sensor for the eye should
therefore  properly balance sensitivity and dynamic range, operate in
real-time, and be capable of use  with a significant fraction of eyes. The
measurement sensitivity of a wavefront sensor for the eye is determined
primarily  by the focal length of the lenslet array. The smallest
measurable wavefront slope is  proportional to the focal length. Relatively
long focal length (e.g., 97 mm) lenslet arrays  used in high sensitivity
wavefront sensors for measuring eye wave aberrations typically show  a
small mean standard deviation of repeated measurements across the pupil of
an artificial  eye, for example, X/487 (at 632.8 nm, the helium-neon laser
wavelength) for a 3.4 nun pupil.  Moreover, the eye can exhibit a severe
wave aberration at the edge of the pupil due to  smeared or scarred areas
of the eye's tissue. Thus, such wavefront sensors exhibit more  sensitivity
than necessary and require an algorithm to hunt/locate the migrating spots.
Another challenge to real-time wavefront sensing in the eye is the spatial
homogeneity of the spot of light imaged on the retina. Inhomogeneity,
caused, for example,  by laser speckle or reflectance variations in the
underlying retina, disrupts the accuracy of the  spot localization. This
problem is exacerbated with the short exposures required for real-time
operation. A Hartmann sensing technique is described in Ash et-al, "Optimal
Hartmann sensing  at low light levels," Optics Communications, Vol. 156, 1
November 1998, pages 10-15.  However, that article is concerned with the
effect of atmospheric turbulence oxi ground-based  telescopes and-with
situations in which it may not be feasible to illuminate the object or sky
4 20 APR 2004 artificially, neither of which is a consideration in the
measurement of wavefront aberrations  



in a patient's; eye. Further, the article does not even hint at a technique
for overcoming the  Stiles-Crawford effect, which, as noted herein, is an
important consideration for the eye, nor  does it overcome the herein-noted
differences between astronomical observation and the  detection of
wavefront aberrations in the eye. As a result of the above-noted problems
with wavefront sensing in the eye, a robust  and real-time sensing
technique for the eye is not known in the art. 4A 20 APR 2004 WO 01/28409
PCT/US00/29078 SUMMARY OF THE INVENTION While many of the above problems
have apparently been overcome in astronomy,  it will be readily apparent
from the foregoing that a need exists in the art for a wavefront  sensor
capable of handling the unique problems of the eye. It is therefore a
primary object  of the invention to address such unique problems, which
include nonuniform illumination  of the pupil due to antenna properties of
cones, ocular abnormalities, variable pupil size  either among individuals
or in the same individual under different levels of illumination,
increasing severity of the wave aberration at the edge of the pupil, and
spatial  inhomogeneity of the retina, which produces centroiding errors. To
achieve the above and other objects, the present invention is directed to a
system adapted to overcome such unique problems. Errors introduced by
nonuniform illumination are handled by locating the spots  through the
following centroiding technique. Once an image is taken, a set of initial
boxes  is set up on the image. Each initial box is centered around the
location where a  corresponding spot would be in the absence of wavefront
aberration and has a side of length  equal to what the inter-spot spacing
would be in the absence of wavefront aberration. A first  guess of the spot
location is produced by finding the intensity centroid of the portion of
the  image within each initial box. Then a smaller box is drawn, centered
on that centroid. The  



smaller box can be clipped to lie within the initial box. A new centroid is
found within that  smaller box. That process is iterated until the box size
reaches some criterion size, such as  a width equal to the full width of
half maximum of the diffraction-limited spot. Each step  throws away data
remote from the centroid found in the previous step, since such data most
likely contain noise or systematic errors rather than information useful in
locating the spot. 5 20 APR 2004  WO 01/28409 PCT/US00/29078 There are two
stages used in centroiding the spots. In the first stage, reference boxes
are established based on centered reference positions or on the center of
the image on the  detector (i.e., "from scratch"). The latter technique
makes less of an assumption where  boxes are located and decides how far
out to go as the process runs according to the known  size of the lenslet
array and number of lenslets. The boxes in the latter technique can form
an irregular array, which can be described as being constructed in rings
about a center box  with the location of the outer boxes being determined
in a center-to-outward direction. The  size of the boxes using either
technique can be adjusted by a parameter entered by the  operator or stored
in software, for example, 90% of the actual inter-lenslet spacing or 90%
of the area of a box having sides equal in length to the inter-lenslet
spacing. Once these boxes are determined, a technique can be used that
locates a centroid  within an initial box, centers a. smaller sized box on
that centroid, followed by locating the  centroid again, followed by
another smaller box centering, and so on until the diffraction  limited box
size is reached and the final centroid is determined. Alternatively, a
technique  can be used that starts with an initial box, finds a centroid
within that box, centers a smaller  decremented box on that cenfroid,
-clips as described above, calculates the next centroid,  centers a
decremented box again clips again, and so on, all the while maintaining
each  centroid within the original box. This process also terminates when
the diffraction limited  box size is reached and the final centroid is
determined. 



An additional centroid can be calculated on the entire array to locate the
center,  which is especially used with longer focal length lenslet arrays.
Doing so permits  compensation for spot migration, which is compensated for
by the center of mass of the  entire array. Iteratively centroiding is to
be contrasted with previous techniques such as  simply using thresholding
and simply by doing a center of mass of the entire box. The 6 2 0 APR 2004
WO 01/28409 PCT/IUS00/29078 present invention better finds the center and
reduces the effects of radiance caused by the  dimmer spots of the
centroids. The technique according to the present invention also  reduces
the effects of stray light because those effects are progressively
eliminated. The embodiment just described includes re-centering and
removing pixel operations.  In another embodiment according to the
invention, the boxes can be shrunk first, then  translated, and then
clipped to a threshold value of intensity, in which only those pixel
values above the threshold will be included in the calculation of the
centroid. There can also  be a variable threshold per box as the box size
is reduced to account for data from different  pixels. The centroiding
technique using shrinking boxes overcomes a difficulty found in
centroiding without: shrinking boxes, namely, errors when there are broad
intensity gradients  such as caused by the:Stiles-Crawford effect. Ocular
abnormalities, such as scars, can result in spots deviated far from where
they  would be in the absence of wavefront aberration. Such spots can come
close to, or even  overlap, other spots. in fact, such spots can be
displaced so far that they disappear from the  field of view of the
detector altogether. Other ocular abnormalities, such as occlusions, can
absorb light, so that no 'spot is produced at all. To handle such
abnormalities, the present  invention provides a technique for wavefront
reconstruction in the absence of certain data  points. Part of the
wavefront reconstruction involves manipulation of a matrix whose rows  



correspond to displacements of the spots from their positions in the
absence of aberration.  For spots not producing usable data, the rows can
simply be deleted from the matrix, or the  values contained in such rows
can be extrapolated from neighboring rows. At the heart of this flexibility
is the particular data structure, which is a matrix of  Zernike mode number
in the columns and centroid displacement number in the rows. The 7 20 APR
2004 WO 01/28409 PCT/US00/29078 matrix is used to calculate the Zernike
coefficients to determine the wave aberration of the eye. Different
criteria can be used for determining whether to omit a centroid or not,
such  as the standard deviation of the light within a box in the center of
mass calculation, a  position of a point being outside of a box or in a
highly unexpected area within the box, or  points being occluded totally by
corneal defects. Then based on these omitted response or  centroids which
can be done on a frame by frame basis if desired, one calculates the
Zernike  modes. Variable pupil size can be handled either before or after
data are taken. If the  variable.pupil size is to be handled in the same
individual, data can be taken twice. If that  is not convenient or
possible, data can be taken in a larger pupil radius, and then the
centroids i1 a smaller radius can be located. A renormalization procedure
is used to provide  a matrix to convert the wavefront reconstruction from
the larger radius to the smaller one.  The variable pupil size results in a
variable number of spots used in wavefront  reconstruction, which can be
handled by varying the number of Zernicke modes used in the
reconstruction. The wave aberration is recalculated based on a new radius
using software  as opposed to changing the actual excluded centroids.
Starting with a valid number of data points, the software can determine a
number of  Zemike orders, and correspondingly a maximum number of modes
that can be accurately  



calculated. For example, order 0 has mode 1, order 1 has modes 2 and 3,
order 2 has modes  4, 5, and 6, etc. Generally, if one calculates
particular modes within an order, it is desirable  to have all the modes
within that order. Therefore, one would not calculate modes 7 and 8,  but
not 9 and 10 since those are all within the third order Zernike equations.
A general rule  of thumb for calculating the order is (modes + 1)(modes +
2)/2. Based on this equation, one 8 20 APR 2004 WO 01/28409 PCT/US00/29078
sees that beginning with the number of available centroids, that number of
centroids is  divided by two, yielding the maximum calculable modes. One
can determine the highest order that can be accurately calculated based
upon the  number of lenslets divided by 2, yielding the number of
calculable modes. Then, the highest  complete number of modes translates to
a particular order. For example, 20 centroids yields  10 Zernike modes,
which allows one to accurately compute the third order Zernike equations.
The increasing severity of the wavefront aberration at the edge of the
pupil can be  dealt with as just described. Spatial inhomogeneity of the
retina can be handled through the following techniques.  A light source of
short coherence length reduces the problem of speckle caused bj+
.:interference in light of high coherence. In addition, the inhomogeneity
can be averaged out2'  by scanning the illuminating light across a short
distance of the retina and de-scanning th&  emergent light. The above
features allow a wavefront sensor according to the present invention to
provide fast, robust and accurate centroiding, e.g., up to 50 Hz. BRIEF
DESCRIPTION OF THE DRAWINGS A better understanding of the present invention
can be obtained when the following  detailed description of the preferred
embodiment is considered in conjunction with the  



following drawings, in which: Fig. 1 shows the optics of a Hartmann-Shack
detector; Fig. 2 is a diagram of a wavefront sensor in accordance with a
preferred embodiment  of the present invention; 9 20 APR 2004 WO 01/28409
PCT/US00/29078 Fig. 3 is a block diagram of a computer of the wavefront
sensor of Fig. 2; Fig. 4 shows plots, for three subjects, of measurements
of the amount of coma,  astigmatism, and spherical aberration when the
subject changed his/her accommodation  smoothly from one state to another;
Fig. 5 illustrates modulation transfer functions computed from measurements
of the  three subjects' wave aberrations; Fig. 6 shows images obtained with
and without scanning in the wavefront sensor of  Fig. 2; Fig. 7 illustrates
the effect of scanning in the wavefront sensor of Fig. 2; Figs. 8A and 8B
illustrate hypothetical arrays used in calculating Zernike  coefficients;
Fig. 9 illustrates a circular region used to capture centroid data within
corresponding  boxes and a procedure for using the centroid data when the
size of the circular area is  reduced; Figs. 10-12 illustrate a method of
centroiding in accordance with an embodiment of  the invention. Fig. 13 is
a flowchart diagram of a method in accordance with an embodiment of the
invention; Fig. 14 is a flowchart diagram of a module of the method of Fig.
13; Fig. 15 is another flowchart diagram of a module of the method of Fig.
13;  



Fig. 16 is another flowchart.diagram of a module of the method of Fig. 13;
and  Fig. 17 is another flowchart diagram of a module of the method of Fig.
13. Fig. 18 shows time averaged Strehl ratio versus bandwidth of a perfect
adaptive  optical system for natural accommodation with far target and 5.8
mm pupil. 10 2 0 APR 2001,  WO 01/28409 PCT/US00/29078 DETAILED DESCRIPTION
A preferred embodiment and variations thereof will now be set forth in
detail with  reference to the drawings, in which like reference numerals
refer to like components  throughout. The detailed description will be
organized thus. First, the solutions set forth  in the summary will be
described in greater detail in turn. Then, the hardware, software and
applications of the preferred embodiment will be set forth in that order.
Reference will be  made throughout to Fig. 2, which shows a wavefront
sensor according to the preferred embodiment, and to Fig. 3, which shows a
computer for use with the wavefront sensor.  Shrinking Box Centroiding As
is known in the art, the wavefront reconstruction involves determining the
displacement of each spot from its ideal location, which is the location
that it would occupy  in the absence of wavefront aberrations. The spots
are located by. centroiding, namely,  finding the centroid in the image
corresponding to each spot. The centroid is an average  location weighted
by intensity and is analogous to a center of gravity. In other words, the
centroid is a mathematical stand-in for the center of the spot.
Mathematically, if an area A  of the image has an intensity distribution
I(x, y), the rectangular coordinates of the centroid  within that area are
given by JxI (x, y)dxdy $yI(x, y)dxdy  {x,Y)= [iX.y)dxdy ' I'' The
preferred embodiment uses an iterative centroiding technique to provide
robust  



and accurate centroid location. In one variant, the image is divided into
an array of initial  boxes, each centered on the ideal location of the spot
and having a linear dimension equal 11 20 APR 2004 WO 01/28109
PCT/US00/29078 to the spacing between the ideal locations of the spots,
much like the array shown in Figures  8A and 8B. If the quality of the
optics of the eye is high enough or the wavefront sensor is  made
insensitive through use of a short focal length lenslet array, it is likely
that each actual  image spot from the detector of the camera 20 will fall
within a corresponding box of this  hypothetical square reference array.
Fig. 12 shows such an initial box 100, which in this  example measures 10
pixels by 10 pixels. In another variant shown in Fig. 10, a different
process occurs for generating inital  boxes. The array of initial boxes
generated may or may not wind up being a square array.  Instead, it may be
an irregular array. In Fig. 10, a first -box 70 is identified about a
corresponding center point 72. The center point 72 corresponds to an ideal
image spot  position (i.e., the that a spot would occupy in the absence Of
wavefront aberrations) at the  center of the image of the detector camera
20. From the box 70, all the other reference  boxes are generated as
follows. With knowledge of the total number of lenslets in the  lenslet
array, and the magnitude of the lenslet spacing "C", a second box 74 is
identified  about its own center point 76 spaced one inter-lenslet spacing
from the first box 70 along  a principal direction (e.g., an "X"
direction). The X principal-direction corresponds to one  of the directions
along which the array of ideal center points is defined and corresponds to
one of the directions in which the actual lenslets 18 are laid out. In like
fashion, another  principal direction (e.g., a "Y" direction), orthogonal
to the X direction, also corresponds  to a direction along which the ideal
center points of the lenslet array are. located on the  detector of the
camera 20. Along the Y direction, another box 78, having its center point
80, is identified at the inter-lenslet spacing from the first box 70. Next,
in order to identify  



another box 82 along a diagonal in between the boxes 74 and 78, a centroid
is preliminarily  calculated for each of the boxes 74 and 78. As shown in
Figure 10, centroids 84 and 86 are 12 20 APR 2004 WO 01/28409
PCT/US00/29078 found that correspond to these boxes, both of which are
located at less than the inter-lenslet  spacing from the center point 72 of
the box 70 in this example. It is quite possible that these  preliminary
centroids could be located further removed from the center 72 than the
inter- lenslet spacing C, but Figure 10 is merely illustrative of the
technique. Because these  centroids are located less than the inter-lenslet
spacing from the center 72, a reasonable  estimate of where a box 82 should
be placed is at a location (xi, y,) that corresponds to the  X position of
the centroid 84 box 74 and the Y position of the centroid 86 of the box 78.
Thus, (xl, yi) is the position determined for a center 84 of the box 82, as
shown in Figure  10. The array is completed by determining successive
"rings" (actually squares) of boxes,  each of which can be more or less
than the inter-lenslet spacing distance from the previous  ring. If the
spacing in the principal directions,: found in the previous ring, is more
or less  than the inter-lenslet distance, that spacing will bused to find
the next set of four boxes in  the principal directions for the next ring
out from the center. The result is a reference array  of boxes that could
be irregular or square, and is generated from an initial center box and
point with the other reference boxes generated in outer rings, although
other methods could  be employed. This technique is termed "from scratch."
The actual size of the boxes generated according to either of the
techniques just  described can be reduced by a factor under control of the
operator using the software 13 or  programmed into the software 13. For
example, the size of a side of any or all the individual  boxes may be
scaled from the actual inter-lenslet array spacing C or lenslet size (e.g.,
the  box side may only be 90% of the actual inter-lenslet spacing Q. Once
the positions of the initial boxes are. determined, whether a square array
or an  



irregular array as described above, the process continues to the second
stage. Referring now  to Fig. 11, a technique is described in which the
centroids for all spots corresponding to the 13 20 APR 2004 WO 01/28409
PCT/US00/29078 image on the detector of the camera 20 are determined in
iterative fashion. In Fig. 11, one  of the initial boxes (i.e.; like one of
the boxes in Figures 8A and 8B or one of the boxes in  Fig. 10) is shown as
a box 86 within which an actual spot 88 on the detector of the camera  20
has been located by the software 13. As a first step in the iteration,
within the box 86,  shown to be of 10x10 pixels in area (although other
areas could suffice), a centroid 90 is  calculated for the spot 88 in
accordance with the equations given above. The centroid 90  likely is not
at the actual physical center (not shown) of the box 86. In the next step,
the  software 13 removes a pixel width and height from a new box 92, which
becomes, for  example, 9x9 in pixel area, and centers the box 92 about the
just calculated centroid 90. The  process is repeated within the box 92
with a new centroid 94 being calculated for the spot  88, and then
re-centering with a next smaller box centered on the previously calculated
centroid and a new centroid calculated. for that box and so on. For each
progressively  smaller box, the centroid is calculated only with respect to
image data taken within that box.  Once an approximate location of a
centroid is determined, it is safe to assume that image  data remote from
that approximate location represent noise or systematic error such as a
ramp from the Stiles-Crawford effect rather than useful information about
the location of  the spot. Thus, as the boxes become progressively smaller,
progressively .more noise is  excluded. The process terminates when a
centroid 96 is calculated for a box (not shown)  and the box size is
decremented to produce a box 98 that is at or below the diffraction
limited box size determined from an optical analysis of the wavefront
sensor 10. Once the  diffraction limited box size is reached, the
previously calculated centroid 96 is the final  centroid determined for the
spot 88 and the one whose displacement from its ideal reference  



position is used in calculating the wave aberration for the eye. Some other
criterion for  terminating iteration might be useful besides reaching
diffraction-limited box size. 14 WO 01/28409 70 APR 2004  PCT/US00/29078
Fig. 12 illustrates, for the second stage above, an alternative iterative
procedure for  locating the centroids of the spots on the detector of the
camera 20 within the reference  boxes. A diffraction limited box size is
again used to determine the final centroid for  calculating the wave
aberration of the eye. In Fig. 12, a box 100 of 10x10 pixel area  (although
other areas could suffice) is shown that corresponds to one of the
reference boxes generated .through either of the techniques described above
for the first stage. The box 100  is shown to include the spot 88 discussed
above. A centroid 102 is calculated for the spot  88 within the box 100
and, as shown in Fig. 12, a new box 104 that is decremented in height  and
width by 1 pixel (e.g.,.9x9 pixels) then is centered on the centroid 102.
This particular  technique then clips the box -104 to within the box 100,
thereby forming a smaller box 106  for the next iteration of centroid
location in order to keep the smaller box 106 and thus the  new centroid
found in the. box 106 within the initial reference box 100. The smaller box
106  (e.g., 4x5 pixels) is formed -by portions of the sides of the box 100
and portions of the sides  of the box 104, as shown in Fig. 12. Within the
box 106, a new centroid 108 is calculated,  which may or may not be at:the
same location of the previously calculated centroid 102.  Next, a square
box 110 of decremented size (e.g., 8 x 8 pixels) is centered on the new
centroid 108, and the process is repeated by clipping the new box 110 to
lie within the box  100 (also to lie within the box 106) again to form a
new smaller box 112 (e.g., 3x4 pixel  area) in which a new centroid 114 is
again calculated, which may or may not be at the same  location as the
centroid 108. The. process continues repetitively by centering with another
smaller box followed by centroiding, and so on. Finally, a centroid 116 is
calculated within  



a clipped box just prior to reaching the diffraction limited box size and a
square box is  centered on the centroid 116, which is clipped to a new box
118. If the box 118 is at or  smaller than the diffraction limited box
size, then the previously calculated centroid 116 is 15 20 APR 2004  WO
01/28409 PCT/US00/29078 retained and its displacement from its ideal
reference on the detector of the camera 20 is  used for calculating the
wave aberration of the eye. In this manner, the centroids that are
calculated in the process are always maintained within the area of the
initial box 100. It  should be understood that a variety of other
centroiding techniques could be used in which  boxes are sequentially
reduced in size and new centroids are calculated iteratively. These  other
techniques are included within the scope and spirit of the present
invention. Still another variation can be used. Since two consecutive whole
numbers are never  both odd or both even, two boxes whose dimensions vary
by one pixel in each direction  cannot have the same center if they consist
of whole pixels. As a consequence, asymmetries  can easily appear in -the
spot tails. To avoid that consequence, the centroiding procedure can  be
adapted to work with fractional pixels. For example, instead of reducing
the box size by  shaving off one row of pixels and one column of pixels,
the technique using fractional pixels  can shave off one-half of a row or
column of pixels from each side. The contribution of  each fractional pixel
to the centroid is considered to be the corresponding fraction of the
intensity centered in the fraction of the pixel which is used. This
technique has been found  to produce results of high accuracy in a
computationally efficient manner. The software has a user interface on
which the calculated centroids are displayed to  the operator. The operator
can drag the centroids with a mouse. When an image is acquired, .  the
software automatically computes the centroids in the image. The centroids
have a  number associated with them, for example, 1-37. Errors in this
computation can occur and  the user can direct them manually by dragging
valid centroids to appropriate'. the software  



will re-compute a centroid based on the local light distribution around the
location where  the dragged spot was left if such a feature is enabled. If
a center centroid is dragged to a 16 20 APR 2004 WO 01/28409 PCT/US00/29078
new center location, the entire set of centroids will be recomputed based
on the new center,  if such a feature is enabled. The centroids can be
computed in three ways, any of which can be selected by the  user. Under
some conditions, these alternatives may reduce the need to manually correct
the centroid computation. The first alternative is from scratch, which can
be a default. The  second option is to use the last computed centroid
location as the start estimate for finding  the centroids on a new image.
The third option uses the stored locations of the reference  image that
would have been obtained by a perfect eye as the starting point for
locating the  centroids. Threshold clipping can occasionally aid in the
accuracy of the automated centroid- fitting. algorithm. Selecting the
threshold, for example, by selecting a "Set Threshold" menu  command,
brings up a dialogue box, that allows the operator to enter a lower and an
upper  threshold of image intensities valid for analysis. These values are
used for all threshold  clipping until another value is entered. A current
frame can be threshold clipped and  threshold clipping on subsequent frames
can be enabled, for example, by using a threshold  clip. This feature may
be disabled for each search box or for the entire. image. Handling of
Missing Data The wave aberration can be reconstructed when any number of
wavefront centroid  spots is missing or is of insufficient quality and
should be eliminated from the data collected  by the camera 20. This could
be for a number of reasons, for example, the operator believes  the data
point is an invalid data point (e.g., two spots in one box). Further, this
could be  automatically done such that if the data point includes too great
a standard deviation from  



a center, or the data point is too dispersed and the standard deviation of
the intensity of the 17 20 APR 2004 WO 01/28409 PCT/US00/29078 pixels is
too great. Further, the centroid may simply be too dim to be recognized, or
the  standard deviation of the center of mass exceeds the predetermined
threshold. That centroids can be dynamically selected for or excluded from
use differs from  astronomy applications. The substantially higher light
levels available in the ophthalmic  applications allow areas of scarring,
opacity, or otherwise unreliable data, to easily be  excluded from the
calculation. Any application of wavefront sensing for the eye, including,
for example, autorefraction, design of improved contact or intraocular
lenses, refractive  surgery or retinal imaging with adaptive optics, will
benefit from being able to compute the  wave aberration when spots are
missing or are of insufficient quality. Dynamic centroid selection is
facilitated using the matrix implementation. .The.  following simplified
illustrative example is offered. A hypothetical 3x3 array 150 of
reference spots and boxes 152 is shown in Fig. 8A. Each box of the array of
reference spots  ': 150 and boxes 152 are designated by an index 1-9 from
top to bottom and left to right;  although another index ordering scheme
could be used. For each reference spot 1750  determined by the software 13,
there is a centroid 154 displaced in x and y from the-'  corresponding
aperture center 156 that also is determined by the software 13 within each:
box, as will be explained below in more detail. The software 13 determines
the x and y  displacements of each centroid 154, designated dx; and dy;,
respectively. Thus, the s vector  has 18 components, 9 for x and 9 for y,
as shown in the matrix equation below. The G  matrix is an 1.8 centroid (or
aperture center) by 5 modes matrix (i.e., 18x5) and a is the  vector of the
Zernike coefficients consisting of the 5 components corresponding to first
and  second order aberrations (no piston term, as explained below). Thus, s
= Ga, or in other  words, 



18 WO 01/28409 S[181 G [18 x 5] a[51 dx9  dy,  dy 2  dy3  dy4  dys  dy6
Ldy9 J 2 0 APR 2004  PCT/US00/29078 The preferred embodiment allows the
elimination of centroid data this using the  flexible matrix data structure
above. Basically, a portion corresponding to the unreliable  data can be
eliminated from the matrix, the inverse taken, and new ZeMik6 -coefficients
calculated. The G matrix is truncated with rows eliminated, depending on
the number of  Zemike modes to calculate and the number of valid data
points one wishes to examine. For  every centroid missing or removed by the
operator, two rows are removed from the s vector  (corresponding to the x
and y displacements of that centroid) and the G matrix  (corresponding to
an aperture center) to form an s' vector and a G' matrix, respectively. An
example of the s' vector and the G' matrix is shown below again for a
hypothetical 3x3  array 160 of lenslets, but with an index "2" element 166
removed as indicated by the X in  Fig. 8B. In other words, for every
centroid removed, one dx; (i = 1 to 9) component (e.g., 19 20 APR 2004  WO
01/28409 



PCT/US00/29078 dx2) and one dyi component (e.g., dye) are removed to form
the 16-element s' vector. The  corresponding row integral (aperture center)
elements of G simply are removed also to form  the 16x5 G' matrix given by
xj+b y, +b aZ x r  G; 4b2 J ax dydx, x,-b y, -b 1 yj+b az GU 2 J ' dx dy
4b y,-b x#-b ay (rows 2 and 11 of matrix G are removed) with a still having
5 components (i.e.,  Zemike coefficients 2 to 6). In the above equations, b
is one-half the length of the side of a box. Generally, one should include
at least twice the number of centroids as the number  of Zernike modes to
be calculated. Thus, for nine centroids, one would generally wish to
calculate four to five Zernike modes. s'[16] G'[16 x 5] a[5] dX9 dy, dy3
dY4  dys  dy6 dy9i 20 2 0 APR 2004  WO 01/28409 



PCT/US00/29078 Turning to Fig. 9, if data are to be eliminated, rows are
deleted, designated as 186,  and once the appropriate G' matrix and s'
vector are determined, designated as 188, the a  vector must be solved for
the corresponding G' and s' as above. - The a vector remains the  same to
determine the wave aberration for the same number of modes as before, but
with  the displacement data removed. For a given number of lenslets, the
maximum number of Zernike modes that can be  used fora reasonably accurate
fit is determined. For a given pupil size, which depends on  the individual
subject being tested, the number of lenslets will be determined. For a
given  number of lenslets, it has been found that a reasonably accurate
wave aberration can be  computed with about half this number of Zernike
modes. For example, with 37 lenslets, an  accurate wave aberration
representation can be obtained for approximately fifth order  Zernike
polynomials consisting of 21 Zemike modes. The above technique will work as
long  as the number of centroids (lenslets) removed are not too many for
the number of Zernike  modes to be determined for the a vector. In other
words, as the number of lenslets used  decreases, it may become necessary
to reduce the number of Zernike modes computed in  order to follow the
above rule of thumb. If too many centroids are eliminated, then the
ability to accurately determine the wave aberration for particular Zernike
modes is  diminished. Another way of stating this is that if too many
centroids are eliminated, then  the G matrix becomes too "singular" and the
SVD will be inaccurate. Following the rule  of thumb that twice as many
data points should be available as number of Zernike rows  calculated, in
general, one wishes to use four times the number of rows as columns in the
G matrix. Therefore, the results given in the two examples above would be
questionable  because the number of rows does not exceed the number of
columns by a factor of four. 21 20 APR 2004 WO 01/28409 PCT/US00/29078 



The G' (or G) matrix, which, as discussed above, has elements that are the
derivatives of the basis functions averaged over the sub-aperture of each
lenslet 18 in the  x and y directions, also becomes representative, as a
metric, of the number of modes that can  be calculated using the SVD
technique, in accordance with an embodiment of the invention.  The number
of entries in the G' matrix provides an indication of the minimum number of
displaced centroids (lenslets) required for an accurate calculation of the
wave aberration for  particular Zernike modes and Zernike order. The
preferred embodiment thus not only allows  acquisition and analysis of wave
aberration data even in subjects who have severely  aberrated regions or
local occlusions in their pupils, but also provides a metric for accuracy
of the calculated wave aberration. , The Zernike coefficients are
determined using a -data structure matrix, as- described  above. The rows
of the matrix correspond to the Zernike-mode number and the columns
correspond to the centroid numbers. The matrix multiplied by a vector of
the Zernike  coefficients is equal to a vector of the displacements of each
centroid from its ideal position.  The vector of the displacements consists
of the displacements in x followed by  displacements in y, each subscripted
x,y pair of components of the matrix having the same  subscript as and
corresponding to a particular lenslet. The size of the Zemike coefficient
vector is determined by the maximum Zernike mode number. Any of the rows or
columns  can be eliminated in the calculation depending on the number of
centroids and Zernike  modes, respectively, required. Once the image data
is collected and analyzed, upon  elimination of a row or column, the Zemike
coefficients can be recomputed on the fly. The  software 13 can show where
any missing data are located in this matrix. The missing data  can be
replaced by proxy data consisting of previously taken data or data
mimicking another 22 20 APR 2001;  WO 01/28409 PCT/US00/29078 one of the
elements of the matrix. Other decision algorithms in the software 13
software can  



be included to modify the data structure matrix. Change in Radius of Pupil
The above discussion concerns calculating the wave aberration for centroids
within  a pupil radius Ro in which the data are acquired. From there, if
one wanted to calculate the  Zernike modes for a different pupil radius,
for example, to account for differences between  day and night vision or to
exclude large aberrations at the pupil edge, one would preferably  do more
than simply ignore data from the centroids lying outside the smaller
radius.  Instead, what is done is to select a new radius, called RI (see
Fig. 9), that captures a lesser  number of centroids. The data, however,
from the centroids calculated for the radius Ro is  not discarded. Instead,
it is simply that the Zernike polynomials exterior to R1 are  effectively
clipped by using a transformation from the Zernike modes for Ro over to the
Zemike modes for R, with renormalization, designated as 184 in Fig. 9. The
transformation  equation is represented as {Z;) Ro -~ (Zi') RI . An
explanation of the rationale for its validity,  and the means by which it
is implemented in -Accordance with an embodiment of the  invention,
follows. A set of Zernike coefficients. measured over a standard pupil size
is  renormalized to a set of coefficients measured over a smaller,
concentric, pupil. As was  mentioned above, Zernike polynomials are a set
of two variate orthogonal polynomials  defined over the unit-circle. To
formulate the procedure used to do so, the wave aberration  function is
first expressed as N 6R(r,e)=bjZ,(r,e), irl<_1 ,  r-2 where +R represents a
measured wave aberration of a pupil of radius R (e.g., Ro) and Z
represents the ith Zemike polynomial as a function of polar unit-circle
coordinates. The 23 20 APR 2004  WO 01/28409 PCT/US00/29078 



value N is the highest mode that is measured in the wavefront
reconstruction. Assume that  the b coefficients (which can be expressed as
a vector b) are calculated by known methods,  but that it is desired that a
set of coefficients be determined for the function N 0R.(rA,0)=I
biZi(rA,B), Irl <1  i=2 which is simply OR evaluated over a smaller,
concentric pupil with radius R' (e.g., R1),  where A = (R '/R) < 1. This
function can be thought of as taking a concentric circular "slice"  out of
the middle of OR. However, the equation just. given is not a valid
expression for the Zernike  representation of OR. because such a.
representation must be expressed in a radial variable  that ranges over the
whole unit circle. Therefore, the goal is to find the coefficient vector  c
in the Zernike representation of 4,t, Lit" N OR, (r, 9) = J]ciZ, (r, e),
Irl 51  . i-2 in terms of the vector b and the radius ratio, A. In order to
determine the vector c, a standard  procedure is used for expressing any
function defined over the unit-circle in terms of  Zernike modes: integrate
the product of the function with each Zernike polynomial over the
unit-circle to find the corresponding coefficient. In particular, for OR.,
1 29 1 c,=- j $ c,,.(rA,O)Z, (r,0)rdrd6.  0 0 The above equations allow one
to derive the following:  N 1 2x I c,b,- J ! Z1(rA,O)Z,(r,B)rdrdo.  J-2 Ir
o o 



The equation just given can be expressed as the matrix equation 24 20 APR
200,  WO 01/28409 PCT/US00/29078 c=TAb  with TA being a sparse matrix whose
entries only depend on A. The entries of TA can be  computed using the
symbolic integration tools of Mathematica available from Wolfram  Research.
Alternatively, they can be computed when the lenslet objects are created in
the  software in accordance with the new pupil size. The latter technique
allows "on the fly"  calculation, since the matrices are computed "as you
go." .The results of this integration  shows that each c, term is a
weighted sum of selected bb terms each of which has both an  order with the
same parity as and is greater than or equal to the order of the ci term in
question. The weights are polynomials in A whose degree is equal to the
order of the  corresponding bj term. The sparseness of the TA is a result
of the fact that the double  integral is non-zero only when the azimuthal
angle functions of the Zernike polynomials  agree. This can happen
with-,only one mode per order and only if the order has the same  parity as
the order of the original cf term. It should be noted that this:expression
for c, is also dependent upon the number of  modes that are used in the
original expression of 4R. Theoretically, all orders of 4R are  involved in
the expression for c; but the expression that is actually used will only
involve  those modes of 4R that are actually measured. Therefore, this
method can produce a wave  aberration over a smaller pupil without the need
to make additional measurements over that  smaller pupil, but it can be no
more accurate than the original measurement. The advantage of the above
method is that all of the data are still employed. That  is, one maintains
the information of the wavefront inherent in the Zernike modes. However,
the Zernike modes are for a smaller calculated radius instead of being
calculated by just  



clipping the data, which could lead to. less accurate results. 25 20 APR
2004  WO 01/28409 PCT/US00/29078 In this software calculation of the
smaller radius R', it is necessary that the radius  be smaller than the
initial radius R. If it were desirable to capture a greater number of
points  from a larger lenslet array, for example, or to expand the radius
past R8, one would return  to the beginning and select a larger Ra, thereby
passing more data from the image captured  by the camera 20 or recapturing
more data. By expanding R0 to a larger area, perhaps one  would capture
more lenslets. Of course, the Zemike modes for a smaller radius could again
be calculated as described above from the data initially captured for the
larger radius. The number of Zernike modes calculable in general is limited
to the number of  centroids captured.  As a rule of thumb, one prefers to
have at least twice as many centroids  as the number of Zernike modes
calculated. In the user interface for this feature, the following options
are available: a choice of  pupil diameter which' allows the data analysis
to proceed for smaller pupil diameters than  a maximum value,For example, 6
mm; a choice of Zernike mode range, which allows a  choice to be made for a
minimum and a maximum Zernike mode to use in computing the  wave
aberration. The wave aberration is reconstructed from the selected range of
Zernike  coefficients and, for,the selected pupil size. The wave aberration
can be displayed, for  example, as a contour plot with values of plus or
minus 0.15 microns (?J8 at helium-neon  wavelength). The point spread
function can be calculated from the wave aberration and is  computed by the
software 13 as squared amplitude of the Fourier transform of the
generalized pupil function of the displayed wave aberration function.
Inhomogeneity and Laser Speckle As noted above, spatial inhomogeneity in
the retina can cause inaccurate  



measurements. To overcome that inhomogeneity, and more specifically to
average out its  effects, a scanning and de-scanning technique is used. 26
20 APR 2004  WO 01/28409 PCT/US00/29078 To implement the scanning and
de-scanning, Fig. 2 illustrates a wavefront sensor 10.  In order to reduce
the problem with short exposures, the wavefront sensor 10 includes a
scanning/de-scanning mirror 60 conjugate to the pupil plane 62, and a pair
of lenses 64 and  66. The mirror 60 eliminates spatial noise by scanning a
point source in a line on the retina,  as will be appreciated by those
skilled in the art. The angular extent of the scan can be less  than 0.5
degrees at a temporal frequency of 400-600 Hz. The angular extent of the
scan is  kept smaller than the isoplanatic patch size of the eye 58. The
temporal frequency is set  high enough that there are many scans within a
single frame of the detector of the camera  20. By having the light return
from the eye 58 through the same scanning optics, it is de- scanned so that
there is no movement of the image of the pupil 'on the lenslet array 18.
Thus, spatial noise can be removed without disrupting the wave aberration
measurement.  Figs. 6 and 7 compare results obtained with the wavefront
sensor 10 with and without  scanning/de-scanning. Scanning is an effective
method to remove spatial noise when short exposures of the  wavefront
sensor 10 are required. This benefit will accrue naturally in a confocal
laser  ophthalmoscope equipped with adaptive optics. In that case, the same
scanning beam that  is used for imaging can be used for low noise wavefront
sensing. Scanning is not  recommended in a commercial instrument designed
only to measure the static component  of the wave aberration, provided it
is possible to either average the results from a number  of short
exposures, or collect light over a single long exposure. In either case,
the  recommended total exposure duration is at least 1-2 seconds for eye
movements to eliminate  spatial noise on their own. 



Laser speckle is known in various arts, including holography, and is caused
by  intereference among various components of a highly coherent light beam.
As discussed 27 2 0 APP, 2004  WO 01/28409 PCT/US00/29078 above, laser
speckle degrades the quality of wavefront sensor spots when a coherent
laser  (usually either a helium-neon or diode laser) is used as the source
16. Conventional laser  diodes, when driven above lasing threshold, are
coherent sources with spectral half-widths  on the order of only a few
nanometers. They therefore have very long coherence lengths so  that
reflections from many surfaces in the eye and in the wavefront sensor 10
can interfere with each other, producing speckle. To reduce speckle, an SLD
having a broad spectral  half-width (on the order of 20 nm) and a short
coherence length of 30 microns can be used.  The coherence length of the
SLD is nearly independent of the diode's driver current or output power.
The use of longer wavelength, near infrared sources has at least two
advantages..  First, they are less dazzling for the patient. Second, the
maximum permissible exposure is,  increased so more light can be used while
still ensuring patient safety. Infrared light allows :  the pupil to dilate
so that a larger portion of the wave aberration can be measured. Examples;
.  of possible light sources for the light source 16 include a 70 rim laser
diode by Sharp, a 780   nm SLD by Anritsu, and an 840 rim SLD by Hamamatsu.
The 780 rim Anritsu SLD   provides clean, tightly focused spots with the
least amount of speckle over a wide range of  powers and exposure times.
The laser diodes perform similarly. The 780 rim SLD is  preferable because
it typically produces more compact, relatively speckle-free spots in
images for a range of different exposure times and powers than the other
840 nm SLD or the  750 nm laser diode. It is also sufficiently far into the
infrared to be comfortable for the  patient. A larger number of spots are
visible with the 780 rim diode than with the 750 nm- 



diode due to the increase in pupil diameter that results from the reduced
brightness of the  780 rim diode. 28 WO 01/28409 20 APR 2004
PCT/US00/29078 Laser diode spot images always contain a larger amount of
speckle than the SLD.  It would be difficult to obtain repeatable
measurements of the centroid locations using the  laser diode, especially
at higher powers when the coherence length is longest. When driven  under
lasing threshold, shorter coherence lengths are possible. However, the
output power  obtained under threshold may be too low to yield an adequate
amount of light reflected from  the retina. It may be possible to underrun
current laser diodes if long exposure times are  used in conjunction with a
detector (e.g., CCD) of the camera 20 that integrates throughout  the
exposure. Real-time Wavefront Sensor Hardware A real-time ophthalmic
wavefront sensor 10 used to collect and analyze image data  from a
subject's eye is illustrated in Fig. 2, in accordance with an embodiment of
the  invention. The wavefront sensor 10 includes a computer 12, for
example, a personal  computer (PC), and control data acquisition and
analysis software 13, as illustrated in Fig.  3. The software 1.3 can be
stored in the PC 12 in memory 14, which can be volatile or noin- volatile
memory, or a combination of both. The software 13 is executable by
processor 15 of the PC 12 to control data acquisition and analysis in the
wavefront sensor 10. The wavefront sensor 10 also includes a light source
16, for example, a gas laser,*  laser diode, superluminescent diode (SLD),
or other source, for providing light exposures  during image data
collection. The wavefront sensor 10 further includes a beam splitter 17,  a
lenslet array 18, a camera 20 (e.g., a CCD array detector), a pair of
lenses 22 and 24, a  focus corrector 26 (e.g., a Porro prism or another
single- or double-pass slide mechanism),  



a scanning/de-scanning mirror 60, another pair of lenses 64 and 66, a
pupil-aligning camera  28 and a pupil-aligning reflector 30, and a fixation
target 32 and a fixation target reflector 29 20 APR 2004  WO 01/28409
PCT/US00/29078 34. A set of four eye pupil-illuminating LEDs (not shown) is
included for reflecting light  from the subject's eye to aid in aligning
the pupil with the wavefront sensor 10. The PC 12 includes a PCI bus 40
controlled by PCI controller circuitry located  within a memory/accelerated
graphics port (AGP)/PCI controller 42 ("host bridge"). The  host bridge 42
can be a 440LX Integrated Circuit by Intel Corporation, also known as the
PCI AGP Controller (PAC). The controller 42 couples the PCI bus 40 to the
processor 15  and the memory subsystem 14. The processor 15 can be a
Pentium Pro, also by Intel  Corporation. A variety of processors could be
used for the processor 15 without detracting  from the scope and spirit of
the invention. A video display 52, a mouse 54, and a keyboard 56 are also
coupled to the host  bridge 42, enabling operator interaction with the PC
12. The wavefront sensor 10 includes additional hardware not shown
td,simplify the  drawings, although their use will be appreciated by those
skilled in the art.  For:example, the  wavefront sensor 10 includes
hardware for turning the light source 16 and pupil-illuminating  LEDs on
and off, and hardware for moving the focus corrector 26. For real-time
operation,  image acquisition is accomplished with a real-time
framegrabber, for example, a PCI-bus  Bitflow Roadrunner (up to 50 Hz).
Also included for real-time operation is a slower PCI Framegrabber for
gathering pupil images, for example an Imagenation PXL. The wavefront
sensor 10 controls the pupil-illuminating LEDs via either a parallel port
of the PC 12  coupled with a custom control circuit, or via a PCI digital
10 card, for example a Keithley  MetraByte P10-24. The focus corrector 26
is controlled either through a serial port of the  PC 12 via a serial
driver, for example, from Velmex, Inc., or through the same digital IO 



card used to control the LEDs. A variety of other configurations for the
hardware 30 WO 01/28409 20 APR 2004  PCTIUSOO/29078 constituting the
wavefront sensor 10 are possible, as will be appreciated to those skilled
in the art. The focal length of the lenslet array 18 is reduced relative to
that of typical  wavefront sensors to optimize performance and help
facilitate real-time operation. As  illustrated in Fig. 1, by reducing the
focal length (e.g., to 40 mm), the spot displacement (A)  becomes smaller
for the same wave aberration, which provides a larger dynamic range for
the wavefront sensor 10. The spot diameter also becomes smaller because of
the  relationship between spot diameter (sd) and focal length given by sd =
2.44(f/d)R.= 2.44 A.F#  in which d is the lenslet diameter and F# is the
F-number of the lenslet, as will be  appreciated by those skilled in the
art. In Fig. 1, 0 is the locally averaged wavefront slope  in front of the
lenslet array 18 and is related to the spot displacement and the lenslet
focal length by 0 = &f, as will also be appreciated by those skilled in the
art. The smaller spot diameter gives less error in "centroiding" (i.e.,
making "centroid" measurements). (A  "centroid" is an intensity-weighted
balance point of Hartmann-Shack spot image data  collected from the
detector of the camera 20. Centroiding is a process of locating the spots
imaged by the lenslet array 18 on the detector of the camera 20 by
calculating the positions  of the corresponding centroids in the image
data). Increasing lenslet diameter will achieve  the same effect just
mentioned. Larger lenslets reduce the highest spatial frequency that can
be measured in the wave aberration. However, reducing focal length
increases dynamic  range in the wavefront sensor 10 and decreases the need
for operator intervention in  measuring the wave aberration. Shorter focal
lengths than 24 mm could also be used. The wavefront sensor 10 should use
as short an exposure as possible of the light  



source 16. This is especially true fora commercial instrument, because it
reduces patient  discomfort and allows the operator to collect the data
with reduced risk of head movement 31 20 APR 2004  WO 01/28409
PCT/US00/29078 during the exposure. Moreover, a wavefront sensor designed
to track the eye's aberrations  in real-time, such as would be required in
a high resolution fundus camera equipped with  adaptive opticts would need
to use exposures on the order 30 msec. However, shortening  the exposure
can reduce accuracy because spatial noise is increased in the spots, which
reduces the accuracy of the instrument. This spatial noise can arise from
several sources.  Reflectance/variations can occur across the retina due
to, for example, the waveguide  properties of pores and absorptance
variations in the pigment epithelium. Moreover, when  coherent lighthis,
used, laser speckle can be produced due to interference, which can
exacerbate =. r.pdn uniformity of the wavefront. sensor spots. These
sources of  inhomogeneity largely can be removed by using long exposures,
on the order of 1-2 seconds.  The reason fenes is that the eye moves enough
on its own during this period to average out  the non-uniformities. The
light sources described above with respect to laser speckle and  long
wavelength* particularly the SLD's named, can overcome such problems. Moral
laser diode spot images always contain a larger amount of speckle than  the
SLD. laser. difficult to obtain repeatable measurements of the centroid
locations  using the laser diode, especially at higher powers when the
coherence length is longest.  When drive Mundf-z. lasing threshold, a
shorter coherence length (i.e., lower. coherence) is  possible; hove, a the
output power obtained under threshold may be too low to yield an  adequate
amount of light imaged from the retina. It may be possible to underrun
current  laser diodes if lung exposure times are used in conjunction with a
detector of the camera 20  that integrates throughout the exposure, such as
a CCD. The stain g/de-scanning mirror 60, which is conjugate to the pupil
plane 62, also  



eliminates spatialtbaise, for example, when short exposures of the
wavefront sensor 10 are  required, by scanning a point source in a line on
the retina, as will be appreciated by those 32 20 APR 2004 WO 01/28409
PCT/US00/29078 skilled in the art. This benefit will accrue naturally in a
confocal laser ophthalmoscope  equipped with adaptive optics. In that case,
the same scanning beam that is used for imaging  can be used for low noise
wavefront sensing. Scanning is not recommended in a  commercial instrument
designed only to measure the static component of the wave  aberration,
provided it is possible to either average the results from a number of
short  exposures, or collect light over a single long exposure. In either
case, the recommended  total exposure duration is at least 1-2 seconds for
eye movements to help eliminate spatial noise. The angular extent of the
scan of the mirror 60 is kept smaller than the isoplanatic  patch size of
an eye 58, and can be less than 0.5 degrees at a temporal frequency of
400-600  Hz. The temporal frequency is set high enough that there are many
scans within a single frame of the detector of the camera 20. By having the
light return from the eye 58 through  the same scanning optics, it is
de-scanned so that there is no movement of the image of the  pupil on
the.lenslet array 18. Thus, the spatial noise is removed without disrupting
measurements made with the wavefront sensor 10. To initiate data
acquisition for determining the wavefront aberration of the eye 58,  light
from the light source 16 is directed to the eye 58. The light passes
through the beam  splitter 17, the lens 24, the focus corrector 26, the
lens 22 and is reflected off the mirror 60  through the lens 64, the lens
66, the mirror 34, and finally into the eye to be focused onto  a spot on
the retina that is scanned by the mirror 60. The wavefront sensor 10 images
the  spot focused on the retina The image is directed back through the
system until it is reflected  off the beam splitter 17 and then imaged by
the lenslet array 18 onto the detector of the  



camera 20. The focus corrector 26 is adjusted so that ideally the light
entering at the pupil 33 20 APR 2004  WO 01/28409 PCT/US00/29078 plane 62
of the eye is conjugate with the light entering the lenslet array 18. The
spot on the  retina effectively becomes a point source for imaging by the
array 18. When an image is acquired by the wavefront sensor 10 from the
pupil of the eye 58,  whether the wavefront sensor 10 is in real-time mode
or in a static mode, the eye 58 must be aligned properly with the wavefront
sensor 10. The eye 58 should be optimally centered  in two dimensions while
the subject is viewing the fixation target 32 during data collection.  The
pupil camera 28 provides an image of the subject's pupil for alignment
purposes. The  geometrical center of the pupil or the corneal reflection of
the pupil-illuminating LEDs can  be used to optimize pupil centering.
During image acquisition, the pupil camera 28, which  later can be used to
confirm subject alignment, acquires a final image of the pupil. The  .
software 13 then turns off all the LEDs on the wavefront sensor 10, turns
on the light source  16, and snaps a frame or multiple frames with the
wavefront sensor camera 20. The light  source 16 is then turned off, which
signals the end of image acquisition for the subject. In :;..  one
embodiment, the view on the computer monitor 52 changes from the pupil
image to the  image acquired with the camera 20. An entire array of lenslet
spots on the detector of the  camera 20 should be visible in a displayed
image on the monitor 52. In real-time mode, the  wavefront sensor 10.
continually acquires, processes, centroids, fits Zernike modes, and
reconstructs the wavefront (all at up to 50 Hz) after a key press enters
this mode and until  another. key press ends this mode. In another scanning
wavefront sensor system (not shown), instead of a lenslet  array, a single
aperture is scanned across the pupil of the eye and the resulting light is
imaged onto a single detector. The resulting array of spots is produced
temporally rather  than spatially, as in the wavefront sensor 10.
Nevertheless, with the scanning instrument, 



. 34 2 0 APR 2004  WO 01/28409 PCT/US00/29078 centroids would be produced
that could be analyzed analogously to the techniques discussed  herein, as
will be appreciated by those skilled in the art. The hardware just
described operates under the control of software for data  acquisition and
analysis. The operation of the sensor through that software will now be
described. Data Acquisition and Analysis Software A more detailed
discussion is now presented on the software 13 used for data  acquisition
and analysis with the wavefront sensors 10. In one embodiment, the software
13 is object-oriented code that provides a user interface, data
presentation, and real time  aberration acquisition. The software 13 also
provides centroiding, variable lenslet number,  variable Zernike mode
number, missing data, and pupil centering, as will be discussed below  in
more detail. The software 13 stores the value of the ratio between pupil
size of the eye 58  and the pupil size of the wavefront sensor 10, and
allows a real-valued scale conversion  between the two. The software 13
also can accommodate a variety of lenslet arrays with  different lenslet
diameters and focal lengths. Once centroid image data have been collected
by the wavefront sensor .10 by  execution of the software 13, the wavefront
sensor 10 uses the software 13 to calculate the  wave aberrations of the
eye 58 to a given order and a given number of Zemike polynomial  modes, as
will be appreciated by those skilled in the art. The highest Zernike mode
number  for any given Zemike polynomial order is specified by
(order+l)(order+2)/2. Using the  wavefront sensor 10, it has been found
that the maximum number of Zernike modes that can  be reconstructed
accurately from a least-squares analysis of raw wave aberration data is,
very roughly, equal to one-half the number of lenslets in the wavefront
sensor 10. To 
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software 13 has been designed to restrict the number of Zernike  modes
used. The software 13 includes a "modal" wavefront reconstruction method to
reconstruct  the wavefront from the Hartmann-Shack centroid data. The
method used by the software  13 to obtain the centroid data from the
Hartmann-Shack raw spot data will be described in more detail below. With
centroid data available, whether just obtained or previously  obtained by
the wavefront sensor 10, or loaded from an existing file in the memory 14
or  from another memory location, the PC 12 is prepared to calculate the
wave aberration of the  eye 58. Generally, the wave aberration function is
expressed as a linear combination of  selected basis functions. The basis
functions used here are called Zemike polynomials. The  Zernike polynomials
are an orthogonal set of two variate polynomials defined over the unit-
circle, and allow a simple expression for the residual error in the
wavefront after a certain  degree of phase compensation is made. ;... . To
formulate the procedure used in the software 13 for determining the wave
aberration of the eye 58, the wave aberration function, 4), is first
expressed as a linear  combination of Zemike polynomials, namely, N O(r,O)=
za,Z1(r,B), Irl 51.  !-2 In that equation, Z; represents the ith Zernike
mode. The summation starts at two since the  constant term, called piston,
is of no concern and cannot be measured with slope estimates.  The highest
mode desired to be measured in the wavefront reconstruction is the value N.
The maximum value of N in the software 13 is 66, which corresponds to
Zemike order ten,  although the software 13 could be modified to
accommodate higher orders and modes. The 
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the number of lenslets 18 within the pupil over which the  aberrations are
measured. The sub-apertures of the lenslets 18 are typically centered on a
square lattice and arranged so that as many as possible fit into the
specified pupil. They are  numbered from 1 to K from left to right, top to
bottom, although another numbering scheme  could be used. One example of a
lenslet array is a 37-lenslet array in which the lenslets are  arranged in
seven rows and seven columns, excluding the lenslets that view parts of the
image falling outside the pupil. The lenslets in the array form one
3-lenslet row, one 5- lenslet row, three 7-lenslet rows, one 5-lenslet row
and one 3-lenslet row and are numbered  thus: 123 45678 9101112131415
16171819202122 23242526272829 3031323334 353637 The wavefront sensor 10 and
the software 13 permit selection of a variable "pupil"  radius by limiting
lenslet points effectively to be within a certain range on the detector of
the camera 20. Further, the system permits currently stored data to be
normalized to a  smaller pupil without discarding data, as will be
described below. This is reflected in the  flowchart of Fig. 13 also
described below. The appropriate wavefront (and ultimately, an  ablation
pattern) can be calculated, for example, in determining the wave aberration
for a  3mm pupil in normal lighting when the captured data is from a 6mm
pupil in dim lighting.  In general, it is desirable to maximize the
calculated pupil for imaging applications. 



37 2 0 APR 2004 WO 01/28409 PCT/US00/29078 The general procedure by which
sub-apertures of the lenslets 18 are determined to  be within the pupil
radius of the wavefront sensor 10 is as follows. A priori, the size of the
"pupil' radius or radius of image that is necessary to capture all the
centroids is calculated.  This is done based on the inter-lenslet spacing
of the lenslets 18 as well as the number of  lenslets 18 in the image. An
advantage of this is that it eliminates other portions of the  captured
image from the camera 20 from having to be included in the location and
calculation of centroids. As illustrated in Fig. 9, there is a circular
area 170 of radius Ra,  which should capture each centroid within its
corresponding box 172 having a side equal  to inter-lenslet spacing 174. It
is from within this area that centroid calculations are  performed, as will
be described below. The individual centroids are calculated within that
pupil radius, and from the calculated centroids as compared to a reference
array of ideal  centroids (i.e., centered at positions 176 in Fig-.9),
which can either be just a derived  reference array or could actually be
created using a plane wave input to the wavefront sensor  10 to take into
account optical aberrations of the optics. Using offset vectors (i.e.,
centroid  displacements) from that reference array, the Zernike modes are
calculated based on that  initial pupil radius Ra. In Fig. 9, the centroid
calculation with the pupil radius is designated  as 178, the creation of
the offset vectors from the reference array is designated as 180, and  the
calculation of the Zernike modes based on Ra is designated as 182. Then,
centroiding  is carried out using any of the techniques described above.
Once the centroids are known, the wave aberration can be calculated using
the  Zernike coefficients as follows. Referring again to the equation for
the wave aberration  given above, and taking its derivatives with respect
to the x and y yields 2K equations. The  2K derivatives are evaluated over
the array of subapertures of the lenslets 18. The equations  can be
expressed as follows (the functional arguments have been suppressed here): 



38 2 0 APR, 2004  WO 01/28409 PCT/US00/29078 ao  ay a~ a, az; (1=1,2, ...,
KI  ax, ;_2 ox ,eN az, ai (1=1,2,...,KI  i-2 ( 0-Y ) I where 01 represents
taking an average over sub-aperture 1. Although calculation of the wave
aberration from knowledge of the Zernike coefficients is well-known, a
matrix method is  used to determine the Zernike coefficients in accordance
with an embodiment of the  invention. As already noted, the two equations
just set forth can be rewritten in matrix form as sx Gx s sy = Gy Ja = Ga
where ss and s'' are the vectors of slope estimates obtained from the
movement of the  centroids of the lenslet spots in the x and y directions
on the detector of the camera 20,  respectively. In other words, s is
simply the displacements dx and dy of the centroids from  the positions
that they would occupy in the absence of wavefront aberration. Of note, the
number of Zernike modes in the G matrix can be reduced simply by
eliminating columns  of the G matrix. The vector a is the array of unknown
Zernike coefficients, and Gx and G''  are matrices of derivatives of the
basis functions averaged over the sub-aperture of each  lenslet 18, in the
x and y directions. This matrix is figured as a constant matrix based on
the  number of lenslets and the lenslet spacing, and is calculated to have
at least the greatest  number of Zernike modes one might be interested in
determining and at least the greatest  



number of lenslets (x2) that one might be monitoring. That G matrix can be
calculated once  based on the physical data. If square sub-apertures (e.g.,
like the box 172 of Fig. 9) are 39 20 APR 2004  WO 01/28409 PCT/US00/29078
assumed and if b is one-half the sub-aperture side, then Gx and GI can be
expressed as  follows, where j (column) indexes the Zernike mode and i
(row) indexes the aperture  centers: 1 xi+b y, +b aZ GU= J J 'dydx 4b r,-b
y,-b (fix y,+b x,+b 3Z G~- z J J dxdy, b ye-b X, -b These two equations can
be simplified by defining the antiderivatives of the Zernike polynomials
with respect to the x and y variables as IZl (x, y) = JZ1 (x, y)dx and IZ,
(x, y) = JZ; (x, y)dy . The software 13 calls these functions "IntZx" and
"IntZy" respectively. The above equations can then be expressed in terms of
these functions as  follows: GL = 4bz LIZi (x; +b, y, -t-b) +IZ j (x; -b,
yr -b)-IZJ (xr +b, y; -b)-IZjy (x; -b, yr +b)] GG = 462 [IZ~ (x + b, y, +
b) + IZ f (x, - b, yr - b) - IZ~ (xr +b, yr - b) - IZ j (x; - b, yr +b)
Note that G" depends on IZ1 (x,y) and vice-versa. Because the equations set
forth until now provide an overdetermined system of  equations (N-1<2K), a
least-squares solution is sought. A procedure called Singular Value
Decomposition (SVD) provides a solution to the equation, which is optimal
in this sense.  In order to determine the Zemke coefficients, essentially a
least-square fit is made to the  



coefficients using the SVD of the matrix equation involving the measured
centroid shifts  (explained below) in each sub-aperture and the average of
the Zernike polynomial  derivatives over each sub-aperture. The G matrix is
inverted and further processing occurs 40 2 0 APR 2004  WO 01/28409
PCT/US00/29078 to yield other matrices from which a can be determined and
thus the wave aberration of the  eye 58. Applying SVD to the matrix G,
matrices U, V and D are obtained such that  G=UDV'. D is a diagonal matrix
of N-1 "singular" values whereas U is a column- orthonormal matrix with the
same dimensions as G, and V is an N-lxN-1 orthonormal  matrix. Since the
inverse of an orthogonal matrix is simply its transpose and the inverse of
a diagonal matrix is simply the diagonal matrix of its reciprocals, we have
a=G''s=(VD-'U's where G-' is the inverse of the G matrix and the
superscripted t represents the transpose of  a matrix. It can be shown that
the wavefront error in this method is proportional to Tr(D"'),  i.e., the
sum of the diagonal elements of D"'. The software 13 selects the lenslet
geometry by asking the operator for a pupil radius  (or diameter) over
which the eye's wave aberration is to be measured. The pupil radius for
the eye may be different from the wavefront sensor, but ideally they are
the same. From the  pupil radius information and the known center-to-center
distance of the lenslets 18 as  imaged on the detector of the camera 20,
the program pre-computes the matrix G for the  largest number of lenslets
that can be accommodated for that pupil radius for the Zernike  modes up
to, for example, order ten. (However, the initial order actually used will
depend  upon the number of lenslets 18 used). After the initial
computation, the operator is allowed  to have the computer 12 (i.e., the
software 13) disregard the slope estimates from selected  lenslets 18 as
well as have the software 13 compute estimates for a larger or smaller
Zernike  order, as will be described in more detail below. The number of
modes can be determined  



for any given Zernike order from the expression (order-f 1)(order+2)/2. See
Dai, Gung- Ming (1995), "Theoretical Studies and Computer Simulations of
Post-Detection 41 20 APR 2004  WO 01/28409 PCT/US00/29078 Atmospheric
Turbulence Compensation", Ph.D. thesis, Lund University, Lund Sweden,
Mahajan, V.N. (1994), "Zernike Circle Polynomials and Optical Aberrations
of Systems  with Circular Pupils", Engineering & Laboratory Notes, August
1994, pp. S21-S24,  Southwell, W.H. (1980), Journal of the Optical Society
of America, Vol. 70, p. 998, Tyson,  R.K. (1991), Principles of Adaptive
Optics, Academic Press, Inc. New York, NY, Wang,  J.Y. & Silva, D.E.
(1980), "Wave-front Interpretation with Zernike Polynomials", Applied
Optics, Vol. 19, No. 9, pp. 1510-1518. As a means of explaining the matrix
equations above, the following simplified  example is offered. A
hypothetical 3x3 array 150 of reference spots and boxes 152 is shown  in
Fig. 8A. Each box of the array of reference spots 150 and boxes 152 are
designated by  an index 1-9 from top to bottom and left to right, although
another index ordering scheme  could be -used. For each reference spot 150
determined by the software 13, there is a  centroid 154 displaced in x and
y from the corresponding aperture center 156 that also is  determined by
the software 13 within each box, as will be explained below in more detail.
The software 13 determines the x and y displacements of each centroid 154,
designated dx;  and dy;, respectively for i =1 to 9. Thus, the s vector has
18 components, 9 for x and 9 for  y, as shown in the matrix equation below.
The G matrix is an 18 centroid (or aperture  center) by 5 modes matrix
(i.e., 18x5) and a is the vector of the Zernike coefficients  consisting of
the 5 components corresponding to first and second order aberrations (no
piston term, as explained above). The G matrix has the same form as
indicated above with  b equal to one-half the size of the side of the
boxes. 42 



20 APR 2004  WO 01/28409 PCT/US00/29078 S[18] G[18x5] a[5] dx, dX2  dx3 dx4
dx5  dX6 rail I Ia3 dx 9 =1 G ]a dy, 4  dye - as dY3  dY4  dY5  dy6 dy9 a6
Once the magnitudes of the Zernike coefficients are determined, the wave
aberratidn is found, where the only relevant terms are from the sum 6 0=la;
Z;(x,Y)  1-z with the matrix elements of G for 18 (j 1 to 18) rows and 5 (i
= 2 to 6) columns.  



Focusing now on particular modules of the software 13, more details are
provided  below. These modules relate directly to and implement the
techniques and procedures  described thus far. A flowchart diagram
illustrates in Fig. 13 an overall method for the  controlled data
acquisition and analysis software 13 discussed above in more detail, in
accordance with an embodiment of an invention. Control begins in a Begin
Exam Process  step 200 and proceeds immediately to a Set Parameters step
202. In the Set Parameters step  202, the Optics object is created and the
values of the Pupil Scale variable and the 43 2 0 APR 2004 WO 01/28409
PCT/US00/29078 Wavefront2PupilScale variable are set to default values
based on the particular configuration  of the wavefront sensor 10. The
values of other variables, such as a pupil radius variable,  an
inter-lenslet distance variable, and a lenslet focal length variable are
also set based upon  default values. As an alternative, the variables set
in the Set Parameters step 202 may be  determined dynamically or asked for
and entered by the operator. Control then proceeds to a Create Lenslets
step 210, which is described in more  detail below with respect to Fig. 14.
Next, control proceeds to a Set Pupil Radius step 215  in which a local
pupil radius variable is reset to a radius value determined in step 210.
The  value of the local pupil radius variable is employed in subsequent
steps and is based on the  smallest pupil radius that can fit around a set
of lenslet objects created in step 210 that  correspond to a set of
lenslets within the radius. Control then proceeds to a Get-Image step  220
in which an image of the retina is captured by the wavefront sensor 10 for
processing.  As an alternative, the image can be retrieved from a file
stored in the memory 14 of the  computing system 12 (Figs. 2 and 3) or
other memory. Following the Get Image step 220, control proceeds to a
Generate Reference Array  step 230 in which a reference object is created.
The reference object contains a set of points  that represent aperture
center points (like those of Figs. 8A and 8B) of each lenslet in the set  



of lenslets created in step 210. The reference array is employed in a
Generate Valid Zernike  Modes step 270 described in more detail below. The
use of a reference array and the  generation of Zernike modes has been
described above. Control proceeds to a Locate  Centroids step 250 in which
a centroid is generated for each lenslet of the lenslet array  created in
step 210. The Locate Centroids step 250 is described in more detail below
with  respect to Fig. 15. 44 . 2. 0 APR 2004 WO 01/28409 PCT/US00/29078
Following the Locate Centroids step 250, control proceeds to a Select
Centroids step  260 in whichthe operator may set, adjust, or eliminate
individual centroids generated in the  Locate Centroid step 250, as
discussed above. Control then proceeds to the Generate Valid  Zemike Modes
step 270 in which Zernike modes are generated based on the lenslets 18, the
centroids, and the reference arrays, as described above. Once the Zernike
modes are  generated, then control proceeds to a Reconstruct Wavefront step
280 in which the  wavefront of the image captured in step 220 is
reconstructed based on the Zernike modes  calculated in step 270. The
reconstruction of the wavefront based on the Zernike modes is  accomplished
once the Zernike coefficients are determined using the matrix approach
discussed above according to the invention. Following the Reconstruct
Wavefront step 280,  control proceeds to a parameter change process A,
which is described in detail below in  conjunction with Fig. 16, and which
relates to the discussion above. regarding centroid  elimination and pupil
radius change. Referring again to Fig. 13, also included in the flowchart
of the Begin Examination  Process 200 are entry points B, C and D. Entry
points B, C, and D enable the Begin Exam  Process 200 to be entered at the
Set Parameters step 202, the Select Centroids step 260 or  the Generate
Valid Zernike Modes step 280, respectively. Entry points B, C, and D are
described in more detail below with respect to Fig. 16. 



Turning now to Fig. 14, a flowchart is illustrated of a Create Lenslets
process 300  corresponding to the Create Lenslets step 210 of the Begin
Exam Process 200 (Fig. 13). In  the Create Lenslets process 300, control
proceeds immediately to a Too Few Lenslets step  212 in which a calculation
is performed to determine whether information from operator  input will
enable a lenslet number parameter greater than a pre-determined minimum to
be  generated for use in determining the wave aberration of the eye 58. If
the answer is "No," 45 2 0 APR 2004  WO 01/28409 PCT/US00/29078 the process
300 completes in a step 352 and the Begin Examination Process 200 is
terminated. As an alternative, a process may be initiated to enable the
operator to reselect  parameters so that a sufficient number of lenslets
are generated. If the answer in step 212  is "Yes," control proceeds to a
Calculate Number of Lenslets step 214, which is described  in more detail
below with respect to Fig. 15. Following the Calculate Number of Lenslets
step 214, control proceeds to a Determine Pupil Coverage step 216 in which
a ratio between  a total area of all the lenslets created (e.g.,
corresponding to 37 lenslets used as the lenslets  18) in the Create
Lenslets step 210 (Fig. 13) and the area of the pupil as determined by the
radius set in the Reset Pupil Radius step 215 (Fig. 13) is calculated.
Control then proceeds  to a Too Little Coverage step 217 in which the ratio
calculated in step 214 is compared to  both a predetermined minimum value
and a predetermined maximum value. For example,  the minimum could be 75%.
If the ratio is less than or equal to the minimum, indicating that  there
are too few lenslets (centroids) to accurately reconstruct the wavefront
for Zemike  modes to a given Zernike order (e.g., as described above), or
if the ratio is greater than the  maximum, indicating that the Generate
Valid Zemike Modes step 270 and the Reconstruct  Wavefront step 280 (Fig.
13) are likely to be inaccurate, then control proceeds to a Display
Warning step 218. In step 218, an appropriate warning message is displayed
on the video  screen 52 (Figs. 2 and 3) to the operator. Control then
proceeds to a Return step 219 in  



which control is returned to the Begin Examination Process 200 and proceeds
to the Reset  Pupil Radius step 215 (Fig. 13). As an alternative, a process
may be initiated to enable the  operator to adjust parameters so that the
ratio is within appropriate limits. If, in step 217,  the ratio is greater
than the minimum or less than or equal to the maximum, then control
proceeds immediately to the Return step 219, and control proceeds as
described above. 46 20 APR 2004  WO 01/28409 PCT/US00/29078 Turning now to
Fig. 15, a flowchart is illustrated of a Calculate Number of Lenslets
process 310 corresponding to the Calculate Number of Lenslets step 214 of
the Create  Lenslets process 300 (Fig. 14). Control proceeds immediately to
a Create Maxgrid step 312  in which a matrix of points (grid) is generated
corresponding to an array of lenslets with a  predetermined maximum number
of rows and columns, for example, 19x 19. The maximum  is a matter of
convenience and reserves some memory for the largest lenslet array likely
to  be encountered. A subset of that memory can be used to create the grid
corresponding to  the lenslets that are actually used. In addition, a count
variable and a max distance variable  are both initialized to the value V.
Control then proceeds to a step 314 in which it is determined whether there
are points in the Maxgrid array to check. The Max-grid-is used as a-maximum
boundary within  which the locations of boxes and box centers that
correspond to the lenslets 18 within the  pupil radius are determined in
the software 13 The first time through the process 310, the  answer is
typically "Yes," and control proceeds to a Get Point & Calculate Distance
From  Center step 315. Process 310 processes points in the grid from left
to right and top to  bottom, according to design choice. Others directions
and sequences are possible. Each  point is assumed to be a center of a box
with sides equal to the inter-lenslet distance and the  distance from the
center of the grid to a comer of the box that is farthest from the center
of  the grid is calculated and retained. If the calculated distance is less
than or equal to the pupil  radius, indicating that the entire box
corresponding to a lenslet is within the pupil, then the  



count variable is incremented by '1' and the coordinates of that box's
center are stored in  a first available spot in the Maxgrid array. Control
proceeds to a Distance > Max distance  step 318 in which the process 310
determines whether the calculated distance is greater than  the previously
stored value of the max distance variable. If the value of the calculated
47 2 0 APR 2004 WO 01/28409 PCT/US00/29078 distance is greater than the
previously stored value of the max-distance variable, control  proceeds to
a Store New Max Distance step 319 in which the calculated distance is
stored  in the max-distance variable, over-writing the previously stored
value. Control then proceeds to Points To Check step 314 when the new value
of the  max-distance variable is stored in step 319, when it is determined
that the calculated  distance is less than or equal to the previously
stored value in step 318, or when the  calculated distance is greater than
the pupil radius in step 316, indicating that the box does  not fit
entirely within the pupil radius. In step 314, the process 310 determines
whether  there is another point in the Maxgrid array to process and, if so,
loops through steps 315,  316, 317, 318 and 319, as described above. Each
grid point in the 19x 19 array is processed  in turn to determine whether
it is to -be included in the final centroid array. Referring again to step
314;;if the process 310 determines that there are no more  points to check,
then control proceeds to step 362 in which control is returned to process
300. When control is returned to process 300, the count variable contains
the value of the  number of boxes, or lenslets, which fit Within the pupil
radius and the max distance variable  contains the value of distance of the
farthest corner of all the boxes that fit within the pupil  radius. In
addition, the Maxgrid array contains coordinates for each box, or lenslet,
which  fits within the pupil radius. Turning now to Fig. 16, a flowchart is
illustrated of a Locate Centroids Process 400  that corresponds to the
Locate Centroids step 250 of the Begin Examination Process 200  



(Fig. 13). The Locate Centroids Process 400 determines the location of the
centroids as  described above using the method of Figs. 10-12. Control
proceeds immediately to a  Lenslet To Process step 221 in which the process
400 determines whether there is a lenslet  to process that corresponds to
the lenslets created in the Create Lenslet step 210 of the Begin 48 20 APR
2004 WO 01/28409 . / PCT/US00/29078 Exam Process 200. The first time
through, the answer is typically "yes" and control  proceeds to a Get
Lenslet step 222. The Locate Centroids process 400 starts with the top
left lenslet in the lenslet array and processes the array from left to
right and top to bottom,  according to design. Other directions and
sequences are possible. After a lenslet is selected in step 222, the
process 400 proceeds to an Initialize  Boxsize & Box Center step 223. In
step 223, a "search box" is defined in the image  retrieved in step 220 of
the process 200 using the coordinates of the center of the selected
lenslet as the center of the search box and with the length of the sides
equal to the inter- lenslet distance defined in step 202 of process 200.
The search box corresponds to the boxes  shown in Figs. 10-12. The centroid
for each spot within the search box is calculated as  described above.
Control then proceeds to a Box Size < Minimum step 225 in which  process
400 determines whether the search box is smaller than or equal to a
predefined  minimum value. The minimum value may be, for example, the size
of the diffraction  limited spot corresponding to an idealized reference
plane wave impinging on and focused  by the same lenslet, as will be
appreciated by those skilled in the art. If the search box is  greater than
the predefined minimum value, control proceeds to a Find Centroid & Reset
Box Center step 227. The centroid of the search box corresponds to the
center of mass of that search box.  



In other words, the process 400 weights each pixel in the search box by the
intensity of that  pixel and defines the centroid. Other parameters may
also be used instead of, or in addition  to, the average intensity to
determine the centroid location. For example, minimum and  maximum pixel
intensity threshold values may be defined with only pixel values within the
thresholds used to calculate the centroid. In step 227, once the centroid
of the search box  is determined the center of the search box is reset to
the coordinates of the centroid and 49 20 APR 2004 WO 01/28409
PCT/US00/29078 control proceeds to a Determine Centroid Validity step 229.
In the disclosed embodiment,  in step 260 of the process 200, the operator
determines centroid validity. The most common  reason for the operator to
move a centroid manually is that the centroid location does not  appear to
be centered on the captured spot of light that is to be centroided. But, in
an alternative embodiment, centroid validity may be determined
automatically in step 229. For  example, a centroid that is outside the
borders of the initial search box defined in step 223  may be considered
invalid. After step 229, an iterative centroiding process as described
above is performed.  That is, control proceeds to a Reset Box Size step 231
in which both the length and width  of the search.box are reduced by one
(or more) pixel. Control then returns to step 225 in  which the process-400
determines whether the new box size is less than or equal to the  minimum
box: size again. As described above, a variety of iterative centroid
locating  processes could be used. Preferably, the optics of the wavefront
sensor 10 are of sufficient  quality to guarantee that the centroids will
be located somewhere within each search box for  each iteration. If the
search box size is still greater than the minimum value, control  proceeds
to step 227 as explained above. If the search box size is less than the
minimum,  then control proceeds to step 223 in which the location of the
centroid is stored in the  centroid array and the validity of the centroid
is stored in a corresponding location in a  



validity array. Control then proceeds to a Centroid Valid step 235 in which
the appropriate entry  in the centroid validity array is checked. If the
centroid is valid, then control proceeds to  step 237 in which the centroid
is drawn in a centroid image or displayed on the display 52  and stored
(e.g., in the memory 14). Control then proceeds to step 221 in which the
process  400 determines whether there are additional lenslets to process as
explained above. If, in 50 2 0 APR 2004 WO 01/28409 PCT/US00/29078 step
235, the centroid is determined to be invalid, control proceeds immediately
to step 221.  Finally, in step 221, if the process 400 determines that
there are no more centroids to  process, control returns through End Locate
Centroids step 272 to step 250 of the process  200 of Fig. 13. With valid
centroids and Zernike modes, the wave aberration is determined  as
described above. After the wave aberration has been determined, the
operator, in one embodiment,  can either re-profile the software 13 from
the program beginning (Fig. 13, step 200), change  program inputs, acquire
and analyze data again, while in another embodiment, program  inputs can be
changed on the fly without reinitialization of other parameters, meaning
that  a new -matrix is computed. .! , The validity of the Zemike modes can
be assessed and the pupil radius can be  changed after an initial wave
aberration construction or reconstruction, as described above.  Such
changes vary program flow in the software 13 in reconstructing the wave
aberration.  For example, the pupil of the eye 58 may initially be dilated
for image capture and wave  aberration construction and then the operator
decides that the wave aberration should be  reconstructed over only a
central portion at smaller pupil radius. In other words, the radius  merely
is truncated and all the valid data collected previously can be used again.
However,  if the pupil radius is increased, then new information is needed
that was not gathered  



previously. A new number of lenslets in the lenslet array 18 may be needed
to cover the  larger pupil radius as well as a corresponding new number of
centroids and reference points  used for wave aberration reconstruction.
Whether to change radius can be included for automatic execution in the
software  13 in certain embodiments, depending on conditions of the
measurements and the desired  result. In other embodiments, the operator
decides at decision points or the operator decides 51 20 APR 2001,  WO
01/28409 PCT/US00/29078 to reexecute the software 13 from the beginning. In
reducing pupil radius, the operator may  or may not want to use the same
Zernike polynomial order or number of Zernike modes.  The operator may want
to lower one or both of these. If the same order and modes are  desired,
the wave aberration is merely re-normalized to the reduced radius size
using a new  set of Zernike coefficients. Turning now to Fig. 17, a
flowchart is illustrated of the parameter change process  A first
introduced above in conjunction with Fig. 13 that allows parameters of the
wavefront  sensor 10 and data acquisition and analysis to be changed, as
discussed above. Control  proceeds immediately to a Change Parameters step
290. If the operator does not want to.  change parameters, the process A
and the Begin Examination Process 220 (Fig. 13). are  completed in a Done
step 291. If the operator chooses to modify parameters in step:290,  then
control proceeds to step 292 in which it is determined whether one desired
modification  is an. increase in the pupil radius, a modification in the
inter-lenslet distance,.%or- a  modification in the lenslet focal length.
Other modifications can be made in certain  embodiments, as will be
apparent to those skilled in the art. In that case, control proceeds  to
step 292 in which the lenslet object created in step 210, the reference
object created::in- step 230, and the Zernike modes created in step 270 can
be destroyed to free up memory.  Control then proceeds to the B entry point
of the Begin Examination Process 200 or the Set  



Parameters step 202. It should be understood that if any of the conditions
that initiate this  control sequence are true, then other parameters, such
as the number of Zemke modes, may  also be modified without changing the
sequence. Referring again to step 292, if the answer is "No," then control
proceeds to step 294  in which it is determined whether the desired
modification is a decrease in the pupil radius  or a modification of the
centroid data. If the answer is "Yes," then control proceeds to a 52 20 APR
2004  WO 01/28409 PCT/US00/29078 Delete Zemike step 298 in which the
Zernike modes created in step 270 are destroyed.  Control then proceeds to
the C entry point of the Begin Examination process 200 or the  Select
Centroids step 260. If the conditions that initiate this control sequence
are true, then  the number of Zernike modes also may be changed without
changing the sequence. Referring again to step 294, if the answer is "No,"
then control proceeds to an Alter  Zernike Modes step 296 in which the
number of valid Zernike modes is altered, and then  proceeds to the D entry
point of the Begin Examination Process 200 or the Generate Valid  Zernike
Modes step 280. At this point, the description of Fig. 13 is complete for
the  software 13. Applications and Experimental Data The present invention
has applications in such areas as retinal imaging, fabrication  of lenses
such as contact lenses and intraocular lenses, and laser refractive
surgery. To show  the utility of the present invention, some experimental
results will be set forth: One useful application of the real-time
wavefront sensor is to measure the stability  of the wave aberration of the
eye. This is important because the effectiveness of a custom  contact lens
used to correct higher order aberrations depends on the stability' of the
eye's  wave aberration. If the wave aberration changes either over time or
due to changes in  viewing conditions, these changes will limit the ability
of any static optical element to  



provide sharp vision. Experiments were performed that address this question
and the results  are provided in the following sections. Fig. 4 shows, for
three subjects, SC, HH, and PA, a measurement of the amount of  coma,
astigmatism, and spherical aberration when the subject changed his/her
accommodation smoothly from one state to another. Pupil size was 4.7 mm.
The  accommodative state is expressed as Zernike defocus in microns, where
1 micron is 53 20 APR 2004  WO 01/28409 PCT/US00/29078 equivalent to 1.26
diopters of defocus. These data show that there is considerable individual
variability between subjects in exactly how the aberrations change.
Nonetheless, it is clear  in each subject that there are substantial,
systematic changes in the aberrations that are  dependent on accommodative
state. The implication of this is that a static optical element  or refined
surgical procedure that was designed for one viewing distance would be less
effective for other distances. Fig. 5 illustrates this point with the
modulation transfer functions (MTFs) computed  from measurements of three
subjects' wave aberrations. The Curve 1 for each subject shows  the MTF
that would be obtained if an ideal static correcting element were placed in
front of  the eye when it is focused at infinity. The pupil size for this
calculation was 4.7 mm. This  MTF shows the effects of diffraction alone.
The Curve 2 shows the MTF when all the  higher order aberrations (that is,
those other than defocus) have been perfectly corrected had  the subject
been accommodating at infinity, when in fact the subject was accommodating
at two diopters. It is important to keep in mind that defocus is not
responsible for the fact  that this curve lies way below the MTF when all
aberrations are corrected, shown here. In  fact, the amount of defocus has
been optimized for this curve under the assumption that the  subject's
accommodation was perfect. For comparison purposes, also shown is the
subject's  MTF (Curve 3) when none of the higher order aberrations have
been corrected for the same  



accommodative state. What this shows is that a static contact lens custom
designed to  correct perfectly all the higher order aberrations at one
accommodative state does little or  no good at correcting higher orders
when the accommodative state is changed by two  diopters. Though the
changes of the wave aberration with accommodation limits the  conditions
under which a supercorrecting lens would provide a benefit in young people
who  can still accommodate, it does not imply that such a lens would have
no use. This limitation 54 20 APR 2004  WO 01/28409 PCT/US00/29078 is not
particularly severe because it does not apply to presbyopes and, even in
younger  people, there would be value in designing the lens to correct for
distance vision. Rapid temporal fluctuations in the wave aberration might
reduce the value of a static  correction element. Though it has been known
for some time that the eye's optics are not  stable on short time scales,
apart from the microfluctuations of accommodation, this  instability has
never been characterized. Short-term instability of the eye's aberrations
will  affect other types of wavefront correction besides a static element.
For example, a previous  wavefront sensor can be coupled to a deformable
mirror (see the aforementioned U.S. patent  5,777,719, to correct most of
the eye's aberrations, and can provide unprecedented retinal  image
quality, but its performance is fundamentally limited because the
correction it applies  is essentially static. Greater gains in optical
performance could be achieved with a dynamic,  real-time system capable of
tracking the fluctuations in. the eye's aberrations. Designing  such a
system requires knowledge of the wave aberration dynamics. . To measure
these dynamics, in accordance with. an embodiment of the invention, the
real-time wavefront sensor 10 was used. The wavefront sensor 10 can also be
coupled to  a deformable mirror, like that in U.S. patent 5,777,719, to
provide superb retinal image  quality, as will be appreciated by those
skilled in the art. The bandwidth a perfect adaptive optics system would
need to be able to keep up  



with these temporal fluctuations in the higher-order wave aberrations was
investigated.  How fast it would need to go so that to really achieve
diffraction limited performance was  addressed. To do this, the time
averaged Strehl ratio, defined as the time averaged ratio of  the peak
height of the actual point spread function to the height of a diffraction
limited point  spread function that would be obtained after correction by a
perfect adaptive optics system  of various bandwidths was computed. The
Strehl ratio is a metric often used to assess image 55 . 20 APR 2004 WO
01/28409 PCT/US00/29078 quality. The curves for two subjects are shown in
Fig. 18 for a 5.8 mm pupil and natural  accommodation, one curve being the
average. A Strehl ratio of 0.8 or above is considered  to be diffraction
limited. Also shown is the Strehl ratio for the best refracted case. Going
from the best correction of defocus and astigmatism to the best static
correction of all the  monochromatic aberrations (which corresponds to zero
bandwidth) goes almost all the way  to diffraction limited performance.
This is an important result because it implies that the  error introduced
by temporal dynamics of the eye's aberrations are small compared with the
errors that can be corrected with a static correcting element. In other
words, there is  probably no need to worry very much that the dynamics of
the wave aberration will obscure  attempts to achieve better visual
performance with a static-correcting element, such as a  customized contact
lens, or with refined surgical methods. In order to go the rest of the way
from perfect static correction to the diffraction  limit, an adaptive
optics (AO) system with a bandwidth of less than 1 Hz is needed. This  does
not mean that the eye, does not exhibit fluctuations beyond a frequency of
1 Hz. It has  been observed that significant frequency components exist at
least out of 6 Hz or so. This  simply means that for this pupil size and
this condition the power carried by the fluctuations  in frequencies above
1 Hz is just too small to significantly impact image quality, which is
advantageous. A closed-loop AO correction requires a sampling rate at least
10-20 times  



the bandwidth of the fluctuations that are to be corrected, implying that
an AO system  operating at 10-20 Hz would be able to track all the
significant fluctuations in the eye's  optics for the 518 mm pupil size.
This is encouraging because the technology to do this is  available and the
present invention achieves the first real-time AO correction for the eye In
summary, the first measurements of the temporal properties of the eye's
wave  aberration have been demonstrated. These temporal fluctuations are
small compared with 56 20 APR 2004 WO 01/28409 PCT/US00/29078 the static
higher order aberrations of the eye, implying that they will not interfere
significantly with the benefits of a static customized optical element.
While a preferred embodiment and variations thereon have been set forth in
detail  above, those skilled in the art will appreciate that other
embodiments can be realized within  the scope of the invention. For
example, while the hardware has been disclosed in terms of  an Intel-based
PC, another type of computer could be used, as could a dedicated device.
Also, the software can be prepared according to any suitable programming
techniques, such  as object-oriented programming. Therefore, the invention
should be construed as limited  only by the appended claims. 57 20 APR 2004
What is claimed is: 1. A method of measuring a wavefront aberration of an
eye, the method comprising: (a) taking image data from the eye, the image
data comprising a plurality of spots (88) having  positions determined by
the wavefront aberration; (b) defining a plurality of search boxes (86) in
the image data;  (c) determining the positions (96) of the spots; and (d)
calculating the wavefront aberration in accordance with the positions of
the spots;  



characterized in that.step (c) comprises: (1) locating a centroid (90, 94,
96) in each of the search boxes (86); (ii) replacing each of the search
boxes (86) with a search box (92, 98) of reduced  physical size; (iii)
locating the centroid (94, 96) in each of the search boxes (92, 98) of
reduced  physical size; and (iv) repeating steps (ii) and (iii) until each
of the search boxes of reduced physical size (92, 98) reaches a minimum
size. 2. The method of claim 1, further characterized in that: step (a) is
performed with a Hartmann-Shack detector (20) having a plurality. of
lenslets (18); and the plurality of lenslets (18) form a plurality of spots
(88).  3. The method of claim 2, further characterized in that: step (d) is
performed using a matrix having rows corresponding to the lenslets (18);
and  step (d) comprises: (i) determining which lenslets (18) do not provide
data that are usable in accurately  determining the wavefront aberration;
and (ii) eliminating (186) the rows corresponding to the lenslets which do
not provide  data that are usable in accurately determining the wavefront
aberration. 4. The method of claim 1, further characterized in that the
minimum size is a diffraction  limited size. 5. The method of claim 1,
further characterized in that step (c)(ii) comprises reducing a size of
each search box to be replaced (86,92) by one pixel in each direction. 58
20 APR 2004 6. The method of claim 1, further characterized in that steps
(c)(i) and (c)(iii) are performed  only in accordance with pixels in the
image data whose intensities lie between a lower threshold and an  



upper threshold. 7. The method of claim 6, further characterized in that
the method comprises prompting an  operator to select the lower threshold
and the upper threshold. 8. The method of claim 1, further characterized In
that each of the plurality of search boxes  (86) defined in step (b) is
centered on a position (156) which one of the spots (88) would occupy in an
absence of the wavefront aberration. 9. The method of claim 8, further
characterized in that each of the plurality of search (86)  boxes defined
in step (b) has a dimension equal to a spacing between the positions (156)
which the  spots would occupy in the absence of the wavefront aberration.
14. The method of claim 8, further characterized in that each of the
plurality of search boxes  (86) defined in step (b) has a dimension which
is scaled down from a spacing (xi, y,) between the positions (156) which
the spots would occupy in the absence of the wavefront aberration by a
factor  less than one. 11. The method of claim 10, further characterized in
that step (b) comprises prompting an  operator for the factor. 12. The
method of claim 1, further characterized in that step (c)(ii) comprises
reducing a size  of each search box to be replaced (86, 92) by a fraction
of a pixel along each side. 13. The method of claim 12, further
characterized in that the fraction of a pixel is one-half of a pixel. 14.
The method of claim 12, further characterized in that, for each search box
of reduced  physical size (92, 98) which includes at least one fractional
pixel, step (c)(1H comprises assigning to  each of said at least one
fractional pixel a contribution to the centroid which Is equal to a
corresponding  fraction of an intensity detected in the fractional pixel
centered in the fractional pixel. 15. The method of claim 1, further
characterized in that step (c) further comprises:  (v) allowing an operator
to drag one of the centroids to a new location; and (vi) recalculating the
centroid which has been dragged to the new location, using a  light
distribution around the new location. 



16. The method of claim 1, further characterized in that step (c) further
comprises: 59 20 APR 2004 (v) allowing an operator to drag a central one of
the centroids to a new location; and  (vi) recalculating all of the
centroids around the new location. 17. The method of claim 1, further
characterized in that step (c)(iii) is performed without  reference to a
location of a previously located centroid. 18. The method of claim 1,
further characterized in that step (c)(iii) is performed using a  location
of a previously located centroid as a start estimate. 19. The method of
claim 1, further characterized in that step (c)(iii) is performed using, as
a start estimate, a location which a spot would occupy in an absence of the
wavefront aberration. 20. The method of claim 3, further characterized in
that step (d)(1) comprises allowing an  operator to select the lenslets
which do not provide usable data. 21. The method of claim 3, further
characterized in that step (d)(i) comprises determining  automatically
which lenslets do not provide usable data. 22. The method of claim 21,
further characterized in that step (d)(i) comprises determining
automatically which lenslets do not provide usable data in accordance with
standard deviations of  intensity around the corresponding centroids.  23.
The method of claim 21, further characterized in that step (d)(i) comprises
determining  automatically which lenslets do not provide usable data in
accordance with overall intensity levels of  the corresponding centrolds.
24. The method of claim 3, further characterized in that: the matrix has
two rows corresponding to each of the lenslets; and step (d)(ii) comprises
eliminating (186) both of the rows corresponding to each of the lenslets
which do not provide usable data. 25. The method of claim 24, further
characterized in that the two rows corresponding to each  of the lenslets
are a row corresponding to an x coordinate and a row corresponding to a y
coordinate,  



26. The method of claim 1, further characterized in that step (d) comprises
calculating a number of Zernike modes by using a number of centroids which
is at least twice the number of Zemike  modes. 27. The method of claim 1,
further characterized in that step (d) comprises calculating the  wavefront
aberration for a first pupil radius Ro of the eye and also for a second
pupil radius R, of the  eye, wherein R, < Ito. 60 2 0 APR 2004 28, The
method of claim 27, further characterized in that the wavefront aberration
is  calculated for RI by renormalizing the wavefront aberration calculated
for RO. 29. The method of claim 27, further characterized in that step (d)
further comprises prompting  an operator for RI. 30. The method of claim
29, further characterized in that step (d) further comprises prompting  an
operator for a minimum Zernike mode and a maximum Zernike mode for use in
calculating the wavefront aberration for R. 31. The method of claim 3.
further characterized in that step (d) is performed using singular  value
decomposition. 32. A system (10) for measuring a wavefront aberration of an
eye, the system comprising;  image data taking means (20) for taking image
data from the eye, the image data comprising a  plurality of spots (88)
having positions determined by the wavefront aberration; and computation
means (12), receiving the image data, for: (a) defining a plurality of
search boxes (86) In the image data;  (b) determining the positions (96) of
the spots (88); and (c) calculating the wavefront aberration in accordance
with the positions (96) of the spots (88); characterized in that the
computer means (12) performs step (b) by.  (1) locating a centroid (90) in
each of the search boxes (86); (ii) replacing each of the search boxes (86)
with a search box (92, 98) of reduced  



physical size; (iii) locating the centroid (94, 96) in each of the search
boxes (92, 98) of reduced.  physical size; and (iv) repeating steps (ii)
and (iii) until each of the search boxes of reduced physical  size (98)
reaches a minimum size. 33. The system of claim 32, further characterized
in that: the image data taking means comprises a Hartmann-Shack detector
(20) having a plurality of  lenslets (18); and' the plurality of lenslets
(18) form the plurality of spots.  34. The system of claim 33, further
characterized in that: 61 20 APR 2004 the computer means (12) performs step
(c) using a matrix having rows corresponding to the  lenslets; and step (c)
comprises: (1) determining which lenslets (18) do not provide data that are
usable in accurately  determining the wavefront aberration; and (ii)
eliminating (186) the rows corresponding to the lenslets (18) which do not
provide data usable in accurately determining the wavefront aberration. 35.
The system of claim 32, further characterized in that the minimum size is a
diffraction  limited size. 36. The system of claim 32, further
characterized in that step (b)(ii) comprises reducing a size  of each
search box (86, 92) to be replaced by one pixel in each direction, 37. The
system of claim 32, further characterized in that steps (b)(i) and (b)(iii)
are performed  only in accordance with pixels in the image data whose
intensities lie between a lower threshold and an  upper threshold, 38. The
system of claim 37, further characterized in that it comprises interface
means (54, 56)  



for prompting an operator to select the lower threshold and the upper
threshold. 39. The system of claim 32, further characterized in that each
of the plurality of search boxes  (86) defined in step (a) is centered on a
position. (156) which one of the spots (88) would occupy In an  absence of
the wavefront aberration 40. The system of claim 39, further characterized
in that each of the plurality of search boxes  (86) defined in step (a) has
a dimension equal to a spacing between the positions (156) which the spots
(88) would occupy in the absence of the wavefront aberration. 41. The
system of claim 39, further characterized in that each of the plurality of
search (86)  boxes defined in step (a) has a dimension which is scaled down
from a spacing (xi, yr) between the  positions which the spots (88) would
occupy in the absence of the wavefront aberration by a factor less  than
one. 42. The system of claim 41, further characterized in that it comprises
interface means (54, 56)  for prompting an operator for the factor. 43. The
system of claim 32, further characterized in that step (b)(ii) comprises
reducing a size  of each search box (86, 92) to be replaced by a fraction
of a pixel along each side. 62. 20 APR 2004 44. The system of claim 43,
Further characterized in that the fraction of a pixel is one-half of a
pixel. 45. The system of claim 43, further characterized in that, for each
search box of reduced  physical size (92, 98) which includes at least one
fractional pixel, step (b)(iii) comprises assigning to  each of said at
least one fractional pixel a contribution to the centroid which is equal to
a corresponding  fraction of an intensity detected in the tractional pixel
centered in the fractional pixel. 46. The system of claim 32, further
characterized in that it comprises interface means (54, 56)  for allowing
an operator to drag one of the centroids to a new location, and in that
step (b) further  comprises recalculating the centroid which has been
dragged to the new location, using a tight  distribution around the new
location. 



47. The system of claim 32, further characterized in that it comprises
interface means (54, 56)  for allowing an operator to drag a central one of
the centroids to a new location, and in that step (b)  further comprises
recalculating all of the centroids around the new location. 48. The system
,of claim 32, further characterized in that step (b)(iii) is performed
without  reference to a location of a previously located centroid. 49. The
system of claim 32, further characterized in that step (b)(iii) is
performed using a  location of a previously located centroid as a start
estimate. 50. The system of claim 32, further characterized in that step
(b)(iii) is performed using, as a  start estimate, a location which a spot
would occupy in an absence of the wavefront aberration. 57. The system of
claim 34, further characterized in that it comprises Interface means (54,
56)  for allowing an operator to select the lenslets which do not provide
usable data. 52. The system of claim 34, further characterized in that step
(c)(i) comprises determining  automatically which lenslets do not provide
usable data. 53. The system of claim 52, further characterized in that step
(c)(i) comprises determining  automatically which lenslets do not provide
usable data in accordance with standard deviations of  intensity around the
corresponding centroids. 54. The system of claim 52, further characterized
in that step (c)(i) comprises determining  automatically which lenslets do
not provide usable data in accordance with overall intensity levels of  the
corresponding centroids. 55. The system of claim 34, further characterized
in that: 63 2 0 APR 2004 the matrix has two rows corresponding to each of
the lenslets; and step (c)(ii) comprises eliminating (186) both of the rows
corresponding to each of the lenslets  which do not provide usable data.
56. The system of claim 55, further characterized in that the two rows
corresponding to each  of the lenslets are a row corresponding to an x
coordinate and a row corresponding to ay coordinate. 



57. The system of claim 32, further characterized in that step (c)
comprises calculating a  number of Zernike modes by using a number of
centroids which is at least twice the number of Zernike  modes. 58. The
system of claim 32, further characterized in that step (c) comprises
calculating the  wavefront aberration for a first pupil radius Ra of the
eye and also for a second pupil radius Ri of the  eye, wherein Rt < Ro. 59.
The system of claim 58, further characterized in that the wavefront
aberration is calculated  for R, by renormalizing the wavefront aberration
calculated for Ro. 60. The system of claim 58, further characterized in
that it comprises interface means (54, 56)  for prompting an operator for
R1. 61. The system of claim 60, further characterized in that it comprises
interface means (54, 56)  for prompting an operator for a minimum Zernike
mode and a maximum Zernike mode for use in  calculating the wavefront
aberration for R. 62. The system of claim 34, further characterized in that
step (d) is performed using singular  value decomposition. 63. A method of
measuring a wavefront aberration of an eye, the method comprising: (a)
taking image data from the eye; the image data comprising a plurality of
spots (88) having  positions determined by the wavefront aberration; (b)
defining a plurality of search boxes (100) In the image data;  (c)
determining the positions (116) of the spots (88); and (d) calculating the
wavefront aberration in accordance with the positions (116) of the spots
(88); characterized in that step (c) comprises: (i) locating a centroid
(102, 114, 116) in each of the search boxes (100); 64 20 APR 2004 (ii)
replacing each of the search boxes (100) with a search box (106, 112, 118)
of  



reduced physical size, the search box of reduced physical size (106, 112,
118)  being clipped to fit entirely within the search box (100) which is
replaced; (iii) locating the centroid (102, 114, 116) in each of the search
boxes (106, 112, 118)  of reduced physical size; and (iv) repeating steps
(ii) and (iii) until each of the search boxes (106, 112, 118) of  reduced
physical size reaches a minimum size (118). 64. The method of claim 63,
further characterized in that step (c)(ii) comprises forming the  search
box (106, 112, 118) of reduced physical size by: (A) reducing a size of the
search box (100, 106, 112) to be replaced by one pixel in  each direction
to form a pixel-reduced search box (104, 110); (B) centering the
pixel-reduced search box (104, 110) on the centroid (102) located  in step
(c)(i); and (C) clipping the pixel-reduced search box (104, 110) to the
boundaries of the search  box to be replaced (100, 106, 112) to fit
entirely within the search box to be  replaced (100, 106, 112). 65. The
method of claim 63, further characterized in that the minimum size in step
(c)(lv) is a  diffraction limited size. 66. The method of claim 63, further
characterized in that steps (c)(i) and (c)(iu) are performed  only in
accordance with pixels in the image data whose intensities lie between a
lower  threshold and an upper threshold. 67. The method of claim 66,
further characterized in that it comprises prompting an operator to select
the lower threshold and the upper threshold. 68. A method of measuring a
wavefront aberration of an eye, the method comprising: (a) taking image
data from the eye, the image data comprising a plurality of spots (88)
having  positions determined by the wavefront aberration; (b) defining a
plurality of search boxes (70,74,80, 82) in the image data;  (c)
determining the positions (96) of the spots (88); 



(d) calculating the wavefront aberration in accordance with the positions
(96) of the spots  (8gk 65 20 APR 2001, characterized in that step (b)
comprises: (i) defining a central search box (70); (ii) defining a first
set of search boxes (74, 78, 82) relative to the central search box  (70);
(iii) locating centroids (84, 86) in the first set of search boxes; and
(iv) defining successive sets of search boxes (74, 78, 82), each successive
set defined  in accordance with locations of centrolds (84, 86) in a
previous set; and in that step (c) comprises: (i) locating a centroid (90)
in each of the search boxes; (ii) replacing each of the search boxes (86)
with a search box (92, 98) of reduced  physical size; (iii) locating the
centroid (94, 96) in each of the search boxes (92, 98) of reduced  physical
size; and (iv) repeating steps (ii) and (ill) until each of the search
boxes (92, 98) of reduced  physical size reaches a minimum size. 69. The
method of claim 68, further characterized in that the central search box
(70) is defined  about a center point (72) which is a position which one of
the spots (88) at a center of the  image data would occupy in an absence of
the wavefront aberration. 70. The method of claim 68, further characterized
in that step (a) comprises forniiing the spots  (88) by a plurality of
lenslets (18) having a lenslet spacing C. 71. The method of claim 70,
further characterized in that at least some of the plurality of  search
boxes have linear dimensions scaled from C by a factor of less than one.
72. The method of claim 71, further characterized in that it comprises
prompting an opera! or  



for the factor. 73. The method of claim 70, further characterized in that
the central search box (70) is defined  about a center point (72) which is
a position which one of the spots (88) at a center of the  image would
occupy in an absence of the wavefront aberration. 74. The method of claim
73, further characterized in that: the first set of search boxes (74, 78,
82) defined in step (b)(ii) have centers spaced  from the center point (72)
of the central search box (70) by C; and 66 20 APR 2004 each successive set
of search boxes (74, 78, 82) defined in step (b)(iv) have centers  spaced
from the centroids (84, 86) in the previous set by C. 75. The method of
claim 68, further characterized in that, in step (c)(ii), the search box of
reduced physical size (106) is clipped to fit entirely within the search
box which is replaced  (100). 76. A method of measuring a wavefront
aberration of an eye, the method comprising: (a) taking image data from the
eye, the image data comprising a plurality of spots (88) having  positions
determined by the wavefront aberration; (b) defining a plurality of search
boxes (86) in the image data;  (c) determining the positions (96) of the
spots (88); and (d) calculating the wavefront aberration in accordance with
the positions (96) of the spots  (88); characterized in that step (a)
comprises correcting (16, 60) for a spatial inhomogeneity in a  retina of
the eye and in that step (c) comprises: (i) locating a centroid (90) in
each of the search boxes (86); (ii) replacing each of the search boxes (86)
with a search box (92, 98) of reduced  physical size; (iii) locating the
centroid (94,96) in each of the search boxes (92, 98) of reduced  



physical size; and (iv) repeating steps (ii) and(iii) until each of the
search boxes (92,98) of reduced  physical size reaches a minimum size. 77.
The method of claim 76, further characterized in that step (a) comprises
illuminating (16) the eye with near infrared light 78. The method of claim
76, further characterized in that said step of correcting for the spatial
inhomogeneity of the retina of the eye comprises illuminating (16) the eye
with light of a  coherence length selected such that the spatial
inhomogeneity does not appear in the image  data. ?9. The method of claim
78, further characterized in that the coherence length is 30 microns.  80.
The method of claim 78, further characterized in that said step of
correcting for the spatial  inhomogeneity of the retina of the eye
comprises: 67 20 APR 2001, providing an optical scanning device (60);
illuminating the eye with light which has been scanned by the optical
scanning  device (60); and (iii) causing the light emerging from the eye to
be scanned again by the optical  scanning device (60) and subsequently made
incident on a detector (20) such that the  light is stationary as the light
is made incident on the detector (20). 81. The method of claim 80, further
characterized in that: the detector (20) comprises a camera (20) having a
frame time; and the optical scanning device (60) performs a plurality of
scans within a single one of  said frame time. 82. The method of claim 81,
further characterized in that the optical scanning device (60) has a
scanning frequency of 400-600 Hz. 83. The method of claim 81, further
characterized in that the optical scanning device (60) 



scans with an angular extent of less than 0.5 degrees. 84. The method of
claim 80, further characterized in that the optical scanning device
comprises a single scanning/de-scanning mirror (60) which scans both the
light which  illuminates the eye and the light emerging from the eye. 85. A
method of measuring a wavefront aberration of an eye, the method
comprising: (a) taking image data from the eye, the image data comprising a
plurality of spots (88) having  positions determined by the wavefront
aberration; (b) defining a plurality of search boxes (100) in the image
data;  (c) determining the positions (116) of the spots (88); and (d)
calculating the wavefront aberration. in accordance with the positions
(116) of the spots  (88); characterized in that step (a) comprises taking
image data from a plurality of locations in the  eye, the image data
comprising a plurality of spots (88) corresponding to the plurality of
locations and having positions determined by the wavefront aberration, the
data from the  plurality of locations in the eye being taken by scanning
light into the eye such that the  plurality of spots are separated in time,
and in that step (c) comprises: (1) locating a centroid (102) in each of
the search boxes (100); 68 20 APR 2004 (ii) replacing each of the search
boxes (100) with a search box (106, 1 12, 118) of  reduced physical size,
the search box (106, 112, 118) of reduced physical size  being clipped to
fit entirely within the search box (100) which is replaced; (iii) locating
the centroid (102, 114, 116) in each of the search boxes (106,112, 118)  of
reduced physical size; and (iv) repeating steps (ii) and (iii) until each
of the search boxes (106, 112, 118) of  reduced physical size reaches a
minimum size (118). 86. A device for measuring a wavefront aberration of an
eye, the device comprising:  



image data taking means (20) for taking image data from the eye, the image
data  comprising a plurality of spots (88) having positions determined by
the wavefront aberration; and data processing means (12), receiving the
image data, for:  (a) defining a plurality of search boxes (100) in the
image data;  (b) determining the positions (116) of the spots (88); and (c)
calculating the wavefront aberration In accordance with the positions (116)
of the spots  (BB); characterized in that the data processing means (12)
performs step (b) by;  (i) locating a centroid (102) in each of the search
boxes (100); (ii) replacing each of the search boxes (100) with a search
box (106, 112, 118) of  reduced physical size, the search box (106, 112,
118) of reduced physical size  being clipped to fit entirely within the
search box (100) which is replaced; (iii) locating the centroid (114, 116)
in each of the search boxes (106, 112, 118) of  reduced physical size; and
(iv) repeating steps (ii) and (iii) until each of the search boxes (106,
112, 118) of  reduced physical size reaches a minimum size (118). 87. The
device of claim 86, further characterized in that the data processing means
performs  step (b)(ii) by forming the search box (106, 112, 118) of reduced
physical size by: (A) reducing a size of the search box (100) to be
replaced by one pixel in each  direction to form a pixel-reduced search box
(104); 69 20 APR 2004 (13) centering the pixel-reduced search box (104) on
the centroid (102) located in  step (c)(1); and (C) clipping the
pixel-reduced search box (104) to the boundaries of the search box  to be
replaced (100) to fit entirely within the search box (100) to be replaced.



88. The device of claim 86, further characterized in that the minimum size
in step (b)(iv) is a  diffraction limited size. 89. The device of claim 86,
further characterized in that steps (b)(i) and (b)(iii) are performed  only
in accordance with pixels in the image data whose intensities lie between a
lower  threshold and an upper threshold. 90. The device of claim 89,
further characterized in that the data processing means (12)  comprises
interface means (54, 56) for prompting an operator to select the lower
threshold and  the upper threshold. 91. A device for measuring a wavefront
aberration of an eye, the device comprising:  image data taking means (20)
for taking image data from the eye, the image data  comprising a plurality
of spots (88) having positions determined by the wavefront aberration; and
data processing means (12), receiving the image data, for: (a) defining a
plurality of search boxes (70, 74, 78, 82) in the image data;  (b)
determining the positions (116) of the spots (88); and (c) calculating the
wavefront aberration in accordance with the positions (116) of the spots
(88);  characterized in that the data processing means (12) performs step
(a) by. (i) defining a central search box (70); (ii) - defining a first set
of search boxes (74, 78, 82) relative to the central search box  (70);
(iii) locating centroids (84, 86) in the first set of search boxes (74, 78:
82); and (iv) defining successive sets of search boxes (74, 78, 82), each
successive set defined  in accordance with locations of centroids (84, 86)
in a previous set; and in that the data processing means (12) performs step
(b) by: (i) locating a centroid (90) in each of the search boxes (74, 78,
82, 86); 70 



2. 0 APR 2004 (ii) replacing each of the search boxes (86) with a search
box (92, 98) of reduced  physical size; (ill) locating the centroid (94,
96) in each of the search boxes (92, 98) of reduced  physical size; and
(iv) repeating steps (ii) and (iii) until each of the search boxes (92, 98)
of reduced  physical size reaches a minimum size. 92. The device of claim
91, further characterized in that the central search box (70) is defined
about a center point (72) which is a position which one of the spots (88)
at a center of the  image data would occupy in an absence of the wavefront
aberration. 93. The device of claim 91, further characterized in that the
image data taking means (20)  comprises a plurality of lenslets (18) having
a lenslet spacing C for forming the spots. 94. The device of claim 93,
further characterized in that at least some of the plurality of search
boxes (70, 74, 78, 82) have linear dimensions scaled from C by a factor of
less than one. 95. The device of claim 94, further characterized in that
the data processing means (12)  comprises interface means (54, 56) for
prompting an operator for the factor. 96. The device of claim 93, further
characterized in that the central search box (70) is defined  about a
center point (72) which is a position which one of the spots (88) at a
center of the  image would occupy in an absence of the wavefront
aberration, 97. The device of claim 96, further characterized in that: the
first set of search boxes (74, 78, 82) defined in step (a)(ii) have centers
spaced  from the center point (72) of the central search box (70) by C; and
each successive set of search boxes (74, 78, 82) defined in step (b)(iv)
have centers  spaced from the centroids (84, 86) in the previous set by C.
98. The device of claim 91, further characterized in that, in step (b)(ii),
the search box (106) of  reduced physical size is clipped to fit entirely
within the search box (100) which is replaced.  99. A device for measuring
a wavefront aberration of an eye, the device comprising: 



image data taking means (20) for taking image data from the eye, the image
data  comprising a plurality of spots (88) having positions (96) determined
by the wavefront  aberration; and data processing means (12), receiving the
image data, for. 7l 20 APR 2004 (a) defining a plurality of search boxes
(86) in the image data;  (b) determining the positions (96) of the spots
(88); and (c) calculating the wavefront aberration in accordance with the
positions (96) of the spots  (88); characterized in that the image data
taking means (20) comprises means (16, 60) for correcting  for a spatial
inhomogeneity in a retina of the eye and in that step (b) comprises: (1)
locating a centroid (90) in each of the search boxes (86); (ii) replacing
each of the search boxes (86) with a search box (92, 98) of reduced
physical size; (iii) locating the centroid (94, 96) in each of the search
boxes (92, 98) of reduced physical size; and (iv) repeating steps (ii) and
(iii) until each of the search boxes (92, 98) of reduced  physical size
reaches a minimum size. 100. The device of claim 99, further characterized
in that the image data taking means (20)  comprises means (16) for
illuminating the eye with near infrared light, 101. The device of claim 99,
further characterized in that the image data taking means (20)  comprises
means (16) for illuminating the eye with light of a coherence length
selected such  that the spatial inhomogeneity does not appear in the image
data 102. The device of claim 101, further characterized in that the
coherence length is 30 microns.  103. The device of claim 101, further
characterized in that the image data taking means (20)  comprises: 



a detector (20); and an optical scanning device (60) for illuminating the
eye with light which has been  scanned by the optical scanning devicc (60)
and scanning again the light emerging from the  eye, the light emerging
from the eye and scanned again being subsequently made incident on  the
detector (20) such that the light is stationary as the light is made
incident on the detector  (60). 104. The device of claim 103, further
characterized in that: the detector (20) comprises a camera (20) having a
frame time; and 72 20 APR 2004 the optical scanning device (60) performs a
plurality of scans within a single one of  said frame time. 105. The device
of claim 104, further characterized in, that the optical scanning device
(60) has  a scanning frequency of 400-600 Hz. 106. The device of claim 104,
further characterized in that the optical scanning device (60)  scans with
an angular extent of less than 0.5 degrees. 107. The device of claim 103,
further characterized in that the optical scanning device (60)  comprises a
single scanning/de-scanning mirror (60) which scans both the light which
illuminates the eye and the light emerging from the eye. . 108. A device
for measuring a wavefront aberration of an eye, the device comprising:
image data taking means (20) for taking image data from a plurality of
locations in the  eye, the image data comprising a plurality of spots (88)
corresponding to the plurality of  locations and having positions (116)
determined by the wavefront aberration; and data processing means (12),
receiving the image data, for: (a) defining a plurality of search boxes
(100) in the image data;  (b) determining the positions (116) of the spots
(88); and (c) calculating the wavefront aberration In accordance with the
positions (116) of the 



spots (118); characterized in that the image data taking means (20)
comprises a scanner, the data from the plurality  of locations in the eye
being taken by scanning light into the eye with the scanner such that the
plurality of spots are separated in time, and in that step (b) comprises:
(i) locating a centroid (102) in each of the search boxes (100; (ii)
replacing each of the search boxes (100) with a search box (106, 112, 118)
of  reduced physical size, the search box (106, 112, 118) of reduced
physical size  being clipped to fit entirely within the search box (100)
which is replaced; (iii) locating the centroid (114, 116) in each of the
search boxes (106, 112, 118) of  reduced physical size; and (iv) repeating
steps (ii) and (iii) until each of the search boxes (106, 112, 118) of
reduced physical size reaches a minimum size (118). 73 20 APR 2004 109 A
method of measuring a wavefront aberration of an eye, the method
comprising: (a) taking image data from the eye,.the image data having a
plurality of portions; (b) eliminating, from the plurality of portions of
the image data, a first subplurality of  portions which do not provide
usable data so as to leave a second subplurality of portions which  provide
usable data; and (c) calculating the wavefront aberration in accordance
with the second subplurality of  portions. 110 The method of claim 101,
wherein the image data comprise a plurality of  spots having positions
determined by the wavefront aberration, and wherein step (b) comprises
eliminating at least one spot which does not provide usable data. 111 . The
method of claim 110, wherein step (c) comprises  (i) determining the
positions of the spots; and 



(ii) calculating the wavefront aberration in accordance with the positions
of the spots,  using a matrix having rows corresponding to the portions of
the image data, wherein said step of  calculating comprises eliminating the
rows corresponding to the portions of the image data which  do not provide
usable data. 112 The method of claim II (;wherein step (b) comprises
allowing an operator to 74 20 APR 2004 select the portions of the image
data which do not provide usable data. 113 The method of claim I I
(,wherein step (b) compri ses determining  automatically which portions of
the image data do not provide usable data. 114 The method of claim
113,wherein each of the spots has a centroid in the  image data, and
wherein step (b) comprises determining automatically which portions of the
image data do not provide usable data in accordance with standard
deviations of intensity around  the corresponding centroids. 115 The method
of claim! 13 wherein each of the spots has a centroid in the  image data,
and wherein step (b) comprises determining automatically which portions of
the  image data do not provide usable data in accordance with overall
intensity levels of the corresponding centroids. 116 The method of claim
111,wherein: the matrix has two rows corresponding to each of the portions
of the image data; and  step (c)(ii) comprises eliminating both of the rows
corresponding to each of the portions  of the image data which do not
provide usable data. 117 The method of claim I i6, wherein the two rows
corresponding to each of  the portions of the image data are a row
corresponding to an x coordinate and a row  corresponding to a y
coordinate. 118 The method of claim I I (,wherein step (c) is performed
using singular value  decomposition. 



119 The method of claim 109,wherein step (a) is performed with a Hartmann
75 20 APR 2004 Shack detector having a plurality of lenslets, and wherein
each of the portions of the image data corresponds to one of the lenslets.
120 A system for measuring a wavefront aberration of an eye, the system
comprising: an optical instrument for taking image data from the eye, the
image data having a plurality of  portions; and a computing device,
receiving the image data, for: (a) eliminating, from the plurality of
portions of the image data, a first subplurality of  portions which do not
provide usable data so as to leave a second subplurality of portions which
provide usable data; and (b) calculating the wavefront aberration in
accordance with the second subplurality of  portions. 121 The system of
claim I201 ,,wherein the image data comprise a plurality of  spots having
positions determined by the wavefront aberration, and wherein the computing
device eliminates at least one spot which does not provide usable data. 122
The system of claim 121 wherein the computing device calculates the
wavefront aberrations by: (i) determining the positions of the spots; and
(ii) calculating the wavefront aberration in accordance with the positions
of the spots,  using a matrix having rows corresponding to the portions of
the image data, wherein said  operation of calculating comprises
eliminating the rows corresponding to the portions of the 76 2 0 APR 2004 



image data which do not provide usable data 123' The system of claim 12Z,
further comprising an interface for allowing an  operator to select the
portions of the image data which do not provide usable data. 124 The system
of claim 122, wherein the computing device determines  automatically which
portions of the image data do not provide usable data. 125 The system of
claim! 2+, wherein each of the spots has a centroid in the  image data, and
wherein the computing device determines automatically which portions of the
image data do not provide usable data in accordance with standard
deviations of intensity around  the corresponding centroids. 126 The system
of claim I24;. wherein each of the spots has a centroid in the  image data,
and wherein the computing device determines automatically which portions or
the  image data do not provide usable data in accordance with overall
intensity levels of the corresponding centroids. 127 The system of claim
i22,wherein: the matrix has two rows corresponding to each of the portions
of the image data; and the computing device eliminates both of the rows
corresponding to each of the portions of  the image data which do not
provide usable data. 128 The system of claim 12-7, wherein the two rows
corresponding to each of  the portions of the image data are a row
corresponding to an x coordinate and a row  corresponding to a y
coordinate. 129 The system of claim i22-,wherein the computing device
calculates the 77 2 0 APR 2004 wavefront aberration using singular value
decomposition. 130 The system of claim 120, wherein the optical instrument
comprises a  Hartmann-Shack detector having a plurality of lenslets, and
wherein each of the portions of the  image data corresponds to one of the
lenslets. 



131 A method of measuring a wavefront aberration of an eye, the method
comprising: (a) taking image data. from the eye; and (b) calculating the
wavefront aberration in accordance with the image data, wherein step (b)
comprises calculating the wavefront aberration for a first pupil radius Ro
of the eye and also for a  second pupil radius Rr of the eye, wherein R1 <
R0. 13L he method of claim t.~l ~-herv ein the /, nt aber ati r l a -- , .,
1ie ~r u v L "V%,i1 CLtlVll is calcuQtcLL for  1V1 1\r by renormalizing the
wavefront aberration calculated for R0. 133 The method of claim
J31,wherein: the wavefront aberration for Ra is calculated using a first
set of Zernike coefficients by; the wavefront aberration for R1 is
calculated using a second set of Zernike coefficients c;; and  each c, is a
weighted sum of a plurality of bb. 134 The method of claim 133, wherein:
A=Rr/Ro<1;and each weighted sum has weights which are polynomials in A. 135
The method of claim 13`I wherein Nis a highest mode which is measured in
wavefront reconstruction, and wherein 78 20 APR 2004 A/ I c; =Jbi 1 b ~
jZ1(rA,8)Z1(r,B)rdrd0. j=2 7L 136 The method of claim 131, wherein step (b)
further comprises prompting an  operator for RI. 



137 The method of claim 1,36; wherein step (b) further comprises prompting
an  operator for a minimum function and a maximum function for use in
calculating the wavefront  aberration for RI. 138 The method of claim 137,
wherein the minimum function is a minimum  Zernike mode, and wherein the
maximum function is a maximum Zernike mode. 139 The method of claim I31,
wherein Ro and R, are radii of concentric pupils  of the eye. 140 A system
for measuring a wavefront aberration of an eye, the system  comprising: an
optical instrument for taking image data from the eye; and a computing
device, receiving the image data, for calculating the wavefront aberration
in  accordance with the image data, wherein the computing device calculates
the wavefront aberration  for a first pupil radius Ro of the eye and also
for a second pupil radius R] of the eye, wherein R1 < Ro. 141 The system of
claim 140, wherein the computing device calculates the  wavefront
aberration for RI by renormalizing the wavefront aberration calculated for
Ro. 142 The system of claim 14-I, wherein: the wavefront aberration for Ro
is calculated using a first set of Zernike coefficients bj; 79 20 APR 2004
the wavefront aberration for R1 is calculated using a second set of Zernike
coefficients c1; and  each c; is a weighted sum of a plurality of b1. 143
The system of claim I't2,wherein:  A=R1/Ro<l;and each weighted sum has
weights which are polynomials in A. 144 The system of claim 143; wherein
Nis a highest mode which is measured in wavefront reconstruction, and
wherein c; = I]bj I f" fZ1(lA, B)Z; (r, 6)rdrdB.  



j-2 145 The system of claim '.3q, further comprising an interface for
prompting an  operator for R1. 146 The system of claim) 45, wherein the
interface further prompts the operator  for a minimum function and a
maximum function for use in calculating the wavefront aberration  for R1.
147 The system of claim 14+6, wherein the minimum function is a minimum
Zernike mode, and wherein the maximum function is a maximum Zernike mode.
The system of claim 1 CFO, wherein Ro and R1 are radii of concentric pupils
149 A method of measuring a wavefront aberration of an eye, the method
comprising: (a) taking image data from the eye, the image data comprising a
plurality of spots having 80 2 0 APR 2004 positions determined by the
wavefront aberration; (b) determining the positions of the spots to derive
a vector s of displacements of the  positions of the spots from positions
which the spots would occupy in an absence of the  wavefront aberration;
and (c) calculating the wavefront aberration in accordance with the vector
s by determining a  matrix G"1 which satisfies a = G"1s, where a is a
vector of Zernike coefficients. 150 The method of claim l4-9,wherein step
(c) comprises calculating G,  wherein s = Ga, and inverting G to calculate
G-1. 151 The method of claim 150, wherein G is inverted through singular
value  decomposition. 152 The method of claim 511, wherein the image data
comprise a plurality of sub-apertures, and wherein G is calculated by
integrating partial derivatives of Zernike  



polynomials within each of the sub-apertures. 153 The method of claim
152,wherein:  there are K sub-apertures, each measuring 2b x 2b; the vector
s has 2K elements comprising K elements representing x displacements and K
elements representing y displacements; and for each sub-aperture i and each
Zernike mode j, G has an element GU corresponding to  one of the elements
of s representing x displacements and an element G corresponding to one of
the elements of s representing y displacements, wherein 81 20 APR 2004 +b
r+b az . G = 1 z ' J ' dydx, and  4b -b ~,-b ax _ l +b .;+baZ. G'' 4bZb.;
-b~,dxdy. 154 The method of claim I53,wherein IC is selected to be a
maximum number  of the sub-apertures which can fit into a pupil radius.
155The method of claim IS't,wherein an operator is prompted for the pupil
radius. A system for measuring a wavefront aberration of an eye, the system
156 comprising: an optical instrument for taking image data from the eye,
the image data comprising a  plurality of spots having positions determined
by the wavefront aberration; and a computing device, receiving the image
data, for: (a) determining the positions of the spots to derive a vectors
of displacements the positions  of the spots from positions which the spots
would occupy in an absence of the wavefront aberration; 



and (b) calculating the wavefront aberration in accordance with the vector
s by determining a  matrix *G-1 which satisfies a = Gis, where a is a
vector of Zernike coefficients. 157 The system of claim wherein the
computing device determines G' by  calculating G, wherein s = Ga, and
inverting G to calculate G'. 158 The system of claim I57;wherein G is
inverted through singular value  decomposition. 82 20 APR '41M, 159 The
system of claim 158, wherein the image data comprise a plurality of
sub-apertures, and wherein G is calculated by integrating partial
derivatives of Zernike  polynomials within each of the sub-apertures. 160
The system of claim i59;wherein:  there are K sub-apertures, each measuring
2b x 2b; the vector s has 2K elements comprising K clements representing x
displacements and K  elements representing y displacements; and for each
sub-aperture i and each Zernike mode j, G has an element GU corresponding
to  one of the elements of s representing x displacements and an element G
corresponding to one  of the elements of s representing y displacements,
wherein +n ,+b aZ . G;y = 12 t.baX'x,a11d  4b -b 1 +b f.; +b 6Z . GU :-j
f-b ~, dxdy. 161 The system of claim 156, wherein the computing device
selects K to be a  maximum number of the sub-apertures which can fit into a
pupil radius. 162 The system of claim.161, further comprising an interface
for prompting an  



operator for the pupil radius. 163 A method for measuring a wavefront
aberration of an eye by use of a  computing device and an optical
instrument having a plurality of lenslets, the method  comprising: (a)
creating an optics object in the computing device, the optics object
comprising at least  83 1 20 APR 2004 one parameter to be used in measuring
the wavefront aberration; (b) determining a set of the lenslets to be used
in measuring the wavefront aberration;  (c) setting a local pupil radius
variable in the computing device; (d) taking image data from the eye using
the optical instrument, the image data  comprising a plurality of spots
having positions determined by the wavefront aberration; (e) generating a
reference array of aperture center points of each of the lenslets in the
set  determined in step (b); (f) locating centroids of the spots in the
image data; (g) prompting an operator to select, adjust and eliminate
centroids from among the  centroids located in step (f); (h~ generating
Zeniik-e modes in accordance with the at least one parameter, the set of
the  lenslets, the reference array and the centroids; and (i) determining
the wavefront aberration from the Zernike modes generated in step (h).  164
The method of claim 163, wherein the at least one parameter comprises at
least one parameter based on a configuration of the optical instrument. 165
The method of claim 161-, wherein step (a) comprises using a default value
for the at least one parameter. 166 The method of claim I6 t wherein step
(a) comprises dynamically  determining the at least one parameter. 



167 The method of claim I9 wherein step (a) comprises prompting the
operator for the at least one parameter. 84 2 0 APR 2004 168 The method of
claim 163 wherein step (b) comprises determining whether the set of the
lenslets is sufficient to measure the wavefront aberration. 169 The method
of claim) 63, whether step (b) comprises determining whether  the image
data from each of the lenslets falls within a circle defined by the pupil
radius. 170 A system for measuring a wavefront aberration of an. eye, the
system  comprising: an optical instrument, having a plurality of lenslets,
for taking image data of the eye; and  a computing device for: (a) creating
an optics object in the computing device, the optics object comprising at
least  one parameter to be used in measuring the Wavefront aberration; (b)
determining a set of the lensiets to be used in measuring the wavefront
aberration; (c) setting a local pupil radius variable in the computing
device; (d) receiving image data taken from the eye using the optical
instrument, the image data  comprising a plurality of spots having
positions determined by the wavefront aberration; (e) generating a
reference array of aperture center points of each of the lenslets in the
set  determined in step (b); (f) locating centroids of the spots in the
image data; (g) prompting an operator to select, adjust and eliminate
centroids from among the  centroids located in step (f); (h) generating
Zernike modes in accordance with the at least one parameter, the set of the
lenslets, the reference array and the centroids; and 85 



20 APR 2004 (i) determining the wavefront aberration from the Zernike modes
generated in step (h).  171 The system of claim 170, wherein the at least
one parameter comprises at  least one parameter based on a configuration of
the optical instrument. 172 The system of claim. 171, wherein the computing
device performs step (a)  using a default value for the at least one
parameter. 173 , The system of claim 17 i, wherein the computing device
performs step (a)  by dynamically determining the at least one parameter.
174 The system of claim 171, further comprising an interface, and wherein
the  computing device performs step (a) by prompting the operator through
the interface for the at  least one parameter. 175 The system of claims 10,
wherein the computing device performs step (b) by determining whether the
set of the lenslets is sufficient to measure the wavefront aberration.  176
The system of claim 170, whether the computing device performs step (b)  by
determining whether the image data from each of the lenslets falls within a
circle defined by  the pupil radius. 177- A method of measuring a wavefront
aberration of an eye, the method  comprising: (a) taking image data from
the eye, the image data comprising a plurality of spots having  positions
determined by the wavefront aberration; (b) defining a plurality of search
areas in the image data;  (c) determining the positions of the spots by 86
20 APR 2004 (i) locating a. centroid in each of the search areas; (ii)
replacing each of the search areas with a search area of reduced size;
(iii) locating the centroid in each of the search areas of reduced size;
and 



(iv) repeating steps (ii) and (iii) until each of the search areas of
reduced size  reaches a minimum size; and (d) calculating the wavefront
aberration in accordance with the positions of the spots.  178 A system for
measuring a wavefront aberration of an eye, the system  comprising: an
image data taking device for taking image data from the eye, the image data
comprising a plurality of spots having positions determined by the
wavefront aberration; and  a computation device, receiving the image data,
for: (a) defining a plurality of search areas in the image data;  (b)
determining the positions of the spots by (i) locating a centroid in each
of the search areas; (ii) replacing each of the search areas with a search
area of reduced size;  (iii) locating the centroid in each of the search
areas of reduced size; and (iv) repeating steps (ii) and (iii) until each
of the search areas of reduced size  reaches a minimum size; and (c)
calculating the wavefront aberration in accordance with the positions of
the spots. 179 A method of measuring a wavefront aberration of an eye while
correcting  for a spatial inhomogeneity in a retina of the eye, the method
comprising: 87 2 0 APR 2004 (a) providing an optical scanning device and a
detector; (b) illuminating the eye with light which has been scanned by the
optical scanning device;  (c) causing the light emerging from the eye to be
scanned again by the optical scanning  device and subsequently made
incident on the detector such that the light is stationary as the light  is
made incident on the detector; (d) taking image data from the light which
is made incident on the detector; and  (e) calculating the wavefront
aberration in accordance with the image data. 



180 The method of claim 17q; wherein: the detector comprises a camera
having a frame time; and the optical scanning device performs a plurality
of scans within a single one of said frame tulle. 181 The method of claim
179, wherein the optical scanning device has a  scanning frequency of
400-600 Hz. 182 The method of claim 179; wherein the optical scanning
device scans with  an angular extent of less than 0.5 degrees. 183 The
method of claim 179; wherein the optical scanning device comprises a
single scanning/de-scanning mirror which scans both the light which
illuminates the eye and the  light emerging from the eye. 184 A system for
measuring a wavefront aberration of an eye while correcting for  a spatial
inhomogeneity in a retina of the eye, the system comprising: an optical
instrument for taking image data from the eye, the optical instrument
comprising 88 20 APR M01; (a) a detector and (b) an optical scanning device
for illuminating the eye with light which has been  scanned by the optical
scanning device, scanning again the light emerging from the eye and
subsequently making the light incident on a detector such that the light is
stationary as the light is  made incident on the detector; and a. computing
device, receiving the image data, for calculating the wavefront aberration
in  accordance with the image data. 185 The system of claim 184 wherein:
the detector comprises a camera having a frame time; and the optical
scanning device performs a plurality of scans within a single one of said
frame time. 186 the system o claim } 4 wherein the optical scanning device
has a  



scanning frequency of 400-600 Hz. 187 The system of claim IS % wherein the
optical scanning device scans with an  angular extent of less than 0.5
degrees. 188 The system of claim 184 wherein the optical scanning device
comprises a  single scanning/de-scanning mirror which scans both the light
which illuminates the eye and the  light emerging from the eye. 189 A
method of measuring a wavefront aberration of an eye, the method
comprising: (a) taking image data from the eye, the image data comprising a
plurality of spots having  positions determined by the wavefront
aberration; 89 20 APR 2004 (b) defining a plurality of search areas in the
image data, each of the plurality of search  areas being of a diffraction
limited size; (c) determining the positions of the spots by locating a
centroid in each of the search  areas; and (d) calculating the wavefront
aberration in accordance with the positions of the spots. 190 .The method
of claim 1'9, wherein each of the search areas is a search box. 191 A
device for measuring a wavefront aberration of an eye, the device
comprising: an image data taking system for taking image data from the eye,
the image data  comprising a plurality of spots having positions determined
by the wavefront aberration; and data sysi ec ~,i..b ng i im n a processing
yerr,, r .ei the ,.,age data, for: (a) defining a plurality of search areas
in the image data, each of the search areas being of  a diffraction limited
size; 



(b) determining the positions of the spots by locating a centroid in each
of the search  areas; and (c) calculating the wavefront aberration in
accordance with the positions of the spots.  The device of claim 191,
wherein each of the search areas is a search box.'  193 A method of
measuring a wavefront aberration of an eye, the method  comprising: (a)
taking image data from the eye, the image data comprising a plurality of
spots having  positions determined by the wavefront aberration; 90 20 APR
2004 (b) defining a plurality of search areas in the image data; (c)
determining the positions of the spots by locating a centroid in each of
the search  areas, the centroid being located only in accordance with
pixels in the image data whose  intensities lie between a lower threshold
and an upper threshold; and (d) calculating the wavefront aberration in
accordance with the positions of the spots.  194 The method of claim. I9
).further comprising prompting an operator to  select the lower threshold
and the upper threshold. 195 The method of claim 193, wherein each of the
search areas is a search box.  196 A device for measuring a wavefront
aberration of an eye, the device  comprising: an image data taking system
for taking image data from the eye, the image data  comprising t plurality
of spots having positions determined by the wavefront aberration; and  a
data processing system, receiving the image data, for: (a) defining a
plurality of search area in the image data; (b) determining the positions
of the spots by locating a centroid in each of the search  areas, the
centroid being located only in accordance with pixels in the image data
whose  intensities lie between a lower threshold and an upper threshold;
and 



(c) calculating the wavefront aberration in accordance with the positions
of the spots.  197 The device of claim I%wherein the data processing system
comprises an  interface for prompting an operator to select the lower
threshold and the upper threshold. 198 The device of claim 196, wherein
each of the search areas is a search box. 91 


