WD 01/ 28409 PCT/ US00/ 29078 RAPI D, AUTOVATI C MEASUREMENT OF THE EYE S WAVE

" ABERRATI ON 5 BACKGROUND OF THE | NVENTI ON The present invention is directed

to a wavefloQikssensor and nore particularly to a wavefraumsosessor for
opht hal m ¢ app?l cations. It is known in astrononmy to detect wavefront

aberrations caused by the aAmsplereMATIEOMIASUREMENT Of a Hartmann Shack

detector. Such detection is kG SSAVE ABERRATION. M Alloin and J. M
Mariotti, eds., Adaptive Optics for Astronony, Dordrecht: Kl uwer Academ c

Publ i shers, 1994. Mre recently, such a technique has been used to detect
wavef ront aber rEACROEROUNDITETHE VENTIONf or such purposes as intraocul ar

d f ab di
"n Uiang et al. ?%L;rée”%%t%‘aé%ﬁ%%@ﬁtﬁﬂéfaw@%%%%’% B PRECERE 15 himan

eye with the user of .a Hart ve-front sensor,"” Journal of the
Optical Soci etﬁ°6f"'ﬂ¥?§°f‘tcs§ns°% W\ﬁ%‘;}a% uly, 1994, pp. 1-9, the
di scl osure of whi _cﬂ |1§m@§§§at% %ceopm &Q&aﬁg{% &fsr}g&ed thiS entirety
into the present di Sct oSur e u sunrmarl zed with

reference Lo Figuda t,seowpﬁm SR8y @1 NeT 11 ght
source is di recat }tlowar e pupl S |nC| ent on the retina.
Because the Jetchéaﬂ)s&lfsﬁg. .l(/[.‘%.tiﬁﬂraﬁa % 1@&&9&0;{@&&3&%}%& four orders

of magni tude di mrer e original beami$ réflécted by the retina and

enmerges fromt i Nt REd8N kudniaght fol | ow
a,f} %Bé&? mdﬁm BibbyAcaliddGe DOMERIE oAl S @y)

a common optic the incomng Iight is brought into the conmon

optical path wtmnﬁu@&%ébmlsédtt& Bétect WARAGIRE&REbnse B hinfarcd)P kdr 66tht 0 a
Har t mann- Shack sensor to detect the 25 aberrations. Such a detector

includes an ar rpayposds ab Riradcalabsuldeat anl carddet Mfs fibiRatidng ISucH detedtiond array of
spots and focus the spots onto a charge-coupl ed detector or other two-

di nensi onal | i glidclodel €8} D iangebdl1'Objeotive nfeadubiimchst wale stefrationt ofthé t S
di spl acenent A from 1 SUBSTI TUTE SHEET (RULE 26) WO 01/28409
PCT/ USOQO 290578 hukdae eyeowiili thowsendfia dartmbnnvhaticdw e dieopt/sensor,t ferald ghce of
wavefront aberrations, and the
Optical Society of America, 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
20 theretina. Because the retina is highly absorbing, a beam on the order of four orders
of magnitude 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
25  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 detsctor. . Each spot is located to determine its displacement A from
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di spl acenents of the spots allow reconstruction of the wavefront and thus
detection of the aberrations through known mat hemati cal techni ques.

| mpr ovenentyo é1@sdobe t echni que of Liang et al are taught RGT/US00/2902g and D.
R 5 WIlians, "Aberrations and retinal imge quality of the normal human
eye," Journal  Ofhe bhBidaRitichal wSOE beduyy Bf thd\iBaérce af wikefront4beritions] dnd thbvenber ,
1997, pp. 2873-288 and in U S Patent No. 5,777,719 to Wllians et al.
The di scl osur es @kpldchaéntsdtiniethes Aley re@hstivoddn df deavavefimeaddainsidytestivaof por at ed
by reference inits entirety into the present disclosure. WIllians et at

t eaches t echni quibe afefrticiie thatich kupvalyetheabii@htechmiyges or usi ng 10 t he
aberrations thus detected for eye surgery and the fabrication of

i ntraocul ar and conGapbvinensdsthe oimimwe of Liotgw at acctanghtjindsLigig anf Hs B
references, unlike that of the Liang et at 1994 article, |end thensel ves

t o automations Gaiiltiems, AlEretdne dedrstinahimagegyality ofithe oormsjchunpgeyey’ Jparngbs Al
teaches a further variation using polarizing optics to contr ol

back- scatter fr ogfitkdfepticelfociety ofimania, 3l deNorl1sevamber, l99APR| 3833885 t he eye
presents uni que problens and i ssues not necessarily faced in astraonony..
For exanpl e, whitnd imEhSePatenNosHI7I 9 toy/Eiflisms efah RS"[‘KSGWW o that figle andni f or m
intensity across their entrance pupil, this is not the case with systens
for the ~eye. Theftes)patenipehrebyingomasaedyaclereace dn il qirsty; gl fppresent
Stiles-Crawford effect. _That effec is.a directional sensitiyvity of the
retina, one mani $iglasEeE; WH”WM%WL‘?S? Wﬁﬁ%ﬁ%‘ﬂ%%‘%ﬁfﬁ‘t‘#%ﬁ ross the
pupi |l of the eye en Light is flected from,t retina. It exigts

because il uff nat QQWEQHW%%F§% ﬂﬁﬁ”@“ﬁ?ﬁﬁFHhﬁg%nﬁﬁﬁﬁPngﬁﬁmggﬁ er of the
pupil than toward the pupil margipn.. Al so nl t e QLT | i ght
from ot her sour c“é"gfa"tgﬁ’g%' W&’fe%”?rb il geg}#r?\ NSt Ofrﬂgqﬁ? ié%e??ng%,, 'In%g% 3 flﬁar?t]' ?%' uced
into the wavefront r, f ] . S i can interfere
with the measur e%é‘%fﬁgﬁﬁg%’&%&?%%?ﬁ%ﬁ ?“%ﬁilgﬁsg%%ﬁgﬁg@% RULE 26) 'I1

WO 01/ 28409 PCT/ é&%ﬁé&ﬁ%@%ﬁ BH%s B WRIT b SaroR bt poby i Bl e

ennoi uitered. For exa a subset o spots that e formed in

t he Hart mann- Shagl b8l fter £HN MRS in BEBReotsither because the aberrations
are unusually large (e.g., a huge aberration ’

15 Analysis of the eye presents unique problems and issues not necessarily faced

in astronomy.. For exalhple, 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 sensitivity of the retina, one manifestation of which is an intensity
20  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.
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caused by a scar or the like can displace or deformthe spot so nuch that
the spot's 5 origin cannot be determ ned or the spot |eaves the field of

vi ew of taﬁuﬂﬁﬁﬁgtor al together), or they are occl udedpdpusrpasdi €s in the

eye's optics or by the pupil. In current wavefront sensors, the | oss of
any spots frustrate At o o rraft i ot her
problemis that of 3@%?@%@%“%%%?%“?@% F*%Qﬁ§§%§§35ﬁ$o't é&$¥§ggppupil of

10 a tel escone. oMt SaEpors Bl Bo Al B Bl ol dEroPBERAL O

Real -ti me wavefront sensors een nonstrated I n astronony, but where

operati on 19 G, b a8 € ki G ooy o 3Bl L1 ol osed

| oop bandwi dths greater than 30Hz. The atnosphere is nuch too turbul ent

for real-time cQRRERSALdaOH BEIKE LAVBGILALER PN P& «f 2ull BRkndpae Present

adaptive optics techniques for the eye operate at a very slowrate, |ess

than 0.25 Hzs  apgiriant@be @unRifBd rdRd sodt 16989 Bell BEviRyBRnSRRKIAL | ON, even
with single exposures. Real -tinme operation is not possible because of the
factors descri hfggetiBoMaheylsdRoluddd®§ SpdcRieh i tH6’s @Pivk Oyby B Aipilvel Y | ong
focal length Ienslet arrays. Such 1nstrunents have high sensitivity to
smal | changes idintdievaséthintseniors] the lodbofany hoRiFRkkAdsittomputitia ofheease Of
dynam ¢ range and robustness. |ndividual spots in the wavefront sensor

i mage often ovebemgtionparti cul arly near the edge of the pupil, making it
difficult for automatic centroid spot conmputation. Such problens can

devel op especi al | y Anothereprabdanmie that eflvaridbis pupiinsing, 23 oppoded ththofbed ptpil of
intervention should be mnimzed. As a result, these systens cannot
measur e thelavadelggsepeation in a large 25 fraction of human eyes. An
optim zed wavefront sensor for the eye should therefore 3 SUBSTI TUTE SHEET
(RULE 26) WO 01/ 284dreousy bieeiytroesns of maldimerdperatinn Redddimporayefianti ty and
dynam c range, operate in real-tinme, and be capable of use with a

si gni ficant fr a¢esomhaysbegydeonsfygted ipsasonortyebnt speatipn isrequfredatiaiese f r ont
sensor for the eye is deterninedaﬁgkinarily by the focal Iength of the

| ensl et array. ey gmetoptan 3004k qsedigerapeipidths greadprdham 308z pFhspor t i onal

to the focal |ength el atj vel Long focal length (e.q., 97
_ augospherg{ 1s much too t&{-bulent or real-time comp%nsaticgn at glowcr rates. On the

15 other hand, present adaptive optics techniques for the eye operate at a very slow rate,
Iess than 0.25 Hz, and do not automatically compute the wave aberration, even \_vith
single exposures. Real-time operation is not possible becaunse 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

20  aberration at the expense of dynamic range and 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

25  fraction of human eyes. An optimized wavefront sensor for the eye should therefore
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| ensl et arrays used in high sensitivity wavefront sensors for neasuring eye
wave aberrations typically show a snall nean standard devi ation of

repeat ed nRasewg§@Nts across the pupil of an artifici al pexyesootwrs exanpl e,
7/ 487 (at 632.8 nm the heliumneon |aser wavelength) for a 3.4 nm pupil.
Mor eover, the eypeopedybatanhe @hﬁiﬁﬁtys:ad/dam@manee,toperalgqmd{ﬁn&nandfoe tdpebledge of
the pupil due to sneared or scarred areas of the eye's tissue. Thus, such
wavef ront sensorofuswtithbisignifiva fisgivaiof éyed-t y t han necessary and require an
algorithmto hunt/locate the mgrating spots. Another challenge to

real -time wavefront Fharseasereinent sensitizijeof sswavielons senserafor thy gy defeiminedof t he
spot of light imged on the retina. |nhonogeneity, caused, for 15 exanple,
by | aser speckl erimerilydyiteecfoenh isasth of thalendeterny Thesmalsbmpapialle Watefrans,

di srupts the accuracy of the spot |ocalizatoin. This probl em I S_exacer bat ed
with the short stoppéssuensstionalde thedcal lngtFeB-PhWeh'B‘O%@Pﬂtl?%ﬂ‘ eﬂs 9am syl t of
t he above-noted problenms wth wavefrgont sensing in the eye,, r obust and
real -time sensi fepsiebarays g inchish pasiivily yavefipit sR‘i‘ﬁ%%nf"F PW“%FP W&E SUMVARY
OF THE | NVENTI ON Wi | e many of the above | ens,. haye rently been
overcone in ast@%’ﬁ&ﬂ%ﬁtyﬂl‘fﬁﬁﬂ‘ﬂw%@ &R dﬁ‘g “{‘)1%6 i ng t hat

a need exists in the art _ for vefront sen b e ndl i ng the
uni que probl ens WS&%P@%@W@%W@ISM@@@ é@gﬁf‘{'«‘%l@fé’@ PIRI i1 11111

Frrrrrrrrrrn |l | 4 SUBSTI TUTE ?HEET WO 01/}(3%309 PCT/ USOO/ 29078
therefore a pri Hﬁ?&wﬁ’ﬁ% 1ot 2 844 t ‘HFP CFHF&%USS I‘?Sﬁ‘fﬁeqﬁ’

bl whi ch | d | | t f
Bt enna. pr opl t RGP Eaass oiepa ax S #redied uifs S opBlRr S 2

either among | ndfh%sl, %l v?avg nt Qentsols heexsnilb'ﬁemore sensitivity than necessary and require an

algorithm to hunt/locate the migrating spots.

Another challenée to real-time wafeﬁmt sensing in the eye is the spatial
homogeneity of the spot of light imaged on the retina. Inhomogeneity, caused, for

15  example, by laser speckle or reflectance variations in the underlying retina, disrupts
the accuracy of the spot localizatoin. 'fhis problem is exacerbated with the short

exposures required for real-time operation.

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.
20
~ 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 capﬁble of handling the unique problems of the eye. Itis

This Sheet Has Been R

T

SUBSTITUTE SHEET (RULE 26)



i ndi vi dual under different levels of illumnation, increasing severity
"ofthe-wave 5 aberration at the edge of the pupil, and spatial inhonogeneity

of the re‘&br@zs“kmi ch produces centroiding errors. To gdigéedote above and
ot her obj €cts; The present invention is directed to a system adapted to

h ' . ob| S : ' Bl 1 um nat i
ar e hanal od by T F RiFERK B L0 Bl E Rl IO PR e | T 0 "
are handl ed by YEEATHAGY! ogh T e cente .
 mage. Each 1 nErar P SubERn ol Bttt loblaBrorBC T et (P O 11

corresponding S3ak MRMhEAE viellolo o PRARRGS aibnd BGHEAN: RBRLER TN and has

a side of |ength equa I nter-spot spacing would be in the

absence of  wayghy; ARt wRlRkFEA: Rels @fiﬁdxﬁiﬁiﬁoﬁ}iﬁ‘c‘f‘cﬁsiﬁ% sdvBxfty SP@b whRCat i on i s
produced by finding the 15 intensity centroid of the portion of the inmge
Wi thin each si NighdrftioRthe edghIR 1R P lahPdpatid BifiorhSpelity WPthe ¢4 SHHRL ON t hat
centroid. The smaller box can be clipped to lie within the initial box. A
new centroi d i $ydaRsssdentibiibBrrdbat snall er box. That process is iterated
until the box Size reaches sone criterion size, such as a width equal to
the full wdth of hachietekt iBeae &id diatotiicts haprleteatinbdntibd # dirsgpsdiio a Each st ep
throws away data 20 renote fromthe centroid found in the previous step,
since such dat ayswasidaptedidloyercargosuch imiqueipfblemms. systemati c errors rather than
information useful in locating the spot. There are two stages used in
centroi di ng the spoEmsors introducei Hyi nostnifotnaijaminatdnareimodied by peatiag theest abl i shed
based on centered reference positions or on the center of the inage on the
det ect or (i10e. spdtf thomglsthe followihy cenfioilinga¢chuiquet @nbevngqmegamsleben, hetof of an 25
assunpti on where boxes are | ocated and decides how far out to go as the
process runs SnitlBees inigatmp SritE TnigUERIG}ial\Wex 3 tengadaopd tieJsatsR 9078
according to the known size of the |enslet array and nunber of |enslets.
The boxes in twherejagpreponding spt iquldba in thepbasugnof wevelimt sherratiquapd hagiei ch can
be described as being constructed in rings about a center box with the

| ocation of th&idsgfienetiheareldo phathp intgraipat spicingdvauld bs ik e ekseucedf out war d
direction. The size of the boxes using either 5 techni gue can be adjusted

by a paramet er YENEERLPRRIOPnA G5t SRest ofthespotdpetions preduced by finding the
15  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
20 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.
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 les.s of an

25  assumption where boxes are located and decides how far out to go as the process runs
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software, for exanple, 90% of the actual inter-lenslet spacing or 90% of
the area of a box having sides equal in length to the inter-lenslet ~
spaci ng. Ojggolidmpse boxes are determ ned, a technique carciEsows®d t hat

| ocates a centroid within an initial box, centers a smaller sized box on
that centroid, fRid@AUEM theli@oRY sikddTeilBlel By GRIHubBbbf Balkt, THo®bkawed by
anot her smaller box centering, and so on until the diffraction |limted box
size i's reached @Rld@miiRakn R ki BeghlirSrilg WhicHbaes descAbdies baig vel y, a
techni que can be used that starts with an initial box, finds a centroid

wi thin that box,cossmbted i rkgSbohtla@Entetdox Gtk thie dsdatvpof te ohtietoxedeing 0i d, cli ps
as descri bed above, calculates the next centroid, centers a decrenented
box again, cli pdetgined inakéehickGo-oward diredtibn. t The sizh bf the toxenisig kitheg each
centroid within the original box. This process also term nates when the

di ffraction |3i mtecheigieoan be Zdjusted by e parreeteraniiret] by theiopedtomestoredind i s

determ ned. An additional centroid can be calculated on the entire array to
| ocate the centseftwargjforexample, S6Paf ihalattyal inderdenglet spadingoy 80% oHhe bred effiigt h

| ensl et ~arrays. Doing so 20 permts conpensation for spot mgration, which
i s conpensat ed fhox higgng sides equatie tength to theunter-lehsletispacingt i re array. Iteratively
centroiding is to be contrasted with previous techniques such as sinply
usi ng t hreshol di ng aRecethespberepire destrmined, adtechrigpe cgn beygssdthafrlocatepa entire box.
The present invention better finds the center. and reduces the effects of

radi ance caused “8goidwithip arisitiahox centers o paallep fipad hpy v thatgeatiod, falloyef

PCT/ USO07 2001 | TaersiRe e SspRRIE pes TIGHS Btk pRler b gRedtodse pay 11 g1 ¢
desor | bed i nel udull hediit ioled Bt hatroy Mol SelF SRR anot her
Chen trans! at ed Aty dhen Sl e beos ] Pttt B et aiey
oal oul ati on of R BiteF sl FRE dul bR h ol SRR HERR 1€
box as the’ box S$iz®R Lafculates the next centroid, centers a decremented box again, clips again, and

15  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 c_entroid can be calculated on the entire array to locate the
center, which is especially used with longer focal length lenslet arrays. Doing so

20 permits compensation for s?ot migration, which is compensated for by the center of
mass of the entire array. Iteratively centroiding is to be contrasted with previous
tedhniques such as simply using thresholding and simply by doing a center of mass of
the entire box. The 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
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reduced to account for data fromdifferent pixels. The centroiding

‘techni que using shrinking boxes overconmes a difficulty found 1o in

centroi di {@ othid®ut shrinking boxes, namely, errors whepcinsbseoss € br oad
intensity gradients such as caused by the Stiles-Crawford effect Ocul ar

abnor mal i ties, SUCH; RS IsS redh @b BRktslor bifhy HpRtREARhaLededare f rom where
they woul d be i'n the absence of wavefront agerratl on. Such spots can cone

close to, or eygn QY@ afingtdrer spots. In fact, such spots can be
di spl aced so far that ~ 15 they di sappear fromthe field of view of the

det ect or al t oget her ThdInhRinfa1 iR HestitiR iERlésire-Snterig Ghd RfodAEHikdi ONs, can
absorb light, so that no spot is produced at all. To handl e such

abnormalities, dpb@tigheCmenbthirtudodinent aftoflitigde the thvetivh) the/bexed @h be Wavef r ont
reconstruction 1n the absence of certain data points. Part of the wavefront

reconstruction smdefirMe hehtnsEdpdnd @idn ofippad waithiresholdhvake of imtaasitgdnr espond t o
20 di spl acenents of the spots fromtheir positions in the absence of
aberration. Forwli¢hainly these bixpirvabheciboge the tlesildiwilizbe dieled s calgulationnpl y be
deleted fromthe matrix, or the values contained in such rows can be

ext rapol at ed f rafthepeitmith dhkngan dwche aAtridblvdhrshaldtpetioxtal ihs bbx sizeiibi | ity is the
particul ar data structure, which is a matrix of Zerni ke node nunber in the
col ums and cerredugéddio décoprit deralate fromdififdsent pikels.t he 7 SUBSTI TUTE SHEET ( RULE
26) WD 01/ 28409 PCT/ US00/29078 rows. The matrix is used to cal culate the
Zer ni ke coef fi ci ent $he esniiding terhmique neingiviekinghoxes erercomess diffipdtydgund
Different criteria can be used_ for determ ning whether to onmit a centroid
or not, sudh o8 cenfeidiygnhartghrpkingdoresnawelyy aers when theyg arphreadintesity i n t he
center of mass 5 cal cul ation, a position of a point being outside of a box
or in a highly Séreathag capsedby the StiesCramerdséiet or poi nts bei ng ocel uded
totally by corneal 88‘21% S. Then based on these onitted response or

centroids which can-B&* % °P °af§y°aflf:§ﬁ1émbgagtﬁ evigied fgf, ed, one
caloulates | e ey e 2 YRR a0 SRR e
_h andled in the c?c%g?o, iorne%r}/ év%ﬂal, bﬂxgras%&s.cl%?ace guch%go%snca% .e %plaJeIi go far that
15  they disappear from the field of view of the detector altogether. Other ocular
abnormalities, such as occlusion's, 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 mafrix whose rows correspond to
20  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 thc-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, Wﬁch is a matrix

of Zernike mode number in the columns and centroid displacement number in the
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that is not convenient or possible, data can be taken in a | arger pupjl
radius, and then the centroids in a smaller radius can be |ocated. A
renor mal i zgjd Piksipocedure is used to provide a matrix tRCRGSNRI0S t he
wavefront reconstruction fromthe larger radius to the smaller one. The
vari abl e pupil si#g TRSHuSs bita & dafthiatlhe/itEREHobntS R WeRmifcte Wavel S
wavefront reconstruction, which can be handl ed by varying the nunber of
Zem cke nodes UgRMAadoA oftheeyeeCcoONnstruction. The wave aberration is

recal cul ated based on a new radius using software as opposed to changi ng
the actual excl uded @Rfiéremiciteria dahBE iseld @r ditérniring sitettar 0 omiercentfoitlat a poi nt s,
the software can determ ne a nunber of Zerni ke orders, and correspondi ngly
a maxi mum nunber ncddfsuéhd @ stahduird desiation?dT thiedighicwithired bxyin the lcetdr afmaks For
exanpl e, order 0 has node 1, order 1 has nodes 2 and 3, order 2 has nodes
4, 5, and 6, et ccald@atien, abbsjtioniof a poiet being outkidt «f's bpmertin g highly unexpiected apiat hi n an
order, it is desirable to have all the nodes within that order. Therefore,
one woul d not cuwitlinthebex, oopbings Reingredeladed tasally iy corgeah dafectsn Thembasedianose ar e
all withinthe third order Zem ke equations. A general rule of thunb for
cal cul ati ng the tesdemitied r@ponsraygemdroids Whichwseebs denexyyafrane by digme Rasisif s
equation, one sees that beginning with the 8 SUBSTI TUTE SHEET (RULE 26) ||
WD 01/ 28409 PCT/ dss0dl oBa atm}hq)%qrmt_wmgdpai'l abl e centroids, that nunmber of

centroids is divided by two, yieldin t he, maxi mum cal cul abl s. One
can deternine the hi Q’F?E%‘%leﬁ’lpﬁé‘lzeﬁéﬁg@&}?dﬁ’é“é?éﬂF&’i "F?:@ﬁ%’tn&gtﬁ%ased
modes. 5 Thah, VHEIAPaHaGE b N saiet Htrsmhe B iAo o E kg ot ©
nodes. 5 Then, ‘0 a

211 ove. one {0 aclEEREFPIEELRIPEIN A k] PR TP RTR A0 B, The
all ows one to ac C | guations. The

i ncreasi ng sever{ht Xﬁgg’ t he vvglgef r,ont ant%grcrgf%&ig @ﬁna?}i?a%oﬁ §ed§hfei§‘¥§8 pupi |
can be dealt wit ljdfj’éltasﬁ %ﬁdBléa‘?n ° patial I nhonogeneity o l%he
retina can be handl ed, t hr %ﬁ ! 6 S | ource of
short coherence °é’ﬁ°d'?dﬁaﬁméa uceg‘gﬁmﬁ%&g% em 8‘#’%%%I e eﬁé&%ﬁsg

the smaller one. The variable pupil size results in a variablc nurnber of spots used in

15 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 fo changing the actual excluded centroids.

Starting with a valid number of data points, the software can determine a
number of Zernike orders, and correspondingly a maximum number of modes that can

20 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 Zemike equations.' A general rule of thumb for calculating the order is

25  (modes+ 1)(modes +2)/2. Based on this equation, one sees that beginning with the
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caused by interference in |light of high coherence. In addition, the
i nhonbgeneity can be averaged out by scanning the illumnating |ight

across a ghedilsmbstance of the retina and de-scanni ng p&gusiIBs@Ent |ight.
15 The above features allow a wavefront sensor according to the present

invention to phgMbses bafhble fafdisd hattmBaoftain@ids Alvidid Bl R, yRldhg UP to 50
Hz. BRI EF DESCRI PTI ON OF THE DRAW NGS A better understanding of the

present i nvent i madduh ealoidbi msdds. when the 20 foll ow ng detail ed
description of the preferred enbodinent is considered in conjunction with
the foll ow ng draw Ogs&canidsterdinecths hifliegt.order thatoas bé veuratplyicalsulatéd based

Har t mann- Shack detector; Fig. 2 is a diagramof a wavefront sensor in
accordance w t lupen fhe eimaber eflensienstibddedbn R, yiéldihf the prmsisse bf calcnlablaiviodes, 25 Fig. 3
is a block diagramof a computer of the wavefront sensor of Fig. 2; 9
SUBSTI TUTE SHEHTexd, Rid Highe& condyilete fiingtitd Omddey franslas ©ApiBiculk aqgderAF@hows pl ot s,
for three subjects, of neasurenents of the anount of comm, astigmatism and
spheri cal aber resampie 20kentrotds gickls ) Zotikehadegovhidh adlbweme tawcantelydat | on
snoothly fromone state to another; Fig. 5 illustrates nodul ation transfer
functi ons conppripute thstivdoadenZaninequatiods.of the t hree subj ects'
wave-aberrations; Fig. 6 shows inmages obtained with and wi thout scanning in
the wavefront sensé léfreqsmg.sevzl;ityp?@?wwqﬁlont@w@%stthqaslg@qfft&ﬂupdpmscanni ng
in the wavefront sensor of Fig, 2; Figs. 8A and 8B illustrate hypotheti cal
arrays used i nbedpalipvithas it esbRb 10 coefficients; Fig. 9 illustrates a
circul ar reg)iuon used to capture centroid data wthin correspondi ng boxes

and a proceffure f or SPriplighamegeneityof i rgting cembehadied eough e follpwinge i r cul ar
t hod. of centroi dfi

g(r: ggr :j;nggd\lljmcte ’caﬁlqgess A]h%iltl s%urice! J)il'éﬁgrg c%ileerex?ce ength reduces the problem o sggckjen
caused by interference in light of high coherence. In ad<.1i1ion, the inhomogeneity can
be averaged out by scanning the illuminating light across a short distance of the retina
and de-scanning the emergent light.

15 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
20 following detailed description of the preferred embodiment is considered in
conjunction with the following drawings, in which:
Fig. 1 shows the opﬁcs of a Hartmann-Shack detector;
Fig. 2 is 2 diagram of 2 wavefront sensor in accordance with a preferred
embodiment of the present invention;

25 Fig. 3 is a block diagram of a compirter of the wavefront sensor of Fig. 2;

9
SUBSTITUTE SHEET (RULE 26)



15 enbodi ment of the invention. Fig. 13 is a flowchart diagramof a nethod,
in accordance with an enbodinent of the invention; Fig. 14 is a flowhart
di agr am of wp sfpdyoe of the nmethod of Fig. 13; Fig. 15 i spewmiusope7d | owchart
di agram of a nodul e of the nethod of Fig. 13; 20 Fig. 16 is another

fl owchart diagram of g, 40&wh plofdf fof thfke BidjdB,bf Bleadicthentd 3f theufounfdfgomd, 7 1 S
anot her flowchart diagram of a nodule of the nethod of Fig. 13. Fig. 18
shows time aver ag@gnaBith el sphafidaDabégition whbahelnbjitichaigedhighaf ect adaptive
optical systemfor natural accommobdation with far target and 5.8 nm pupil.
10 SUBSTI TUTE SHitolnidakfidn s2opthlyl frovifdmd diatd &ethei"T/ USO0/ 29078 DETAI LED
DESCRI PTI ON A preferred enbodi nent and variations thereof will now be set
forth in detail wi tRigr®fllestetes enothdlation drambfen finctipns conmpuisldifioin theakeemsafser ence
nunerals refer to like conponents throughout. The detail ed description

wi || be organi zedf thelthree subjests twave btwrrdtiogs;| ut i ons set forth in the summary

W Il be described in greater detail in turn. Then, the hardware, software
and applications of Figed howk tmagesbbiaisd sithenst witkont scanging én the wavefionti n t hat
order. Reference will be nade throughout to Fig. 2, which shows a wavefront
sensor accor di ngensor offfég- By ef erred enbodi nent, and to Fig. 3, which shows a
conputer for use with the wavefront sensor. 10 Shrinki ng Box Centroiding
As is known in the aFig; 7 fneraies therfion of scamisg & thewaveFantserset o &% Het er ni ni ng

the displacenent of_ each spot fromijts ideal |ocation, whigh is the
l ocation that it wouFi&s- 86&&659lﬁqﬁﬁﬁfﬁ@wafb%t@ﬂeaawﬁaﬂéﬁ?%WZﬂaﬁ ations. The

spots are | ocat edg% centroiding, nanely, finding the centroid in the inmge
correspondi nd? t FEREMEHot . The centroid is 15 an average | ocation wei ghted

by intensity and is us to. a center ravity. . her words, the
centroid is a mat heﬁgﬁﬁﬁﬁﬁ’fﬁaﬁa‘ﬁ%ﬁ%@ﬁ?@%‘%ﬂ eerc%tfm'%%‘éa‘g'og

Vot hemat i Cal 1. Lf ol iadh oo bloohlTRSfihe bl oGSl i | 0"

=

circular area is reduced;
Figs. 10-12 illustrate a method of centroiding in accordancc with an
15 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;
20 Fig. 16 is another flowchart diagram of 2 module of the method of Fig. 13; and
Fig. 17 is another flowchart diagram of 2 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
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rectangul ar coordi nates of the centroid within that area are given by f xlI
(x, Yydxdy f yl (x, y)dxdy 15IxYA 20 The preferred enbodi nrent uses an
iterativeySalkabdi Ng technique to provide robust and asetusdopssentroid

| ocation. In one variant, the image is divided into an array of initial
boxes, each centere& 8 he | | ocation of the spot and having a |inear
di nensi on equal tween the ideal |ocations of the spots,

much 11 SUBSTI TUTE,SHEET LE 26) .01/ 28409, PCT/ US00/ 29078, 111ce t he
array shown in Fi gufes %ﬁd%mg‘ﬁ‘?n?w 8“0&51&’16‘76? foy Es%g‘l‘?‘é’%d%?"lt he eye
is high enough gr 1he wayefront sensof..ds de 1 nsensitive. through use of
a short focal nglrf&[cﬁmfeg%g‘fgg{awﬁgf’ }“’31‘3{”4@ egfaeﬂ%elnymteﬁ%tﬁ%rzfgﬁk%ct ual image

spot fromthe detector .of th C ra. 20 wi.l | fall wi.thif. . a rg espondi ng
box of this hy p°8F°ﬁ%’feP%5‘1“’“55‘[1“;Ehe?dgaél?de‘%’é%l\f’wsmnavr’é@% .org%%%. %g %ﬁ/\téees uch an
initial box 100 i ' B, it ' Séggﬂg.ﬁ [ Yy pi xels. In
anot her var i%ntms gnvf/r%giﬂr’] I §e§ , I F?@%@Fﬁ%&%%%eeégé%g@%‘g or’ generating

nital boxes.  ThenAiA ffuekdigh bilhichQKES QRREASHLEbefiilTBY s i1 N P

being a square array. Inst nirregular array. In Fig. 10, a

first box 70 I sy 3 LdgnRE 'cﬁeivaﬁﬂuha@amﬁgh%weﬁgiﬂgvhﬁﬁ@ﬁ@v&smvi@ﬁonzz The

center point 72 corresponds to an i1deal 1nmage spot position (i.e., the

that a spot woUegkoPsde {o'thd RERAREE Y Binteht, andRY B! N WhicBBESWsAlchapsyr at the
center of the imge of the detector canera 20. Fromthe box 70, all the

ot her ref er encegpess @&h HeSvadsivat ahed as follows. Wth know edge of the

total nunber of lenslets in the lenslet array, and the magnitude of the

| ensl et spagé ng 15 'Shrinking Boe Cefebidiax 74 is identified about its own center
point 76 spaced one inter- |enslet spacing fromthe first box 70 along a
princi pal direction Aséskiown Arthe o, the@vavefitht 1ecohstrubtien iXvdves deterpddinglthe ect i on
corresponds to one of the directions along which the array of ideal center
poi nts i s defi ndighlaadent off enchsspotrfeben tstidahiocation,twhich iglihe Westionist it wowldi ch t he
actual lenslets 18 are laid out. In |like fashion, another 20 princi pal

di rection (e. g.qccapyivthe disenwe of wavefromabdmationsaThe spois hee 1o¢atdd b ciniroidingal so

namely, finding the centroid in the image corresponding to each spot. The centroid is
15  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 4 of the image has an intensity distribution I(x, ), the

rectangular coordinates of the centroid within that area are given by

[x(x,y)dxdy [yI(xy)dzdy
~ o~ — A . A
EI) =\ Tt [l
4 4

20 The preférred 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 to the spacing between the ideal locations of the spots, much

11
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corresponds to a direction along which the ideal center points of the

| enslet array are |ocated on the detector of the canera 20. Along the Y
direction, way@sey box 78, having its center point 80, rcy/usdeeso?s i ed at
the inter-lenslet spacing fromthe first box 70. Next, in order to
identify anot henikbthe afidy shbwinin Riguehs 84 aAdi8B. | If tHeqhalltesf ihd wptimf @k epbis 74 and 78,
a centroid,is prelimnarily calculated for each of the boxes 74 and 78. As
12 SUBSTI TUTE SHhighEndugblofih2 @avelibntGdns@i8«hi8de-itisehdiive 5agh 2807 8 shastfovah | n
Figure 10, centroids 84 and 86 are found that s°' Orxa to i sasel% U
Uoxas,t bot h oflengthiledsiebareny) ibis Hikakyithatieadhestualtimage spéidromthedetdctonsfithe spaci ng
fromthe center point 72 of the box 70 in this exanple. It is quite

possi bl e that t lcanwa o wili il withiy a carespopilidg boxef tHivhypethetisalsaeate ®ferenber renoved
fromthe center 72 than the inter-lenslet spacing C, 5 but Figure 10 is
merely il ustr anige Mg 1%@%@%@@@@&%@&0@@@%%@@*@@%@%@& e located

| ess than the inter-lenslet spacing fromthe center 72, a reasonable
estimate of whe&elsRypOrixes shoul d be placed is at a location (xi, yl) that
corresponds to the X position of the controid 84 box 74 and the Y position
of the centroid 86 of epefherygrantapown inFig 10,adifferepf progegs oqwrs s grneralipg
determned for a.center 84 of &he, ox 82, as.shown in 10 Figure 10. The
array is conpl efnétﬁlebé’ffesd PR RRpsaensraed may of uay nptydip ‘é?glf%“g %quar es) of
boxes, each of which can be nobre or less. than inter-lenslet spacing

di stance fromt ﬁ%ﬁ&Y‘%%%Rﬂ?ﬂ“f%@%Wﬁ@ﬁﬁ @ﬁé’ﬁ?f”f’@‘ﬁal

directions, fou Lot he revi ous [l N re or le t han t

inter-1ensl el dllg?%ffgea{,;‘o tﬁg?m 6’50&%“%9?‘1111%%‘”@?@ nertpgm??zn?f"tewgn%g% set of
four boxes in the.princi i 2 J fromis the
center. The r esgﬁdgﬁ[lgﬂ%ergﬁtggggﬁggl'e‘é%%&g#oggiﬁégg%%h%{h?%ﬁ%%%&i rregul ar or

square, and i sy gamehAlhachibhd R ,eﬁt@émlmﬁfe%%dpt%ﬂ%g:gﬁ?%rﬁmﬂtﬁeh t he

ot her reference boxes generated in outer rings, a "ot her net hods
coul d be enpl oyggk 70T il fhe bAE MR bokes aleGenBfed o FalIdws CWeth kibwiedgbEr St Ual

size of the boxes generated according to either of the techniques 20 just

described can betdl aiss of loisleh ih 86 lalet4Rals n LB b SlinGS of iQerBleShadify USI Ng.
the software 13 or programed into the software 13. For exanple, the. size

of a side ofis ang”, @secahd bdxlTe is idshtifiédhbadt ith 6%e CentebyoiltT 6 Spuabdvhe it@m t he act ual
inter-lenslet array
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

20  principal direction (e.g., a “Y” direction), orthogonal to the X direction, also
corresponds to a directiorll 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

25 74 and 78, a centroid,is preliminarily calculated for each of the boxes 74 and 78. As

12
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spacing C or lenslet size (e.g., the box side may only be 90% of the actual
inter-lenslet spacing Q 13 SUBSTI TUTE SHEET (RULE 26) WD 01/ 28409

PCT/ USOO/ @9QfBss06nCe the positions of the initial boxesp@mesosiedoss i ned,
*lithir a square array ' or an irregular array as described above, the

process conti NYRsmiPriEhe 16 ARSI 2886 uaemmM&F?ﬁh@@tﬁEéé%%ﬂ, a
a

technique is described in which the centroids for spots correspondi ng

to the i mage ooth bewkiel 86 iRkte®it b Bur@oRicRedfetabairhatoR it Sedbr pdinty2i t erati ve
fashion. In Fig. 11,- one of the initial boxes (1.e., |ike one of the boxes

in Figures 8AcphsbckB06k thyable.t B qaoqRSsiblothid tBese pit)imifirychsibidsas a box 86
within which an actual spot 88 on the detector of the canera 20 has been

| ocat ed by t he céund betodaced filkbher AR vdd ffosd thSdetiter T2thadibe ntelankletapacing@,hi n t he
box 86, shown to be of 10x10 pixels in area (although other areas could
suffice), ascebhtRiguet WAs msrebydllustibtveedthé kehdidue. Bpabsedkese centteideere or dance wit h
t he equations given above. The centroid 90 likely is not at the actual

physi cal cent elocftedlessstemths intef-lehdiet simoing §6m therventhe?2) e reasopibdgstimite of of t war e
13 renoves a pixel wdth and height froma new box 92, which becones, for
exanpl e, 9x9 i whgk rébx 82sheuld bepldced dnnt &losatioh éxitxa) theizombspends tdthe Kust

cal cul ated centroid 90. The process is repeated within the box 92 with a
new centroi d 9aodifionefthe atrigidfddgx ToHmdithecY pesision gfthe santraid$oohitiabexZ8&ent eri ng
with a next smaller box centered on the previously calculated centroid and
a new .cent r oi d TEes Gulyakisthe peyitionidgternusd forapenter &rof thedex 8 anshewa iy essi vel y

smal | er box, the centroid is calculated onlly with respect to inmage data

taken withi¥ EHare 18o¥he wyRyds complergiby 4ot eraining Yewssivn toes ectelt roid is
appr oxi mat e | oCHBIBIPPeRcet TGhSE s ys fen e BT FEHR as a ramp
fromthe Stiles; Crawford effect.ra r than yseful. infar i on_ gbout the
| oat i on of -t RO fiatev 3t riee iR satstigan Bneririen BBt T e | o
progressively nore noise is e>icl ded. . h? LOLEeSS tern nateﬁ when a
Pentrora 96 | s Pt Baore s O il ok o Mo TR, 2
decremented t o, pf é&?e§ts%u§‘}°&%§xe%§)hath#n%ca& a?:%w‘%%é f&%*ﬁ&tdi L L 8GLT on
limted box size determned TTom an optical anal'ysis of % e “Wavef r ont

sensor 10. (NCet G dirh L8t iL Q &féréﬂ& L&‘} oP Q&&eﬁh&tecmﬂd 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 technigunes

20  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
spaging C or lenslet size (e.g., the box side may only be 90% of the actual inter-lenslet

spacing C).

13
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14 SUBSTI TUTE SHEET (RULE 26) WO 01/ 28409 PCT/ US00/29078 is reached, the
previously cal culated centroid 96 is the final centroid determned for the
spot 88 andvd imzsmae whose di spl acenent fromits ideal refGEese0/0PHOSItion is
used in calculating the wave aberration for the eye. Sonme other criterion
for termnating it eOmdkifl@positiansbf theinitiztaxks dedstaremed, sicthttigdisre array '
diffraction-limted box size. 5 Fig. 12 illustrates, for the second stage
above, an al t er natniweguldr engtas descritpd elowvd fheprbasss dontomes tn ¢hetsbaond ssager oi ds  of
the spots on the detector of the camera 20 w thin the reference boxes. A
diffraction |i nRefsgingarwdd Big. lilsa taghaiqne igdestribed intehich the prntroidi or £l spets cent r oi d
for calculating the wave aberration of the eye. In Fig. 12, a box 100 of
10x10 pi xel ar egorfespaniivg fHheinags ondhedsioctos of the enarrferai 20 @ye determipedin t hat
corresponds to io one of the reference boxes generated through either of
the techni qués destye fakivnabdie 11.fone of theinitial ipxes(i.adike oqaef thrdexesdn i s shown
to include the spot 88 di scussed above. A centroid 102 is cal culated for
the spot 88 wit Figyres RA apd3B anyme afthe boxes ia Fign#0)issheynyas apox 86 withisyhishy 104
that is decremented in height and widith by 1 pixel (e.qg., 9x9 pixels) then
i's centered on P%é"“@é?ﬂ"F%ﬁ@@W?“%?@Weﬁgﬁrbﬂ?”elewﬁ%&ﬁéhets AT8| i ps the
box 104 is to wi,fhin {he bgx 100, thereb orm a smaller box 106 for the
next iteration 5%’ Aﬁ%ﬁﬁ‘?%qun%gﬁ??%nw’rﬂﬁné‘feg@fégf @‘%Wﬁé%bﬁ%és’gﬂﬁf’?]érm box 106

dth h 1 d.f d | b 1 it hi initial
"ot or once. box. 100 CHNERR ABRAP l SEERo) Boayrorddg ot 85t B e 1y

ti f th ' fa the b t . ' the b
100, a5 shovR | Aoy epnon ks B8re) Bl oA B bl e e e 20 7

cal cul ated, whi ?r Oslllglycf@ (%&%SomeﬁxSBhglotE@Iﬁth CAAb kvafl 13k £V1 ousl y

cal culated cen a square f decrenmented size (e.g.,

8 X 8 Pixels) | SixelhGhbbifibds nif YOI 0k Shodll, P RBmbROODIOESESS | S

repeated by clipping the new 10 to lre w ox 100 (also to

Clie within the BRX .8EteRAR ddx 09 sfdf M fisttRMhIaR A nirGE 98 OTho phctedsts 9., 3x4
pi xel area) in which anew centroid 114 is again cal cul ated, 25 which may or

may not be at t kPeAIWRHiIOGEDIXIN with alnb® cafdidoaibeing CffculalddFortho®esss, 15
SUBSTI TUTE SHEET (RULE 26)

15  and then re-centering with a next smaller box centered on the previously calculdted
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

20  systematic error such as a ramp from the Stiles-Crawford effect rather than useful
inférmaﬁon about the location of the spot. Thus, as the boxes become progressively
smaller, progress;ively 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

25  an optical analysis of the wavefront sensor 10. Once the diffraction limited box size

14
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‘WO 01/ 28409 PCT/ USOQ 29078 continues repetitively by centering with

anot her smaife' r%ox followed by centroiding, and so on. Finally, a

centroi d fHoihsesal cul ated within a clipped box just preefudedreoreachi ng the
diffraction limted box size and a square box is centered on the centroid

L16, whi ch s gliRRaded rediolsytaRiid dtrolilostiiVhe B oebitBla thebinainoo | er

than the 5 diffraction 'rmted box size, then the previously calcul ated

centroi d 116 i gekfdtdh Bffthe SdUHoleislaSdhACREE RE idbdl iFbrbrics pésiiRalis Wsed er ence on
the detector of the canmera 20 is used for calculating the wave aberration

of the eye. |niddicalafiRSWMEWavelab@rafQIYor B Si%. [SOAL oBEReritefion fortedhBeting! N t he
process are always nmaintained wwthin the area of the ini.tial box 100. It

shoul d be undegsh@Rtnishie use Bbdidet dadinglifhastiondintite@bski sig. t echni ques coul d
be used in 1 o which boxes are sequentially reduced in size and new
centroi ds ase cal cubigtiediistr@ésafor the betondlsipe ebovt,anltdatineitaate are i ncl uded
within the scope and spirit of the present invention. Still another
variati on can pmcedasdfor IGtatiagthe eamtroidnchihe pbts on tedbtectonofthe canai 20 never both
odd or both even, two boxes whose di nensions vary by one pixel in each is
di recti on canneithinawerefelracestanes. datiffiection lintitadoxcsiness aphin ofedtodaterpineel s. As a
consequence, asymmetries can easily appear in the spot tails. To avoid that
consequence, t ke finelvenigiidifon celquiativgitic wevezherrdtion afthpéyedIn Rig. 18y dbowilOh
fractional pixels. For exanple, instead of reducing the box size by

shavi ng of f onef ¥k pikelgrenddtihough dtherrmeas colidmifics) is shoval that cortespondstani que
using fractional pixels can shave offone-half of a 20 row or colum of

pi xel s fr omPeaépr Hithpreferpres hopeigenapted; terauglcitherof the teskriqushdgscrfied aove o  t he
centroid is considered to be the corresponding fraction of the intensity
centered in t R thedetstags WW’F\@OM%@WE&P@WW o'y disqyssed abeen i que has

been found to produce .results of hig ccuracy in a.,conmputationally

h a
ef ficient mann&fioR 102 isseichlated for the sppt g% within thebpx 100.and,ps giipwvarn Figel% aj cul at ed
centroids are 25 dis ed to the operator, . perat or can drag the
centroids with? ﬁ%@%&#ﬂ%@@&é@ﬁﬂl%@gﬁ@%ﬁmi 'gzg’}gaﬁq‘e?@\o 01/ 28409

_PCT/ LS00/ 29078 then is centered on the centroid 102. This particular technique then clips the box 104 -

15 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 t4ie sides of the box 100 and portioﬁs of the sides of
the box 104, as shown in Fig. 12. Within the box 106, a new centroid 108 is

20  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,

25 which may or may not be at the same location as the centroid 108. The process
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an image is acquired, the software automatically conmputes the centroids in.
the image. The centroids have a nunber associated with them for exanple,
1- 37, Erromgoomesadi s conputation can occur and the userPCHBESOARI0EEL t hem
manual |y by dragging valid centroids to appropriate |ocation. The software
Wil | re-conput e contiesidpetittvelyadyeechtarng With wteoamdllel oy Holioted by edotisidingy ar ound
the | ocation where the dragged spot was left if such a feature is enabl ed.
| f a center centiddo@ni Binallyagcemtoitl d 1Gis nadeulatedwithin 4 dipped bor justirioront ire  set
of centroids will be reconputed based on the new center, if such a feature
is enabl ed. Thecackug thodiffsctiarlintted borgrstaadia sgpare hexsie centeyed ondbscenffoidvhi ch can
be selected by 1o the user. Under sone conditions, these alternatives my
reduce the need 116 whish iselipped toonivdiox 115 dE he bex 1dB ds at onpuallethamthe The fir st
alternative is fromscratch, which can be a default. The second option is
to use the | &st diffacpon kniteddax sigs, theh Se areviovsheesloplated sendroid 116 isptpipade f or
finding the centroids on a new inmage. The third option uses the stored

| ocations of t henditsidisplaprment fraxpyits idenhrefopmmce on thedetecios efthe pamerafdds wed a per f ect
eye as the 15 starting point for |ocating the centrojds. Threshold

cl i pping can oc&ssemaing the aye pheration obihe gieq Iy his foappes, the gegiiidsppt are

T
15 1 o o B
c1 1 bped and hr SBRbPIL T ptipmssTLER SR re e oy SRbeide s BBl L, o oy
o B RS S B s 20

SHEET (RULE 26) WO 01728409 PCT/ US00/ 29078 The wave aberration can be
reconstructed when any nunber of wavefront centroid spots is mssing or is

of insufficient qualdfmang vaiibh thnde usth! SheA6 GordsEcBive whole numbers are

never both odd or both &m, two boxes whose dimensions vary by one pixel in cach
15  direction cannot have the same center if they consist of whole pixels. Asa
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
20  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

25  displayed to the operator. The operator can drag the centroids with a mouse. When
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the data collected by the canera 20. This could be for a nunber of reasons,
"for ‘exanple, the operator believes the data point is an invalid data point
(e.0., tWgoRR4e > I N one box). Further, this could be mawuseatdoesl |y done

such that if the data point includes too great a standard deviation froma

center, Or_theatgﬁiageﬁ%dﬁred,&etsgﬁwﬂk&ﬁ&ﬁﬁﬁﬂl Rttt Be séndbRAIChERMEat | on Of
the intensity of the pixels is too great. I¥urt er, the centroid may sinply

be too dimto B &REAMNNZEE nmMer hidbcifbERERthen d8VdxainbR1-97, Ehérs i@Rt er of
mass exceeds the predeterm ned threshold. 10 That centroids can be

dynami cal |y seb@fgubfiod @im Sdowe ¥l the aderl dafirdahédh isaiidly By aapgusy vaigony
applications. The substantially higher light |evels available in the

opht hal m ¢ applkdn&aids w@pﬁrﬁawoaﬁﬁas Thé seFmate willge-capfuts & Yentrold tasddenwi se
unreliable data, to easily be excluded fromthe cal cul ation. Any

appl i cati onsof thsascal lightdistRtish aguidihe locdiien eyere therdedggell spot wisdeft Hxahpl e,
autorefraction, design of inproved contact or 15 intraocul ar |enses,
refracti ve sur gésnjoreis erabled.nidb cemeargentgidis ddaggrd topt newecentet liocasion, hel dntirebenef i t
frombeing able.to conpute the wave aberrati on when spots are m ssing or
are of insuff saicfrenteidalwill \be rE3pnpnied besed ton dheineye banter, frsuihsa feawid ist at ed
using the matrix inplenentation. The following sinplified illustrative
exanpl e is of f emabl#d. A hypot hetical 3x3 array 20 150 of reference spots and
boxes 152 is shown in Fig. 8A. Each box of the array of reference spots 150
and boxes. 152 are dEwsiceniaidsgandy computetin frde vpys, apyief which can beselestet band | ef t
to right, although another index ordering schene could be used. For each
ref erence Sfot thederrqbpder pamppesandifonsyfhese alfermptiyes ey redpepdhensed tomangplly oj d 154

displaced in x and .y fraoamthe corresponding aperture center 156 that al so
i s determ ned S9rache omiraid pempntation. SThE firgs; wsn#amsc’agcﬁw*rwh%&g%&p| ai ned

below in nore defail,, The software 8 .SUBSTI TUTE, SHEET . ( RULE 26) WO

01/ 28409 PCTI u%@%ﬁﬁ@‘é?sw%@mag%@ﬁwai@l%@mwu grngroid; %cﬁ‘il"fa"ééhﬁﬁ’iag of each

centroid 154, designated dx. and.dy., respectively. Thus .the § vector has

18 conponents, aﬁ'&%ﬁg}?&ﬁ? °F‘E£F°1‘g,°h§§e‘§ﬁﬁ%ﬁ' ﬁf%@’“ﬂﬁl’"ﬁﬁméﬁﬂ tion bel ow.

he G matrix i nng,S en{.regid or aatpeqlf re.center 5 rgt)des Hratrix

;ri .e., 18x5) a?{’ Y |gf e ef/ecc’:etuomrgeot%1 e gentieﬁ[é&coeefi 'gipgrrt;? sey(?g?ls]fsti ng of
15  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 low:.r and an upper threshold of image intensities valid for analysis. These

20  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
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SUBSTITUTE SHEET (RULE 26)



5 the 5 conponents corresponding to first and second order aberrations (no.
piston term as explained below). -Thus, s = Ga, or in other words, 9[18]
d 18x5] a[ Woowbsioodx2 dx3 dx4 dxs dx6 a2 a3 dx9 dyl [ RCTAUS0/9PE8 as dy3
a6 dY4 dys. dy6 10 dy, The preferred embodinment allows the elimnation
of centroid data thi Bhdisdvegberratih chit otkdoh@truoRt whin § hembd bixedvefrentabove.
Basically, a portion corresponding to the wunreliable data can be

el i m nated fromcedtidepbis ismisdinper isnd mafcien kjedlity aud dhonkd/be Zbminated from
coefficients calculated. The Gmatrix is truncated with rows elim nated,
dependi ng 15 on thichiatarcolidsted b theZamena 2 Thizcbesld be for a eben pEreasomb, fohe nunber of
valid data points one 19 SUBSTI TUTE SHEET (RULE 26) WO 01/ 28409

PCT/ USOQ 29078  ewingie; shetoperetorbrlieress the data pointriyancayalid ditapoitdes.nigrogpots enoved by -

the operator, two rows are renoved fromthe s vector (corresponding to the
x and y di splsacémemttox) Futthethis could be automatically done such that if the data point

includes too great a standard deviation from a center, or the data point is foo dispersed
and the standard deviation of the intensity of the 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.

10 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,
1o easily be excluded from the calculation. Any application of wavefront sensing for
the eye, including, for example, autorefraction, design of improved contact or

15 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

20 150 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 anothér 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

25  software 13 within each box, as will be explained below in more detail. The software
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centroid) and the G matrix (corresponding to an aperture center) to form an
s' vector and a G matrix, respectively. An exanple of the s' vector and
the G nmatwoXikgoes Shown bel ow again for a hypothetical 3 mos475160 of

| enslets, but with an index "2" elenment 166 renoved as indicated by the X

in Fig. 8B. |n Bdemineds: aldyd meényents%?&kﬁeénﬁoiﬁqmgigg?agﬂﬂxi%*& j =1 to 9)

conponent (e.g., dx2) and one 'dyl conponent (e.g., are renoved to

formthe 16-el egeitvely. YRR @E s veERR AR CERRRAHE BGorx0Ma ol eMye o Bbvrf APET t UT €
center) elenents of G S|iny are renoved also'to formthe 16x5 G | o

mat rix given bythd mitrid Bqistiorbelow. Qe T thatrix Bl X8 chRoi (& apbrbrBetntePyysl ¥, T
8ZJdx 4bayrlixrf ay dY (rows 2 and 11 of matrix G are renoved) Wwth a still
havi ng 5 conponasdesmatti (i(el, 18x5) adid 1 titeet Q@ fieZeileTodktitiohtSdonsittig ke above
equations, b is one-half the Iength of the side of a box. Cenerally, one
shoul d incl utle tht¢5 tageberttsrofrespbiiting tol i€ indQEcofi®braérabélfatioS(né Pistotser of
Zerni ke nodes to be cal cul ated. Thus, for nine centroids, one would

general |y w sh dsexpighalblelatvy Thot)s =tGn, b1 i ethéewdidske nodes. s'[16] G [16 .x 5]
a[5] 20 SUBSTI TUTE SHEET (RULE 26) VIII WD 01/28409 PCT/ US00/ 29078 dx,
dx3 dx4 dx5 dx6 a 2 a3

' S[18] G[18x5] a[5]

—dx,
dx,
dx,
dx,
dx
dx -
e 2,
) a
= G a
o EE
dy, as
dY3 et 3
dy,
dy;.
dy,
10 :
| dy, |

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 Zernike
coefficients calculated. The G matrix is truncated with rows eliminated, depending

15 on the number of Zemike modes to calculate and the number of valid data points one
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dX9 -r G 1 a4 dyl L1 a5 dy3 - a6 dY4 dys dy6 dy9 Turning to Fig.
9, if data are to be elimnated, rows are del eted, designated as 186, and
once the aypeapsicdte G matrix and s' vector are deter mreEiysogdrynat ed as
5 188, the a vector mnmust be solved for the corresponding G and s' as
above. The a VegkRk td &HRinGSFdr BrerpaiRoill ik 6F idinbrd b the\bBMRoR BRI bRt | Oon for
t he sanme nunber of nobdes as before, but with the di splacenent data
renoved. For a QiryRmhoRdHde thef véeRn@bedspondin o tHOX kidlindisplartedntsoif théer ni ko
nodes that can be used for a reasonably accurate fit is determ ned. For a
gi ven pupi | si zesentdid)ahd tht G miee(eoksesponding ¢ anagérturakienter) soforre ail s°lvedterg t est ed,
the nunber of lenslets will be determ ned. For a given nunber of |enslets,
it has been foursdtlGimatix; egectivalyl \n ezaply cflile sheecter atiche Gt mairix 3an be
computed with about half this nunber of Zernike nodes. For exanple, with
37 |l ensl ets, an shoewbeidveagaanfor adtypothetical 3r3 arexy 168 efienaletsomt with an index$BY ai ned
for approximately fifth order Zerni ke polynom als consisting of 21 15
Zerni ke nodes. Teneablffeenayehasiindicatedibly theininFiga 8B, yothenwonds doneserber of
centroids (lenslets) renoved are not too many for the nunber of Zernike

nmodes to be 21 SuRSITemporHE, SrEERT 5 R9% coaponeaty et/ dxg apdoredyy compryepi 078

determned for the a vector. In other words, as the nunber of |enslets used

decreases, it r&g BetyrEmeseds apfhe l§-clamenice vecks FifAOBFPOAYNEIPH| ke npdes
conputed in order to follow the above rule of thunp, If{oo centroids
are elimnated, PREA Eneguresenta) ‘T??“"PE °§9@H’P 3!@?%@%%%%@“{1%@ |

aberration for particul abr Zerni ke nodes is
10 mainx given by

. 1 b yb o7
R N

x~b y~b

1 b x4 oz.

[ L

(rows 2 énd 11 of matrix G are removed) with a still having 5 components
15 (i.e., Zemike coefficients 2 to 6). In the above equations, b is one-half the length of
the side of a box. Gencerally, one should include at least twice the number of centroids
as the number of Zerike modes to be calculated. Thus, for nine centroids, one would

generally wish to calculate four to five Zernike modes.

s T16] G'[16x 5] a[5]
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5 di mi ni shed Anot her way of stating t
‘el i m nat ed,
i naccur at W ng

shoul d be%$3§?#§'|e as nunber of
w shes to use four tinmes the nunber S
Therefore, the results given int Qﬁt
questionabl e because the nunber of%#g
colums by a factor of four. The A
above, has elenents that are the |ger
averaged over the sub-aperture of |edd
directions, also becones represen
nodes that can be cal cul ated usin
enbodi nent of the invention. The
provides an indication of the m ni,my
(lenslets) required for an accur F%
particul ar Zerni ke nodes and Zer nijR&
not only allows acquisition and anayy
subj ects who have severely aberratg
pupils, but also provides a netri ﬂ
aberration. The Zernike coefficienf¥
matri x, as described above. The rows

then the G matrix becones too "singular" and the SVD wi ||
the rule of thunb that twi ce as wenwsezdarspoi nts
Zem ke rows cal cul at ed,

his is that if too many centroids are

be

in general, one
f rows as colums in the G matri Xx.
wo exanpl es above 10 woul d be

ws does not exceed the nunber of

or G matrix, which, as discussed
ivatives of the basis functions

h lenslet 18 in the x and y

ve, as arymgtric, of the nunber of 15

e SVD tegH ique, in accordance with an
er. of entiles in the G matrix
mihusber]| of di spl aced centroids

cal cul at of the wave aberration for
order. The preferred embodi ment thus
sis of 26 ve aberration data even in

regions or local occlusions in their

dr accuracy of the calculated wave

are determ ned using a data structure
of the matrix correspond to the

Zerni ke mode nunber and 25 the colyn
The matrix rmultiplied by a vector of ~
01/ 28409 PCT/ US00/ 29078 the Zernike

t he di splacenents of each centroid f

ms correspond to the centroid nunbers.
22 SUBSTI TUTE SHEET (RULE 26) WO

coefficients is equal to a vector of
romits ideal position. The vector of

t he di spl acenents cdngriingte Figf 9,tifdatagiestp beielswinateds rovis aredeletstl) dosiguttcd\ps

di spl acenents in
havi ng the samel
5 size of the Zerni ke coefficient vec

each subscri pted

b
Zerni ke node’ nififpBe 2 vegigr mywthesolvelfer e cETEIRIRYES @é‘ﬁldlﬁéaség

cal cul ati on dependi ng

wlopeqrhe gpproprigte GomalEs

air of conponents of the matrix
verdortars dgteppined, degigapted asns| et . The

i s determ ned t he maxi mum

9% ABERd in the

X, VY

tor

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 for a reasonably accurate fit is determined. Fora giveﬁ pupil size, which

10

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

15

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
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on the nunber of centroids and Zennke nodes, respectively, required. Once .
the imge data is collected and anal yzed, upon elimnation of a row or
colum, thgootsus ke coefficients can be reconputed on PEBHUS0029078 The
software 13 can show where 10 any missing data are located in this matrix.
The m ssing dat deteritinel 6or fR@vacier] Hhytherwondsyasdisinambernd lensletngred decppnsey,i ous| y
taken data or data m m cking another one of the elenents of the matrix.

Ot her deci si on ithngybécoinanedessaty ieredpst theauunbet 81 Zaphikevapdes campuled in ol uded t o
nodi fy the data structure matrix. Chance in Radius of Pupil 15 The above

di scussi on conc erfkovctht sheverulenf thumb. Hieemalysrntwids ore eliginatsdrtbendieds within a
pupi | radius Ro in which the data are acquired. Fromthere, if one wanted
to cal cul at e t Blity & asrucatelyrdefermitedhe wavd ialberaticnyfor gatfisnlar Zaeikemodet 5r  exanpl e,
to account for differences between day and night vision or to exclude

| ar ge aberr afi ofiirished hinothepwey ofstrtjes thisisthatfflempyepriroids|ae eligingde t han
sinply ignore data fromthe centroids |ying 20 outside the smaller radius.
| nst ead, what i Seryihg& majrix bpeamesdeq “sip $1éD wilhbg ippropspte. Followingi g 9) |
that captures a | esser nunber of centroids. The data, however, fromthe

centroi ds cal cufsragolthymb that twigees raanjdats poigis shopld be ayallahle asmymperofl ¢ i s

oy s g a1 e ZrEen I SR R BT RS Tt e s S SRR U Lo
y using a tran e

Z ik d f i i i 5 desi d 1 i Fig. 9.

et o naror at Pt e EARK ThidRle Blteads eI ol e TUTE

SHEET (RLE 60) 0By B ORSETLLEROR AT o) B o A g on of (1

rationale for its va neans by I's 1Tnplemented in
accordance Wt hcmgpgw[;ffog the invention, follows. A set of Zenke
coefficients neasured” over a standard pupil size is renornmalized to a set

of coefficients ”E%Hb?%r@jﬁfauﬁc, WHEM, b discuss BV, hils eldntéRis that AShYAS
menti oned above, 5 Zerni ke polynom al's are a set of two variate orthogonal

pol ynoni al s def jgRstivey/stihetafls fudBtichs sefagdd@ver B Subapdiuit oF edch Senflbag &HUr € used
to do so, the wave aberration function is first expressed as N

the x and y directions, also becomes representative, as a metric, of the number of

15 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 numi:er of displaced centroids (lenslets) required for an
accurate calculation of the wave aberration for particular Zernike modes and Zernike
order, The prefe&ed embodiment thus not only allows acquisition and analysis of

20 wave abelra_tion 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 2 data structure matrix, as
described above. The rows of the matrix correspond to the Zemike mode number and

25  the columns correspond to the centroid numbers. The matrix multiplied by a vector of
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OR (r, 9)= ~.,r b1z, (r, t93 Irl 51 , ; 2 where 4R represents a neasured
"wave aberration of a pupil of radius R (e.g., Ro) and 10 Z, represents the
ith Zem k%ﬂﬁ}zﬁ 49m al as a function of polar un|t ci rcl pepoodionait es.  The
value Nis't I ghest node that is neasured in the wavefront

truction, hat .th f d
L vector b)  arbe ZaRELrE ﬁtswqﬁﬂg et W o S D R o
set of Coeff'%%ﬂftgwbﬁgosgu evgéiﬁ{o%e&sgltﬁce%iéﬁtﬁvt:&n‘gﬂts@m%sﬁlﬁém@&ﬂ' b, Z, (1A,

9), Irl < eval u er a smaller, concentric

Phbught of ac. popfiyed Sy e{%m P et Kbl of o RO e ot

ric C out "of the m ddl e of
4R However, tﬁﬁu&ﬂ%{%ﬁgtﬂé‘m Esfhnh%or&%on&ny@d&u%ﬁmmomefor t he
Zem ke 20 representation o ecause such a representati on nust be

expressed 19 2, Eeaé}kl?e'z:am‘ﬂ?ec?éi‘ﬁéx&at%&@&rﬁ&f&ﬁﬁe@ameﬁﬂ@mmmemm&e circle.

Ther ef or e, e goal isto find the coefficient vector ¢ in the Zem ke

representati onygfy é&my o%{he r%I&lM&a&bE&hﬁﬂMﬂ%&lcﬂmoh dwiendidg 28409
PCT/ US00/ 29078 O A . , r=2 in terns of the vector b and the

radius ratio, &nthk &nﬁﬁe@@fceﬁtﬁbuﬁah&zmembm répedtvEly aequired t Gurdatied pr ocedur e
I's used for expressing any function defined over the unit-circle in terns

of Zerni ke nDdaskge dati RGbIRLE ildanalpreaipei elipfindtior of amowtar oslumi,ithe each Zeni ke
pol ynom al over the unit circle to find the corresponding 5 coefficient. In
particul ar, f oReriRe cidfficientsCarbefredontpaitd dn B3 BY.(TheBpfrwlard 3 canidgovdwidie above
equations allow one to derive the foll ow ng:
10  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 oﬁe of the
elements of the matrix. Other decision algorithms in the software 13 software can be
included to modify the data structure matrix.
Change 1 ius of Pupil
1s The above discussion concerns calculating the wave aberration for centroids
within a pupil radius Ry in which the data are acquired. From there, if one wanted to
calculate the Zernike modes for a different pupil radius, for exaniple, 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
20  outside the smaller radius. Instead, what is done is to select a new radius, called R;
(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 R; are effectively clipped by using a transformation
from the Zernike modes for Rg over to the Zernike modes for R; with renormalization,

25  designated as 184 in Fig. 9. The transformation equation is represented as {Z;}gp —>
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N12 r a=Ebr--f f ZZ(rA B)YZi(r, Or dr dO 1-2 no O The equation )
just given can be expressed as the matrix equation 10 c=TAb wth TA being
a sparse NRidbisyddose entries only depend on A The ent rpemused29p?8 can be
conputed wusing the synmbolic integration tools of Mthematica avail abl e
from Wl f ram Resgaf.¢han &lpiRkdatdf ¥R ritionald 163k vaRdityDendaRy Faeshe) wihieiit ishe

| ensl et objects are created in the software in accordance with the new
pupi | size. The jnpkinerted it akvdidinie wathlabeabodient dfehd hyentiemfoliolatA @nof si nce t he
matrices are conputed "as 15 you go." The results of this integration shows
t hat each cf t erZamiike cacfiticghinedusd oveod standhrd ptlkideis ferdrnmlizedé®alzetaf Whi ch has
both an order with the sane parity as and is greater than or equal to the
order of the c;cotffcionts meagured bveoasmallag coneéntyivipmpihr As was pentionied blwve,n- 4 whose
degree is equal to the order of the corresponding bl term The sparseness
of the TA is & rZsmiketpolyhorniale afezacstt of tvent vatiste orthogériabpdlynomiplsdefined omerithe zer o
only when the azinuthal angle functions of the Zerni ke polynom als agree.
Thi s can happen wnitticle JTaofinpulge the progrdugaied e dreso, tpoavarbgmatipn fupetiogider has
the sanme parity as the order of the original ¢, term It should be noted
that this exprediyterrreseadag] i s al so dependent upon the number of nodes that
are used in the original expression of 4R Theoretically, all orders of OR

are involved in the expression for _ugqt p sion that is actually
used will only involve those nodes %‘Kr’%,zbé%?ré% g@u’al ly nmeasured.
Therefore, this nmethod can produce a wave aberration over a smaller pupil
W t hout the needvhéle ¢k CepfiBdnts aatéehsiredwdrt abvRatidilof A pifitof padéus Ri(OaL Ry amd | er

pupil, but it can be no nore accurate than the original measurenent. 25
SUBSTI TUTE SHEET; fepelichts 2z)ith\Wexrlike/pdBAdtl allAEd fuliftd/o? Plldiinit-Ehdle editimateage of the
above nethod is that all of the data are still enployed. That is, one

mai nt ai ns t he i ThevahetV Bhedfighett modathatlis meuburedin eiccwdvefront tdbamstAetion. ke npdes.
However, the Zerni ke nodes are for a smaller cal cul ated radi us instead of
bei ng cal cul at ed\siyne;tipt the Glcpgffidiends (whish dantbe expwbssesins e vediat b) eradal¢ulatdde s s

accurate results. 5 1n this software calculation of the smaller radius R,

it is necessary bykeawnipgthods, b that itiedesired thaps set pizaeeffipients bg defemhinedfst us R | f

it were desirable to _capture a greater
the function

15 ¢R.(r;4,€)=ib,z,(rA, ) <1,
i=2

which is simply ¢ evaluated over a smaller, concentric pupil with radius R* (e.g.,
Ry), where 4 = (R/R) < 1. This function can be thought of as taking a concentric
circular “"slice” out of the middle of
However, the equation just given is not a valid expression for the Zernike
20  representation of ¢z- because such a representation must be expressed in a radial
variable that ranges over the whole unit circle. Thercfore, the goal is to find the

coefficient vector ¢ in the Zernike representation of ¢g-,
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nunber of points froma larger lenslet array, for exanple, or to expand the
"radius past Ro, one would return to the beginning and select a |l arger Ro,
thereby pagsisdegore data fromthe image captured by treg/use9e® 20 or
recapturing nore data. By 10 expanding Ro to a | arger area, perhaps one
woul d capture nore lenslets. O course, xthe Zernike nodes for a snmaller
radi us coul d again be cal cul at ed a@(:dé);eﬁda%&, ddél,fromthe dat a
initially captured for the | arger radi us*? The nunber of Zem ke nodes
calculable in general is |imted to th unber of rQl red. As a
rul e of thunb, g?d‘fﬁ‘é“‘ﬁ?““e“l""é‘}rg"’tdﬂ‘eﬁ Prgaigt é’%%?df'mm%‘%g&ntﬁ’ﬁy 1§d§%§]’c{tmgoi ds as
the nunber of Zerphke  dBOIeS realos sl 86k thehkt-drilen WS bf Zemikendiacgegfohet hi s
feature, the follow ng-options are available: a choice of pupil dianeter
whi ch al | ows t lnedugaf the feptish yidh cach Zemikspelynamaie] oteptbo waigircke o find b sprespopfing net er s t han
a maxi num val ue, for _exanpl 6 mm a choice of Zerni ke node range, which
all ows a chdi c& ‘8““6‘&“??5‘%@“’?65?‘% m ni mum and a maxi num Zer ni ke 20 node to
use in conputing the wave aberrati Ofar The wave aberration is reconstructed
fromthe selected range of Zer ni ke=<ofefffd cUeEgrMcidridk the sel ected pupil
size. The wave aberration can be dfspbkayed, for exanple, as a contour pl ot
with values of plus or mnus 0.15 mcrons (X/ 8 at helium neon wavel ength).
The poi nt spr edbe eyntapstionpalloe epa toderive it felldvaged from t he wave aberration and
is computed by the software 13 as g6 JUBSTI TUTE SHEET (RULE 26) WO
01/ 28409 PCT/ USO0/ 29078 square@,%]ltﬁ(uﬁq Qi Ane Bpwder transformof the
general i zed pupil function of the j=displ yéd wave aberration function.
| nhonogeneity and Laser Speckle As noted above, spatial inhonobgeneity in
the retina can Tacdd@eonjutabaltint apssadeaigmzexemtis. To over cone that
i nhonogeneity, and nore specifically to gverage out its effects, a
scanni ng ant de-scanning technique is §set!. To inpl enent the scanni ng and
de-scanni ng, Fign T ehg d sphie fnBixEhosd eddBY T GHEH on 5 SR SMMes I@, cah Be cOb@lRY t O reduce
the problemw th short exposures, the wavefront sensor 10 includes a

scanni ng/ de- sc arivgthegyiplic itsgraigOioddsnfi)Mefepnpntise avilabicfom ek Rystagh eAligpativeiynd o
they can be computed when the lenslet objects are created in the software in accordancc with the new
pupil size. The latter technique allows “on the fly” calculation, since the matrices are computed “as

15  yougo.” Theresults of this integration shows that cach ¢; term is a weighted sum of selected by terms
each of which has both an oxder with, the same parity as and is greater than or equal to the order of the
¢; term in question. The weights are polynomials in 4 whose degree is equal to the order of the
oorresp_onding b;term. The sparseness of the T, is a result of the fact that the double integral is non-
zero only when the azimuthal anglé fimctions of the Zernike polynomials agree. This can happen with

20  only one mode per order and only if the order has the same parity as the order of the original c; term.

It should be noted that this expression for ¢, is also dependent upon the number of modes that
are nused in the original expression of ¢;. Theoretically, all orders of ¢z are involved in the expression
for ¢, but the expression that is actually used will only involve those modes of ¢ that are actually
measured. Therefore, this method can produce a wave aberration over a smaller pupil without the need

25 ¢ to make additional measurements over that smaller pupil, but it can be no more accurate than the

_ original measurement.

25
SUBSTITUTE SHEET (RULE 26)



10 pair of lenses 64 and 66. The mirror 60 elimnates spatial noise by .
scanning a point source in aline on the retina, as will be appreciated by
t hose ski |l kaslod8400he art. The angul ar extent of the scaPClEsINRW78 ess t han
0.5 degrees at a tenporal frequency of 400- 600 Hz. The angul ar extent of
the scan is kept smalTiRradédifage éfite: dbovepheitivdlid that @A bfthe ddtzae stibifenipltgedye 58.
The tenporal frequency is set high enough that there are many scans is

wi thin a singl e Thadixpone maintinsdietinfoinmitiondf théveavefione inher2fl in iy Zralke ng t he | i ght
return fromthe eye 58 through the sane scanning optics, it is de-scanned
so that there i smodes. Howene it Zahikt hedésrmegfor odmallérealoulpted radios inktead ofns| et
array 18. Thus, spatial noise can be renpved w thout disrupting the wave
aberrati on neasupeingealculated pysjust@lipping the datspphickecoulddead|to kessolotwdtenssiiligi t h t he
wavefront sensor 10 with and w thout scanni ng/de-scanning. 20 Scanning is
an effective fret hod o thissedware spenlation ofthe srealipfradiusiiolt is nesegpnheithe of t he
wavefront sensor 10 are required. This benefit wil|l accrue naturally in a
confocal |aser opithkeasmededise theduitisl i (dHt werg fesivglde 9 /senters a greptex hat case,
the same scanning_beamthat is used for imaging _can be used for |ow noise
wavef ront sensi rngmberptaaits figm; adargesdenslatagmarndorratrnly ontocxpand fheradiusipagt t r unent
designed only t neasur? 25 th tatic c onent aqf the wave aberration,
provided it is. %qrﬁm@it?%@f’e gse ogtza lavg TEPLP2AIRETIOTE RULE 26)

WO 01/ 28409 PCTI PS00O/ 29078 ~ th |ts f mh f .shart 1
o ool Fect | 1 anu eGP B oy er R e LR b B chy (0"

recomrended t ure i j - econds..for eye
novenent s tot"iejli ﬁfgﬁ’gig%ﬁ%ﬁ%&&%ﬂa%nﬁ%#gﬁg%%mé raezleenrsl%%'pég "€% s known
in various arts,gyd Aghidi, . [ EEEEH ' erence
anong vari ous co%onentsg%?%gkﬁ?ﬁ%&%@eéﬁ%@%t eésmdéﬂ’g&%(’g%ussed
above, laser spegl @e B29MALAT chMfed I IberFidiRY Ef ront sensor. spets when a:

coherent laser (usually either a heliumneon or diode |laser) is used as the
source 16. Convent i oRcunibeS?ZamliKe dddes @RSkl BIRKR4 lARd Rehvkyreshol d,
are coherent sources w.th spectral half widths on the order of only a few
nanomet ers. Theyeiithids@iphired. avarulk Of tham, ochORElefARIVe Bdést g bimafo t hat .
reflections frommany surfaces in the eye and in the wavefront sensor 10
can interfer®& wickroddzainthe hinslser ofZeardicearhdtigs Gfivalatee. To reduce

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

20  mode to use in computing the wave aberration. The wave aberration is reconstructed
from the selected range of Zernike coefficients and for the selec’;ed pupil size. The .
wave aberration can be displayed, for example, as a corﬁour plot with values of plus
or minus .15 miéro:_ls (M8 at helium-neon wavelength). The point spread i;lmction

can be calculated from the wave abérration and is computed by the software 13 as
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speckl e, an SLD having a broad spectral half-width (on the order of 20 nm
“and a short coherence length of 30 mcrons can be used. The coherence
| engt h om@ﬁm D is nearly independent of the diode' scuwseoeooigurrent or
output p r. The use of |onger wavel ength, near infrared sources has at

| east two adV%{l&r{u&gqﬁﬁ%ﬁuﬁeB?ﬁmg%ﬁﬁhﬁﬁmh 668e ghRAdilided JudiDfindibeofad | ent .

Second, the nmaX erm ssi bl e exposure is increased so nore |ight can be

used while sti ﬁ?lﬁgg%@%m%gﬁ&;msaf ety. Infrared light allows the pupil
to dilate so that "a larger portion of the ‘wave aberration can be neasured.

Exanpl es of possi bl%,ﬂwgt he light 20 source 16 include a 70
urn | aser di ode by arp, a /80 urn SLD by Anritsu, and an 840 urn SLD by
Hamamat su. The 780 AddgteA@bdve,SPatial ibhddticpueite i the rting cah cayls¢ ingecwblocused spot's
with the | east amount of speckle over a wi de range of powers and exposure
ti mes. The kasgeasticndfs Tesveroit thiatihkontopsneitylland MBS specificglylo aeergge ef er abl e
because it typically produces nore conpact, relatively speckle-free spots
in images 25 f outitaeff@ngescaining dhl de-smininpdpchaigneistgedes and powers than the
ot her 840 nm SLD or the 28 SUBSTI TUTE SHEET (RULE 26) 11 WD 01/28409
PCT/ USOQ 29078 75 arinplememthecicanting aid deissanaing oFig. X iflistiatena Wavefrent i nto t he
infrared to be confortable for the patient A |arger nunber of spots are
visible with tbeasird0 Inordt tteduchthn pisblem Withshorygmogires, the wevsfrentices® t he
increase in pupil dianeter that results fromthe reduced brightness of the
780 urn di ode. !Ginlydesa sepopigg/de-prauning rairaso0qopigate A pypH Plang 6% W2 anpunt  of
speckle than the SLD. It wuld be diffjcult to, obtain repeatahle

measur ement’® ol ¢fdensesfitand ¢ The miwer §f) sliminptay spptnsngisedy,s garomsnecial |y

at hi gher powers when_the coherence eng |.ong i ven under

th i t .. \Wen
| asi ng t hr eshofrcedhplinen herinecs ol P "feﬁ’éteglﬁ%tmi?c@lfﬂn\ﬁe% Yer, the
out put power obtajne nder threshol e tog low to .10 vie an
adequat e anounf® ?ﬁqﬁﬁ?$%$qﬁiggs%%§¥§ ‘%&refsé? iaﬁeér.lpc’fa?ﬁf‘fﬁ’f?‘ycg@%‘gugés_i ble to
underrun curre r diod i, f n ur i . i R
conjunction w F@Oﬂg} gt a%r%a 595&?“%5%?‘9’8%?1%&%%rl‘%{’%%?ﬁ%?hsllzr?t egrates
_t hroughout the of hOG&RYE EThe temporal frequency is set high enough that there are many scans -

15 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 disfupting the wave aberration measurement. Figs. 6 and 7 compare
results obtained with the wavefront sensor 10 with and without scanning/de-scanning,

20 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 timt case, the same
scanning beam that is used for imaging can be used for low noise wavefront sensing.
Scanning is not recommended in 2 commercial insirument designed only to measure

25  the static component of the wave aberration, provided it is possible to either average
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Real -ti me Wavefrout Sensor Hardware A real -tinme ophthal mc wavefront sensor.
10 used to collect and anal yze image 15 data froma subject's eye is

il lustrategvosyBiog. 2, in accordance with an enbodi nent RET/USOWI0Pvent i on.
The wavefront sensor 10 includes a conputer 12, for exanple, a personal
conputer (PC), athelreauisfibmla nifbea ofishpttieSpokires) oreo e Btk yeer 8 singlb loagr e 13, as
illustrated in Fig. 3. The software 13 can be stored in the PC 12 in nenory
14, which can bexpasnoteafn ditheraasenibe reearhmendbdiotabaxposyre doration satibasnk2i on of
both. The software 13 is 20 executabl e by processor 15 of the PC 12 to
control data accpetanis fooeyeaosieraantsity liminateispatiad noiseopdhsimn. sensor 10. The
wavefront. sensor 10 also includes a |light source 16, for exanple, a gas

| aser, |aser diode, &essesppakleipknoienin vaiowchets,(i8hiding bolographye anddpeaused by f or
providing light exposures during inmage data collection. The wavefront
sensor 10 furd heptese ng vapuheompongistof @ highly cohgrentlight beamaAsay 18, a
canera 20 (e.g.,_a CCD array detector), a pair of 29 SUBSTI TUTE SHEET
(RULE 26) WD 0118%u%¢! 3beve latsy syeside dapradesthequality of waygiront sengoryspetg wheady r ect or

rachantsm) - o o AN B Coul Hher  BeAoERseR Bods ST R oo 9ea s o5 64
Tat on tor et CoovaRatabiele B e Afmtof e Ry wosoburigns  eyo.
Phe subj ect s oy pestBmncoits R Hlerb o el nitprrefts, oy BGsbrdare Sonsor
Focated i i1 n e ofbycbd el of et Rl it by SR R MY BT o1 | o1 4
[t el Corporat] s VP 10 Ao i O do YlchBhd08 Bagcl 11 Y
control ler 42 cepgkesnishe hE@i%%a ecﬁ%&alﬂ%ﬁdtﬂ(dﬁ‘%ﬁ‘éo?&’érg#%)oﬁz@%n{lbe memory

subsystem 14. The processor can be a Pentium Pro, nt el

Corporation. A i @hiterdb lpSRELRRAESEAH bsudd® TR6hetAbe hifh ofthPHESSOr 15
Wi t hout detracting fromthe scope and spirit of the invention. A video

di splay 52, a miumerhFifdepamentas theyiodas divafcuats ophisnt powl ed to the

15 The nse 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

20  source 16 include a 70 nm laser diode by Sharp, a 780 nm SLD by Anritsu, and an
840 nm SLD by Hamamatsu. The 780 nm Anvitsu 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 nm SLD is i:oreferable
because it typically produces more compact, relatively speckle-free spots in images

25  for arange of different exposure ﬁmes and powers than the other 840 nm SLD or the
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15 host bridge 42, enabling operator interaction with the PC 12. The

“wavefront sensor 10 includes additional hardware not shown to sinplify the

dr awi ngs,waloi/gap,gh their use will be appreciated by thaogaseesdomsd i n t he
art. For “exanple, the wavefront sensor 10 includes hardware for turning
the Iight sour C??Ol]rﬁlas@ﬂﬁodwﬂ'iéﬂéols{ﬁ@eﬂﬁlﬂl&o%@&@Bgcdﬁiﬁmabﬁﬂg har dwar e
for noving the tocus corrector. 20 26. "For real-tine operation, inage
acquisition is QER! h3R64 nihibel ofspbE BlevisiviBwit] the P8096K &BRARKan WiitheXxanpl e, a
PCl - bus Bitfl ow Roadrunner (up to §o Hz). Also included for real-tine
operation i s aBbaulicdsdhe tbERMREAMIR lipil BimER thetelikg fBmhd reducsges, for
exanpl e an-Imagenati on PXL. The wavefront.sensor 10 controls the

pupi | -i Il um naturigbinésEBBthe/ 780 @i diber a paral l el port of the PC 12 coupl ed
with a custom 25 control circuit, or via a PCl digital 10 card, for exanple
a Keithl ey MetraByt tadel dibde3pbt irhdgeSalwadydtont Stk lafget Mhbbuint GfGpeckle a1/ 28409

PCTI USO0/ 29078 24. The focus corrector 26 is controlled either through a
serial port of Slie P@oild b difficalt tesabtairrepctableedeasufanrents ofithg bantrofdr om Vel nmex,
Inc., or through the sane digital 10 card wused to control the LBDs. A

vari ety of ot hdecationsfusiggithe laseydipdé, espetibily 41 highwqprwers whensthe ¢oherenmg langth
wavefront sensor 10 are possible, as will be appreciated to those 5 skilled
in the art. ThdsYogeal Whengrivenamder kasing 8mesheld, shorfengoht@niedenghdased rel ative to
that of typical wavefront sensors to optimze performance and help
facilitate realPofsitle Hyyever theppputgowsr phigiged ypderdhresholdingpy be toofdgw foeduci ng t he

focal length (e.g,, to 40 nm, the spot displacenent (A) becones snaller
for the san¥ \A/é'\‘fgd%?‘i“&fteiaﬁlﬂ‘,’m ghtye ?Wifﬂ’é'stg%lmw' Iemagehe passbigiec range for
t he wavefront sensor ..The .spot._ .dianeter al so becones, small er because of

10 Spo
the rel ati onshiuﬁd%’é’f‘\ﬁmt%6@°gqsmg€ﬁp?§ﬁ?m§ﬁﬁewea}°qn@ﬁ§{°ﬁ“@tp@en by sd =
2.44(f/d)2.= 2.44 1IN in ich.dis t enslet diareter and F# is the F-
nurmber of the Idéeétﬁ%t?rewf',g"gléﬁ\sf\f e“&@%&ﬂ?‘&bﬂ?ﬁ‘@&ﬁ%ﬁ%&@ﬁ%%ﬂ%d inthe art.

In Fig. 1, 8 i g | ver geg wavefront slope in front of the
| ensl et array %daﬁ%e?@ag?lé?%?%ﬁ‘f% e spot displacenent and the |enslet

_f ocal length by 0 :A%aitimgﬁph\ﬁiaﬁic Wa\%grogt%ensor 10 used to collect and analyze image

15  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 éxample, a
personal computer (PC), and contro] data acquisition and analysis software 13, as
illustrated in Fig. 3. The software 13 can be stored in the PC 12 in memory 14, which
can be volatile or non-volatile memory, or a combination of both. The software 13 is

20 exccutable 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
la\sm', laser diode, superluminescent diode (SLD), or other source, for providing light
exposures during image data collection. The wavefront sensor 10 further includes a

25  beam splitter 17, a lenslet array 18, a camera 20 (e.g., a CCD array detectorj, a pair of
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appreci ated by those skilled in the art. The snaller spot dianeter gives

| ess error in "centroiding" (i.e., nmaking "centroid" neasurenents). (A
"centroi d" weog4ont ensi ty- wei ghted bal ance poi nt of Haraufese28ick spot

i mage data collected fromthe detector of the canera 20. Centroiding is a
process of | ocat jemgs 22wdd SR QI fScus BaEEdr 16)(e.g Da Péieo prismskr edotlet simple-b8 on t he
detector of the canera 20 -by cal culating the positions of the

correspondi ng cedunbleipas slide thdekanise,gescalainge-sdamdngmizion 60, kettek pir ofi anet er
wi |l achieve the sanme effect just nentioned. Larger |enslets reduce the
hi ghest spati al Imsexfifend 6, atpupil-aligaing banaeicnd e gupikalighing vdlvdorad8emd at i on.
However, reducing focal |ength increases dynam c range in the wavefront
sensor 10 and deffyatienstergettBant e BxptipwiargeiyeflestonSi| Areet Bf ISHEFTPYILE 26) WO
01/ 28409 PCT/ US00/ 29078 operator intervention in nmeasuring the wave
aberration. Shorillupingtingd{EDs & shiezn) i ingluded forpaflesting lighhfrar thy subjestgieyeThe
wavefront sensor 10 should use as _short an exposure as possible of the

| i ght source 16.towidiialjsging shequpihwitythe paeefipgsensordrmer ci al i nst runent ,
because it 5 reduces, patient %%sco ort and all% t he operator tao coll ect

the data with reducedbstsk? wriugss 2l dfeontrofied by h§t controllsr sEatpsdocaiady eover |
a wavefront sensoyr,.desi ne}j 0 tracﬁ t he \ berratjops in.real-tine,
such as woul d bé F‘g?fyiaﬁ’e%’afﬁdéﬁp Fsé?gl(géﬁﬁcﬁ’ﬂm ‘@a(ﬂ’@?té’" -pped Wi th
d i i CS,Woul d. . der,. 30 .
adapti ve opt1 oS, il g ok OB PARHLE Bl 06 R OUSSC, |

noi se IS incrpasgedyd B ADFORSS otk CPAC HHEES NS 42 SRR pEI bk NG,

i nstrument. S Spa noi se can a om severa ources.

variations  can 9 eodds ind Afmbbly ettt 10 Thl BlocRERTPLEpeNE WaVEQUI de

properties of cones and absorptance variations | pi gnent epithelium

Noreover, when oRbaeb, dothlntiConiiith. A HRly RBREKLE: CAR BEsdadteed due
e

to interference, which can exacerbate the 15 non-uniformty o

wavef ront sensorpréRRbSS witheSeSRtkLRsm @b sdo Pé¥theinveh@dndel y can be
removed by using |ong exposures, on the order of 1-2 seconds. The reason

for this is that theAejieo depless3adEs SQnnd i Eeybyiad sEdrk Sl dobiied teci 0d t O
average out the non-uniformties. The |light sources described above with
respect to | &serhostbridge 42, enabling operator interaction with the PC 12.
The wavefront sensor 10 includes additional hardvs{are not shown to 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 thg light source 16

and pupil-illuminating LEDs on and off, and hardware for moving the focus corrector.

20 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 paralle} port of the PC 12 coul;led with a custom

25 control circuit, or via a PCI digital IO card, for example a Keithley MetraByte PIO-
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speckl e and | ong wavel ength, particularly the SLD s naned, can overcone
“such = 20 problens. Mreover, |aser diode spot inages always contain a

| arger anpgiisfbe speckle than the SLD. It would be di fraTousee299 obt ai n
repeat abl e measurenents of the centroid [|ocations using the |aser diode,

especially at 0 st Kb df%m When

driven under Igjégﬂ"ef?‘ﬁ‘? rﬁ%a?}c’j%q hﬁg]}e'?glr%ﬁ%o ere%ce Ierﬁtgth (i.e., Tovver 25
coherence) is the@BhahipR4d 106488r threshol d
my be 32 SU%@?W%W%%? eSMEJ‘%E)’ILHIV\D 1/ 28409 PCT/ USO00/ 29078 too
low to yield agseﬁ%&ﬂﬂl%emnhﬁﬁe&bﬂ&ﬁerbmh&ﬁ admardnatd Na. It may be

possible to underrun current |aser diodes if long exposure tinmes are used

in conjuncti oeo:mhmlgahei@;veﬁsﬂegen@& 16128 peaiva, & wAll bt Biirediaiddagmasees t hr oughout
the exposure, such as a CCD. The seanni ng/ de-scanning nmirror 60, which

IS conjugat e tefidsan el P! ane 62, also elimnates spatial noise, for
exanpl e, when short exposures of the wavefront sensor 10 are required, by
scanni ng a poi Nt SOIHeGéeal 18ngth dfitivderalet drfy 18 Etréduaed relatiweith thatwf typiepr eci at ed by
those skilled in the art. This benefit will accrue naturally in a confocal

| aser opht hal neaesfipat senpoisppatimidetperfadanpdei audheiplaciligte réal-timeapergdwpe Ast he sane
scanning 10 beamthat ‘is used for imging can be used for | ow noise

wavef ront sensiilhgtratéddaRigi by radscimpthe foed demgibifeip oo 40 mmm)cthersnot ci al i nst runment
designed only to neasure the static conponent of the wave aberration,

provi ded it i sdisplseitshtdA) tmcanes eallen for thegame Weve pssuations which providesainber of
short exposures, or collect Iight over a single long exposure. In either
case, the rigcoagendyemiostngk for tsosureizontisasor 1@ riltiespat diamgtes 2lsolbeporaasconds  f or
eye 15 novenents to help elimnate spatial noise. The angul ar extent of the
scan of the mi spdler bgayss ofdbgrelationship detweerasnotidiameter Gd)and fenel lengdugivam si ze of
an eye 58, and can be less than 0.5 degrees at a tenporal frequency of
400- 600 Hz. Thby sbTrpdHEDArRE4dBhimyvhich disthe fnglet dismstegPnd Ficis thelere are  many
scans within a single frame of the detector of the camera 20. By having the

pumber of the lenslet, as will be appreciated by those skilled in the art. InFig. 1,01s
the locally averaged wavefront slope in front of the lenslet array 18 and is related to

15 the spot displacement and the lenslet focal length by 6 = A/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 Ha@mn—Shack spot image data collected from the

detector of the camera 20. Centroiding is a process of locatihg the spots imaged by

20  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
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20 light return fromthe eye 58 through the same scanning optics, it.is
de-scanned so that there is no novenent of the inage of the /p&qp on the
| ensl et argg¥yi2edee Thus, the spatial noise is renoved WPEHUSAO 278 ¢ upt i ng
measurenents nmade with the wavefront sensor 10. To initiate data

acqui sition for ofi@iterintaventin idrecanaing theovaye divaationt Somtenfocal fepgthythan 245 58,
light fromthe |ight source 16 is directed to the eye 58. The |ight passes
t hrough 33 SUBSihh dauldalssiHeBsed( RULE 26) WO 01/ 28409 PCTI USOQ 29078 t he beam
splitter 17, the lens 24, the focus corrector 26, the lens 22 and is
reflccted off the ﬂhwwemtﬁqud@ﬁh@%uﬂﬁéwmm expesuretipogble phe i ¢ 1 or
34, and finally into the eye to be focused onto a spot on the retjna that
i s scanned by t lightrsopice 1660 ThisTiscespasiplly frye tor %é‘??’%’é?mﬂgmﬁ‘ﬁﬁ&% begausesih ot
focused on the refina. The |mage is directed back through 5 the system
until it is Bef Fuluees@aiimt dissomfoiband allows theroparaton ppeollprt the datpgwith E?Q“&)éﬁ

|l enslet array 18 onto the detector of the canera 20. e%l'??g fOCLéllses corrector

26 is adjusted &g WWWW@ pqtpgﬂ{r eW’@PY&Frg”&":V ighedne 62 of
the eye is conjugat thth ng, t he Iet arra 3. The
spot )c/)n t he rejthggag‘fgéc???\s/é‘ émﬁ F‘ﬁ? as WODB y %‘ﬁhby t he
array 16. 10 Wien ap. | amge sgger%a%e%' “% g RSl %@8@? &fgﬁlsq{egromthe

pupi | of the I-me node

T at 5
SEERLIEY TS i e T
di mensi ons whi | g.Hhe sfsmtﬁ&ge is efease&' qhé tsfm@ﬁ&éagcés%gs&m@%fdma'ng dat a

col l ection. The pupil “canera 28 provi I mge of the subjeéct's 15 pupil

for alignnment puipases. Tkﬂ‘?paﬁ&%@iﬁé&h%ﬂéeEoﬁ{ﬁee&d%ﬁmééaekﬁﬂé&ahcﬁanﬁtfbﬁs cor neal
reflection of the pupil-ill'um nating LEDs can be used to optim ze pupil

centering. DurtaGhchiFat8ssakeibiiidhé @) or HBRApRURE Wave B foptilies Bitofd} ahdit er can
be used to confirm subject ali gnrrent acquires a final inmage of the pupil..

The software 13a8s6@mntdaristiont in thepigmbit @pikeliim O Mokdd@eryRlief dobdtent igigor 10,
turns on the light source 16, and snaps a 20 franme or nultiple franmes with
t he wavefront sesedoOlaset gpaekla cbe giloduckd dint tosintarferencad,Gwhieh cdnhexacetbatentkel of f |
whi ch signals the end of inmge acquisition for the subject. In one
15  non-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 for this 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
20 problems.
Moreover, 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 coberence length

is longest. When driven under lasing threshold, a shorter coherence length (i.e., lower

25  coherence) is possible; however, the output power obtained under threshold may be
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enbodi nent, the view on the conmputer nonitor 52 changes fromthe pupil
“image to the inmage acquired wth the canera 20. An entire array of |enslet
spot s on&@&mﬂﬁt ector of the canera 20 shoul d be vi si BCHUBN/28078i spl ayed
i mage on e nmonitor 52. .25 In real-time node, the wavefront sensor 10
continual 'y acegsiiewso yigll at sizqes, anventiof hight inagedforbiiBSFna. UTmapbi-ET ( RULE 26)
11 WO 01/ 28409 PCT/ US00/ 29078 fits Zerni ke nodes, and reconstructs the
wavefront (al | pedsiblgio tindeiOn birtentdésetiodas i éong expoews timegass wsed i s node and
until another key press ends this node. In another scanni ng wavefront
sensor system comunctibrowit) 3 ddiger effbe emers 20 thanintegtates threnghovh ths iexppswre,aper t ur e
is scanned across the pupil of the eye and the resulting 5 light is inaged
onto a single dehase®CD.The resulting array of spots is produced tenporally

rather than spatially, as in the wavefront sensor 10. Nevertheless, with
the scannifg instr auning/derseapnipgminwn FQ Which iy comiysdetoter plarecdZpe
anal yzed anal ogous|y. to the techniques di scussed herein, as will be

appr eci at ed by aisp glimainaigs spptialingiys, fopaxagple, Wheg shxbexagmures of thevevgEert, i bed
operates under the control of software for data, 10 acquisitign and
anal ysis. The &PeEPil0iagTegtired vy scaniag? PAup soieR ™ f B ontBe ©taa & WlPP now be

d i bed. Data Acquisit]j .Anal ysj s ,Sof A det ai | ed
i Scussi on i o AP A-ER g Be ahr Tigeaett 3 h Sriepar e P 2Bt i (i on
d lysis-with t f 1 10, ] nbadi t, the 15
Sof tvare 13 | s 158 BRPAPRT SHrREl A HEEVE oY JB S5 e dle sFFe b9t a
re 13 | . i t-de VPP, da
o1 ovi dee. cont r SRR ARfAPuh T TR CRAN] B0 AFRN bt biRacd MR, MBS, [ 7 °°

nunber | 1SS G i Al b G et B bly Bl 3368 D OW 1 1

nore detail. The software 13 stores the value ween pupi l

size of the eygomnefdrindVaRtiblaidh, I ‘@fed ftf ow@ﬁgforeﬁﬂér aﬁéﬁﬂe (i 0, and

all ows a real -val'ued scal e conversi et ween t he two. € software 13 al so

‘can accomdat @of atibib8ilof st exfodies br SHIER YightWodrhd sthble gz @oshENRI €t -
di aneters and focal | engths. : .
either case, the recommended total exposure duration is at least 1-2 seconds for eye
15 movements to help eliminate spatial noise.

The angular extcnt 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 Bigh enough that there are
many scans within a single frame of the detector of the camera 20. By having the

20  light return from the eye 58 through the same sca;nning 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 &sﬁpﬁng measurements made with the wavefront
sensor 10.

To initiate data acquisition for determining the wavefront aberration of the eye

25 58, light from the light source 16 is directed to the eye 58. The light passes through
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Once centroid i mrage data have been coll ected by the wavefront sensor .10 by.
execution of the software 13, the wavefront sensor 10 uses the software 13
to 25 cal cibalimsbde wave aberrations of the eye 58 to aP§FUEN28¢7er and a
gi ven nunber of 35 SUBSTI TUTE SHEET (RULE 26) WO 01/28409 PCT/ US00/ 29078
Zer ni ke pol ynoni g behi gifiter B thelldnk 24) ehedipgs etiectdcs, thy lankh2smd sdacildced offn t he
art. The highest Zerni ke node nunber for any given Zerni ke pol ynom al

order is specifitismingr 60 throdgh thd Jefofdg the tenP§6] the nijsori3d, ank dingliynieth theeye vensor

10, it has been found that they maxi mum nunber of Zerni ke nodes that can
be reconstruct ecedansedahiol aspbtraprtheretimebat iscagedbebhe mimen i Jhewavefoptnay e
aberration data is, very roughly, equal to one-half the nunber of lenslets
in the wavef r ontsessenkiimags theBpotefnévariom therstinaa e imeay is dirpsted basktiwengk 13 has
been designed to restrict the number of Zerni ke nodes used. The software 13
i ncl udes a " nodehe systemantildhis reflecteheff tho beanpeplifier 1 gad then pagedbisthe I?é%lett he
wavefront fromthe Hartmann Shack centroid data. The nethod us 0o by the.
software 13 to civenlfomeise deetarof the games 30 The fo5es OEPYORRGHS adinste s°r"3% spot
data will be described in nore detail below. Wth centroid %ﬁ%a 3vallable
whet her just obfesinig light eyledng &E‘F?“PEIB’I“&FH%GfIS‘?"Y%’é cqpIvete & dflor

or | oaded from an eX|st|n file jn_the nE ry 14 qr fr anot her nory

| ocation, the PCEufsng te ?I’rs hardly o TheafPel iy ?% %"e@r%m”é“fﬁoﬁ’ f the

eye 58. Cener aI tIEIe wave, 15 aber rsatlon functlon Is expressed as a |inear
conbi nati on of 'I‘Igec RIpagRg Py ﬁ’ﬁ@ﬂ ons. The basis functions used here are

lled Z I I
of tuo varialb pol yndraraagiif Bl e fistata iy To Bh8 eBuf drpaITnT! o€t
I
S ol e expr e55i Qi 0Ll ale Ak Rk ool 3 i kol i HENE O VB, e CT LAl

degr ee of phase npénsatlon I's mad rnmul ate the procedure used in

the software 13 %958 gL 6 o d%ﬂeﬁfwﬁ@&@wa&ﬁ%ﬁtrséﬂsbﬂfb €ﬁ:ue EfiSg GhicRIade, the .

wave aberration functi on , 1S first expr essed as a linear conbi nat i on

of Zer ni ke poly nQﬁhﬁIﬂﬁnceﬂé}Qﬂano Bidendidris whtilethé Subfdtis igwihg thelfixdion target

32 during data collection. The pupil camera 28 provides an image of the subject’s

15 pupil for aIignment purposes. The geometrical center of the pupil or the comeal
reflection of the lepil—illuminaﬁng LEDs can be used to optimize pupil centering.
During image acquisition, tIae 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 LEIDs on the wavefront sensor 10, turns on the light source 16, and snaps a

20 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 imaée to
the image acquired with th.e 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.

25 Inreal-time mode, the wavefront sensor 10 continually acquires, processes, centroids,

M
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25 36 SUBSTI TUTE SHEET (RULE 26) is WO 01/28409 PCT/ US00/ 29078 In that

" equation, Zlrepresents the ith Zerni ke node. The summation starts at two
si nce thewﬁ%ﬂéstﬂs{“ term called piston, is of no concerpcrarsdo/marsnot be
measured Wt sl ope estimates. The hi ghest node desired to be neasured in

the wavefront g oronelGHELI bt HeldiRodls GHIufRSomuinebug Of N in the

software 13 is ) corresponds to Zerni ke ‘order ten, although the

sof tware 13 coulds b tmlixidde tha doft ASETH Rt Egloaer der s and nodes. The
actual order ulsﬂé%sg'e%ends upon the nurrbergﬁof | enslets 18 within the pupil

over which the aberrati qf gndMef sl W eiont Rsor SyRmB@6T showngSinfibadloie | ensl et's
18 are typically centered on a square lattice and arranged so that as many

as possi bl e fi tiedsiat fraly)siRopbriiresd sqabitidlacrodsiRypupil 6f thelsfeandthe tdsaliing t o K 10
fromleft toright, top to bottom although anot her nunbering schene could
be used. One qightipigaged orfo 4 Siifié detecRdE.l Fhe réshlting Araylof spksds praducad/ i n whi ch t he
| enslets are arranged in seven rows and seven col umms, excluding the

| ensl ets that uemperfirither @fan sfatallyyage thefvakdfrontsensot 0. Aevedteless, pith theThe

| enslets in the array formone 3-lenslet row, one 5- lenslet row, three

7-1 ensl et r ows,sconzgSesiranek, etnirobiswanid be pedied thatsdoel be emaliaedlanalogowdly nunber ed
thus: 123 4567 89 10 11 12 13 14 15 16 17 18 19 20 21 22 20 23 24
25 26 27 28 29 to 8@ thmigyues Bigcugstd B&eiB s $7ll Hvppuseivted biothoseskiflerbin theGrtand t he
software 13 permt selection of a variable "pupil" radius by limting

| ensl et points eff e&he kaalwarejust descxifed jgporates wnderiile oanirad afeoftyaretipralataps det ect or

of the camera 20. Further, the systempermts currently stored data to be
10 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
15 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 éye 58 and the pupil size of the wavefront sensor
20 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

25  calculate the wave aberrations of the eye 58 to a given order and a given number of
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normalized to a smaller pupil w thout discarding data, as will be described
bel ow. 37 SUBSTI TUTE SHEET (RULE 26) WD 01/28409 PCT/ US00/ 29078 This is
refl ected wodeesobl owmchart of Fig. 13 al so descri bed- bel ROAUSHRI0E appi b' to
wavefront (and ultimately, an ablation pattern) can be cal cul ated, for
exanpl e, in detghiebbRHokilEndidY 8 vHIBE kiprdcifedb§ thode skillg it drt.iTheNOr NB

| i ghting when the captured data is froma 6mmpupil in dimlighting. In
general , it is dghbstZkhike oddnuly f67 @9 giveeZaftikepdipomdh] prdgiis spedified byngi ng
applications. The general procedure by which sub-apertures of the lenslets
18 are det er ni Q@adersD)(@dersd)ihUsinigitie wangfrdnt seagbi UE; itdibs heer fonad/ibhtitent sensor 10
is as follows. A priori, the size of the "pupil"” radius or radius of imge
t hat i s necessamaxinomcamiber of Zatnike niolles that panrbeirebenstrecteddcouritely &dm aléssis | s done
based on the inter-lenslet spacing of the 10 lenslets 18 as well as the
nunber of | erss| equsred 8nalysistofimwi wag eherrddionalaa dsn vexy rouglily, telyiad toj ope-halfithe i t
elimnates other portions of the captured i nage fromthe canera 20 from
havi ng to be i noinpbdfiepslatyia teyeusfontsenao 1 Jocphaes weh rue@ntheoi ds. As
illustrated in Fig. 9, there is a circular area 170 of radius Ro, which
shoul d capt ure eéeferarehas becg desjguedyiogesirictthe smber ofAsailegnasiesstd2 havi ng asi de
equal to inter-lenslet spacing 174. It is 15 froamwthin this area that

centroid cal cul ati onseardvigesr Foingiades 3 smpdal] waesguisterensigption aeihipd t9he

cal cul at ed cont FOPHEUA e TATBAPE ob ol B ek Ripi ey TPABSESLERE T of ds
Ger ved rof cPonbe B pPyees | B s beichetrif 1op oot B BB ot S B 48 v
aborrat i ons of - Pk SRR S froftackf peBR® i Senid BBl DRl s

i spl acement o) Lo@d Bbel SR SARENPE B whidok SEllbl S0 HOERA Hup g OUI 2 e

based on that inrtral pupi the centroid calcul ation

with the pupil a}ag{ingsﬁls%-t&eﬁw&?_ﬁ%@ﬁq&mm@gfﬁm%ﬁ&c&m, &l #1929 f set

vectors fromthe reference array is designated as 180, and the cal cul ation

of the Zernike pRgesl kasaeuad ti0whe MedtdRarate cfo 58S G&erally NGE wave

centroiding is carried out using any of the techni ques described above. 38
15  aberration function is expressed as a linear combination of selected basis functions.

The basis functions used here are called Zernike polynomials. The Zermnike
polynomials are an orthogonal set of two variate polynomials defined over the unit-
circle, and allow a simple expression for the residual exror in the wavefront after a
cert;u'n degree of phase compensation is made.

20 To formulate the procedure used in the software 13 for determining the wave
aberration of the eye 58, the wave aberration function, ¢, is first expressed as a linear

combination of Zernike polynomials, namely,

N
¢("’9) = Zaizi (Ta 19), H <L
=2
25
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SUBSTI TUTE SHEET (RULE 26) |1 WO 01/ 28409 PCT/ US00/ 29078 Once the.

" centroids are known, the wave aberration can be cal cul ated using the Zem ke
coeffi ci % L 9foI | ows. Referring again to the equati eaT/AB0/20078 Wwave
aberration given above, and taking its derivatives with respect to the x

and y yields Z!ﬁm?qu%w Ligs A M oeinikaiode SRisBmradnsakiga teyer the array
of subapertures of the 5 [enslets 18. The equations can be expressed as

follows (the fynedthORRstad ke BNESpistIRKT BeQNch BT RERHETe Nekapd with | _Y-
atlaztd (1.1,2,...,K), ~1t t=x ~t 10 10-y0i Kaiazi 1 (1=1,2,...,K), tZ I
Jt where O reRkpSQRinGted. At Ahalmodales@a iobtaticadiidlt ia Aerviaveffonl . Al t hough
calculation of the wave aberration from know edge of the Zernike
coefficients i gecomirhctioninihe valueW¥t The Xnaxii®invabhe oSNV itsthel sdfivvatkei3dy 66, ne t he

Zerni ke coefficients in accordance with an 15 enbodi nent of the invention.
As al ready 10t evhichictreespads ePeatikemnder fensdthagh tHeeoftware Ehconlidbemedified t en i n
matrix formas sx I,." s sY =l GY a=Ga, where a and sY are the vectors of
sl ope esti mat eso shdramodatt highenoridreandonodese (The aftuad prder U236 dspends wiodsheof t he

| ensl et spots in the x and y directions on the detector of the canera 20,
respectivel y. phmberioflensighy HBovithin the pupilroyérywhidhdbekibepdtiguearemeasungd. Bred dy of
the centroids fromthe positions that they would occupy in the absence of
wavef ront  abersktuapediwes dithedenslets 18 aee tynivabie eentered 2o arsiecs laticrandamanged G mat ri x
can be reduced sinply by elimnpating colums of the G matrix. The vector a
is the array ofso thatasainpy sspossitiefitdato dsespecifief aypiks Theysee nombardifom 140 & matri ces

of derivatives of the basis functiqns 39 SUBSTI TUTE SHEET (RULE .26) WO
01/ 28409 PCF U§95‘/1 t§-71ght, top fo 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 lefislets that view parts of the image
falling outside the pupil. The lenslets in the atrray form one 3-lenslet row, one 5-
lenslet row, three 7-lenslet rows, one 5-lenslet row and one 3-lenslet row and are

15 numbered thus:

1 2 3
4 5 6 7 g
9 10 1 12 13 14 15

16 17 pt: 19 20 21 22
20 23 24 25 26 27 28 29
30 31 32 33 34

35 36 37
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
25  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.
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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
nunber of keeBioces and the | enslet spacing, and is cal celTWSe0290%8 have at

| east the greatest nunber of Zerni ke nodes one mght be interested in
det er mi ni ng and s iseetted incheflovahartsif Fipitfadso dederibalislost TH¢ aidfopdidtehat one

m ght be nonitoring. That G matri x can be cal cul ated once based on the
physi cal data. |Vvaefost(@dsiinateyent ablation pastery) ¢anibe kadouldtesl, posxatple, bf Fi g. 9)
are assuned and if b is one-half the sub-aperture side, then G' and O can
be expressed as 4mmmeweampu@émmpummmtwmm mode and i
(row) indexes the aperture centers: MFa Y, +b 82 Gx J_,. ~ 4b2 ax
sj-b yl-b 10 1 Septerdgdatais fropm sy pepildn im lighting T genersl, é\*sqqﬁ’é@éﬂtf’m equat i ons
can be sinplified by definin :g the_antiderivatives of the Zernike

pol ynomi al s wi t hrerdigjse the caleplatedpupil fon gmaging appligpfioBs as 1z, (x, y) = f Z, (x,
fzjﬁ)ét ?2ﬁsl§l lntZZx'('Xanﬁ-)n g“ﬁ‘f’rﬂl’mceﬁh&&e@/‘f’lﬁﬁ‘ghe e é\%ﬁ{?@%%{é?‘lr Lﬁst Egﬁet hen
S s o
[~IY§"()|ill)t Jerb':{ La: bgﬁ g‘;peﬁﬁesoqéhﬁ ‘P‘fgl fadms t}lkmclig gherlggeces%%% )
SHEET (RULE 26) 0. Odbig8d Ofculatel! 'ﬂfi@?!d%ﬁé)@ed on the inter-lenslet spacing of the

10 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 1jmage 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 Ry, which should capture each centroid
within its corresponding box 172 having a side equal to inter-lenslet spacing 174. Itis

15 from within this area that centroid calculations are performed, as will be described
below. The indivicil;_etl 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 tzke into

20 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 Ro. 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 Zerike modes based on R, is designated

25  as 182. Then, centroiding is carried out using any of the techiliques described above.
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Because the equations set forth until now provide an overdeterm ned system
of equations (N-1<M a |east-squares solution is sought. A procedure called
Si ngul ar Val ue Deconposition (SVD) provides a sol ution tpgTiusesmsarsati on,
which is WBOVAMP in this sense. In order to deternine the Zernike
coefficients, essentpgbhié cBnthids@finows) daiveivé ierrbtionrvaniee delvulited ulkliithe i ci ent s
using the SVD of the matrix equation involving the neasured centroid
shifts (expl ai negmhel.eamicitdts Raslows.URefaFinE dgainao thedqiatien foathewarpe of t he
Zer ni ke pol ynom al derivatives over each sub-aperture. The Gmatrix 1is
inverted and f urbd@fiodEemebeieghdadinglts dérivatiee with cispret tofietxrand g yields 8k whi ch a
can be determ ned and thus the wave aberration of the eye 5S. Applying SVD
to the matrix 1@q@tiomsaThe 2k derlvativs an evabiated eves Breaimapef subaperturesofthe=UDV' . D i s
a diagonal matrix of ‘N- 1 "singular"” values whereas Uis a

col urm- or t horsor rkeklewsd8.r The agiidtions dae bsexpressed pnfolevdfths fapstienal aagianentsi s an
N-1XxXW1 orthonormal matrix. Since the inverse of an orthogonal matrix is
sinply its tranhpodeensuipessed hens)er se of a diagonal matrix is sinply the

di agonal matrix of its reciprocals, we have 15 a = G1s = (VDi f)s where
GlL is the inverse of the G matrix and the superscripted t represents the
transpose of a matrix. It can be sﬁ@vmgfp @z, t he%%\ie]‘,r t error in this
nmethod is proportional to Tr(1Y1l)al|j. £; '\ ehg, sum™ot t di agonal el ements
of D1. 20 The software 13 selects the |enslet geonel y by asking the
operator for a pupil radius (or dbﬂneger aPver which the eye's wave
aberration i® to be neasured. The Lppﬂa,- ﬂtjus(l#éﬂ,-t-ﬁé), eye may be
different fromthe wavefront sensoflt bit ily they are the same. From
the pupil radius information and the known center-to-center distance of

the | lets 18 i . t ) 25
bre-comut es t e PRpep it il 9t o mchife T ML et houbl PR 27
41 SUBSTI TUTE e Bl oVRa8 83 A ECTHSRY 2R ot Rt od o

that pupil radius ftor t nmodes up to, for exanple, order ten.

(However, the- i Rduilis AbATacRELiHeHhb YerkREShoticchts SERERAarPRM ke nunber of
|l enslets 18 used). After the initial conputation, the operator is allowed

to have the ePMubBdiment of the invention. As already noted, the two equations just set forth can

Al
Sy GJ’ .

where s* and §” are the vectors of slope estimates obtained from the movement of the

2

be rewritten in matrix form as

20  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 arrsity of unknown

25  Zemike coefficients, and G* and G” are matrices of derivatives of the basis functions

39
SUBSTITUTE SHEET (RULE 26)



12 (i.e., the software 13) disregard the slope estimtes from sel ected

| enslets 18 as 5 well as have the software 13 conpute estimtes for a

| arger or wah@lkew Zenmi ke order, as will be described ircvosoe2sdet ai | bel ow.
The nunber of nobdes can be determ ned for any given Zerni ke order fromthe
expr essi on (0r Agerkhaa(REdRI sdib-Bektdze oBGLN Raklet 13, Gtk x3M Gird 2GRS Tis " Theor et i cal
St udi es and Conputer Sinul ations of Post-Detection Atnospheric Turbul ence
Conpensation”, Rhritis fgliediss, cohstifimbifli YRESGH the minibafbf 1&hsISbaaERe lehdMiaj an, V. N.
(1994), "Zernike Crcle Polynomals and Optical Aberrations of Systens

w th G rcul ar Rppiidgsand iSathlaRe id Hage & 1dagtiioy gidarestituibires ZerAikg idtles DO4, pp.
S21-S24, Southwell, WH. (1980), Journal of the Optical Society of Anerica,
Vol . 70, p. 99BighthysmeresteR ikdetemhh®nl)apd RisasiaheprentesiofamBelafilensiets GR) i CS,
Academ c Press, Inc. New York, NY, Wang, J.Y. & Silva, D.E. (1980),
"Wave- front 4 ntthatprenight bymonitaring Z€hat Ggatrid &u Po tajeutitadanes basedppltieed Opti cs,
Vol . 19, No. 9, pp. 1510-1518. As a neans of explaining the matrix

equat i ons abov evhysi¢abdaizo |If sgwire gpbeaperpirési(¢.g dlike thebanpT2ofFig. 8 freassuined A

hypot heti cal 3x3 array 150 of reference spots and boxes 152 is shown in

Fi g. 8A. Each pe4ifdfis enedalithe syb-apertuse e thea GS prsk @ casoe enussodasclollovs2 ar e
designated by an index 1-9 fromtop_to bottomand left to right, although
anot her 20 i nde¥erd §eotymeyindesethe Zergike grofeand 4 Grew) ipdsxesdhe spertere eqntsit e spot 150
determ ned by the software 13, there is a centroid 154 displaced in x and
y fromthe corresponding aperture @eg__t_éL” 56 gt ,al so is deternined by
the software 13 within each box, as Wil4?* bhe’ eaplainhed bel ow in nore

detail. Theysoftware 13 determ nes the X and 'y displacenents of each
centroid 154, designated dx; and dy,, r?sp.eqma ly for i =1 to 9. 25 Thus,
the s vector has 18 conponents, 9 fG.=x_§a Bxdp, as shown in the matrix
42 SUBSTI TUTE SHEET (RULE 26) |1 #b7 Z8409DPCTI USO0/ 29078  equat i on

bel ow. The G matrix is an 18 centroid (or aperture center) by 5 nodes
matrix (i.e., 18x5) and a is the vector of the Zem ke coefficients
consi sting of (These%vo gpaisonenbs simplifiedy defttingghd antiddrivativesoftheszegmiked or der
aberrations (no piston term as explained above). The G matrix has the
same formas i poynmigswitbms@tts the xlandgvaiblésas 177 (x,y)= (Z,(x,y)dx and

15 IZ?(%y)= [Z,(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:

G;= !

v —4—172[IZ;-‘(x,- +b,,+b)+ 12} (x,~b,y,~b)~1Z3 (3% +b, 3, ~b)~ 12} (x,~ b, y, +b)|

20
1 x x x
G; = 4b2 [Izj (xi +b’yl +b)+IZj (xi —b’yi '—b)_IZj (xi +b’y£ -b)—IZ;(xf _b’yi +b)]

Note that G* depends on IZ? (x,y) and vice-versa.

40
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5 one-half the size of the side of the boxes. S 18] { 18x5] a[5]- dx1 dx2

" dx3 "dx4 dx5 dx6 a 2 a3 dx9 G] a4 dYl as dye dy3 dy4 dys dy6 dy9

10 Once @i tudes of the Zerni ke coefficients arepdeitssaooisd, the wave
aberration I's tound, where the only relevant terns are fromthe sum6

O=F, a, ZI(X,y) "Z da. L dBfichPlet khQhEIER Srofille bn bRAdeleifdndd bysted8) I oOWs

and 5 (i = 2 to.6) columms. ocusi ng now on particul ar nodul es of the

sof tware 13, ngg- %ﬁp]gﬂ%ﬂ Kﬁ_lgg@’ a RERNdHAE: BahRdY. isTHese NRAb&Eurs eadde
directly to and i ement thé techni'ques and 43
Singular Value Decomposition (SVD) provides 2 solution to the equation, which is
optimal in this sense. In order to determine the Zernike coefficients, essentiaily a
5 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 mafrix
is inverted and further processing occurs to yield other matrices from which a can be
determined amd thus the wave aberration of the eye 58. Applying SVD to the mah'nc
10 G, matrices U, V and D are obtained such that G=UDV". D is a diagonal matrix of M-
1 "singular" values whereas U is a column-orthonormal matrix with the same
dimensions as G, and V is an N-1xN-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

15 - a=Gl=(VD's ,

where G™ is the inverse of the G matrix and the superscripted t represents the
transpose of a matrix. It lcan be shown that the wavefrant ervor in this method is
proportional to Tr(D), i.e., the sum of the diagonal clements of D

20 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 radins for the eye may be different from the wavefront sensor, but ideally they
are the same. From the pui)il radius information and the known center-to-center
distance of the lenslets 18 as imaged on the detector of the camera 20, the program

25  pre-computes the matrix G for the largest number of lenslets that can be
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SUBSTI TUTE SHEET (RULE 26) WO 01/28409 PCT/ US00/ 29078 procedures descri bed.

thus far. A flowhart diagramll t L s i ig.13 an overall nethod for the
cont rol | ed wiswssaoqui sition and anal ysis software 13 di seURESSA29OVe |in
nore detail, in accordance with an enbodi nent of an invention. Control
begins in a BegictorhmedateP fardies supiitreins Zé thechethilprmaieeuisto) timexdmple,erdert 0 a Set
Paranmeters step 202. 5 In the Set Paraneters step 202, the Optics object is
created and the teal(Hesever, thelretidPoyel actuBliyaisel widlrdiepdofl epcari ruipber of lenslets
Wavefront 2Pupi | Scal e vari able are set to default values based on the
particul ar confilpmsedi Sferdhe initiel opmpwiation the eneraton is allowedTth bave ierempwiér ot her
vari abl es, such as a pupil radius variable, an inter-|enslet distance

vari abl e, and a 12 égsthesofiwreel3) distegard the slpwesistimates fonpgelpgted lsnslgnliead upon
default values. As an alternative, 10 the variables set in the Set _
Par anet ers st®p Yobashaxp thasofiware 1 3 pomutosstivanies for2 lzees or smallicZpraikyordsad ent er ed

by the operator. Conér%l t hen proceeds to _a Create-Lenslets step 210, which
i s described in ¥R} be ¢eThed mguaredetaivplawy dasymegbes of madgs cag he detggmmned ¢ ot ol

proceeds to a Sef Pupil i ug step, 215 in i ch | ocal  pupil. radius
variable is res r%gﬁ’e?%%faﬁggmaﬁqwgpt&%e’ﬂ@?w#éﬁ'lﬁﬂrdg’FW'Zééﬁpa‘i'he val ue of
the local pupil xadi Laple is | oyed.in  suybseguent,_steps and is
based on the sm%éﬁ%ﬁ%yf)’r ﬁrf%alt%es %ﬁﬂ%@p&lﬁ#ﬂﬁfgo&s %E?St%?’“’ctpénsl et
obj ects created j h corr to a.se f lenslets within the
raJdi us. ControlAtﬁlﬁ%tr}\lg%r'ﬁo%%%%lg T ée?snp’lci;rirlégéh € 6‘“&98“’?’5%‘%@ an i mage of

the retina i ol S, Ve (48YOEZ0le GROTAnIREl o BASORILARR »S 0

alternative, the image can 20 be rétrieve roma ftile ore

14 of the COMPUIGBfinShTial Fipl, Eidinedl &)k} K, KGR 004 5 | OW N0

the Get Image step 220, control proceeds to a Cenerate ence Array

step 230 in whi @1-824, 8b@&AREL V.11 650Y, Thindl bHAL @ﬁhcalTéb%ie{y%ff%%ﬁ&,ev@Pi ct
|

contains a set of points that represent aperture centér points

of Figs. SA and p8#g, Dfsom R.EALID1Y, PHEiREs of Adiphioe OFtics K call @S PEdsSIE MRt €d i n
step 210. The reference array is enployed 44 SUBSTI TUTE SHEET ( RULE 26)

York, NY, Wang, J.Y. & Silva, D.E. (1980), "Wave-front Interpretation with Zemike

15  Polynomials", Applied Optics, Vol. 19, No. 9, pp. 1510-1518.

As a means of expléim'ng the matrix equations above, the following simplified
example is offered. A hypotheti.cal 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

20  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 detmm'ne& 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 ach centroid 154, designated dx; and dy;, respectively fori=11to 9.

25  Thus, the s vector has 18 components, 9 for x and 9 for y, as shown in the matrix
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WD 01/ 28409 PCT/ USOQ 29078 in a Cenerate Vali d Zerni ke Mbdes step 270
‘descrirbed in nore detail below The use of a reference array and the
generation_of Zerni ke nodes has been described above. Goriusoedrprsoceeds to
a Locate CRACYE¥s step 250 in which a centroid i's generated for each

| ensl et of the Iens Shadkl é&gﬁgﬁg?ﬂfgéﬁfﬁ,@d@;gbm&eeﬂg@y@ﬁnmuoi ds step
TN nor e def al e

250 is 5 descri b&q ow wth respect to Fig. 15. Foll ow ng

the Locate Cent ’F{&{“‘% S 200y is BRWVEE of BE 268RE SodifbichtsWBhaing ofRAS I Oi dS
step 260 in whic §'°at6§{r3£t.or 1F‘nay set ,0 adj ust, or elimninate individual

centroids generaéd%g)ohéitstcbﬁ SHaHoQo SRMnA icdnSdrad abdltiomm{ndhigaiismeds above.
Control then procéeds to the Generate Valid Zerni ke Modes step 270 in

whi ch Zer ni ke mMg@snRE Boobl). TR E higkthadids ehedoimi dendicated kiive witR b etplubto
centroids, and the reference arrays, as described above. Once the Zernike
nmodes are gener ap@chalftikpeme 6Otht sigd ofiicdeeds to a Reconstruct Wavefront step
280 in which the wavefront of the inage captured in step 220 is
reconstructed based on the Zerni ke nodes calculated in step 270. The
reconstruction of the wavefront bas#d8orGilBe5Veidli ke nodes is acconplished
once the 15 Zerni ke coefficients are determ ned using the matrix approach
di scussed above according to the i‘m(1 ntion. Follow ng the Reconstruct
Wavefront step 280, control proceeds fto a paraneter change process A,
which is described in detail belowiji?{conjunction with Fig. 16, and which
relates to the discussion above red&¥djng centroid elimnnation and pupi |
radi us change. 20 Referring again tlé&sfA g. 13, also included in the
flowchart of the Begin Exam natiorngPrjocess 200 are entry points B, C and
D. Entry points B, C, and D enabl g the Begi n Exam Process 200 to be
entered at the Set Paraneters step fﬁﬁz the Sdhgpt Centroids step 260 or
the Generate Valid Zerni ke Modes stiep R80, res Ec ively. Entry points B,

C, and D are described in nore det didk, pe} ow, wi §{h’ fespect to Fig. 16. 45
SUBSTI TUTE SHEET (RULE 26) WO 01/ 284&%9 /®S0)A2P078  Tur ni ng now to Fig.
14, a flowchart is illustrated of & cat e Lengkgts process 300
corresponding to the Create Lensl et gystep 210 gsrhe Begi n Exam Process 200

dy,

10
Once the magnitndes of the Zernike coefficients are determined, the wave

aberration is found, where the only relevant terms are from the sum

6
#=>a,Z,(x,y)

i=2
15
with the matrix elements of G for 18 (j =1 to 18) rows and 5 (i = 2 to 6) colummns.
Focusing now on particular modules of the software 13, more details are

provided below. These modules relate directly to and implement the techniques and
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(Fig. 13). In the Create Lenslets process 300, control proceeds inmedi ately
to a Too Few Lenslets step 212 in which a calculation is perfornmed to

det er mi neyw\ghi@s 5 i nformation from operator input wi ldcrarsedrsaersa | ensl et
nunber paraneter greater than a pre-determned mnimumto be generated for
use in detern RirdigdirkileitElied Rl @l AtflowdhartifiaghROHIEYAEOIFIS. 13 bevemMisWer i s |
"No," the process 300 conpletes in a step 352 and the Begin Exam nation i
Process 200 i s mhetfiodiftrahedntrofisd dla stlghisitiorednid weanlysi spiivace S3discagsedsbove ini t i at ed
to enable the operator to reselect paraneters so that a sufficient nunber
of 10 | ensl et s moredgahinraadoadincel witht dn embodiment of an isvertpn2léhtiokbegips 1, " cont r ol
proceeds to a Calculate Nunber of Lenslets step 214, which is described in
more detai | belBegindixah Pracess ptepr200tapd priogpedsliimeialely dai Bef Pedamet@zisicp P02 e Nunber
of Lenslets step 214, control proceeds to a Determ ne Pupil Coverage step
216 i n whicls a IneiSet Racameresisten 202 thel Opticseabjecids oradtéd anfl heivalned of ths Popibat ed
(e.g., corresponding to 37 lenslets used as the Inslets 18) in 15 the

Create Lensl| et Scale saiablegnd the Wavefront2ByrilSealpvagishigareset toriefaply palneshasediet er ni ned
by the radius set in the Reset, Pupil Radius step 215 (Fig. 13) is

cal cul at ed. CorfRihsiPartigesr copfeyraiianief thewayefionhseppor { -el@d‘&é‘ﬁ%‘gé’ﬂﬁ ep 217 in
which the ratio ¢alculated in step 214 is, conpared to hath a predeterm ned
m ni num val ue é’ﬁ‘éﬁ% Pawrﬁﬁmélwwggﬁﬁms%?ﬂ@?%@a the m ni mum

| dbe 75% If th iQ is. h I 0t i, ni
i cati ng. t hat P REPET Lrah FHEblF ot e R PERLHOE etk ey AXmeiitel
e dascr | by STt B e SR RS e Be BB B . O
i ndi cat i th ' i ke Mod t 270 and th
i ndi cating ag#@ﬁraﬁéﬁ%&%géh\é?%ge”m e es step an e

Reconstruct Wavefront ste 13) are likely to be inaccurate, then

control proceeds tocﬁmpjfﬁ&lp@*eé@m@ga GR1et 16p 2100 Lj@hﬁtdg.&igédgx& a26

. . te
appropriate warning nessage I s displayed on the video screen

SUBSTI TUTE SHERE dadiidf it sl B2 84 A CHLSAR AR W s pif0S. 2 and 3)

to the operator. Control then proceeds to a Return step 2 I'n which

control is ret Radiedbtép@1s MEOvHRRG 16cabXTrdddk VARLRINERE® a2ifusdafle Pr 0Ceeds to
the Reset Pupil Radius step 215 (Fig. 13). As an alternative, a process

may be i nitisat deterirned in step 210. The value of the local pupil radins 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.
Contro] then proceeds to a Get Image step 220 in which an image of the retina is

|
: : o
captured by the wavefront sensor 10 for processing. As an alternative, the image can ‘ :
20 beretrieved from a file stored in the memory 14 of the computing system 12 (Rigs. 2 1;
‘ l

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

25 each lenslet in the set of lenslets created in step 210. The reference array is employed
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enabl e the operator to adjust paraneters so that the ratio is within

" appropriate limts, 5 1f, in step 217, the ratio is greater than the
m ni num % b%ﬁ}gt han or equal to the maximum then corRCTWBEAWEeceds
i mredi at e ?’&o he Return step 219, and control proceeds as described
above. Turni ”%{W&n&&tﬂﬁd Zhike MIbR¥p A0 Besixibell bl ticrt Bakibgklon. Fhe@ad cul at e
Nunmber of Lenslets process 310 corresponding to the Cal cul ate Nunmber of
Lensl ets step: gidrefkencd Rradylafid B8 gab@tidniZemilke npkextaskeel 0@crftei gbove4) . Cont r ol
proceeds imediately to a Create Maxgrid step 312 in which a matrix of
points (grid) icon@pRicaddeth AARciteSanoids step 250 iawhichr cajroidfis geperatedfos with a
predet er m ned maxi num nunber of rows and colums, for exanple, 19x19. The
maxi mum i s a neidh@dnsef oty Tuht £ ereatadliinistzp 2t cEhedocate Cemzonds sterf 250 i he
| argest lenslet array |likely to be encountered. A subset of that 15 nenory
can be used st 0 describeddn inore dgtail Helow witk sppaotdo Fig. £H -t he | ensl ets that are
actually wused. In addition, a count variable and a nmax di stance vari abl e
are both initializeBbllowingtthed.opatb Qentivids Sepn250p tontrkprocpeds taacpdect 0 a step 314
in which it is determ ned whether there are points in the Maxgrid array to
check The MaxgQenkrdids step@d0 mswhichifeadpmater may sriadipst, o glimingty indi h the
| ocations of boxes and box centers that correspond to the |enslets 18
within the pupictntioiddisersrataddn the Leqats Graoif pen B0, argliscpspdabavy. Copeolfhepst i ne
t hrough the process 310 he answer is typically "Yes," and control

proceeds to a @cegpiofpe @%WW&@ 270 Bvesh fomikepdss #85. process
e S kS S e 25 7
B o B s A
corner of -t nd BORn L Witk oo Wl PR o BO e Bl 0 1

cal cul at ed an? 23@}5%09 otg lgatséheonttﬁeg%e&{ﬂ'e%gdé% Eﬁlc%ia?eggrgstécpsﬂb.efﬁc than or equal

to the pupil radius, Irndicating ne entirre orresponding to a

lenslet is withid ghja&ioﬂlél?'#hlewa%ﬁ% b%@ﬁoﬁ%%m‘ﬂéﬁﬁo%@i?a&cgnﬁjﬁh%w dppted by

21" and the coordinates of that box's center are store I rst
15  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.

2 Referring again to Fig, 13, also included in the Slowchart of the Begin
Examination Pmceés 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.
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avail abl e spot in the Maxgrid array. Control proceeds to a Di stance > Max
di stance step 318 in which the process 310 determ nes whet her the

cal cul at edy@igth@pse is greater than the previously st oPEEUSHV2®80f the max
di stance variable. If the value of the calculated distance is greater than

the previously stor ednm%/gew@émghﬂ, MBowcHirsik fRteateiOf u Drdattllepsletoresso|
proceeds to a Store New Max Di stance step 319 in which the calculated

di stance is st or3oy corfespdagingBoxthel g Deletsatep 210 & theegin BunintProvgss RHE
previously stored value. Control then proceeds to Points To Check step 314
when t he new val @i ). Inthe Croaix Lenisbtspreess 961, canipbbprocsedstimmediately tsst Bqe 319,
when it is determned that the calculated 15 distance is |less than or .
equal to the preBawdiendlsts stepo?1@dn whiclecalaulationsip p@iosmedsto defemmnstwhethem| cul at ed
distance is greater than the pupil radius in step 316, indicating that the
box does not 5 f i infogmetion &bm opgretoy input will epale # lensiet mumber parameteneratenthan pe
process 310 determ nes whether- there is another point in the Maxgrid array
to process and, Ir¢-defgminedminimuniip b generaiedioruss imletepmigingthewavasignatin 319, as
descri bed above. Each grid point in the 20 19x19 array,is processed in turn
to deternine V\/ne‘tflﬁ@rey‘?%‘- iI5the gnspyer is 9. | e propsss 30Qeorplsish in asten 87904 ther r ay .

Referring again to, step, 314, if the, procesg 10 a§lete[m' nes that there are
no nore points F@rdRaRipaiafrpcess P sdpmapats egﬁ? tgmative 2 PIRCSsS Ay \ PR

trol i t ur.ned 00. - trol .i : d.t
300, the-count - VARREHPE RS AR e e AR e, - or
| lets, which fi i thin.t 1l r.adi th 4 SUBSTI TUTE SHEET
(RUE 26) vo'D1/ Zebsdstartar Bebime! R Bod Srd SontY asre BAc ai ns 1 he
val ue of di st anceaflud il PAIESs SRE Al deobi 108 Bk lonl iy 1 L1 0

the pupil radius. Th a array contains coordinates for

each box, o | enahelo pliNeidvingtid S VerlPbey s 3 1 ULidg NOW 0

Fig. 16, a flowhart 1s illustrat of a Locate Centroids B Process 400

that correspondsyréd@eds ifa hRGRAiR Fepil ChRE4dS stéf AR irPwhiciPA ralil Beti&aliafotal ea Nl Nat i on’
Process 200 (Fig. 13). The Locate Centroids Process 400 determ nes the

| ocation of the dramine Rinslsis aBatetbE S, chrftshordify® 37 Hnfigts uitd a8t Radetofs) i 9s.
10-12. Control
15 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. Conirol 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
20  the minimum, indicating that there are too few lenslets (centroids) to accurately
reconstruct the wavefront for Zermike modes to a given Zernike order (e.g., as
described above), or if the ;atio 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,

25  Instep 218, an appropriate warning message is displayed on the video screen 52
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proceeds imedi ately to a Lenslet To Process step 221 in which the process
400 ‘determ nes whether there is a lenslet to process that corresponds to
t he | ensl b%ll%&at ed 10 in the Create Lenslet step 210 rafr/ushe29Bsgi N Exam

Process 200. € first tinme through, the answer is typically "yes" and

control proceeda;%-%gzz@gg?{og#ef@ﬁﬂaﬁk E4:fB1 BarprocsBifs to 4 R&GBStPRIY HsEH Process

400 starts with enslet in the lenslet array and processes

the array from Lgfd fubled naBekil RRmkiuobbom 20066058 b @otapiton. O her

di rections and sequences are possible. 15 After a lenslet is selected in

step 222, the pp -ﬁé‘aiué%,ﬁrsmgel@% AParfiRterhtive, 2o mdsidateddo Box Cent er

step 223. In step 223, a "search box" is defined in the image retrieved in
step 220 of theeﬂﬁﬁ%%ﬁazt@ﬁouajha?mm@m@e&mimms @fthinlapproghtedtminf t he
selected lenslet as the center of the search box and with the | ength of the
si des equal st Ot i@teh PI7othe kAiB S @éatdd ith Git Genithed of ok thin @teql ®ARe of process
200. The search box 20 corresponds to the boxes shown in Figs. 10-12. The
centroid for eaghximpa]thid dohiirsl ptdeeeds Imasdtarelyio xhe Retummbteni2 184 sl cargroiescr i bed
above. Control then proceeds. to a Box Size < Mninumstep 225 in which
process 400 det protdedes dedosbeddabovieche search box is smaller than or equal to
a predefined m ninumvalue. The m ninum val ue nay be, for exanple, the
size of the diffractFuoringnowito Eig. t9 etflowchart éxdfustretehef a Culeutntd Naeher ofed 25
reference plane wave inpinging on and focused by the sane lenslet, as wl|
be 49 SUBSTI Tw@esm@ass@mmymmmwz@ma@mww 2148br eci at ed
by those skilled in the art. If the search box is greater than_ the
predefined 8 nthedmsatediendsts rrogesy 390 (Fieodh epnirplpraresds ingmediptely & aCreAtReset  Box
Center step 227. The centroid._of the search box corresponds o the center

of mass of that Mgt 3bpie which agpater ofpgitdend) KR et Eoiet P dht s each
Cent of d. | OF her A FBReF Vichaprodpa Bt e A e QS o4 SRR Bhdi 1 on 1o,
i mum and. max PRATRDIECT- T HaRerey o PR Ao PARRCE Ry e BBF1 ned i i h
Srep 227 once bREY S bR UF RIS R S R AR ne center of
the search qu im%mory 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 “0°. '
Control then proceeds to' a step 314 in which it is determined whether there are
points in the Maxgrid array to check. The Maxgrid is used as a maximum boundary
20  within which the locations of boxes and box centers that correspond to the ]enslets. 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

25  sequences are possible. Bach point is assumed to be a center of a box with sides equal
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1o reset to the coordinates of the centroid and control proceeds to a
Determ ne Centroid Validity step 229. In the disclosed enbodinent, in step
260 of theypopsaes 200, the operator detennines centroP@TUN2MBy. The
most common reason for the operator to nove a centroid manually is that
the centroid Ioaatheﬁﬁte:eiemetmstancamﬂehﬁdxstmcb&om@mcarte@fﬂnmdWei%?apmfr ed spot
of light that is to be centroided. But, in an alternative 15 enbodi ment,
centroid validi tie weythddis fm&ﬁnmmcmﬁﬂmmeﬂwuh@m@ I ther

exanple, a centroid that is outside the borders of the initial search box
defined in step calzpBteddistanns ictens Fianl ox aqialitnthe pyril radiys; pdicaing fhaptho entigy,
iterative centroiding process as described above is perforned. That is,
control proceedsb%@@esmtfﬁiﬂisﬁlféﬂwmtﬁ‘%%ﬁ@ﬁ"ﬁ&?’ﬁ‘% he 20 length
and width of the search box are reduced r nore) pixel. Control
then returns io@@%wylh%@EWWW%Pg Bf teﬂé?é@?ﬁdﬁ%%gﬁhet her the

b I th | to.th in. As
SRR ST A I LY TSR
b d. Pref Iy, th f f
B R AR e NS AR

wh th h. b f Lf. .t b
e o Bk 5 MR £
gr eat er than t ey Il AUAALUS, oGO0 Rl AR RobPrducte th bl Suithob! 2

fils5U . If the search box sSi e mn mm t control

proceeds t0 & SRuddfe kol fibaRin PSRN AR Skmil S S Meilning St ored 0

t he centr0|d array an e va Ity o centr0|d Is stored in a

cor respondi ng |%ﬁ&k@@dﬁ@n¢@m@éd%¥b¥nﬁircﬁé{mc§vaﬁﬂﬂé oPdr-vriRp tRpRGRANP 1O a
Centroid Valid step 235 in which the appropriate ‘entry in the centroid

validity array isporédvamked. |If the centroid is valid, then control proceeds
to step.237 in which the centroid is drawn in a centroid i mge or displayed
on the display 52 andosttodthertipro®Reds to Pdifits T8 €hétk B8P Y14 when tHe@ei Fratue deN

proceeds to step 221 in which the process 400 determ nes whether there are
addi tional | enslnexsdistance Parjable apeedin st@(tﬂﬂawm& isfsparmined that thecablfed 235, the
centroid is determined to be invalid,
15  distance is less than or equal to the prevmusly 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
20  19x19 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 fo step 362 in which control is returned to

process 300. When confrol is returned to process 300, the count variable contains the

25  value of the number of boxes, or lenslets, which fit within the pupil radius and the
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control proceeds imediately to step 221. Finally, in step 221, if the

" procéss 400 determnes that there are no nore centroids to process,
control"’ rgg%bl{)%‘u hrough End Locate Centroids step 272 ®OTRS20™0 of the
process 0 ig. 13. Wth valid centroids andZerini ke nodes, the wave

aberration is %&%ﬁé&i&@%ﬁaﬁe%ﬁﬁﬁéi@ﬁlxﬁb@&&m&ﬁiﬁé’fﬁe& Binanefidll taber r at i on

has been determned, the operator, in one enbodinment, can either

re-profile the psliiRieilin fbbouilxiSusD LOGROh HRI MRk Tney b@itsins13, step 200),

change programinputs, acquire and anal yze data again, while in another

enbodi ment, pr QgEAmkd I Eash B&M) ollensiet) MARR BitsGiithidibe ppil radidshout
reinitialization of other paraneters, neaning that a new nmatrix is

conput ed. 20 The vafrigingyo®to Fipd6zZefiowckat istibeisataian ahocasGmtrsidsl and t he
pupi |l radius can be changed after an initial wave aberrati on construction
Or reconstr uct iPestessAS0 dasatredpents tathoLecate Sleninoiddwaps8 ofthe Begr ogram f | ow i n
the software 13 in reconstructing the wave aberration. For exanple, the
pupi | of the eyExanatimyProsessd0a(Fiy. 1Bk The LodatedCdntrpids Proeeget(§aipteuminesshed wave
aberration construction and then the operator decides that the 25 wave
aberration shoubatitreofitiesnisdids as iescritod ehovending the methed ofi Figsol0r120 oafrols mal | er
pupi | 51 SUBSTI TUTE SHEET (RULE 26) WD 01/28409 PCT/US00/29078 radius. In
ot her- words, t Inzoceeddimmedigtelztaa LepsletToPeecewdten Al Byvrhichiee RregessfOBat a
collected previous|y can be used again. However, if the pupil radjus is

i ncreased, t herfielsapines Wictherherp i lengloHa arpeess thatrormpendsde mﬁ&flﬂ@f ereeted

previously. A new nunber of lenslets in _the |ensl|et r(rﬁ% .18 may_ be needed
to cover th# | dP&’étcr??EﬁJﬁ'anIFté&P%o%féhe\@SPFéémmeﬁ(?P?'eﬂﬁ P unber of

troid d ref 0i Dt d f b ti St tion.
Whet her to charfdRePseit EPEay e FRSTIRLBrSrs BaG Lot weddt 1B i n t he
ft 13 i t aj di d i iti f th
measur enents | RG4D RENTREPRCE PLTIE TR e MBS RIS B0 p e at or
-deci d t decigsi i t i ' th
of tvar e 13 1 r Oy he el aumoh irif R R kbt akgf BB D00

or may not wantgtg. Wse the same.sernike pol ynomal order or number of
Zerni ke nodes. The operatdr nay nt to | ower one or both of

15 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 c;f 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

20  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 Wﬁetha the search box is smalier
than or equal to a predefined minimum value. The minimum value may be, for
example, the size of the (iif&acﬁon limited spot corresponding to an idealized '

25  reference plane wave impinging on and focused by the same lenslet, as will be
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these. If the same order and nodes are desired, the wave aberration is
nmerely re- normalized to the reduced radius size using a new set of Zernike
coeffici entwo 01128409ur ni ng now to Fig. 17, a flowchart is PCVURORWIRd of the
par anmet er change process A first introduced above in conjunction with Fig.
13 that all ows pappschitsarny tiake skillee invay &t ITOME seareh ba is ffdatantlanihd redeingd Si ti on
and analysis to be changed, as discussed above. Control proceeds

i mredi atel y to anbiangeallscartel possedstte pFiad Centioid & Reset BoeCentawsteplz®¥s not want
to change paraneters, the process A and the Begin 20 Exam nati on Process
220 (Fig. 13) are corfiecentnidof the sBarhdox tarssieds to fhe ceter of pagsaf thet seagttooses to
modi fy paraneters in step 290, then control proceeds to step 292 in which
it is determ nedboudn hther woads, the processl4GPepighiseachi el inghessarrinbaxdids i n t he
pupi | radius, a nodification in the inter-|lenslet distance, or a

nmodi fi cation iSn fisityaf $hatpixql gaddefines fapcantroidxQthar perarpters sy plehke useth be nmde
in certain enbodinents, as will be apparent to those 25 skilled in the art.
In that case, costetsofifrdnaddition fonthe pyerres tensity to Arterpninerie qeplrrdd logatighj ect 52
SUBSTI TUTE SHEET_(RULE .26). |1 WD 01/.28409 PCT/ USQ0/ 2907 creat in step
210, the ref er enEer BHPRIR a&ﬂin\awng?‘é’ﬁ‘eggfﬁ?mﬁﬂﬁe‘gﬂgvgﬁsmaﬂge%&@g '

ted i t 27 . L. d,t . C | th
o oceeds Lo the HRaH PYSRBRR IR Eh-ae oo A SOt B 200 or ¢ ne
Set P t 202. |1, | d t. th ' f th
condi 11 ong. that - Fop eeafisopot ol Bt efiiol Bl a dfr tanraiboptic,
P Pt e hana e Nt i S UEE o GRENK 55 IR Broc Y o it CHRAA | o0

wi t hout changl ng the sequence. erring agaln answer

wthout “cha ! bbb ° o
i en cophrgy s Qﬁ@ﬁ&ehﬁglo@&%oﬁ%ﬁ,%%ﬂ%ﬁb f&mtra?egsejrog% ne

whet her the desired nodification 1s a decreas t he pup S or a

modi fication of bfied:@Bkdkihed calb vakidity! THR nfoB8Rinoh Seasof§6n the dpB@Rdr &0 contr ol
proceeds to a Delete Zernike step 298 in which the Zerni ke nodes created in

step 270 are desib@yarntrdidRbdually & BRLOEREAE hoatiol dbdi@olappatt fobeR@idtd Of the
Begin Exam nation process 200 or the Select Centroids step 260. If the
condi tions that ordtht éaptiked spdtioSLight thariplo b8 e€ueided Biftgn b AlRmafiveen t he number
of Zerni ke nodes al so nmay be :

15  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
20  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, a2 varety of
iterative centroid locating processes could be used. Preferably, the optics of the
wavefront sensor 10 are of sufficient Iquality to guarantee that the centroids will be

25  located somewhere within each search box for each iteration. If the search box size is
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changed vvithout changi ng the sequence. 15 Referring again to step 294, if

" the answer "No," then control proceeds to an Alter Zern>7ce Mbdes step
296 in V\/q,%, g,% & nunmber of valid Zerni ke nodes is altere®/usowast hen

pr oceeds * e D entry point of the Begin Exam nation Process 200 or the.

Generate Val i d £l lcen MAESitheR va80 cofiot rblesculioingh vt dfatsaBsuasphal on of

Fig. 13 is conp e software 13 O Applications and Experi nent al
Data The preserﬁ&leflwéﬂﬂo%m@%ﬁe@mmnltﬁéﬁm&Itﬁbn%uﬁ&blgfoaae‘as auSstéped2B el

i magi ng, fabrication of |enses such as contact |enses and intraocul ar

| enses, and | asgiol &E loafioh ¥he SeiirGiahystordDin SHeQusticiEarkty whd thy validity BEther esent
i nvention, sone experinental results will be set forth. 53 SUBSTI TUTE

SHEET (RULE 26) coMiRid /sRBAG0: RitildSans BOR08 in Akdityembyl  appl i cation of the
real -time wavefront sensor is to measure the stability of the wave
aberration of the eyontrllhed prdteddsos Catioid Valiisep 23 dn shickdhs appropsige of a
custom contact |lens used to correct higher order aberrations depends on the
stability of theugyeis camioRl wligity atdyds checkedt Hfthemerdrodbie valid, iten cotfwohges
either over tine 5 or due to changes in view ng conditions, these changes
Will limt the pbédedstty stop 23%ip whishabd eeniogitl iscldwiciermenttoid image ovdigayshar p
vision. Experinents were perforned that address this question and the
results are pr o @edisplay $Zwediswrddeenin thevemond4). FPqpirolghetpragsedsito step hr ee
subj ects, SC, HH, and PA, a neasurenent of the anpunt of cona

astigmatism anlsisHeishcfie patsessr49D] dsterminesnwhather Sher @étadélﬁaﬁféé@ﬂﬂ% i s/ her
accommodati on snoothly fromone state to another. Pupil size was 4.7 mm
The accommod@t | Rrecest #iplpigedabaye didn ster 230 theicpuroifie Jetganiped tabe fyalid, where 1

mcron is equivalent to 1.26 diopters of defocus. These ﬁlgta show. t hat
there is consi demiph Bocepdsdmeediataly ) siep 281 Fl“?l? & fieR A2 dbibe oragess 4\6,%xact ly

how t he aberrati ons ch Nonet hel e is cle a ct that
there are subst %é'gtg?fsﬁﬁﬁ%fﬂ%’ﬁaﬁ%'@ slt%prf%esf ﬁgatﬁ‘?)é%”&? &6‘?’!@%& are
‘dependent on acgo e st catl on at..a static
opltol cal el enent ofng?%fﬂ?% dSt‘GI'%pu?'}g2 fé’aﬁ-{ 92§8 T BT Rh ?&\A%ftspﬁegl g Y‘%ﬁi one

centroids and Zernike modes, the wave aberration is determined as described above.

15 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 2 new matrix is computed.

20 The validity of the Zernike 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

25  wave aberration should be reconstructed over only a central portion at smaller pupil
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vi ewi ng di stance woul d be |l ess effective for other distances. Fig. 5
illustrates this point with the nodul ation transfer functions (MIFs)

conmput ed f npooymBawur ements of three subjects’ wave aber rBET/G598290The Curve |
for 20 each subject shows the MIF that woul d be obtained if an ideal
static correcti Ngdfk.Chiiter OIS tHelratrandraly fs hafdated biid il thyRalidincdllected f ocused
at infinity. The pupil size for this calculation was 4.7 nmm This MIF
shows the effect pre@bustly duh bansed againa [However, ifithepupilradius3s introassd, tHea néW F when al |
t he hi gher order aberrations (that is, those other than defocus) have been
perfectly corr ecinfetmhtioh it iredel diot wet nob gatiered poyivusiylad newy neribep Bf ensfetsrin t y, when
in fact the subject was accommodating at two diopters. It is inportant 54
SUBSTI TUTE SHEETthe RigklEt 426y 18 thayi® n@dde@ 800 9er BiE Tirgsspapiaditsas wel akeep i n ni nd
that defocus is not responsible for the fact that this curve |lies way

bel ow t he MIF5whewresgondiagesw murboref centioids endreiercnes pointsoiapd forweve abawationct , t he
amount of defocus has been optim zed for this curve under the assunption

t hat the subj ect resonsERaig®mpdat i on was perfect. For conparison purposes,

al so shown is the subject's 5 MIF (Curve_3) when none of the higher order
aberrations have been hange fadtus pande melyded fopauinmaia steetiondt Bf e What
this shows is that, a static con equ cystom desi d to correct

act |
perfectly all th@’%@ﬁnmmﬁ‘?@?‘?ﬂé& PRAIE on Sopditions GBSt at e does
s changed by ¢ vEatesfPie S5t 8 ol odBiotR e oRaRer R GSRBRI on w t h
i s changed by 0 X on Wi
10 accommodatjon |im¢ts the. i tions, under Lch.a.,supercarrecting | ens
V\D;,Hd Ipr o;/ih(t}té aorbdéen F{al%or ?ﬁlﬁe%@%%e&%%%}eem %‘e@%#%ﬁ“’ Ib!e : %ﬁﬁﬁ%&?@g E[t does
not i a 3 i %@ﬁ‘ﬁ@ no
parti (r:rﬁl )altrl y sev@lr&e‘1 ecé@gé’#@fh%%géxﬁro#?‘g%%ﬁng%egﬂés yop<e‘ls?%faltlﬁ]'é'i,%1 even in
younger peopl €. Rgiefniiitk gk AUikeHdEs. Tho oty it ) fole Bl d: Borfi B T €Ct T or

di stance vision. 15 Rapid tenporal uctuations’in the wave aberration

m ght reduce themydl Henbmaorddtadd inbdds Ae dBsHol U WivE Rbtion IBAMSH bt - has been -
known for sone tine that the eye's optics are not stable on short tine

scal es, apart freimbibed Wit educedrbdiad siRNSn@A new set of Zemike coefficionts.

15 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

20  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, 2
modification in the inter-lenslet distance, or a modification in the lenslet focal length.
Otber modifications can be made in certain embodiments, as will be apparent to those '

25  skilled in the art, In that case, control proceeds to step 292 in which the lenslet object
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accommodation, this instability has never been characterized. Short-term
“instability of the eye's aberrations will affect other types of wavefront
correcti QIVOBE jges a static 20 elenent. For exanple, arpraspaae’snavefront
sensor can be coupled to a defornable mrror (see the aforenentioned U S

patent 5, 777, 71Qeatel Gn 508 LIS the FEFSrencefobjebicor@ted iss stelafy wat the Zemilembdesin
provi de unprecedented retinal inmage quality, but its performance is

fundanent al |y |dréitdaesl stiErmathd destroyad todiet inp meindrya Pphirad sheb prosssletwthal | y
static. Greater gains in optical performance could be achieved with a
dynani c, real - tR eRryspoit @fthe Begift HRGHndHIAPrEiSEZ00 Rtk Eet2BranalBrOsterE209

PCT/ US00/ 29078 capabl e of .tracking the fluctuations in the eye's
aberrations. Desilgaldibg usdeedwod thatif stseef the @gditiens shak initiskecttig confrol sdquengmy e
aberration dynam cs. To neasure these dynam cs, in accordance with an
enbodi ment of tduetrud, nivearotlienparamdiers, rsachl ast theypumphey of Zepike modesomay alsebe used.
The wavefront sensor 10 can 5 also be coupled to a deformable mrror, |ike
that in U S. panedifiedsyitipht cianging the spqugidede  superb retinal inmage quality, as
wi Il be appreciated by those skilled in the ark The bandw dth a perfect
adaptive optics sysRefmingaan nsten 203 ififke spye it Yok dksy copppl giorerdt Rese
tenporal "fluctuations in the higher-order wave aberrations_was

i nvesti gat ed Hovepr2g4 in wiichjbisdetermined whethgrghedpsirad modifigatiquas 4 decreatsiiny e

Ve o O ohrbo SISor eTRESe B FERO I el o b Lo
e R A S
gt rehl rat !Oo isgePgZ% erdle%%ﬁ?dt ?ﬂmﬁosléﬁnf’rc?ca s@rsahéevt? ??agrgg(’%ﬁ%iti&t y.© The curves

for 110 SUb] Ot et SRR i Sl Lol o B 1R iRl Nt ur

accommodat-i on, ‘ohe cur € average. rat1o 0.8 or above

1s considered tyg;fie @k é&&a%&du%h}'g'{%u%ﬁﬂm ﬁgxbeﬁt?%ﬂeﬁohgkedls%?ﬁa‘?gla ratio

for the best refracted case. romthe best correction o ef ocus and
astigmatismto &ReelGsthos tidhiife ®O5dqR&E.ON of all the nmonochromatic

aberrations (which corresponds to zero bandw dth) goes alnost all the way
to 20 diffragtion | ipEtdntig apRs foQfefROL; O theldhbweris N[ theiRBAABlocé@SHlah because

it inplies that the .
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
congplete for the software 13.
20  Applications and Experimental Data
The present invention has applications in such areas as retinal iinaging,
fabrication of lenses such as contact lenses and intraocular lenses, az_ld laser refractive

surgery. To show the utility of the present invention, some experimental results will

be set forth.
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error introduced by tenporal dynam cs of the eye's aberrations are snall
conpared wth the errors that can be corrected with a static correcting

el enent. | Ry@adgdoowords, there is probably no need to vRITES00/29098 much t hat
the dynami cs of the wave aberration will obscure attenpts to achieve better
vi sual performance wi®de wefal afplicativn of thp Gedl-imSUBSHronSdnsSHEET michdiuteEh26) | . |
WO 01/ 28409 PCTI USOQO' 29078 correcting el enment, such as a custom zed
contact |ens, or stability of the maechberatign ofithe syenBhibiisdwporiant bocayenthe effegliventse r est
of the way fromperfect static correction to the diffraction limt, an
adaptive optics pRA®cusiem contachileny usediya redmpdd thighet ordersabenratigns depppdsjon the
needed. This does not nean that the eye does not exhibit fluctuations
beyond a frequen8igbibiy of theipye’s wavp ghermiionn Iffhe wavpalerration changen pithier aiet e equency
conmponents exist at least out ,of 6 Hz or so. This si rrpl_%/ means that for
this pupil siZe Shéperipichangesiniviewing copditionsihese chaness vl lmgjt e abifity ff@mat | ons

I n frequencies aboye 1 Hz is just tQo smal) to __significantly inpact imge
qual i ty, which i SatreRigelglarsgsto wa}g?)?@@-l‘"@@% @T’G“?ﬁr‘?’@ﬁﬁ’?‘%‘ﬁmf’ Hres a

sanpling rate at least.10-20 tines the bandwi dt f the fluctuations that

are to be correc?@&“ﬁﬂuﬁ%@ﬁ%’f %&%?fe‘g}gn?dgﬂﬂﬁgwmqgﬁ?“a%& 10-20 Hz

woul d be able to tra 1] th Lgni.fi uc tions in t eye's optics

for the 518 mm pupi Icﬁ%lizdéqwxrﬁfémggubée%g%’%*ﬁ%&ﬂé@éﬁfgsé‘rmt"?g@hnol ogy to

do this is avail t : _ L V. | | eyes,. first

real -time AO corre%:“?‘f%g%rﬁ%ﬁséggﬁ?h%ﬁﬁghﬁ?wﬂ%ﬂ%e%P}%‘gt% %dzurerrent S

of the tenporal ' ' aue [ Labl On. [

denonstr at ed.I@Thﬁe%Aea&%ér?phgnr%a 0%1 %’ﬁgottﬁ%fﬁ?%r?g ar etoganngﬁfr' Hc@%%%"\?\nﬁ%g t he

static higher orgesacaiahddiiveans iPlxpledd %&J&k&éﬁgmnﬁ%,%ﬂ%@% rﬁﬂclg}gt not
z i

interfere significantly with the benefits of a static cust cal

el enent. Wile ajsphavaint ©4.26WpRsHeMfocas OTHES datil sheWthat thSE BeBnsiiRMBIc DEEN Set
forth in 20 detail above, those skilled in the art will appreciate that

ot her enbodi nment iadiviinaleriability between subjects in exactly how the aberrations change.

Nonetheless, it is clear in each subject that there are substantial, systematic changes in
15 the abe;rations 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 illustr‘ates this point with the modulation transfer fimctions (MTFs)
computed from measurements of three subjects’ wave aberrations. The Curve 1 for
20  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

25  infinity, when in fact the subject was accommodating at two diopters. It is important
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realized within the scope of the invention. For exanple, while the hardware
‘has been disclosed in terns of an Intel-based PC, another type of conputer
coul d be ua,%qm o could a dedicated device. Al so, the saftuseseorsan be
prepared according to any suitable programm ng techniques, such as object

oriented progranmmng.. r ) | shayhis e tQRay r ued as
linited only by%ﬁa"b%@“ﬁﬁ%%‘?ﬁ?%s?‘."m%ﬁ%%%}s{ﬁg%@mE SHEET (RULE$I26) VO

01/28409 PCT/ USC‘%&O%?&Z?ATF%J%&LM&Q crioted, shovrl MRk 06 £:0f, thERASHTtbNY A
wavefront aberration ol an eye, the nmethod conprising: (a) taking inmge

data fromthe ey&focg i BRIBtHBEEOF RIS niter Be oh ¥4t @6 subfecBpot s havi ng
positions determ ne y the wavefront aberration; (b) defining a plurality

of search boxes jpodiEaatioRei fdbed; For beipastentifosts o shsviiiom kilgeess of t he
spots by (i) locating a centroid in each of the initial boxes; (ii)

repl aci ng t hes seTeRCROX3)MHteh néhe SEME Bighdd@idedibeiratibtucintte Béea eorrected frithel )
| ocating the centroid in the search box of reduced size; and (iv) repeating
steps (ii) and (daide)acddRiniddative etats cWhalthis ehows s the dsatickoniazidens catarhes a
m ni mum si ze; and (d) cal cul ating the wavefront aberration in accordance
with the positi ofwignéd tocbrescyperedly all liehightrander Hrsraitee at e picommddative | 1111111
111111 ¢t diid FE IN!E. ~sS 0lls 1 1 I 2. The nethod of claim 1,
wher ei n: step ( astate dogo dittfeor megbodiattcarrectibinhighes nrdeSwdiekthe edcommodativasiiteg a
plurality of lenslets; and the plurality of lenslets formthe plurality of
spots. 20 is changed by two diopters. Though the changes of the wave aberration with
10  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 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.
15 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 ‘_che eye’s abeﬁaﬁom will affect other types of wavefront correction besides a static
20 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
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3. The method of claim2, wherein: step (d) is perfornmed using a matrix .
havi ng rows corresponding to the lenslets; and step (d) conprises: 25 (i)
. determ gig@abch lenslets do not provide usabl e dat acrasdoisotd | | i
111111121111211711121112 IN 58 * C L s SUBSTI TUTE SHEET (RULE 26) I11;

PCT/ U500/ 29078 ¢ \03¢128AQ0NmS Suchiiork ST1E4 &fe% bt bhsdDofiiingtabH RAbANG t he
rows coaespon~ gcamu) provi de us?abl e dat aéyelllllll 1111%{:?1 11111®I&FI Il

di |l s This Sheglyieandiaage AR e doddatidd dyhankibd, | 11 1111 111 1111 59
SUBSTI TUTE SHEET ( RULE. 26) WO 01128409 PCT/ US00/ 29078 AMENDED CLAI MS.

[received by the I ntrRmRakohat dfBidmes in Sordncpit bn R0ddineatoftie. 01) ;
original claiml anended; new clains 4-108 added; remaining clains

unchanged (15 piageipl, tHe.reabtifie Wavsont sersBRELwds lngada'rhma/k&mmenadrao cat i on of an
eye, ' the method conprising: (a) taking inmage data fromthe eye, the inage
data conpri s ngals Helcotimdd tb ¥ defbrmapie idrrdydiketitnt inds$.tpriem s, 778,81 K taprodde by t he
wavefront aberration; (b) defining a plurality of search boxes in the inmage
dat a; Thi s SheetuptihsetiBaldmage@palify; esiwill be appreciated by those skilled in the art.
The banciwidth aperfect adaptive optics system would need fo 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
10 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 quality. The curves for two subjects are
15 shown in Fig. 18 for 2 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
20  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 dynarr;ics of the wave

aberration will obscure attempts to achieve better visual performance with a static-
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(c) determining the positions of the spots by I TILILIT FLELED T0EE TI~1T1~I
" (i) locating a centroid in each of the search boxes; (ii) replacing each of
t he sear BO¥&s Wi th a search box of reduced size; (ircrjushwzsats ng the
centroid I'n each of the search boxes of reduced size; and (iv) repeating

steps (ii) and rbitingYRinkht, DA 2@hsténicedoBAtkct lenb@x @/ith aeffinédirgeed si ze reaches
a mninmmsize; and (d) calculating the wavefront aberration in accordance

Wi th the positigggedef the spots. 2. The nethod of claim1l, wherein: step
(a) is performed with a Hartmann- Shack detector having a plurality of

| ensl ets; and the mhowdadtd pythofest of iivay Sofgerfed stpdianomkdtipytodhe spots. 3. The
met hod of claim 2, wherein: stop (d) is perfornmed using a matri x havi ng

r OWS COr r esponddifigaction it ah siagtive bptics 4A0) systtmwithe bapiwigh pEless thapil )z is

determ ni ng which lenslets do not provide usable data; and (ii) elimnating
the rows cors esmedsli Thistdoestthiemdap et e eyedopriot eihibitdtucipations bryrondmbl e dat a.

4. The nethod of claim1, wherein the mninumsize is a diffraction limted
size. 5. The meféquencyfof t Hai Hrhas besinbpaved that signifieant freqpensy pgmnosents e uci ng a
si ze of each search box to be replaced by one pixel in each direction. 6.
The nethod of cétagassont of Gflrasien Ehisesipaply epqus thagfog thispupil pipg angd this eouditigp red onl y
in accordance with pixels in the inmage data whose intensities |ie between
a | ower t hr eshotheipeye caried byfbe fuchytians it fequenciey poved Haddudfoosmallin 6, furt her
conprising pronmpting an, operator to select the |lower threshold and the
upper threshol d%lg%ﬁcmﬂ%%t%@ea?ﬂl&»%fadw%@% gloppdz ?°Pt4’1€ plurality of

ho. Spot s wall CERBY oA te e STt e F P P on 60 .o
AVENDED SHEET (ARTLCLE A0) |, AL AL L AD Ad bbb A || VO
Hz would be able to track all the significant fluctuations in the eye’s optics for the 518
mm pupil si;ze. This is encouraging because the techuology to do this is available and
the present invention achieves the first real-time AO correction for the eye
15 In summary, the first measurements of the temporal properties of the eye’s
wave aberration have been demonstrated. These temporal fluctnations are small
compared with 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
20 .l detail above, those skilled in th.e art will appreciate that other embodiments can be
realized within tﬂe 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,

25  the invention should be construed as limited only by the appended claims.
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9. The nethod of claim8, wherein each of the plurality of search boxes
defined in stop (b) has a dinension equal to a spacing between the

posi tions woelrsiodke spots woul d occupy in the absence ofPGRAR00/REf I ont
aberration. 10. The nethod of claim 8, wherein each of the plurality of
search boxes defi ned What tchimddlis has a di nmension which is scaled down from
a spaci ng between the positions which the spots would occupy in the

absence of the wavef 1. Amctimb ef masiring alywavefiontabematch e ey e neatiod 11, The

nmet hod of claim 10, wherein step (b) conprises pronpting an operator for
the factor. 12. cPmprismghod of claim 1, wherein step (c¢)(ii) conprises
reduci ng a size of each search box to be replaced by a fraction of a pixel
al ong each side. 13. (PHakipgimagrrlatsiiron) the epelthe mpgedats gompHeing ¢ plaalilyef of a

pi xel is one-half of a pixel. 14. The nmethod of claim 12, wherein, for each
sear ch ,box of3reduced s‘ipﬁiﬁh%%ﬂ&i’ﬁsm‘r?éﬂﬁ@'@éﬂeﬁf“}’}bé&?‘(eﬁ'ﬁﬁ@b“ﬁua’ét| onal pi xel ,
step (C)(I ii) conprises, assigning tqo each of said at_|east one fracti onal

pi xel a contribution ('Pcflefiﬂéga "P’Gf?f%l’??‘ﬁs?‘s‘fh“éﬂ'a%qd% a correspondi ng
fraction of an inten det ect ed |n t frac i onal pixel centered in the

fractional pixel. 15 ?mPi‘E’PFn PRfftiops q’ﬁ? erein step (c) further

conprises: (v) allow n rator  t f the centroids to a new

I ocation; and (vi) recgf)cul OF%H af%go@é%?a?%f)ﬁﬂ Wﬁ%fs been dragged to the

new | ocation, using a I Alst gl Qz ?{)}( -lilp&l&gmhﬁ%ol} gcatl on. 16. The
o, epllig il Rl B8 § ?v

met hod of claim1, V\/nere npri Ses. P owi ng an

operator to ?639 a cent(g?l tﬁg&n‘g&&%a@%a‘tfhég&%ﬁtbh ofFediEVY dREAL! on; and

(vi) recalculating all ntrol e new location. 17. The

nmet hod of claim1, wherghn &gn%ggggtd)laﬁd(ugugﬁrtﬁ@g’emdy&%wedgﬁé erence to.

a location of a previousl y centroi'd. This Sheet Has Been Repl aced
11111111111111111 111 1111 feadhed™ niininfiin HMMIED SHEET (ARTI CLE-19Y WO
01/ 28409 PCT/ US00/ 29078 18. The method of claim 1, wherein st ep (c)(iii)

is performed using a(d)esilitag tefwadefhtabeRitioh o dcOd@hesvith the positions of

the spots. This Sheet Has Been Replaced
s I |||!|l i
PimmE igRE1) LilE 18] 1kl

2. Themethod of claim 1, wherein:
step (a) is performed with a Hartmann-Shack detector having a plurality of-
lensleis; and .

the plurality of lenslets form the plurality of spots.

20
3. The method of claim 2, wherein:
step (d) is performed using a matrix having rows corresponding to the lenslets;
and . |
step (d) comprises:
25 @ : determining which lenslets do not provide usable data; and

58 %) |
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centroid as a start estimate. 19. The nethod of claim1l, wherein stop
(c)(ili) I's performed using, as a start estimte, a gﬁﬁghhgﬁgmhich a spot
woul d occupy in an absence of the wavefront aberrat Foh, 20. The method of

claim in step (d)(i) conprises allow ng an_operaf. tsel ect the

| ensl e‘ggmﬁi&’gh do not provide usa Vgﬁ@é@hﬁﬁi@%‘?“%ﬁ%g{%éf&cl aim 3,
wherein step (dxl) cdﬁbri@@%mﬁﬁﬁun I btg automatically which )enslets do
not provide usable data. 22.,.Th 10d of claim21l, wherein step (d)(i)
conpri ses determ ning autaﬁ%?fggwggaahich | ensl ets do not provide usable
data in accordance wth standard deviations of intensity around the
correspondi ng centroids. 23. The nethod of claim 21, wherein step (dXi)
conprises determ ning automatically which |l enslets do not provide usable
data in accordance with overall intensity |evels of the correspondi ng
centrolds. 24. The nethod of claim3, wherein: the matrix has two rows
corresponding to each of the lenslets; and step (d)(ii) conprises
elimnating both of the rows corresponding to each of the |enslets which do
not provide usable data. 25. The nmethod of claim 24, wherein the two rows
corresponding to each of the lenslets are a row corresponding to sax
coordinate and a row corresponding to ay coordi nate. 26. The nethod of
claim1, wherein step (d) conprises calculating a nntnber of Zem ke nodes
by using a nunber of cenwoids which is at |east tw ce the nunber of
Zerni ke nodes. This Sheet Has Been Replaced 11l 111 I~ 11l *c¢c L ~ ~
62' AMEII|IDE[) SHEET 4ARTI CLE 19) WO 01/ 28409 PCT/ US00/ 29078 27. The

met hod of claim 1, wherein step (d) conprises calculating the
wavefront-aberration for a first pupil radius Rp of the eye and also for a
second pupil radius R, of the eye, wherein R < Re. 28, The nethod of claim
27, wherein the wavefront aberration is calculated for R by renormalizing
the wavefront aberration calculated for Ro. 29. The nethod of claim 27,
wherein step (d) further conprises pronpting an operator for RI.

I

This Sheet Has Been Replaced

L

59
SUBSTITUTE SHEET (RULE 26)



30. The nethod of claim 29, wherein step (d) further conprises pronpting an

operator for a mninmum Zerni ke node and a maxi num Zenni ke node for use In
cal cul ati ngworsenssewef ront aberration for RL. 31. The net redusionigi m 3,

wherein step (d) is perforned ugi &giﬂv@r val ue deconposition. 32. A
onﬂ%ﬁ‘r&a’ﬁ

system for nmeasuri NGy s%:.%m%ko%@ the system
conprising: imge data toffhalgaifi®ambded;aéw dabisiangs dagRa0e data from the eye, the
usage data conprising a pl uenalning jlaiedunchengeii(Es pagas)} Ng posi tions detain hied by

t he wavef ront n ceiving the i mage dat a,
for. (8 defi ningaos Ry RpE G P R ST (et ()
det er mi ni ng t he) pKigy itnbge A8a Bdni heeys, (16 litagddsta conpriti@Caaurdlg oBspieRliigdostiohsn each of
t he search boxes (ii)_ replacing each of the search boxes with a search box
of reduced‘“’@?“f‘éd the ppveffonyaBafioping t he centroid in each of-the _search boxes

of reduced siz m#hﬁﬁtyﬁ&ﬁ%&eﬁﬂdﬂnﬁ&%ﬁ' i) and (iii) unt|I each of the

search boxes of reduced size reaches a ~m ni num si ze; and ed
the wavefront ghisremitdgdn postionacitiesgiabice with the p03|t|ons iil gE

33. The system of CI? m 32, wherein:. . . This Sheet Has Be

<11 ~11J 111111 ~~~|® opepnescprtondip gaphyof g sparchbpres; | | | 31 11111 1| IN 63 AVENDED

' SHEET | AHTI CLE 19)a)\ipiabli o28 48R sRTYoldSRRY 22 QR Sx ofrlificed B0 dat a taki ng. means
conpri ses a Hartmann- Shack detector having a plurality of |enslets; and the
plurality of |ens| diilofinghe eareridin arbaf thessaroh boxes pfyedyced si@zmd The syst em 6f: claim
33, wherein: the c st e S|n a mat rix haV|ng

rows correspondi ngqﬁgﬂé E‘Ekgt&s@glt%:m‘?&m e%m% &b S?PS' (’“ls °§'

det er mi ni ng whinibimueizsingt S do not provi de usabl e data and (| i) elimnating
the rows corresagondl ng. to the lenslets which do not provide usable data.

35. The syst enfbPioHsing hy waveiont pheapon ip accrdancy; with the pasidqns o€ e 015 g £ f r act i on

limted size. 3 Themethodofciaim ), wherein:

step (a) is performed with a Hartmann-Shack detector having a plurality of lenslets; and
the plurality of lenslets form a plurality of spots.
3. The method of claim 2, wherein:
step (d) is performed using a matrix having rows correspoﬁding to the lenslets; and
step (d) comprises:
(i) determining which lenslets do not provide usable data; and
(ii) eliminating the rows corresponding to the lenslets which do not provide usable data,
4. The method of claim 1, wherein the minimum size is a diffraction limited size,
S, The method of claim 1, wherein step (c)(if) comprises reducing a size of each search box to be
replaced by one pixel in each direction.
6. The method of claim 1, whetein steps (c)(f) and (c)(jii) are performed only in accordance with pixels
in the image data whose intensities lie between 2 lower threshold and an upper threshold.

7. The method of claim 6, further comprising prompting an operator to select the lower threshold and

the upper threshold.
8. The method of ciaim 1, wherein each of the plurality of search boxes defined in step (b} is centered

on 2 position which one of the spots would oceupy in an absence of the wavefront aberration

60 ‘ I
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36. The system of claim 32, wherein step (bXii) conprises reducing a size
of each search box to be replaced by one pixel In each direction. 37. The
system of waimgsse, wherein steps (b)(f) and (b) (M are mani@isgss only in
accordange with pixels in the inmage data whose intensities lie between a

| ower threshold and an upper threshold. 38. he systemof claim37, further
conprising interface nmeans for pronpting an operator to select the |ower
threshol d andg TemikRR ef cididd & 8maeh Gach Fhe phity SY Ri-8MBsRE el M dpy LT ei N each
of the plurality of search boxes defined In step (a) is centered on a

pOSi ti on digkehsion eqyplcio @ Fpaginpcbetystt the Resiipnswhich dhgspots wouldrrcquysio sasbsgree piithe wavef r ont
aberrati owr;v“gﬁ al’Tl_nlgmsyst em of claim39, wherein each of the plurality of
search boXes gerinad In step (a) has a dinension equal to a spacing

bet ween the posiTkcinehsd affokicd B, iwieeinSdamios the\EhHlG ob SeardYoxds [Ae n als@e of the
wavefront aberration. This_Sheet Has Been Replaced I~I 111 [llIlil 111111
11111 112%Pengiqn whighyiy scpled doyp from g spacing betysen jrg-positigup-yefoh thergqts wol ocpapy in D 01/ 28409

PCT/ US00/ 2204 & the Aavefrott A6 byaRedf lesSthalofl) 39, Wherein each of the plurality
of search boxes defined instep (a) has a di nension which is scal ed down

from a spaci nd!- Bemeikedef daipe 1 0pehsick stepril) camintisstpromining syopérgorfpthe fktoroccupy i n t he
absence of-.th% \f@vef door;ltc i%ble‘rvf; at.i onfcgié a factlgxr | ess than one. 42. The

system of ¢l ai Afffeh{?urt Rl TR TR NG “PRTEs PUERE 48 aEeahgpr bsiipbe ng an

oper at or répled by dFRctbEAT b fikel aldhgeachleige. Syst em of cl ai m 32, wherein step (bXii)
conprises reducing a size of each search box to be replaced by a fraction
of a pi xel al oftyTheRehpds]dpim 12 vhercir thafraction pfa pixeh s opehalf ofp BBL wherei n t he Enacti on
of a pixel is waidalor 8k i ) -of . claim43, wherein, for
each search b(l)gﬂ%f re a‘gie"&?zs' ngée@m %ﬁs?a%}tgﬁﬁg%rg&%?l'glwggbﬁmg%eaﬁfa?é’%eti onal

pi xel , stiepiofabyieldep jo)(dipappriss esiztkizsd cgd bf1gjd 4t Bascae Racivhal pid] flcotfibuti@@the ONe
fractional pixel a contribution to the centrold which is equal to a
correspo rfﬁﬂugf which s a2 gTreseop e Fpetippaf finteaslry deteptedn thefractiopal pixe} cqradinteel  pj xel
cent er ed golicdatkef r acti onal pi xel .

15. The method of claim 1, wherein step (c) further comprises:

(v) allowing an operator to drag ope of the centroids to a new location; and

(vi) recalenlating the centroid which has been dragged to the new location, using a light
distribution around the new location.,
16. The method of claim 1, wherein step (c) further comprises:

(V) allowing an operator to drag a centra) 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, wherein step (c)(ili) is performed without reference to- 2 location of a

previously located centroid.

This Sheet Has Been Replaced f i
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46. The system of claim 32. further conprising interface neans for allow ng
an operator to drag one of the centroids to a new | ocation, and wherein "
step (b) furVP8¥284¥nprises recalculating the centroid whpehufmsepgen
dragged to the new location, using a light distribution around the new

| ocation. 47. The systemof claim 32, farther conprising interfaee-means
for all.owi ng an 1&Jaeaaist ofichim lgpheryinger(effdrisherioypnd vire 2 fossionad mppéfiuthsloted a new

| ocation, agg.ywhelehassiop (b) further conprises recalculating all of the
centroids around the new | ocation. 48. The system of claim 32, wherein step
(b)(iii) is perfiarTheakhed dfbantl, whatiese (pi(i) i priomédotig] & Ditart etifnata a jocationiwbidis | v

| ocated centrold... 49. The system of claim 32, wherein step (b)(iii) is

per f or med u%’lpﬁamﬁdW%@QPP&W%T“?W@VWSWW' | ocated centroid as a start

estimate. 50. Thg 9YaheEoaints, iy caw(s)emiﬁs stibWAE b Bekatof o betderSndAGfOT e

using, as a start estimate, a |ocation which a spot would occupy in an
absence of vhidh dowpyerévidopsebledgear r ati on. 51. The system of claim 34, further

conprising inter e faqr _.all ow: an operator to ,select the lenslets
whi ch do not pr 3&/35%“%’?%@?’8’“35@ s tﬁ“éé}g)ﬁ'g"" f“"ﬁ’?a&?lﬁﬁ@ﬁ',” #%in step

(c) (f) conpiotmeseGafieaemi Ni ng automatically which Ienslets do not provide
usable data. . 53. The systemof claimb52, wherein step (c)(l) conprises

det er mi ni ng aut GPrdbqRepd of clgi 2k Khereinstar(d)E) egmptises frtsmining awrdmsticallyyhish lensidiadon i n

accordance wth. Latl LAt ensity araund the. 65 This Sheet

Has Been Re'\g‘f %‘tcl g?jlism?‘g‘iﬂé%ﬁﬁﬁ@%h‘%%?“&? Kﬁh%;'f@lf?sé')“%m% PIPTPYRPE PP 1111111

, Li 11111 1111123.IThelnethod df Eldith 21, ivheteinlskp ()B) ddfiprickd ARBGGG altEhricd QR BBidSdo

correspondi ng centroids. 54, The systemof claimb52, wherein step (c)(i)
oy pathe

conpri ses RPN HITS* 4R PEIEIT ¥ Aty leve PEERONEBE M ovi de usabl e
data i n accor dang gnethembi BMAk Silwherdinat ensity | evel s of the corresponding
centroi ds.
the marrix has two rows corresponding to each of the lenslets; and
step (d)(i) comprises eliminating both of the rows corresponding to each of the lenslets which do not
provide usable data. _
25. The method of claim 24, wherein the two rows corresponding to each of the lenslets are a row
corresponding to an x coordinate and arow corresponding 10 a y coordinate.
26, The method of claim 1, wherein step (d) comprises calculating a;mmber of Zernike modes by using

a number of cenwroids which is at least twice the number of Zernike modes.
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55. The system of claim 34, wherein: the matrix has two rows

oorrespondi ngto each of the lenslets; and step (e)(h) conprises elimnating
both of thgg@mewsorresponding to each of the |enslets WhicghisofiRoOt

provi de usabl e data. 56. The system of claim55, wherein the two rows
corresponding to each of the lenslets are a row corresponding to an x

coordinate andzﬁﬁeq%(xmspmﬁﬁ.ﬁmﬂaqudﬁxmﬁmemmt Ble wivdrron bRl B SO Cl ai m
32, wherein step (c) conprises calculating a nunber of Zernike nodes by

usi ng a nyofliesdiuok, ofbedye o ae fovk secdnd pupil mdivsReef e exeapherein RitRenunber of Zer ni ke

nodes. 58. The_system of ¢laim 32, wherein step (c rises | qul ati ng
the waveflont &b f’ﬁf“?“g‘ﬁ"'“f‘ 2?'“' prefm the SaveRonpgoFrragon iy °§]§‘aaﬁg8g¥ oy ﬁ%""&?}%lgghﬁd al so
for a secqpilsbiMetmiibPdiita RerOf the eyes wherein RL < Re. 59. The system
of claimb58, wherein the wavefront aberration is calculated for RL by

renormal i zi ng 2h&hewsthed of Jrit 24 Wirrcinaep @rfuterdconpriset menptiggan PeratoP Ri. The syst em of
claim58, further, co ising interfa ans for pronptin n operator for
Rl. 61. The syg?'é]"ﬁ"b#m{‘ffémq%d qer?“hsf"?ﬁdgfque{) Sy Slptl'“ﬁ i ?'%?fg“ﬁﬁ'g or
pronpt i Ng RRxOREk HdQ mwkifin Zeikd st FE i 0l HBRAEERIAGkrRABIE,TUM Zer ni ke
node for use in calculating the wavefront aberration for RL. 62. The

syst em of cl ai Bl Bup methpykaf elpim 3. berpin stegt (9 s gerfonmied wsingsinguipy Sl gecapnediiohar  val ue
deconposi tion. A ER s Ve, rration of an eye,
t he net hod corrﬁzr'?:sé?'sﬁ'é‘:f&%ag %%Ql%r’lg |%uége 85%a fr% Itt’t émeye,' t he i mage data
conpri sing a plmkgedatatakingimeadyFortraking) dgervata fronphSéyt, ite Ritagkiats ednmpiisngd planlity bie
wavefrout aberration; This Sheet Has Been Replaced (b) defining a

pl ural i ty Stsheigpesfopsganingdy pwaveliontaberefionsand () det erni ni ng the positions

of the spots byympustioh nbahs febeivink hetmadeladed fd:! 11111 (i) locating a centroid in
each of the search boxes; (ii) replacing each of the search boxes with a

search box of Kadefiaiagh phwaity of statrh boxesdn theimegbdase; of reduced size being clipped
to fit entirel )(b)\é\gm'tmrlliinhrilgt%ck}%m%g% tﬁehspotgs% which is 66 '
(i) locating a centroid in each of the search boxes;
(i) replacing each of the search boxes with 2 s':ca.rch box of reduced size;
(iii) locaring the cenﬁoid in cach of the search boxes of reduced size; and
(iv) repeating steps (if) andl (i5i) until each of the seatch boxes of reduced size reaches a
minimum size; and |
(c) caleulating the wavefront aberration it accordance with the posi;ions of the spots.
33. The system of claim 32, wherein: . U
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01/ 28409 PCT/UJS00/ 29078 replaced; (iii) locating the centroid in each of
the search bYRO¥2HM i nduced size; and (iv) repeating stepsctivkioemgd (iii)
until each of the search boxes of reduced size reaches a:m ninumsize; and

(d) calculating the wavefront aberration in accordance w th the.positions
of the spots. Ol imaEedstatkipgrordnsGImPEew Hergon-Shagh derectorpavdng é plurgli) of leslets; ednpr i ses

form ng the sque%mmm?&kg%e%fgg%%mﬂffﬁs'by. (A) reducing a size of the
p

search box to be replaced by one pixel 1n each direction to forma
pi xel -reduced sW¥ahedgstdnat ¢laie B, wieeint er i ng t he pi xel -reduced search box on the

centroid located in step (c)(1); and. (Q .clipping the pixel-reduced search
box to the bourf'EFef?T”g‘g”"BP'e"g’sr% °§%S§F%¢> “B??f?'%‘&x@g&e?vg "5?3‘835%&? PR ¢ ol y

W thin the searsgf(enphe be replaced. 65. The nethod of claim63, wherein
the mninumsize in step (cxiv) is a diffraction limted size. 66. The

met hod of cl ai m 63, Gieermining whichdagafetsde yot pryvidapsabledeyipndi | ) are perforned only

in accordance wth,.pi.xels n_the i a | Nt epsi t.i li e between
a lower threshold aﬂﬁe}’é’“ﬁmﬁ %‘%rrw °t°ﬁ'?“esﬂgpg‘.&%@$ﬁ€“%ﬁ€%m§qﬁ%‘ai m 66,

further conpri sIsiye Piigpéiiin ge, AktreR iR hikivfin sikels sih4Eridh lihiR€sidsower threshol d and
the upper threshold. 68. A nethod of neasuring a_wavefront aberration of an
eye, the met hodfScBnfystisefislin Rayheris Rea{BD compdsesdeodpcine  Fignaf eadesemidox o bre | mage
data conpr “E'w& Qnelphxl tnboh lidecrieh, SPOts having  positions determned by the
wavefront a errgtlon; (b) defining a plurality of search boxes in the inmge
data by, (i) de@fthasysgn ef chiznizy whiereis eteps GO bwlx(H)(iil) fre ipyrionked onlyi im geaadades witt set  of

T D ol b ok B RLL iy AL bl b a5 19 E 01
38. The gystem of claim 37, further comprising interface means for prompting an operator w select the
lower threshold and the upper threshold.
'39, The system of claim 32, wherein each of the plurality of search boxes defined in step (a) is centered
on a position which one of the spots would occupy in an abser;ce of the wavefront aberration
40. The system of claim 39, wherein each of the plurality of search boxes defined in step (2) bas a
dimension equal to a spacing between the positions which the spots would occupy in the absence of the

wavefront aberration.
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(iv) defining successive sets of search boxes, each successive set defined
in accordance with | ocations of centroids in a previous set (c)
determ ni nva®iespesi ti ons of the spots by: (i) locating gef F'fnrﬁ‘b? in each
of the search boxes; This Sheet Has Been Replaced I1111i1 L1 fz [T

I

1111 67 AVENDED SHEMARTAICLE 19) IL1ILIL LELLILLEjL ~~1111T k)l =~il.s. WD

01/ 28409 PCT/ 1186b/¥drs of giain 35, whssyingech opthe plucality of scrphboxsp defifed] insBR@L with a

search box ks J &A4G&EIRh BScatel bdvin)frol QGHRkhd EroledA e GaltlohsQlbily kB sRRGQuPf t he
search boxes of reduced size; and (iv) repeating steps (ii) and (iii) until

each of the «wapyicthe ipepnas of thefwayefreltberehtioniby ®fagtqn Begsithaone.ar ni ni num si ze; and (d)
cal cul ating the front aberration in accqordance wth the positions of
the spots. 69. T\é\%¥%€¥sﬁ8§f§?méﬁ’ FOsE BEPs(th, ’ﬁ“‘r‘f“ef“?’lg"'B”&'ﬁ?"r“%‘?“ BB h box is
defined aboustwgenter point which is a position which one of the spots at
a center of the imge data woul d occupy in an absence of the wevefront
aberration. 70. Fhaheswtehoticlain 32 whercims8B(b)iMompeiesrednting sadf ewbspetibes f or mi ng
t he spots by ural it lenslets having a | enslet spacing C. 71. The

. Of
net hod of cl®& flb’(/\%f@}/"@??fag‘l‘e‘ WESE e of the plurality of search boxes
have |inear di MgNThatmSEdkes, SRR e rRYondt 4 phsliQheRirofteghs t han one. 72. The

nmet hod of claim 71, further conprising pronpting an operator for the
factor. 73. The W Theoustensfof ghimidpnwhSsin, Wi eacleieschtbioeofgedmeditize ydil iodindisak | s
defined about a cente | nt lch is.a position i ch one of the spots at
a center of Ulf e °|Chrr%“g°'(’aa{ RX’%‘ST‘“& R ‘ﬁ“nassgﬁmgtﬁ?@hn% g "\tc,)\{fga"t°ﬁ"e’(')“\/\g’\’[}ag\"’I‘e ht
abenation. . céthibuddiao BEdeitord whkh & k@il o/ Brrespbi@zGiadiion s inlehsiSleteSRin @ Sear ch
boxes defined in step (tb%’n(i iﬁ)_a have centers spaced fromthe center point of
the central Eeigpabpixehxergnthe Factiappl il h successi ve set of search boxes

defined in S.t ep Q@ )Iﬁé %m%ﬁm%.%&%omwe% for allowing an operator to
drag one of the centroids to a new location, and wherein step (b) further comprises recalcularing the
centroid which ims been dragged to the new location, using a light disuribution around the new location.
" 47. The system of claim 32, further comprising interface means for allowing an operator to
drag a central one of the centroids to a mew location, and wherein step @) further comprises
recalculating all of the centroids around the new location.
| 48.The system of claim 32, wher_eiri step (b)(ii) is performed without reference to a Jocation
of a previously located cenmoid. ' .
49, The system of claim 32, wherein step (b)(Ri) is performed using a location of a previously
located centroid as a start estimate.
50. The system of claim 32, wherein step (b)(iii) is performed using, as 2 start estimate, a
location which a spot would occupy in an absénce of the wavefront aberration.
51. The system of claim 34, further comprising interface means for allowing an operator to
select the lenslets which do not provide uéable data. .
52. The system of claim 34, whercin step (¢)({) comprises determining automatically which
lenslets do not provide usable data,
53. The system of claim 52, wherein step (c)({) comprises determining automatically which
Jenslets do not provide usable data in accordance with standard deviations of intensity around the

This Sheet Has Been Replaced
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the centroids in the previous set by C. 75. Ti be nethod of claim 68,
wherein, in step (c)(ii), the search box of reduced size is clipped to fit
entirely wi WQ4/2848 search box which is replaced r 76. Aamwtshashonf
measuring a wavefront aberration of an eye, the nmethod conprising: (a) -

t aki ng i mage dﬁgp&d&égmogdpe eye while correcting for a spatial inhonogeneity
inaretina of t eye, the image data conprising a plurality of spots
havi ng posi ti ons sdeThe syaterh efkblabyy 52 Rigreinwey@Xiy @mpris@ ldeennising Svmatlcdlly whlef | Ni Ng a

plurality of search boxes in the imge data; This Sheet Has Been Repl aced
(c) det er i nieAgsmdR 8o Fede yedbig atg in apordanes i gves) inteasty ek of the oprePditocati ng a
centroid in gaghsof the search boxes; 1111 111 1111 68 AVENDED SHEET

{ARTI CCE 19t -- 1111211121 1221122 I01jl 100l 12 1111 CL s Il WO 01/28409

PCT/ 1 JS00/ 29078  $5i Thy systempifglaiindg wheeeih of t he search boxes with a search box
of reduced si ze;déiei(uimh,%‘mlisg_?oa}‘tw{sng tppntgjnctgg r&?%l%;%ch of the search boxes of
Y; | S (I1) an

reduced size; an [ repeating ste 11) until each ofthe

search boxes of rsgeRBDongtikCeihRRAEDH of e réisBon oIS B €xch M leksts wile cul at i ng
t he wavefront aberration in accordance with the positions of the spots.
77. The net hGRProbmvideuipd®s  wherein step (a) conprises illuninating the eye

W th near i nfrar 4dul bahh orcilihss UGB HORorslodidichis ik c3el d. St ep Of

correcting for the spatial i1 nhonogeneity of the retina of the eye
conpri ses il lmwepregonding toturecogyimteandatiovt conpkpondipg way woieattence | engt h sel ect ed

T o o BRI B B AP B F 7RG, 2 3, "5
met hod of  cl @iodks thBsing WRRALEY ofcetididshwiiich &k 1k mEOthé b BFTerhiRimdadse spati al
i nhonogenei ty of . '
’ 5R. The system of <laim 32, whetein step (c) comprises calculating the waveftont aberration
for a fixst pupil radivs Ry of the eye and also for 2 second pupil radius R, of the eye, %eMn R; <R,
_. 59. The system of claim 58, whersin the wavefront abetration is calculated for Ry by
renormalizing the wavefront aberration caleulated for Ro. '
60, The system of claim 58, further comprising interface means for prompting an operator for
Ri. .
'61. The system of claim 60, further comprising interface means for prompting an operator for
a minimum Zetnike mode and a maximum Zernike .mode for use in caleulating the wavefront
aberration for R,. ‘
62. The system of clm'm.34, wherein step (d) is performed using singular vahlle 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 conllprising 2 plurality of spots having

positions determined by the wavefront aberration; .
' This Sheet Has Been Rep]

_ (b) defining a phurality of search boxes in the image data; placed
Pe—— i
@ locating a centroid in each of the search boxes;

- (i) replacing each of the search boxes with a search box of reduced size, the search

box of reduced size being clipped 1o fit entirely within the search box which is

66
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the retina of the eye conprises: (i) providing an optical scanning device;
(i) illumnating the eye with |ight which has been scanned by the opti cal
scanni ng dewiegne and (ill) causing the |Iight energing flg(plr};tlﬁtnpﬁ90g§/e to be
scanned again by the optical scanning device and subsequently nade

i ncident on a detector such that the light is stationary as the light Is
made i nci dent on the derseeedr. 81. The met hod of claim80, wherein: the
detector comprises g, cangpa, diathbi nach b Rark oiBs orilledsHE APt | cal - scanni ng
device perforns a plurality of scans wthin a single one of said frane
tinme. 82. The net ho@¥) of repdacuigmes B §if) andiiibruatt cacttofithe sequdh bexed of sdugad siketgchebevi ce has a
scanni ng. frequency of 400-600 Hz. 83. The nethod of claim 81, wherein the
optical scanning devi ce*BFIHESEFM an angul ar extent of less than 0.5

degrees. 84. The (fedaddifofe waleBbdtabaRtionM¥edoknte vith @ RBilidnE¥kne 8@NNI Ng devi ce

conprises a single scanning/de-scanning nmrror which scans both the I|ight
whi ch il um nat e$4tThemathpdof clain 63, wherdin steb e)(l) eompyisesifovging hepearch hex ofipduced Thi s Sheet
Has Been Replaced, 69 I 1111 1P EL 11T 1111 AVENDEDSHEET ( ARTI CLE 19)

L1 11111222317 F%1111111212 IN* C L M's WD 01/ 28409 PCT/ LJSOQ 29078 85,

A met hod of neasuri Ng(3 redRibek 2 BF thexBHEh bo bol bORPIREL biA bhe BiX & in edohGiredtiB th O
conprising: (a) taking image data froma plurality of locations in the eye,
the i mage data conpri si #gm apixebledpeadissareyboyt spots corresponding to the

Bber rati on, the dat a PP SReRE BRA ARl bhaRR Bl kiRl il ) 0T
taken by scanning |i gld) ciipphrmd foel-rediezd Scarchibod thild bobdRieqd 16 @irdhibyi tde SpPOts are
separated in tine, replaced to fit er'ltirely within the search box to be replaced.
65. The method of ¢laim 63, wherein the minimum size in step (c)(iv) is a diffraction limited
size.
66. The method of claim 63, wherein steps (6)(i) and (c)(fif) are performed only in accordance
with pixels in the image data whose Intensities lie between a lower threshold and at upper
threshold.
67. The method of claim 66, further comprising prompting an operator to stlect the Jower
threshold and the upper threshold,
68. A method of measuring a wavefront aberration of an cye, the method comprising:
(2 ml.dng 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 boxes in the image date by:
(1)) defining a central search box;, : ’ i
() . defining a first set of search boxes relative to the central search box;
(i)  locating centroids in the first set of search boxes; and
(iv) - dofining successive sets of search boxes, each successive set defined in
' accordance with locations of centroids in a previous set;
() determining the posiﬁon's of the spots by: e

@ locating a centroid in each of the search boxes; This Sheet Has Been Replaced
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(b) defining a plurality of search boxes in the inage data; (c) _ ,
determ ning the positions ofthe spots by (1) locating a eentroid in each of
the search woxess40qii) replacing each of the search boxegcwiusén/mezsear ch box
of reduced size, the search box of reduced size being clipped to fit

entirely w thin thegseargh Qi YiieChrch Soxes 4R sBRF bbx ofrbdudedsid=0CaL i NG the
centroid in each ofthe search boxes of reduced size; and (1v) repeating

steps (ii) and (i i i) untidcktingthecdmtrof intedvl ofSiearackbokes sfegived sizz;eliced si ze reaches
a mnimmsize; and,(d) cal.,cul at] Qﬂg ,1;,he,l vefront aberration: in accordance
with the positions t Kepeating stprs (i ang di) uptil gact qf e seareh boxes of eegncrd sige reachies, | of r ont
aberration of an eye, thguflaMsEEaOMPri sing; linage data taking nmeans for
taking inage data fromthe eye, the inage data conprising a plurality of
spot s bayi ng posi®i @iadatidgtheraraimntthetpmiontitrecomancediththe postitne ofttasponn; and dat a
processi ng neans, receiving the |mage data, for, ), defining a plurality
of search boxes iSf .‘HB“]PM 'é"“(fgf’g?‘”“q’(“ﬁ)’mﬂé%’?‘m‘ﬁF‘T@é‘i%?‘f‘fét‘ﬁﬂ@i”f"gton.s. of the
spots by: (i) IO%fchﬁgp@aﬁ&%kﬂaeMe?gosaqbene;of&bﬁa%eﬂma fvan (11)

o

repl aci ng each of the search boxes with a sear ox of reduced size, the
search box of r evereed dsivaveidyabargiosl i pped to fit entirely within the search

box which is repl ed: iii) locati he ceptr,oi i each.,of -t he search
boxes of reducedgg'ia'gee‘?%ﬁcﬂfqn\y%’wg%%nesae?fa#ﬁm ”esgogn%%smgﬁydap?wn?’)ofuntil each

of the search box@fethvifsatddegacipze reaches a mnimum size;, and (c)
cal cul ating the wavefront aberration in accordance with the positions of

the spots. 70 ANEbEpsthed dpipip o, wherein oleqet sqropof thephugaity pfsqaych boxes have Jinear
1111111‘111111111](,%%1&0;11 sP4Je§’&oJ@£faf§QF&§essl&!’%§on§een Repl aced

11111111111111111
: 72. The method of claim 71, furtber comprising prompting an apetator for the factor.

73. The method of claim 70, wherein the ceptral search box is defined about a center point
which is a position which ope of the spots at a center of the image would occupy in an absence
of the wavefront abesration. |
74, The method of claim 73, wherein:

the first set of search box_es defined in step (b)(i5) have centers spaced from the center
point of the central search box by C; znd ‘

each sncéessive set of search boxes deﬁne;i in step (b)(iv) have centers spaced from
the centroids ip the previous set by C. .
75. The method of claim 68, whereln, in step (c)(ii), the sea'rbh pox of reduced sizs is clipped
to fit entirely within the search box which is replaced.

76. A method of measuring a waveftont aberration of an 'eye, the method comprising:

~—

(2) taking image data from the eye while correcting for a spatial inhomogeneity in a retina of -
the eye, the image data comprising a plurality of spots having positions determined by the

wavefront sberration;

(b) defining a plurality of search boxes in the image data;

This Sheet Has Been Replaced
& g et 0 W
()] locating a centroid in each of the search boxes; ! !" I
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WO 01/.28409 PCT/ USOQ 29078 87. The device of claim 86, wherein the data
processi ng neans perfornms step (b)(11) by formng the search box of reduced
size by: (Womesiei ng a size of the search box to be repl@Geiohone pi xel
in each direction to forma pixel-reduced search box; (13)-centering the
pi xel -reduced search box on the centroid |located in step (c)(1); and (C
clipping the pixeldir eduplerssishofei sspehdorepwitipseason efadpcedsizesf  t he search box
to be replaced to,.fit entirely wthi e .:hox. 1o be replaced. 88.
The device of clai ‘r“w{)ses,‘“%%‘?“’eu N ‘gmﬁtém‘m&ﬁ"ut"ﬁr”ﬁ%“s"s?%e “%Q‘fé‘f’é%‘“( b)(iv) is a
diffraction |limtegh SirdpeaingB6ps i} (iljentil @eh dbihe @irétiboResBredieddiseadathesst eps (b) (1)
and (b)(ii) are performed only in accordance wth pixels In the image data
whose intensities |ie B2 ™onert| ueshol d and an upper threshold 90.
The device of cl@i QeRfling MVALEbR abbriiBonGAk RraRfcNRE 8 bdHfont BB SHo6,ONPI | SES
interface neans for pronpting an operator to select the | ower threshold
and the upper t .Sbtmdted ofglhim 78 wheel stop (oY comprises Hlumindtipgghegyenityesir ont aberrati on
of an eye, the devi conprising: imge data taking nmeans for taking imge
data fromthe ey"éffare i mage data conprising a plurality of spots having
posi tions det er Mg i@emdNod blRRim\¥E,Whdrdirbil s1p b Edofradfing Bthe spdilsl mbl@iogendidy CESSI NQ
means, receiving the inmage data, for. (a) defining a plurality of search
boxes in the i mébfdetigert e pyp comprisys ifymnpting withdight pfa Fobermeplempthslestsd ()
defining a fast rel.ati central search box;
(ill) locating e’%ﬁ’?"r‘ﬁ"&g"g E'\’E‘Jtaﬁ% |°r§’§‘t“§'§%tt‘“cﬁ'f%§%§d?ﬁ boxes: and (iv)

defi ni ng successiyR aealiod ofthinIgahadn txatesyce kptils 8 utodssi ve set defined in
accordance with | ocations of eentroids in acé)?ig’vi ous, sgt; %g% peterm’ ni ng
the positions of3%Themelhegplciaig 73, whergin spif tepof gopecting for the PRyl ipbqmeedel A of ¢ he
search boxes; (iddrethbituRe)eBehp@ach of the search boxes with a search box of
reduced size; (i1il) locating.the centroid in each ofthe search boxes of
reduced size; ar@ (iv) wevidasmmiopticpl spnpingdefite ) and (iii) until each of the

search boxes of (El)e duce dmu%in%t?ng € g'g\blﬁﬁight which has been scanned by the optical scanning
device; and
@ causing the light emerging from the eyeto be scanued again by the optical

scanning device and subsequently made incident on a detector such that the light is
stationary as the light Is mads incident on the detector.
81, The method of claim 80, wherein: |
the detector comptises a camera having a frame time; and
the optical scanning device performs a plurality of scans within a sitigle one of said
frame time.
§2. The method of ¢laira 81, wherein the optical scanning device has a scanning frequency of
400-600 Hz |
83, The method t:)f claim 81, wherein the optical scanning device scans with an angular extent
of less than 0.5 degrees. '
4. The method of cjaim 80, whetein the optical scanning device comprises a single
scanning/de-scanning mirror \;vhich scans both the light which illuminates the ey and the Tight

emerging from the eye.
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a mnimumsize; and ~[1ELErrrrerrrbrl rarrtrir~r~  AVENDEQ SHEET- (ARTI CLE
191. This Sheet Has Been Replaced 11111111112112111121121 liii WO 01/28409
PCT/ US00/ 290 ®B01/28¢% cal cul ati ng the wavefront aberration paveshggskance with
the positions of the spots. 92. The device of claim91, wherein the central
search box is defjned oyt a.center point _which i osi'tion which one
of the spots at aésb‘gﬁf%goﬁ f"ﬁga‘ivar\fcarﬁnetgbﬁ'gn °\7\8’u°f°d'n%%%ﬂ%§'g’|’"ﬁmgan absence of
t he wavefront abe@y akihgifage St fromk b guraliboif B@dons in &b &b, Me Brage davdomprisibg® t he | mage
data taking neans conprises a plurality of |enslets having a | enslet
spacing C for for ni RynREsret eprresponding to the pliality of Jocgtiongpnd bpvipg pasibons  \\herej n at

| east some of the plyirildtymdfavetGRfehnd a5 RANE phisBP Fioclh FBRSs0NS scal ed
fromC by a factor of |less then one. 95. The device of claim94, wherein

t he dat a processi ngbaingiekes bysagnd e it e tysisdchthe thaplendiy of spots argsepampptin Ng an
operator for the fagtor. 96. The device of claim93, wherein the central
search box is def ne™about a center point which is a position which one of

the spots at a cegf gdniaphbifity bIIREELMR MG igsdaly I N an absence of the
wavefront aberration. 97. The device of claim96, wherein: the first set of

sear ch boxes def i (Pedetemining theiositions 6itheypolbve cent ers spaced fromthe center
poi nt of the.central, segrch bog y d eéa]ch successive set of search
boxes defined in step (bgfl"tv“f’%mg\‘/’gyncegdhf@rls spaﬁcé’d from the centroids in the

previous set by C &3. TrhRcirbuchofhe@dacrbords MethlsearcibbR bR édiked sizb) td betih (D) (i),
the search box of reduced size is clipped to fit entirely within the

search box which is repltatdgpduceisize balngrlipnedsa fitepirelyyithia e gy boxyhicks of ont

aberration of an eye, thgdgvice conprising: inmage data taki ng nmeans for
taking i mage data fromthe eye while correcting for a spati al
i nbonbgeneity in a fi@ti recating the dawsroid jneeach pfithe sdanriehyees of adweedslsmpdi sing a plurality
of s pot S. havin 9 (v) repeating steps (ii) and (iif) until each of the search boxes of reduced size reaches
a minimum siz¢; and |
(d) caloulating the wavefront abexration in accordance with the positions of the spots,
86. A device for measuring a wavefront aberration of an eye, the device cgmprising:
image data taking means for taking image data from the eye, the image data comprising 2
plurality of spots having positions determined by the wavefront aberxation; and
dsta processing means, recejving the image data, for: '
(a) defining 2 plurality of search boxes in the image dam,
(b) determining the positions of the spots by:
D locating a centrold in each of the search boxes;
(ii) replacing each of the search boxes with a search box of reduced size, the search S
box of reduced size being clipped 1o fit entirely within the search box which is '
replaced; .
(iii) locating the centroid in each of the search boxes of reduced size; and
iv) repeating steps (if) and (iii) until each of the search box;es of reduced size reaches
a minipum 51ze, 'and

() calculating the waveftont aberration in accordance with the positions of the spots.
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positi.ons determ ned by the wavefront aberration; and data processing
nmeans, receiving the imge data, for; (a) defining a pl urality of search

boxes in tWweopkge data; (b) det er m ni ng the positions ﬂf pots by (1)
| ocating a centroid in each of the search boxes; (ii) replaci ng each of the
search boxes with a search box of reduced size; 1il) Iocat| ng the

centroid i n each7-dhe deties ofdaip Fhwiigain by dagprocegring mears 5‘%@&!‘) bY72 111 -------

11111 - ENDED SHEET; ARTICLE-19 ~ ¢ L M
11111111 This %‘gi &i%nréhggxeo}g]re{i_s %géd Lrrrrerrr 1111a1a2 1 e 1l 1 WO

01/ 28409 PCT/ 1JSOQ Zm?aucu@huaeortﬁepa&hboﬂg»bsiepmadb@mie)nxamdac(laxieiu)mtunt il each
of tbe search boxes of reduced size reaches a m ninum size; and (c)
cal cul ating the wavef r Jtm 8 giPeRsdsdRR 498 accor dance with the positions of

the spots. 100. The(lg%ydtegfg ?fplxgﬁdcms%hbo%%ﬂeﬂm&inﬁmhw W taking

means conprises neans ‘for Fumnating the eye wth near I nfiared l'i ght.
101. The device, of @Dalippindspixelreued warthibex tb mpendarls ditht ikebihox tlBans conpri ses
means for illumnating the e th Li ht of o S herence I ength sel ect ed
such that the spati al f?d%'éﬁ'\én?"fv’f}"“dtt? ‘[5@ “in the i mage dat a.

102. The devi ce s@fTnedcibdbe i ss, wﬁaﬁmbﬂmhmsmm@mmimmm&ﬁo m crons.
103. The device of claim 101, wherein the imge data taking nmeans

conprises; a de#ctor; and an optical scanning device for Illuninating the

eye wth K ght '1‘5 debi@esofgﬁrﬁﬁk Siah (b)(?ﬁldm)zﬁ’&gﬁ 3 ot m‘g&edew ce and
scanni ng again t I ght energi ng f e éye, e light energing from
the eye and scanma;xagammmmmmmmwmwtmmum t he detector
threshold. '
90. The device of claim 89, wherein the data processing means comprises interface means 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 for taking image data from the eye, the image data comprising a
plurality of spots having positions determined by the wavefront aberration; and
data processing means, recefving the image data, for: -
(a) defining a plurality of search boxes in the image data by:
(6] defining a central scarch box;
(i) definibg a first set of search boxes relaﬁve to the central search box;
(iii) locating ca;nfroids in the first set of search boxes; and
(iv) defining successive sets of search boxes; each successive set defined in
accordance with lo;:aﬁons of centroids in a previous set; .
() determining the positions of the spots by:
(6] locating a centroid in each of the search boxes:
(i) replacing .each of the search boxes Wit‘h a scarch box of reduoed size;
(i)  locating the centroid in each of the search boxes of reduced size; and
(dv)  repeating steps (i.i) and (iii) until each of the search boxes of reduced size reaches
a minimum size; and o
» . AL
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such that the fight is stationary as the light is made |Incident on the

detector. 104. The device of claim 103, wherein:

canmera havi NP @/2B409ne tinme; and the optical scanning devimaygeiiaigs a

plurality of scans within a single one of said
of claim 104, whe

of 400-600 Hz.

1

[ {
Oé)fa L“ﬁ]‘ﬁlémﬁéh\% o) AR (1 1

devi ce scans Wi t hoaaihe 35Vt dlbim 96 Xwh@dH the@bntrdl 8rEh HolB Befibba Boll@ @GSt 107. The

device of claim 103, wherein the optical
scannht g/ de- scannViig isfippsitign Whighiore 9119 SRatRat 5eptar ofthie dmageq dgta wouldsecuy | uni nat es
the eye and the |jah or RGBSR DAugm t he eye. 108_ A device for neasuring
? an eye, the nethod conprising: inmage data taking

t he

wavefrcnt aberration o
means for taking 93mgeeviledf alaifnot wheeinthelimagd data yakifd mead eaiphieinShtality fhe eye,
| mage data conprising a plurality of spots corresponding to the plurality

'g?‘ﬁﬂgﬂﬁg?‘t‘?‘ﬁl’ﬁsc@é%}“ﬂm' by the wavefront aberration,

the inage data t aj fgaRaRSud, AMERFR S e AR biokEn bk nddidd 111 111111

of locations and '

"1 111" 11111Y CL This Sheet Has Been Replaced 11111111111111 flu |

111 WO 01/ 28409 deashiiind £a16Y AT a fattor ofiespiareneng it scanner,

the plurality of

time; and dataprpaessiRehaiBabiShe tkBCel Vi ng the image data, for: (a)

defining a plurality of search boxes in the inmge data;

t he positions of 26HEke dqvio of clitjip 93, wherein the central search box is defined about a center point

which is a position which one of the spots at a center of the image would occupy in an absence
of the wavefront aberration.
97. The device of clﬂfm 96, wherein:
the first set of search boxes defined in step (a)(ii) have centers spaced from the center
point of the centra] search box by C; and ' '
each successive set of search boxes defined in step (b)(iv) have centers spaced from
the centroids in the previous set by C. .
98, The device of claim 91, wherein, in step (b)(ii), the scarch box of reduced size Is clipped to
fit entirely within the search box which is replaced.
99, A device for measuring a wavefront abertation of an eye, the device comprising:
image data taking means for taling image data from the eye while comrecting for a spatial
inbomogeneity in a retina of the ey, the image data comprising a i)lﬁmlity of@ having
positions detemii:eé by the waveﬁ‘oqt aberration; and - r
data processing means, receiving the image data, for:
(2) defining a plurality of search boxes in the image data;
(b) detarmining the positions of the spots by
(D locating 2 centroid in each of the search boxes;
@D yeplacing each of the search boxes with a search box of reduced size;

(iif) jocating the centroid in each of the search boxes of reduced size; and
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(i) locating a centroid in each of the search boxes; (iii) replacing each
of the search boxes with a search box of reduced size, the search box of

reduced siwedessag clipped to fit entirely within the segiGiohsvs-g\hich is
replaced; (iii) Iocating the centroid in each of the search boxes of

reduced size; and St e (ii1) until each of the
search boxes of re ﬁcecfe °F53§c?ﬁde(§';)""ggﬂ%‘f"’i‘rﬁfﬁﬁ°%‘1°’2°é°f”§&‘f&“"€%fle‘t$‘?§f ating the

wavef ont aberration in aﬁﬂﬂm&@ﬂwth the positions of the spots. III1I11]
FEErer 1ttt reell 11 iii Ms This Sheet Has Been Repl aced
1111111111111 1 | Ny cafepipting the yavefront aberratip ImERBncEHEEIT pesiipTF P{heEpotO)

100. The device of claim 99, wherein the image data taking means comprises means for
Hluminating the eye with near infrared light.
101, The device of claim 99, wherein the image data taking means comprises means for -
illuminating the eye with light of a coberence length selected such that the spatial
inhomogeneity does not appear ju the image data,
102, The device of claim 101, wherein the coherence length is 30 microns.
103. The device of claim 101, wherein the image data taking means cornprises:

a detector; and | '

an optical scanning device for {lluminating the cye with light which has been scanned
by the opticel scanning device and scanning again the light emerging from the eye, the light
emerging from the eye and scanned again being subsequently made incident on the c_:letector
such that the light is ss.tationary as the light is made incident on the detector,
104. The device of claim 103, wherein:

the detector comprises a camera having & frame time; and

the optical scanning device perfortns a plarality of scans within a single one of said
frame time. ' |
105. The device of claim 104, wherein the optical scanning device has a scanning frequency
0f400-600 Hz. |
106, The device of claim 104, wherein the optical scanning device scans with an angular
extent of less than 0.5 degrees.
107. The device of claim 103, 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. '
108. A device for measuring 2 wavefront aberration of an eye, the method comprising:

image data taking means for taking image data from a plurality of Jocations in the eye, the

image data comprising a p!m‘aiity of spots corresponding to the plurality of locations and

having positions determined by the wavefront abexration, the image data taking means
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comprising 2 scanner, the data from the plurality of locations in the eye being taken byL
scanning light into the eye with the scanter such that the plurality of spots are separated in
time; and

data processing means, receiving the image data, for:

(a) defining a plurality of search boxes in the image data;
(b) determining the positions of the spots by

@ locating a ¢entroid in each of the search boxes;

(i) replacing each of the search boxes with a search box of reduced size, the search
box of reduced size being clipped to fit entirely within the search box which is
replaced;

(i)  Jocating the centroid in each of the search boxes of reduced size; and

Giv)  repeating steps (i) and (iif) until each of the search boxes of reduced size reaches
aminimum size; and

calculating the wavefront aberration in accordance with the positions of the spots.
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