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are generally directed to the field of image

processing, and nore particularly to nethods and

apparatus for the sinultaneous neasurenent, analysis,

and di splay of ocular wavefront infornmation referred

to herein as "online" aberronetry. Description of
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information referred to herein as “online” aberrometry.

Description of Related Art

There are few technologies that have not been touched by the science
of image processing. Advancing development in most fields typically gives
rise to process automation where the ability to quickly and accurately detect
structures in camera images becomes increasingly important. One area
targeted by the embodiments of the instant invention is wavefront aberration
measurements of the human eye, although the techniques set forth herein
below will find much wider application directed to the detection of structure
in images.

The field of ophthalmology concerned with vision correction through
refractive surgery, or the use of lens components on or in the eye, has

experienced the relatively recent development of aberrometers. These



appreciate that it is not limted nerely to visual

acuity. Aberroneters which incorporate wavefront
weensms4san provi de i nformati on about vision #eTEPR®4/008205

that, upon correction, may not only provide visual

acuity at the theoretical I|imt but also better

vi sion, perhaps even custom zed vision, under a

e lo% Pt Ml S Exb| e The lifating SOVERA quality and to
wavefront sensing relies on the Hartnmann- Shack ~
gppraeiate thatat i-aet Hatshmeweljateevisuial agetiyorAbgponmtess which

includes a mcrolens array that inmages various
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mcrolens array conprises an array of small dots of
thaghiparheorractos) inglytnot ahlyppravede Wisiml metiétyestabe theoretical

| ocations of the light dot inmage from an unaberrated

T d _dot di spl .
B cibg tolr ARG Dottt SR BREZR sGuPhonnder a panoply
exiting the eye's pupil. Zernike polynomals (or other

ofetibeiiagicoaldifionsts) can be derived from these
di spl acenents, which are then used to characterize

virtyally | of the eye.s .aberratjops. . The ability to
rake GBE &fib% megteonsantional g, wellddevleped fomms ot ocular
dependent upon the true. determ nation of the center
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I%gbgg]g%gm szen\é\f))r %}(I)I(J)isc/a l%rf)i?l%?udes a microlens array that
images various portions of a distorted wavefront exiting the eye onto a CCD
detector/camera. The‘image produced by the microlens array comprises an
array of small dots of light that are slightly displaced ffom reference
locations of the light dot image from an unaberrated wavefront. The
aberrated dot displacements are related to the localized slopes of the
wavefront exiting the eye’s pupil. Zernike polynomials (or other
mathematical forms) can be derived from these displacements, which are
then used tq characterize virtually all of the eye’s aberrations. The ability to
make accurate wavefront calculations is critically dependent ﬁpon the true.
determination éf the center location of gach dot in the wavefront image.
This aspect of the wavefront analysis process is known as céntroid '
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detection.



Har t mann- Shack wavefront sensors, and other well-known
types such as Tscherning, for exanple, typically
woress9si ngl e i mages of centroids or, at beBCI/ER2004/008205
very small nunber of inages over a short tinme

interval. The eye, however, is a dynamc systemwth

rapi dly varyi ng wavefront changes. The tine needed ‘
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i nder it SRR VB8Rt RAROr MhPRIHER efiLRlivh types such
ra,gg\algreate than a few images per second. A system
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a repetition rate of about 7Hz for the 30-second '
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eval uated. A single wavefront image requires about
hogrven fis achmamier systemr withvapedlyevaryabe waatdfamt changes. The
nmeasurenents (e.g., sphere, cylinder/axis, and higher

reati C be displayed online, i.e.., .-
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measur enent and cal cul _ati on. Nor is it possi ble to ‘
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i npassi ple to .evaluate the influence e nmovenent '
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by the enbodi nents of the instant Invention.
}%805/ 015495 PCTLEP2004/ OO8205ﬁBri ef Description_ of the
WhveGsthei Waveltent images syisé st be eneonstads saved, bt

centroi-d detection '
subsequently evaluated. A single wavefront image requires about 400Kb of

computer memory. Moreover, aberration measurements (e.g., sphere,
cylinder/axis, and higher order aberrations) cannot be displayed online, 1.e.,
substantially simultanéously with the wavefront measurement and
calculation. Nor is it possible to acquire and save pupil images and centroid
images substantially simultaneously, making it x‘firmally impossible to
evaluate the influence of eye movement on changes in the Wavefrént. These
illustra{tipns représent some of the exemplary devélopment issues in the field
of ocular wavefront measurement addressed by the e‘mbocAiimentsl of the

instant invention.



al gori thm enbodi nent of the invention; Figure 2 is a
repr oduced phot ographi c of a Hartnmann- Shack wavefront
woOceaerstnsios) | mage associ ated with an enbodi nenPCofEPRdee/008205
invention; Figure 3 is a drawing representation of a
wavefront (centroid) inmge associated wth an .
- enbodi rent of the.invention; Figure 4 is a flow chart

schematic of a Sgﬂéme%ﬁgmhrﬁﬁtﬁé@fﬁb%sto an
enbodi.nent of the Tnvention;, Figur i ot her

dr aw_ng regr,ese tation of a wavefront (centroid) :
i magd'1BBER édem ilay elariisghematio o » fad ceatinid detectian

an enmbodi nent of the invention; Figure 6 is a

agggﬁ{[ﬁhlémbbhgﬁ%pé)gﬁg%{mgﬁpt i ng anot her al gorithm

ocess accor ffent of the invention;
Figure 7 is an illustration representing another
al gorliighne gris @ersproduced photpgraphic efibddartmanneShatle
invention; Figure 8 is a reproduced phot ographi c: of
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an enbodi nent of the invention; Figure 9 is a flow’

char tFiguhe b iacddivingt repreceratoh of 2waodtionn gc@ﬁtroid)fimage
I nvention; and 4 WO-2005/015495 PCT/ EP2004/.008205
dskdidafed il RuPS ittt A ToveRBR0 " 2 1o
Figure 4 is a flow chart schematic of a sorting algorithm according to
- an embodiment of the invention;

Figure 5 is another drawing representation of a wavefront (céntroid) |
image representing an algorithm process according to an embodiment of the
inventibn;

Figure 6 is a schematic illustration representing another algorithm
process according to an gmbodiment of the invention;

Figuré 7 is an illustration representing another algorithm process
according to an embodiment of the invention;

Figure 8 is a reproduced photographic of part of a Hartmann-Shack
Waveﬁont (centroid) image represeﬁting another aléorithfn process
according to an embodiment of the invention;

Figure 9 is a flow chart schematic directed to another embodiment of

the invention; and



invention. Detailed Description of Preferred

Enbodi nents of the Invention An enbodi nent of the
wonres@s4osnvention is directed to an al gorit hnPCaP2004/008205

provides for the detection of bright and dark :

structures in a CCD inmage. The inmage may conpri se,

for illustration purposes only, centroids in a

wav effj , o [

ane ogre A TS B bIOCl GaBtqrh Tl ESAass SRPBARRESY the
.centroid imges 32 as black spots in a sinulated
IPEeRH@RAN- Shack wavefront image. A feature of this

enbodi ment is that the positions of structures such-:

as centroids 32 in a CCD inmage, for exanple, can be

| ocated and sorted in approximately 5nms, Zernike

coefficients cal cul ated, and wavefront inage
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(utilizing an 800MHz Pentiun(r) (Intel) processor or
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description as "online" analysis of-wavefront . 4
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simul taneously at a rate up to approximately 25Hz. 5
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described in detail bel ow w | lustrated I n

illustrates an array of centroid images 32 as black spots in a simulated -
Hartmann-Shack Wavefron;t image.

A feature of this efnbodiment is that the positions of structures such
as centroids 32 in a CCD image, for example, can be located and sorted in
approximately Sms, Zernike coefficients calculated, and wavefront image
information displayed in approximately 13ms or less (utilizing an 800MHz
Pentium® (Intel) processor or equivalent). A 1.6GHz processor would
reduce the total time by approximately one-half by increasing the rate to
approximately 50Hz. The algorithm thus describes what is referred to
throughout this description as “online” analysis of wavefront information,
referring to the detection, measurement, and display of wavefront
information substantially simultaneously at a rate up to approximately.

25Hz.



ternms of a Hartmann- Shack wavefr ont neasurenent and

anal ysis, but are nore broadly applicable to other
woavesionnses met hodol ogi es, for exanple, those BasaE#2@m/008205

the Tschem ng principle and others known in the art;

however, as noted above, the enbodied invention is

even nore generally applicable to image processing

for . apipd ¥aibdiAldHE to'HS d&cﬁb%ﬁdﬁ?x 1 HEGG will BBt pﬁgﬁated in

for centr0| d detection in a wa f Iqmage ﬁCC?Ir

t stant epgbodi ment is set forth in the ow
ewas OI R ﬁérm@@ ﬂ heck wayefrent maasuremant end anatysis, but are
outset that in the illustrated enbodi nent, a
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the sake of sinplicity the al gorithmsteps set forth

thesohasghbpy the Tschiening paneibleandiothgs lanswaria the art;

repeat ed for every wavefront |mage of the desired
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r is acquired. The light spot inmages are
%nca blmteimbge paocessing foxahalgizipbtriofesshtd €ER e image. -

shovvn I mmges taken froma canera usual I y consi

of a [r o) S ,I i ch, every pixe]
assi %%&eﬁféﬂf% éaen&oag ﬁﬁ%@}% 1} § WHee %magﬁ agerndgag to
collected at this pixel. This nunber is referred to as

thd énsthghemboldifeat ¢ ¥& fortH th ﬂféeﬂbw HRA fi‘ﬁh%[r%ﬁ% 100 of

description that follows, a regular square

Rk | @ 3408 Bessmssrtal mptivoiwood embodiment, a
sequential plurality of images are acquired, analyzed, and displayed as
desired at a rate of 25hz, but for the sake of simplicity the algorithnﬁ steps
set forth below apply to a single wavefront image and are repeated for every
wavefront image of the vdesired sequence. |

In Figure 1 at step 102, an X x Y pixel size wavefront image, as
shown for example by image 22 in Figure 2, is acquired. The light spot
images are represented by variable pixel signal intensities as shown.’ Images
taken from a CCD camera usually consist of an array of pixels in which |
every pixel is assigned a number proportional to the amount of charge
collected at this pixel. This number is referred to as the signal of the pixel.
In the illustrative description that follows, a regular square grid of bright

points in a dark image will be described in detail.
6



i) Image Conpression After acquiring the inmage at step
102, the image is conpressed from size X x Y pixels
woOaQoos/ns4e5Y/ m pi xel s at step 104. This can be HOMEPR4/008205
averagi ng the signal for every pixel in an n x m pixel
square in the original image starting, for exanple,

in the upper left corner of the inmage and scanning

t hr ouiginidpe Cﬁﬁqﬁesﬁbg signal in the upper left corner

of the - conpressed inmage is then set to the average of

t he f'[f%% square, the signal of_ the next pixel is set

to t grdyting theanasg at st b0Q) thegmaags isseempoessed from
finally yielding a picture Xn x Y/ mpixels in size..

[ I I i it angh :
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=in =8, ii) Background. Subtraction At step 106, the
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yehpgiagsde sigagklorevangpinelimean ni x no pixelasemare eyt ori ginal
or tiles (not to be confused with the pixel squares in
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used, Typically, one tile m ght contain 3-5 centroids.
staenmgtirgughithedimage. Twi gsigaal outles élolefﬁte’@ﬂa\erltdﬂ the

The average values for the tiles are then linearly
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subtracted fromthe image vyielding a |ow signal
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i gnal -to-noise ratio
B & size.. n and m should be

integers with X/n and Y/m also being integer values. In an exemplary
embodiment, n =m = 8. |

i1) Backgréund Subtraction

At step 106, the compressed image is then divided into square
regions, or tiles (not to be confused with the pixel squares in (i) above). In
the exemplary embodiment, one tile is a square of 64x64 pixels, but other
sizes can be used. Typically, one tile might contain 3-5 centroids. The
averagé signal is again calculated for every tile. The average values for the
tiles are then linearly extrapolated to yield a background value for ahy
location in the image. This backgroun& is then subtracted from the image

yielding a low signal outside the centroids. In the illustrative embodiment, a



iii1) Rough Structure Detection At step 108, the
approxi mate, or rough, structure points (centroids)
wanesiodensi fied. First, a maxi numis defi ned aBCTmE®2004/008205
hi ghest signal in the conpressed image. The maxi num
i s determ ned by a scan through the image, and the
X-position, Y-position, and signal value of every
s1g@12?1£tb-1hélse reHerdfa%d Was ihfitbeedbta & ﬁl—'tcﬁ-n‘olﬂ& S8 10 by
value of this point is greater than cerh ain I
rcentaeof t he, maxi nrum e. 30 % (ot her val ues
th£§ g Ctlﬂnthe user)g In the exenpl ary
errbodl rrent th| s yields a table (Table 1) (cj)f about I
400 orted by descendi ng signa
sﬁPRdu%h S%E@gq?/%re}:é?é of quick sorting routines
| s avai | abl e to acconplish this. TABLE | Si gnal X
PosiAtl sy 1085 ithe enprecesss, a5H@s st3E3TESPARAY (Stroids)
11011874 1081. 1493 8 WD 2005/ 015495

are identified. First, a maximum is defined as the highest signal in the
compressed image. The maximum is determined by a scan through thé
image, and the X-position, Y-position, and signal vaiué of every pixel is
recorded in a table, but only if the signal value of this point is greater than a
certain percentage of the maximum, e.g., 30 % (other values can be selected
by the usér). In the exemplary‘.‘embédiment, this yields a table (Table I) of
about 400 eﬁtries. The table is sorted by descending signal as shown. Any

of a variety of quick sorting routines is available to accomplish this.

TABLEI
Signal | X Position|Y Position
223 | 86 55
154 85 75
135 87 95
133 115 56
110 118 74
108 114 93




PCT/ EP2004/ 008205 The first entry (highest signal

value) is defined as the first rough structure point.
wOheos/015495 entries in the table that obey a cePC@&iER2004/008205

pre-set condition are defined as rough structure

points. In the exenplary enbodi nent, the pre-set

condition is that- the position of the particular entry

The ffast &gty h@ghés'tﬁigﬁd 1lvalye) is itk

poi nt's thanE(a pre-set dist a@f:e. I'n gﬁgg%$ﬁ§@hgh%mcme

enbodipent, _the distance is 17 pixels. After this

o lIE’l%éls alli gniries 1ndbe dalle thabobey ercartainmresssit conditson are

created that includes approximately 95% of all points .
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points of the structure are found, step 108 can be
qaashtioads abatsthewositionl afcthe peaticskrtcntgy & frether away from all

.mnimumto a certain percentage of the m ninumin. the

4T lt [ i.iteration finds.points
3§ PSR A acthRe poBf§ ik b s 3 divanehy” Hhan sxeraplary
iteration. The rough structure points found in the
dribedimest, 4hé distanee igd Gg)iﬂél%d Afer sioistiey itekdtiomat tdife of
found again (i.e., they do not obey the condition of

ino.farnther a than . re-set.distance froqmthe -
RBEBS bR paft ¥s GeHled RisacBiddndnmoxpaniay ot at all
step 112, the ultimate centroid positions

pointgidiae ame tebe dEitected. the inmage was earlier
conpressed in step 104, nmuch of the informtion

i OrfARAC Do ot gtrtiorre 0 "7 1 9nered: T

To increases the confidence level _that all points of the structure are

found, step 108 can bé repeated as shown at block 110, setting a .neW
‘minimum to a certain percentagé of the minimum in the first iteration. The
second iteration finds points that were too Weék iﬁ signal to be found in the
first iteration. The rough structure points found Ain. the first iteration are
accounted for so they will not be found again (i.e., they do not obey the
~ condition of being farther away tﬂan a pre-set distance from the détected

points).

v) Ultimate Structure Detection

At step 112, the ultimate centroid positions are determined. Since the
image was earlier. compressed in step 104, much of the inqumation

originally contained in the image was ignored. This information can now be
9 ’ .



WD 2005/ 015495 PCT/ EP2004/ 008205 used to determ ne

nore exact centroid positions. Using the origina
wanesmpsossed i mage, a square of, for exanpl e, PABEPH004/008205

pi xels is created around every rough point.

Generally, each square is smaller than 2x the m ninmum

di stance to insure that each square contains only one

i ' r . centyyQi d hktsel.f. Lkn
R OerAe mdr oAt Bon R LRI OBl it
and 30 pi xels. Then, the center of mass of signal for
uneomsprasaed inagey atsquaon of nfor exantysles 4621 § pisels is created
determined, giving rise to the substantially exact

SR 8 U T Beph AR5 3 oo s 2x e
1, 2, 3...ntinmes to determne still nore exact '

mersois. distmcedol ioshes gt each suefe Bos@InNoARLoOne centroid, and
previous step is subsequently used. Each structure

.0QI-Nt n al so be assi ual ity factaqor dependin .
A A P B o e S oo vt i
changes if the square around the pixel is wllingly
bdtivicdendivy afd Bvepixeds. Thét, ahe @enddr Sf : '%ﬂhl i
exenpl ary enbodi ment, thi’s di stance 1?%5%?3%31 [ XZI’Iag_the signal
Lhe..paints whose positions have changed the | east are
iR meade, %%@.@ar@u@dsqwmmda gdvingriseie theswlestantially
spurious points or noise.assigned a |ow quality. factor

&abt BesRIdbPHEeentdsSid.t hey likely represent false
structure points. In the illustrative enbodi nent

directed to Hart mann- Shack wavefront sensing, it is -

desi dadmeaspecb©fibe embodisnent, step 1 H2 caniter wipdated, tfor

the corresponding inmage formng |lenslet of the

e‘%‘aﬁﬁﬂ'@?T?Zf‘B r 2 1in8§'fo dfbrmine still more exact results. The

calculated center of mass in the previous step is subsequently used. Each
structure point can also be assigned a quality factor depending on how much -
~ the position of the center of mass changes if the square around the pixel is
Wiilingly shifted by a user-set distance, at step 112. In an exemplary
embodiment, this distance is five pixels. The points whose positions have
changed the least are assigned the highest'quality faétors. In this nianner,
spurious points or noise assigned a low quality factor can be elimiﬁated, as
they likely represent false structure points.
In the illustrative embodiment directed to Hartmann-Shack wavefront
sgnsing, it is desirable to be able to correlate the centroids with the |

corresponding image forming lenslet of the microlens array.- Thus, an
10



10 WO 2005/ 015495 PCT/ EP2004/ 008205 aspect 200 of the

enbodinent as illustrated in Figure 4 is directed to
woheos/psosess of sorting the detected centroi dBCSEPA®4/008205

to assign themto a regular. square grid pattern. It

wi ||l be appreciated by those skilled in the art that

the algorithmcan be easily adapted to ot her :

oy M4 :€x%a ,
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step 202, the desired sorting configuration is
preicess efi sorting e deteetail aentreidsati aety asdige them to a regular
configuration is a square grid based upon the :

tr e m.crplens arr.ay.,For, every. previ ousl
LERHE e Bpesba” AP bE BbofhiBeg B tnSHEmRinea iRt that the
line is calculated containing the centroid point, i,
#gdritiami can be ghsity adbpled thdtharstaiesar crff@afions such as,
For starting positions of the upper |eft corner or :
ower ‘ri.ght caorner .of the image, .sl.ope yal ues between
r fWE}%QPe S 98 TS, OTL@%ﬁﬁéghtmo Bemdg.arti ng

position is the wupper right corner or the lower |eft

cor neAt Qfelli 262, thegRsildoREtng é&ﬁi%nlhgﬁbn-ig -sé{)ézc'i’?c}oolﬁ the

can be selected. At step 206,” the tance

between the |ine 514 and, in the illustrative :
eseRianE Ambedianenipthe renfigusatinn ispeqeare gad asedepon the
510 is calculated, as illustrated in Fig. 5. Al
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g wth the centr e ‘smal’l
value. At_step 210, the centroid. with the smallest n;
iy the onmsulaskir gnsfenight lirevis vatewlates] sontesmingrthewentpidpoint, 1,
the last centroid of Row 1. In an aspect of the

ag{géﬁg%i% sllo?%eoi} 3?115&?% "Bo%h 8f st Bhi Sthrlifg positions
of the upper left corner or lower right comér of the image, slope values
between 0.1 to 0.9 can be used. Likewise, when the étarting position is the
upper right corner or the lower left corner of the image, slope values fr;)m
;0.1 t0 —0.9 can be selected. At step 206, the distance 502 (ni),‘ betweeﬁ the
line 514 and, in the illustrative embodiment, the upper left corner 506 of the
image 510 is calculated, as illustrated in Fig. 5. All centroids, i, are then
sorted by n; at step 208 starting with the centroid havirig the smallest n;
value. At step 210, the centroid with the smallesf n; value is assigned to
Row 1 and is stored in memory és the last centroid of Row 1. In an aspect

of the embodiment, the last centroids of the existing rows are stored in

memory during step 210. At step 212, a region 610 is deﬁﬁed that, in an
11 ' '



menory during step 210. At step 212, a region 610 is
defined that, in an 11 WD 2005/ 015495

wWOCHsBr2084/ 008205 exenpl ary enbodi ment, conpr PEEEPA4/008205
area to the right of the last centroid 605 of a given
row, having di nensions that can be controlled and
varied by paraneters of.‘the |enslet array, and having

HSTATREY ShModinait, PRI fidatd bR e sfgtroid
the search area 610 for the next centroid. Any shape

&5 ota given devs haviigg dimensiogsi that oaif bguraattialied asd varied by
alternatively possible. Exanples of the |lenslet, array

r Se hnGl ' ' l.e 70 m wi oum di st ange, ..
BB O RS R AR T Vifg R Dottt B GGecting
(708), as illustrated in Figure 7. Then, at step 214, ;
theeeteeted lgrgheonfigusaions assllsetranideih Fi%iu‘etﬁ; athich shows the
centroid is checked, with respect to all existing .
r whe .the centroid..s jn the defjined region.
sertGLattirh I ot B S5RAiRids, A byl dhipe Flitsddes dteatitia other
the last centroid of that row If no, than that.

gr@bonﬁ%zk@ti@wisgﬁlleétntaﬁtvel}a?bsﬁﬁm.fEixd es BF RN &bt array

Steps 2I4-216 are now repeated for all centroids. In
this rm,nneI, rows.start t&i 'éld,upfrom,-left to .
nargreteriIngiide pyFinuER ang é » Jungpym destances 784 cmaximum

row is calculated and the rows are sorted according to

. H . i . i | ki . .
sy FUGUE BTN 200 ALy Fir 7

, and so gn. Before describing the steps for sorting
lﬁrf‘él,@&stﬁﬁ]g,l"r; the sexidhighet navalue isselantedandithat centeoid is

situation can occur as illustrated by the faintly seen
oBRLRES, with respect to all existing rows, whether the centroid is in the

defined region. ‘If yes, then at step 216, that centroid is assigned as the last
centroid of that row. If no, than that centroid is assigned the last centroid of -
a new row. Steps 214-216 aré now repeated for all centroids. In this
manner, rows start to build up from left to right. At step 220, the average y-
positioh for each row is calculafed and the rows are sorted according to their
average y-position. This step facilitates marking of the'top row as Row 1,
the next row as Row 2, and so on.

Before describing the steps for sorting. the COqunns, itis beneficial to
point out that the situation can occur as illustrated by the faintly seen points
lying along lines 802, 804 as shown in Figure 8; i.c., some centroids 812,

814 in the middle of a row have not been detected due to béd quality of the
12 '



lying along Iines 802, 804 as shown in Figure 8; i.e.,
sonme centroids 812, 814 in the mddle of a row have
waaboslmesns det ect ed due to bad quality of the 1BPCYWBP2004/008205
2005/ 015495 PCT/ EP2004/ 008205 centroid points, and the
centroids to the left and right ‘have been assjgned to
different rows. ' In this event, optional step 222

TR, SRR RR R the TRif b P R B asdfemed to

c%%siti on for each row fromstep 214, calculate the
ferenfi sivasc én bleisvesent, opgomnalveiep 229ubivodedd fikrging these rows.
yrow -yrow2 (yielding the distance between Row "and :

W2 i el.di ng the dist b Row2
TR s tbtisteelsy i orlinethe, 8 Sldnshof for8 theanean average y-
val ues of the obtained distances. In the exenplary
sositioh fentach hewcfohekied 1 i | 56 :
f yj-yk < f*a and (Pf;@fi%ﬁﬁg&%a?’e?gg?ﬂ%rdnpﬁﬁ%e@etween

j,first ),,where: f is a variable paraneter in the
tﬁﬁﬁ@é"%‘é\’ FRRHagHBE Y@ Dren (Yielding the ditange betweers Rowl and
In the exenpl ary enbodi nent,. val ues between 0.3 to 0.5

RUS20508pr| OISR O BSe RELHy R 3563 and o

(left-post) centroid of the k row, and Pk,last is the
e adidesrtakimg thesmeani eluesoé the obtained distantee T the
row. In other words, the rows are nerged if they are =

Sl eRinrid. e Bl A - BRI Rp B, T v <
the left or conpletely to the right of row k.
f*a and (P sirst > Pjtast OF Picast <P first ),
where:
fis a variable parameter in the range between abouf 0.1-0.7, that is set by
the user. In the exemplary embodiment, values between 0.3 t0 0.5 are used;
a 1s the mean distance ;b‘e’mz.een rows (see above);
Py gt 18 the x value of the first (left-most) centroid of the k row; and
Py 1ast is the x value of the last (right-most) centroid of the k row.
In other words, the rows are merged if they are much closer in the y-position
than typical and if they don’t overlap i.e. row j is either completely to the
left or completely to the right of row k.

The process for sorting the columns begins at step 224 where the list

of sorted centroids by distance value from step 208 is used agaiAn.‘The

centroid with the smallest n; is assigned to Column 1 and is' stored in
' 13



The process for sorting the colums begins at step 224
where the list of sorted centroids by distance val ue
wobnasgsop 208 is used again. ' The centroid RCTEPR2IE/008205
smallest nl is assigned to Columm 1 and is stored in

13 WD 2005/ 015495 PCT/ EP2004/ 008205 nenory ‘as the | ast
centroid of Columm 1. In an exenplary aspect, the | ast

P 0 ol ARCHRLATT %, PLUBY TS e ot

defined that, in the exenplary enbodinent, conprises
cantreoida of encexisting lcadtmeemter alivchysfstaregi inemensd ing step
havi ng di nensi ons and shape that are controlled and

[ . r f.the lenslet arr as
224! 3B 598, A WRRSICENG et AR e B FrafdafRent,
diagramin Figure 6 dowmward by 90 degrees. At step
chifipriséeanexta belhe the thst\ahtioid Dfeetwehasblanth hiving

centroid is checked, with respect to all existing .
ol ums, whether the centroid.is in the defined oo
diBagtiions g abape art e candipllobond pdeddenthopame parameters

assigned as the last centroid of that columm. If no,

dfhthe lehblat ag@Rtd0dcdd fostheasd e ethidR ﬂm%’era@égfgyggilgipgfth@

new colum. Steps 228-230 are now repeate

entroi.ds,. In this manner, colums start to build up
Cﬁﬁ%?ﬁmdﬁéﬁlgub%ﬁtéﬁwnmar@tbé/&(i dagraase At stepgd?8, the next higher

x-position for each colum is calculated and the
r . .
9B, SleSREALCnone 1 IR IR ERRcy gl existing
| eft-nmost colum as Colum 1, the next colum as ’
aoduoms, whether the egntraideissntthatdefimedaregionudf yes, then at step
menti oned above with reference to Figure
- 230, that centroid is assigned as the last centroid of that column. If no, than
that centroid is assigned the last centroid of a new column. Steps 228-230
are now repeated for all centroids. In this manner, columns start to build up
from top to bottom. At step 234, the average x-position for each column is
calculated and the columns are sorted according to their ave'reige X-position.
This step facilitates marking of the left-most column as Column 1, the next
column as Column 2, and so on.
The situation can occur, as mentioned above with reference to Figure

8, where some centroids in the middle of a column have not been detected
due to bad quality of the centroid points, and thus the centroids above and

below have been assigned to different columns. In this event, optional step

236 involves merging these columns. This is accomplished by the
14 '



8, where sone centroids in the mddle of a colum have

not been detected due to bad quality of the centroid
weabestes49and t hus the centroi ds above and bel sarmay®4/008205

been assigned to different colums. In this event,

optional step 236 involves nerging these col ums.

This is acconplished by the 14 WO 2005/ 015495

[ EP2004/ fol I sub- st eps: From
R ST drrofn 6 b Y erse o POMUGL Boeish Column
cal cul ate the rrean di stance between the col unmms by

fsont siept128) calailitlthechlean diktineedidteebiGheicHlBARR by
bet ween Columl and Col UMLz2); xcolvvnn2 xcol”

@3{ ng the di stanc unn2 and Col uma3);
S&%{F X commal ~Xdolemn2t k@ngﬁ e fisianca bgbyeen Golumn! and

obtai ned distances. In the exenpl ary errbodl ment, the

COLVELER P GRS e gl b8 Sy an
wher e: IS avarlable pararreter |ntheranebetvveen
, G@hlmné),lami 50 onhandither daking thetsean saluesof the obtained

exerrpl ary errbodl ment, val ues between 0.3 to 0.5 are

st 0 A OB B LSBT ifd s

colunn and Pk,last is the y value of the | ast
a(mbknmﬂfm;}xi <cBhatamd P o5 BB, ke ol Rynga: < B, gi0), her
wor ds, the columms are nerged i f they are ruch cl oser
‘g@ #?e X- position than typical and if they do not

g i.e. colum | is either conpletely above or
conpletely bel ow colum k. Fromthe sorted centroid

fpissa vaxiable parderstkeir therdratd betweson Slsoukedld-0.7, that is set by
the user. In the exemplary embodiment, values between 0.3 to 0.5 are used -
a is the mean distance between columns;
Py sirst is the y value of the first (top-most) centroid of the k column; and
Pg,last is the y value of the last (bottom-most) centroid of the k column. |
In other words, the columns are merged if théy are much closer in the x-
position than typical and if fhey do not overlap; i.e. column j is either
completely above or completely below column k.

| From the sorted centroid positions, a Zernike calculation can be made
to determine the wavefront aberration. According to the illustrated
embodiment, the processes for acquiring a single image and displaying the
Waveﬁént aberratibn information, using an 800MHz Pentium processor, are

listed below with their corresponding processing times:
' 15



to determ ne the wavefront aberration. According to
the illustrated enbodinent, the processes for

waceonsios4eg a single i mage and displaying the wravaEP2@m008205
aberration information, using an 800MHz Penti um :
processor, are |listed below with their corresponding
processing tinmes: 15 WO 2005/ 015495 PCT/ EP2004/ 008205

‘ Fi nding a rting th troi 5rrs Per f orm ng
the Zer ni rkfnéﬁ 5ﬁ1§g€£ 01‘11$rag| g BB®r at i ons: -

8ns; | mage di spl ay - 8rrs Pupi | coordi nate | ocati on

t I on_( Jonal):
(5(r)rg :gngn)P?ﬁust rative gspecf&g?]ﬁ)@%ghgnbodﬂﬁg the

Zerni ke cal cul ation process is perfornmed tw ce dur.i ng

a measur enimagimgcogeratiogs: for the second~@igr terns
and once for the higher-order ternms. The total tinme
. per image js approxi mately 40nms or slightly less at a
repetitionPagedisplasHz. 1n contrast, corfmsti onal
real -time (as opposed to online) vvavefront anal ysi s,

cunsequentyylicdeyBftel REAE fudiondlol5 SR

i nformati on. These techni ques ‘are I imted by conputer

st or age -r@gﬁ{g@@@ggesf aff) storug:n%wo I mages
-at 25Hz for 30 secon requrres approximtely

400MB/ nmeasurenment. On the other hand, according

kman illusisatiee pspecs rﬁfcthe mﬁmodmmtsthﬁ Agenike aaiaxglmslansprocess

not necessary

is performed twice during a measurement cycle, once for the second-order
terms and once for the higher-'orde; terms. The total time per image is
approximately 40ms or slightly less at a repetition rate of 25Hz. In contrast,
_conventional real-time (as opposed to online) wavefront analysis censists of
storing a seqﬁence of images and subsequently ahalyzing the images for
wavefront information. These techniques are limited by computer storage
requirements. For example, storirig two images at 25Hz for’30 seconds
requires approximately 4OOMB/measmement. On the other hand, according
to tfle illustrative embodiment, the storage of images is not necessary
beceuse the information contained in those images has already been

extracted by detecting the centroid and pupil position. Storing only pupil

and centroid position data results in data storage requirements of only about

16



because the information contained in those inages has

al ready been extracted by detecting the centroid and
woupisloiposi tion. Storing only pupil and centr 8CWEP2004/008205

position data results in data storage requirenents of

only about 16 WO 2005/015495 PCT/ EP2004/ 008205 . 700Kb

of nmenory for a 20 second measur enent at 25Hz, which

T TR e TSR TP i vt

t hat has stored thereon an execut abl e instruction for
X4} tpaggs.out  the al gorithm described above.
Appropriate. nedia are well known and i ncI ude, ,

ith D. diskette, d, driv
\émar r ?Lé’m%\g\/g]égﬁg#@ g}e%gpﬁﬁ BYnglméﬁ%ébrl ﬁ%iqt‘b@ dewice-readable
invention is. directed to a method for wavefront

raediymithat the stoetd dheteonsat efc@éﬁtﬁbléhﬂs%c‘ﬁo%ibr‘ﬂa@ﬁﬁﬁg‘ out
of Figure 9. The net hod conprises at step 9 ~

I 1 | u aI | vefront ges of l.ight
@9%# ﬂﬂ“&iﬁ% mmf@amﬁga &F atenwellngeesn an
i ncludes a di spI aced centr0| d that is indicative of

inelirte, evith OBEHHI RARMH, CD, THPDRE 41850 - B 21 R ?1?& flave,

step §O4 cal cul ati ng and’di spfayi ng the wave

surement information online for a sel ected
aﬁg &@W-on order. As used herei nabove and throughout

the description, the term"online" refers to the
e A RO SR BRI o
vse)t(\? cl)ralltr %’néﬁifs a|ng %éthrgd is set forth in the block diagram of Figure
9. The method comprises at step 902 acquiring a plurality of wavefront
images of light exiting a pupil of an eyé, Where each of the images includes
a displaced centroid that is indicaﬁve of wavefront measurement
information of the eye, and at step 904 calculating and displaying the
wavefront measurement information online for a selected aberration order.
As used hereinabove and throughout the description, the term “onliné”
refers to the substantially simultaneous measurement, analysis, and display
~of the wavefront measurement information. The exemplary fast algorithm
described in the previous embodiment is but one way to facilitate an online
process. Persons skilled in the art will appreciate that other algorithms can

be developed, or are currently available, that will also facilitate the online

technique.
17



described in the previous enbodinent is but one way to

facilitate an online process. Persons skilled in the
wanboswis49sappreci ate that other al gorithms canPCDEP2004/008205

devel oped, or are currently available, that will also

facilitate the online technique. 17. WD 2005/ 015495

PCT/ EP2004/ 008205 I n an aspect of this enbodinent, the

' cquid.ed at,a Late ual to or greater

t han oy SSHSCLOf Bl PR AdMen JBE iMagss are fbauined at a rate

obtained at a rate of 25Hz; however, conputer .

quuat és sogrepeedhars 10BE. Ini ghekethiflass a5pedt, teimhaB&eare

acqui sition rate. In another gsp?ct, athl east 50t o

ential im re acquired. I'n another aspect,, e

, (ﬁﬁgﬁi ao¥ate m&%ﬁlﬁ\ygﬁﬁﬂ C&@Bﬂ@ﬁiimg(?@wr\ﬁ@@édrl& e

measurenent information online for a selected -

s i 4 f a

IBRAAPTACIOr O 8¢ IinbgBecORidTHOn rale, TP L SHATRSPURL ot least

is not selected prior to the. neasurenent, the

gcﬂ seAusptigl tmages jareecquired. Jaanadher aspeciptre siep G06 of

(sphere or spherical equivalent, and cylinder/axis)

- . i . . r 4.
B g RO A ooy orl o OB oniine
resul tant wavefront information is i-nterpreted for a

for psickented iabgriasiont ersder ip ppifortieahforer selecteal pupil diameter.
controlled variation in pupil dianeter. On the other

Ten ' ' . / | ect ed. pri to

RS S RBRTIE PORTRA Bl YRS TR ool 3t PR o 3h,
spherical aberration, higher-orders) for that given

- ndeasverement othicedidplat wyk dediiinitoel to/seconerpider wbeargiomf (sphere
pupi | ‘ , §
or spherical equivalent, and cylinder/axis) because second order aberrations

are pupil diameter independent. However, one may want to insure that the |
resultant wavefront information is interpreted for a substantially constant
pupil diameter, or a controlled variation in pupil diameter. On the other
hand, a pupil diameter value can be selectéd prior to measurement allowing
any Zerrﬁke order (e.g., coma, spherical aberration, higher-orders) for that
given diameter to be displayed online. An exemplaﬁ range of pupil
diameters is between about 2mm to 10mm.

In an exemplary embodiment, at a repetition rate of 25Hz, SQO images
can be obtaine(i (and thus 500 measurements can be made} over a 20-second
time interval. The first 125 images might be obtained for pupil diameter, D |

< Dpin; the next 250 images for Dyp <D < Dy and the remaining
. 18



di ameters is between about 2mmto 10mm In an

exenpl ary enbodinent, at a repetition rate of 25Hz,
woeQmsioreyes can be obtained (and thus 500 neaBATAERENYS08205

can be nade) over a 20-second tinme interval. The

first 125 i mages mi ght be obtained for pupil dianeter,

D < Dmn; the next 250 images for Dmn < D < Dmax;

: . ~Nin 8 5/ 015 RCT/ EP2004/ 008205.. :
el AL 0 3 G O 38 R0 e
Zem ke anplitudes for Z2, through Z10,{,, can be
fonlZpy tiredgh < 56t cdrobe baktulstedmO8d fotth stages 008, atF desired, at

step 910 an average val ue of a selected Zem'ke order
ver ag

cal cul ated.and . di spl.a ‘online, If an a e
4 938 EEerieteRe SR osiecar Baidl” eiee Oxdem et be apculated and
t echni ques can be used to determ ne a standard

displagtiwnlate. Siam aPdmoehaluehRyies GHlcehidd, Waf &l

t he average wavefront measurement. In an aspect

LS. engbodi ment, bl inking periods can be determ ned
S\%\%ﬂ%‘?a %‘%mﬁﬂﬁeﬁﬁéﬁﬁ?%‘e@%«\&/dﬁ%ﬁmm afstandandodgviation at step -
the information during these blinking periods

i .
e e Sy By b TOF KRChy LR RAFe b8P ntlErement. In
advantag%ous, to elimnate neasurenents during .
) a5peck 91 plis crabodineeh dlinking gesadst el detdrarinediwhicl
to occur. Knowi ng the value of the nost frequently ‘

rd f ' - £ Or rticul ar ;
RN ol BT P ARG o i s
the practitioner to prescribe a treatnent or vision
isdng pesiodsediscaided. Likesyisenifrooritattdens positien were being
patient.

measured, for example, it would be advantageous.to eliminate

measurements during blinking periods as lens settlement takes a Ashort time
to occur. Knowing the value of the most frequently occurring Waveffont
amplitude for a particular aberratioﬁ order based upon pupii diaineter will
allow the practitioner to prescribe a treatment or vision correction resulting
in optimum vision for the patient. |

In a related aspect according to this embodiment, at step 914 a
sequence of pupil images ¢orresponding to the wavefront images can also be
obtained. These images can be saved simultaneouély so that the influence .
of eye movement on chémges in the wavefront can be evaluated. .

Another embodiment of the invention is directed .to a wavefront

measuring apparatus 1000 illﬁstrated by the block diagram in Figure 10.
19



In a rel ated aspect according to this enbodi nent, at
step 914 a sequence of pupil inmages corresponding to
woheoswasofr ont i nages can al so be obtai ned. TRESAEP2004/008205
I mages can be saved simnmultaneously so that the :
i nfluence of eye novenent on changes in the wavefront
can be eval uated. Another enbodiment of the .invention
s directed,t wavefront _neasuring tus 1000
g ARPRGSI LA Ut 2B D CR RGP aATTROREGhLGL & Shatxdslivors o
2005/015495 PCT/ EP2004/ 008205 The apparatus incl udes
sifall 'ngfTbF@l ROnEO RO Retha BQ%HeG(A §8l 4%, 'aYﬁ ng%&ﬁbonent
spot of t onto e-retina o he "eye
conponent 1030 that forns a centr0|d i mage of

g
Q?vé)g that fermasta eentroighimage of she dluminatior light scattereddfrom the
exiting the pupil of the eye, a detector 1040 adapted

r%ﬂnafa‘riliéﬂ %}‘ﬁitfcnggt fﬁ{ﬁ% %‘f\‘,ﬂmh% E9elha doteltdr g@%rargéﬁgd to acquire the

executes. a centroid di splacenent calculation to

atetwidiimagea mraeessamt 05 Oreesiiegem tooperativat ivith the detector
di spl ay conponent 1060 oper atively connected to the

LA R R R I S —

i nstructing an online caI culation and display of the

mehsireattnianéfmonti onpa displap tonpdsntel 06Mopé¥atively connected
optlonal pupi | canmera 1080 and puplloneter 1090 i's

o shown onen 015 beam splitters

BB SPEATS ARG GBI § AElecerd Way ontoDeRDR s
PCT/EP2004/OO8205
information, and means 1070 for instructing an online calculation and
display of the selected wavefront measurement information. An optional

pupil camera 1080 and pupilometer 1090 is also shown, where components

1015 are beam splitters or optical equivalents thereof.
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W claim 1. A nethod for wavefront analysis,

conprising: a) acquiring a plurality of wavefront
wonegassos |ight exiting a pupil of an eye, WRETAEP2004/008205

each of the images includes a displaced centroid that

is indicative of wavefront neasurenent information of

the eye; and b) cal cul ating and di spl ayi ng the

Wayefaignt neasurenent information online for a

sel ected aberration order. 2. The nethod of claim1l,

| Si iri the inmages at .a rate equal to or
great br t hAnmEgked 16 waKelopt mBalxsis,qamprising: 2,
conprising acquiring at |east 50 sequential inages.

The net hodapicqil¥ingfa plih ll]E'y of \?efréﬁtrihli'%esg&'ﬁ ht&%ing a
determ ni ngpancf\gve agg val ue a%a cor respondi ngg g
standard_deviation for the sel ected aberration order

wav ef Pepll odedisere rehereim eaehnaf ithe images Theludes hatisplaced

any of clainms 1 to 4, wherein step (b) is perforned

for acsflGal@dt RRIdic i ABE Havetront e IR0t &on of
e Ridiodtve praeiait in

clains 1 to 5, rrsing displaying .
val ue for the wavefront neasurement information for a
sel echedyupind di ameter. 21 WO 2005/ 015495
PCT/ EP2004/ 008205 ‘
b) calculating and displaying the wavefront measurement
information online for a selected aberration order.

2. The method of claim 1, comprising acquiring the images at a

rate equal to or greater than 10hz.

3. The method of claim 1 or 2, comprising acquiring at least 50

sequential images.

4, The method of any of claims 1 to 3, further comprising
determining an average value and a corresponding standard deviation |
for the selected aberration order wavefront measurement information.
5. The method of any of claims 1 to 4, wherein step (b) is
performed for a selected pupil diameter.

6. The method of any of claims 1 to 5, comprising displaying the

average value for the wavefront measurement information for a

selected pupil diameter.
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7. The nmethod of any of clains 1 to 6, wherein the
wavefront neasurenent infornation is a nanifest
woebwsaas49on val ue. 8. The nethod of claim 7, ceapmPsiOmgos205

di sp
The

| aying the mani fest refraction value online. 9.
met hod of any of clains 1 to 8, wherein the

wavefront measurenent infornation is selected to

corr
Zern
t her

conp
t he

eppondThe mgthodl of Mgy of eEARH 1 b6 GUNhdrBm MY Wavefront

i ke aberration order’s or optical equivalents
eof . 10. The thoq of any of clainms 1 to 9,
rNgARyreRaeht Infognation ds pdBaaiestigiiagion valtige of

eye for each wavefront inmage; determ ning at

| eastg one RRSth! 7 H ; .
geo rre%r iCc rgfﬁ%r act tgpﬁszfa??%)lﬁ 7d gogﬁ%lggltﬁj%edlgﬁg‘{lgﬁng Efléé‘gr&ilﬁ?est

pupi
i mag
11.

sel e
grou
aber
The
pupi
i mag
PCT/

| image; and displaying at |east one of the pupil
gefl onnealuggimdedpondi ng pupi| i mage data onl i ne.
The nethod of claim 10, conprising displaying a

29, PRLSHGSRN AGE BBy LOS, IS5 B B

ration orders or optical equivalents thereof. 12.
rscagitcoient| iaformation id delectadptol somespzad twgone of the
| image and a tenporally correspondi ng wavef ront

%ﬁ%ﬁﬁ}t&g@g@gﬁw 10‘3%15\%136029@&9211&613 %rders or optical

equivalents thereof.
10.  The method of any of claims 1 to 9, comprising acquiring a
corresponding pupil image of the eye for each wavefront image;
determining at least one of position data, size data, shape data,
and geometric characterization data of the pupil in each pupil image;
and
displaying. at least one of the pupil images and the
corresponding pupil image data online.
11. The method of claim 10, comprising displaying a selected
wavefront aberration online, selected from a group comprising the
second through the 10™ Zernike aberration orders or optical
equivalents thereof.
12. The method of claim 10 or 11, comprising saving a pupil image

and a temporally corresponding wavefront image simultaneously.
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13. The nethod of claim5, wherein the selected pupil

dianmeter is in a range between about 2mmto 10mm 14.
woheosres4e6d of any of clainms 1 to 13, conpri si RQT/EP2004/008205

calculating the wavefront neasurenent information

utilizing the algorithmof any of clainms 15 to 35.

15. An algorithmfor centroid detection in an inage,

conpr 13j ngThe apethoguof clagmai) whidrein 2ke soRgeed pu Pﬂ dlameter is
represented by a variable pixel signal intensi

conpreSS| n e XxY s e an Xn x Y/ msize
i mage! %t?%eﬂ CLWe S, A2P UEWZ?;@M and X/n, Ymare
i nt eger val ues; c) determ ning a background intensity

for ang, p@hélmahbﬂéﬁﬁa BPCRIARSEfo |
subtracting this background frlomtﬁ%mggmmg calculating

i mage ecting a plurality of, appr.oxi mat el .
pOSi tﬂ’@n‘%{a"%’{?ﬁm me@éurc?menhm @a@a@pauﬁdwngtthgﬁg@mhm of any

conpressed inmage; e) iterating step (d) until

appr oxf fRiBsAGSid 39ns of a desired plurality of
centroids are detected; f) converting the approxi mate

posi tgn of the desired plurality of centroids into
nor e ExactApcigerighe for aengroxst detgction imge imagiee cemprising:

every centroid position in the image has been

I dentifiedy) @u%éaﬁ?mé% 1?1@%51%%98 M8} variable pixel

signal 1ntens1ty,

b) compressing the XxY size image to an X/n x Y/m size
image, where n, m equal any integers and X/n, Y/m are integer
values;

¢) determining a background intensity for any position in the

" compressed image and subtracting this background from the
compressed image;

d) detecting a plurality of approximately positioned centroids in
the background-subtracted compressed image;

e) iterating step (d) until approximate positions of a desired
plurality of centroids are detected;

f) converting the apprdximate position of the desired plurality
of centroids into more exact positions in the XxY size image,

whereby every centroid position in the image has been identified.
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16. The algorithmof claim15, conprising: Q)

iterating step (f) until a desired |level of nore exact
weasistiiss s determned. 17. The al gorit hm oPCTIERRIOM/008205

16, further conprising: assigning a quality factor to

each centroid in relation to a magnitude of 4

posi ti onal change for each centroid in each iteration

of s16p (The alforifthn ofl Aaih IS Bm@Ming! clai ms 15 to

17, conprising: sorting the centroids déterm ned from

step (f) according to a_. predeterm ned configuration. .
19. The al §bHeratistep & Hn@g,a dsttedilavekiat more exact positions

configuration is a geonetric grid. 20. The al gorithm

of claidetdfni@nprising a rectangular grid. 21. The
al gorithmof claim18, wherein the configuration is a

ring. _22._ The_algorithmof claim 18, wherein the
conf i §lr at Tha algorthmofalame 16, ferthegcompsisingor i t hm

of claim 18, conprising: associating each determ ned

chomont . 24 oRIEEFORENG) EiEErId Oach oLHRLINET A8 1o o

\\A(,/n?nr g&ﬁ%ﬁf%ﬁbé&c&%ﬁ%ggﬁgdﬁ e):l/c?l i;:(eration of
PCT/ EP2004/ 008205
step (g).
18. .The algorithm of any of claims 15 to 17, comprising:
sorting the centroids determined from step (f) according to a
predetermined configuration.
19.  The algorithm of claim 18, wherein the configuration is a
geometric grid.
20. ‘The algorithm of claim 19, comprising a rectangular grid.
21.  The algorithm of claim 18, wherein the configuration is a ring.
22.  The algorithm of claim 18, wherein the configuration is a
straight line.
23.  The algorithm of claim 18, comprising:
associating each determined centroid with a respective centroid
image forming element.

24.  The algorithm of any of claims 15 to 23, wherein compressing

the XXY size image to an X/n x Y/m size image comprises:
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a) averaging the signal for every pixel inan n x m
square starting in a first predeterm ned regi on of
woheosmsqgsnal i mage and scanni ng t hrough the POBE®2004/008205
setting a signal level in a corresponding first
predeterm ned region of the conpressed inmge to the
average value of the first predeterm ned region; b)
repeating a) everaging the sigpetfoice vty sinBFROSEM X m square
predeterm ned regions until the X/n'x Y/ minmge siZe
I S obt.ained. .. The algorithmof clajm 24, erein n
= m SEriBgIn ?@S&Pg@ﬁqt@ﬂmrtﬁf TImPm0f Ahe originalymags And
the first predetermned region is the upper |eft
cor negcadiih$ ehicimdeth i i
clainms 15 t% 26, Where gﬁaggjgﬁﬁ%%a S%égnmépl??gg];m %FSFSFRBHdmg
the c ressed inage into lurality of i mge
segmeﬁ% rgeqtesml é%l@&rﬁaf somprassed imagerto the average
centroids, determ ning an average signal value for
cach vARBGIABTRI praffefiiddRioddhng the —average
val ues for each lrrgge segnment t eterm ne the
background intensity |evel. 28. The al gorithm of
claim 27, hhepsatingrséep faytorsespaandsand subseguengs. 29.

The al gorithmof claim27, wherein each inmage segnent
CSobIRrRRMIBEI TR Bt Gyi3uR XN Pl imde? b is cbtainea

25.  The algorithm of claim 24, wherein n'=m = 8.

26.  The algorithm of claim 24 or 25, wherein the first
predetermined region is the upper left corner of the image.
27.  The algorithm of any of claims 15 to 26, wherein step (c)
comprises:

dividing the compressed image into a plurality of image
segments each of which contains a plurality of centroids, determining
an average signal value for each image segment, and extrapolating the
average values for each image segment to determine the background
intensity level.
28.  The algorithm of claim 27, wherein the image segments are
squares.
29.  The algorithm of claim 27, wherein each image segment

contains approximately 3 to 5 centroids.
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30. The algorithmof any of clains 15 to 29, wherein

step (d) conprises: a) determ ning a nmaxi num si gnal
woabus@is495t he i mage; b) setting a threshol d vaPQ&/ER200a/008205

predet erm ned percentage of the maxi mum c)

determ ning an X-position, a Y-position, and a signal

strength of each pixel that has a signal strength

gr eat t hpRe ; - 1) ty ;

val ue:?'f rom Sttag%orzt”g?‘i ?ﬁla%gg)cﬂéﬁg#ﬁ% 1§rtg§g ’o‘?ﬁgﬁéﬂgltep @
strength; e) assigning the highest signal strength as
firstCOapprisss-mately positioned centroid; and f)
selecting a pre-set condition for defining all sorted
val ues as ' It ' - Whi ch

obey ¢ ho. P EEHTER Rt AR1SENE B e idtie
claim 30, wherein the pre-set condition is that the

posi tion df) sedtihgsuthreshoddtvadpe aegipredeternuned tpeveentage of
centroid is a farther distance away than a pre-set

di st Q | yet determ ned approximtely

posi ﬁﬂgﬁgé{( uﬁﬁi”oi ds. 32. The algorithmof claim30 or

31, further conprising setting a new threshold val ue

to a predet)adstermaihingrareKt-pgsitioh, a Yaposition, aad asigial
the sorted signal strengths and iterating steps (c-f),

MNeT iferigih 'OF adh PiReT that has # sigAal strebgih Sreater than the

{

threshold value;

d) sorting the values from step (c) in descending order of signal
strength;

e) assigning the highest signal strength as first approximately
positioned centroid; and

f) selecting a pre-set condition for defining all sorted values as
approximately positioned centroids, which obey the pre-set condition.
31. The algorithm of claim 30, wherein the pre-set condition is that
the position of each subsequent approximately positioned centroid is
a farther distance away than a pre-set distance from all yet determined
approximately positioned centroids.
32.  The algorithm of claim 30 or 31, further comprising setting a
new threshold value to a predetermined percentage of a minimum

value of the sorted signal strengths and iterating steps (c-f), wherein
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the already identified approxi mately positioned

centroids are not identified again. 33. The al gorithm
woho@mysef clainms 15 to 32, wherein step (f) PCT/EP2004/008205

conprises: defining a boundary structure around every

approximate position of the desired plurality of

centroids in the original image; and determning a

cent efhefIrémBsidentiiel %@@ﬁ%@%ﬁ%g}ﬂlﬁﬁbﬂé@ kentroids are not

dlstrlbutlon i nsi de of The al gorithm

of clai conprising: a) calculating a straight
li ne %ﬂ#ﬁ%ﬂ 4FHNeach sorted centroid, i, containing

the centroid point, i, and having a sl ope between the

val ues3 of TREQW orfttin by 9 dfai g 1%&?2%@931?1 step (f)

di stance, ni, tween the I|ne and "a retference
position in the image; c) sorting all centroids, in,
by nICHNRFSEHg with the small est nl val ue; d)
assigning the centroid with the smallest nl to a first

the 1irst sauiig 4 Roanafy SRty abufe byea msidbRe

right of a last centroid-of a given row having
di nerposstientdfdheatesiredrplatalitycafncendtoidblin thy omgifil Mihge; and
2005/ 015495 PCT/ EP2004/ 008205 i nmagi ng conponent

parameter And.3;303RC St 3P SadsCls t%%t selgﬁaf)f]or%e signal

distribution inside of the boundary.
34.  The algorithm of claim 20, comprising:

a) calculating a straight line formula for each sorted centroid, i,
containing the centroid point, i, and having a slope between the values

~of about <-0.1 or >0.1;

b) calculating a distance, n;, between the line and a reference
position in the image;

c) sorting all centroids, i,, by n; starting with the smallest n;
value;

d) assigning the centroid with the smallest n; to a first row and
storing this centroid as a last centroid in the first row;

e) defining a region as an area to the right of a last centroid of a

given row having dimensions that are variably controllable by an
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selected grid structure; f) obtaining the next nl

value and determning, for all existing rows, whether
woheospemsoi d is within the region; g) assigni RQTER2004/008205

centroid as the last centroid in the given rowif the

centroid is wthin the region, or, assigning the

centroid as the last centroid in a newrow if the

cont rok . , i . .

(1 gy i qUihpbAent AuRRSLE dnd AslipRaeie ThER8tection of a

y-position for_each row and sorting the rows

accorsfleefed grichstraglgye y- positions to identify a top

row, Row 1, a next row, Row 2, and so on to Row n; j)

assi gni ng i Lt h I - 10 1 0.5k ot
col um an@@tgﬁﬁfﬁg%ﬁ P\gkg gh‘%ernglegﬁgs&%ﬁg@mgég r%ll1 g%('_istlng
in the first colum; k) defining a region as an area

bel owaws whethet éne contront isawithin éne cegionn havi ng

di mensions that are variably controll able by the

I magi ng co : . p P g f .
det ect on Sr g phirBRHERRRoity BedbdRGrOiiR fe'eiien row if
obtai ning the next nl value and determ ning, for all
exi stthegentmidin syithinetheaegidg areassignthg thentdrtroid dethe last
region; m assigning the centroid as the last centroid
in the van  colum if.the cent.roid is wihin the
r ogi et L Ren gy 16 IndCediliftings sulrfeshesraifios
PCT/ EP2004/.008205

h) repeating steps (f-g) for all centroids;

i) calculating an average y-position for each row and sorting
the rows according to the average y-positions to identify a top row,
Row 1, a next row, Row 2, and so on to Row n;

j) assigning the centroid with the smallest n; to a first column
and storing this centroid as a last centroid in the first column;

k) defining a ;egion as an area below the last centroid of a
given column having dimensions that are variably controllable by the
imaging component parameter and a shape suitable for detection of
the selected grid structure;

I) obtaining the next n; value and determining, for all existing
columns, whether the centroid is within the region;

m) assigning the centroid as the last centroid in the given

column if the centroid is within the region, or, assigning the centroid
28



as the last centroid in a new colum if the centroid

is outside the region; n) repeating steps (1-m for
wabkbosmems oi ds; and o) cal cul ati ng an aver age PCT/EP2004/008205

X-position for each colum and sorting the colums

according to the average x-positions to identify a

first colum, Colum 1, a next colum, Colum 2, and

S0 onag the B8t UBALrid APa nEHE celaphiif tie @énﬁbfﬂ f§ é’ﬁ'tmde the
wherein the reference position is an upper |ef

corner of the image. 36. A device readabl e nedi um
havi nF&PBred thereon an executable instruction in
the formof the algorithm of cIa|m15 37. A wavefront

measuri ng ﬁPPe;g{e;élgﬁlt%Ostggl R 26 al Peritho1dR) B4 1 ON

conponent ad spot " o l'i ght
onto a retipa; an inmagi ng conponent that can form a
centroid i ehgalcylating pnmviesageok-pasitien deneach ealumorand
the retina and exiting a pupil of an eye a detector

adapt ge @ t%%%lﬁﬁ]ﬁsh&&ﬁ&{r{ggidje ec wrag {38§?ﬁ)§1§rtoiiaentify a

operative~connection wt can
execute a centroi d displacenent cal cul atl on to

det er Hisieokama, ((Colummd as meatreotumnf ﬁh}mmmi’h amdst\dn to
2005/ 015495 PCT/ EP2004/ 008205

Column n.
35. The algorithm of claim 34 wherein the reference position is an
upper left corner of the image.
36. A device readable medium having stored thereon an executable
instruction in the form of the algorithm of claim 15.
37. A wavefront measuring apparatus, comprising:

an illumination component adapted to deliver a small spot of
light onto a retina;

an imaging component that can form a centroid image of
illumination light scattered from the retina and exiting a pupil of an
eye;

a detector adapted to acquire the centroid image;

a processor in operative connection with the detector that can
execute a centroid displacement calculation to determine wavefront

measurement information;
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a di splay conponent in operative connection with the

processor that can display a sel ected wavefront
woresisyent i nformati on; and neans for i nstrueCTmg2@m008205

online calcul ation and display of the selected

wavef ront nmeasurenent information. 30

a display component in operative connection with the processor
that can display a selected wavefront measurement information; and
means for instructing an online calculation and display of the

selected wavefront measurement information.
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