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RAPI D, AUTOVATI C MEASUREMENT OF THE EYE' S WAVE ABERRATI ON SPECI FI CZCIQI@H 2004
BACKGROUNRy&%51/38 459! NVENTI ON The present invention is di rect‘,%qquta(}@%?s
wavefront sensor and nore particularly to a wavefront sensor tor

ophthal m c applications. It is known in astronony to detect wavefront
aberrations caused by the atnosphere through the use of a Hartmann- Shack
detector. Such detection is disclosed, .e.g., in D M Aloinand J. M
Mariotti, .,eds., Adaptive Optics for Astronony, Dordrecht: Kl uwer

Academ ¢ Publishers, 1994. MrgPPEIECATION FORPATENTNI que has been used,
to detect wavefront aberrations in the hunman eye for such purposes as

i ntraocul argirgery and copt I j .SQﬂ!EI&Em detection is
di scl osed, e.g.E‘?' i n Liang m‘&@g@%&?@%ﬁéwt of wave
aberrations of the human e ﬂ:“ § & nn- Shack wave-front

~sensor," Journal of the Optical Society of Anrerica, Vol. 11, No. 7, July,
1994, pp. 1-9, the disclosure of which is hereby incorporated by
reference inits entirety into the present disclosure. That technique
will be summarized with reference to Fig. 1. A beamof light from a |aser
di ode or other fight source is directed toward the pupil and is incident
on the retina. Because the retina is highly absorbing, a beamon the
order of four orders of magnitude WO 01/28409 20 APR 2004 PCT/ US00/ 29078
di mer than the original beamis r EEﬁ@hﬁﬂgﬁﬁgh?e retina and energes from
the pupil. Typically, the inconin§ light foll ow a comon

optical path; the incom ng

BACKGROUND OF THE INVENTION
The present invention is directed to a waveffont sensor and more particularly to a

wavefront sensor for ophthalmic applications. '
| Itis known in astronomy to detect wavefront aberrations caused by the atmosphere
through the use of a. Hartmann-Shack detector. Such detection is disclosed, e.g.,'in D. M.
Alloin and J. | M. Mariotti, -eds., Adaptive Opu'cs. Jor Astronomy, Dordrecht: Kluwer
Academic Publishers, 1994. More recently, such a technique has been uscd.to detect
v-vaveﬁ'ont aberrations in the human eye for such purposcs as intraocular surgery and contact
lens fabrica;ion. Such detection is disclosed, e.g., in Liang et al, “Objective méasprcmcnt
of wave aberrations of the human eye with the user of a Hartmann-Shack wave-front
sensor,” Journal éf th; Optical Society of America, Vol. 11, No. 7, July, 1994, pp. 1-9, the
disclosure of which is hercby incorporated by reference in its entirety into the present
disclosure.
That technique will be summarized with reference to Fig. 1. A beam of light from

a laser diode or other light source is directed toward the pupil and is incident on the retina.

Becauss the retina is highly absorbing, a beam on the order of four orders of magnitude



light is brought into the conmmon optical path with a beansplitter. The
energent beamis applied to a Hartnmann-Shack sensor to detect the?2( APR 2004
aberrati g o12sppyh a detector includes an array of |ensleg that, hreak up
the light into an array of spots and focus the spots ontoa

charge-coupl ed detector or other two-dinensional |ight detector- Each

spot is located to determne its displacenent a fromthe position which it
woul d occupy in the absence of wavefront aberrations, and the

di spl acenmefitmes than dhe poiginahbeaw is relleptask byi¢hd mtine fanthamevgee fioan theapapit, hus
detection of the aberrations through knowm mathematical techniques.

| npr ovenmenTgpitally, kiee ineothirigiair erherlybritdight fallovaa @oﬁaﬂibﬁrﬁ&ti'cfﬂl athlthe oﬁxﬂﬁ%D

R WIllianms, "Aberrations and retinal imge quality e norna n

eye, " Jour ; . A Cl & L .4, No. 11,
Novenber , @5%@?&%2‘5%%g@’%’”a;‘;’(r?l‘ad"?‘tﬁmtﬁ’%g’. éﬂﬁ&t"%ﬁ?‘“\@e“s, 777,719 to
Wllianms et al.n,The disclosures ?‘f that article and of that patent are
her eby i ncor por Reanegent beam s anplied tq ¥ Hagmann-Shackisenser todetpotdbasberrations.
disclosure. Wllianms at al teaches techniques for detecting aberrations
and for ushueh audetectabencludes amsrmayoflensdttetbatiteslonp the fightsintogar straynd spdte and
fabrication of intraocular and contact |enses. Mreover, the techni ques

of those ettt ontinh El‘r@%ée-ﬂﬁiplﬁf deldafdr bt Sther @)o—di}neﬁs?ﬁfaé gﬁl{) #t%gjr.' ﬁ‘% 5

t hensel ves to autonation. rman published patent app

22 395 A further .variation usin ol ar.j.zing.optics.fo control
back scat (RO Y Mo th drichipe 1é3fcpic BBt S 5 BEpRtioniil woud Geurein
presents %cl e problens and i ssues not necessarily faced in astronony.
For exanpl®® %ﬁme ohveavefont abgaationsy andnthei displacememtsy ofxthe bspotsumllbwr m
intensity across their entrance pupil, this is not the case with systens
for the eyeconthustiopeof thanvikedromt taad abwsopetectian ofitljecabierfation ahrough known
Stiles-Crawford effect- That effect is a directional 2 2 0 APR 2004 WO

01/ 28409 RGEMcnERRALRMBqseNsi tivity of the retina, one manifestation of
which is an intensity variation across the pupil of the eye when light is

reflected fromypRveRlchido th ehhitfud dIOGANPS: bl bALRBHSH £ 1085 LAk

Williams, “Aberrations and retinal image quality of the normal human eye,” Journal of the

Optical Society of America, Vol. 4, No. 11, November, 1997, pp. 2-8;1'3—-2-883 and in U.S,
Patent No. 5,777,719 to Williams et al. ‘The disclosurés of that a.rticl; ;pd of that patent are
hereby incorporated by reference in its entirety into the present disclosul-*c-. Williams et al
teaches techniques for detecting aberrations and for using the abcrration; thus detected for
eye surgery and the fabrication of intraocular and contact lenses,‘ Ivioreo.ver; the techniques
of those references, unlike that of the Liang et al 1994 article, lend themselves to
automation. German pubiishcd patent application No. DE 42 22 395 Al teaches a ﬁmhcr
variation using polarizing optics to control back-scatter from the lenses in the detector setup.
Analysis of the cye presents uﬁque problems and issues not necessarily faced in
astronomy. For example, while wavefront sensor systems in astronomy exhibit uniform
intensity across their entrance pupil, this is not the case with systems for the eye. The eye,
untlike a telescope, is subject to the Stiles«Crawford effect. That effect is a directional
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nore |ight back toward the center of the pupil than toward the pupjp ap 004
margi n. Al so, unlike astronony, stray |light from other sources, such gg
fromcorn flection, can be introduced into the wavef from
t he eye, %0@{? stray light can interfere with the rreas%&@é‘?fl?ﬁg?{spot
pl acement. O her problens unique to the eye have been encountered. For
exanpl e, a subset of the spots that should be forned in the

Hart mann- Shack detector cannot be seen, either because the aberrations

ar ¢ unusual depisilieger thereina, che MGRTeADIST GFhHEh RAMTENIY VRriSEA achsstiepuil ke
can di splace or deformthe spot so much that the spot”™s origin cannot "be

determ ned I

- al t oget her )(ﬁ‘m(l)ﬁré th PW&H% e %2%%%5% quoyihgﬁggﬁf |He/‘!§x%/¥s Béc? %1% 1@@11?&@6{)11%3 I‘aglt"‘tcby
the pupil. In ﬁl rent vvavefront sefs the | oss of any_ spots frustrates
t he conput dP9™8 gﬁ;f backdowaradhg gentpref tﬁﬁpum}xﬂwnewarﬂr%pm margipoAlsgs unlike
vari abl e pupil size, as opposed to the fixed pupil of a telescope.
NMbr.eover, tastonomg stra‘yeligm from athenrsewrices, suah a3 fematorneal réfleation, icarebetretnaedt
sensors have been denonstrated in astronomy, but where operation is

required atintoatheSwiveponflsensor FRR!BE eiyBAndRcH Etray U Iﬁrgm: k& %eﬁ@ﬁpwlm the
bandwi dt hs greater than 30Hz. The at m)sphere IS too turbulent for

real -tinme rates. On the other hand, present
adaptive optics ec%%lagie%ﬁ%%he eye operate at a very slowrate, |ess
than 0.25 Hz, and, do ot automatically c ute the wave aberration, even
with single expgfgh?‘é’é‘?bqﬁ&&}‘mﬂ}’ﬁ{é’ Sﬁlé?%‘lveg’ﬁngql E“WBP%§°BF%”B@SER§@9@W t he
factors descri bed above. Al so, these techniques enploy relatively |ong
focal | engthe spotssthat shouldipe formaghini the tHarmeaansShask aletectpn canmayi hei seeny eithep
smal | changes in the slope of the wave aberration at the expense of

dynam ¢ r abemuseithe dbeitatidiRad(risiuallylarize 8.3, alivge dbétralonsagsed by scheor the
wavef ront sensor imge often overl ap, partlcul arly near the edge of the

pupi I, mekiiRdedr digitidel dr'deforiGhe ?ﬁﬂt QB Rhuch 1128 B sglbfis SRgh catitl Bk ﬁHeF}ﬂmﬁ@éf h

pr obl ems can devel'op especially for a commerci I nstrument in whic
operator | ﬂnre%f)&qgﬁv'e? the field of view of the detector altogether), or they are occluded by opacities

in the eye’s optics or by the pupil. In current wavefront sensors, the loss of any spots
frustrates the computation of the wave aberration. ". : ~
Another problem is that of variable pupil size, as opposed to the fixed pupil of a
telescope. |
Moreover, there is the issue of real-time operation, Real-time wavefront sensors
have been demonstrated in astronomy, but where operation is required at rates typically
greater than 300 Hz with closed loop bandwidths greater than 30Hz. Thc atmosphere is
much too turbulent for real-time compensation at slower rates. On the otber hand, present
adaptive optics techniques fo; the eye operate at a very slow rate, less than 0.25 Hz, and do
not automatically compute the wave aberration, even with single exposures. Real-time
operation is not possible because of the factors described above. Also, these techniques
cmploy relatively long focal length lenslet amrays. Such instruments have hi gh scositivity
1o small changes in the slope of the wave aberration at the expense of dynamic range and
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should be mnimzed. As a result, these systens cannot neasure the anF
_aberration in a large fraction of human eyes. An optim zed mavefrg R 2004
sensor for the eye should therefore properly balance sensitivity and
dynam c range, operate in real-tinme, and be capable of use wth a
significant fraction of eyes. The neasurenent sensitivity of a wavefront
sensor for the eye is determned primarily by the focal |ength of the

| ensl et array. The smal | est nmeasurable wavefront slope is pr rtional to
the frobastngssndudividpel spois/ 8 e [ VATSTTPBLC HDSPRAes ofien pveriap H‘i‘ﬁ‘!""&gﬁ'sm@?
arrays wused in high sensitivity wavefront sensors for neasuring eye wave
aber r@kicdes Jf thé eapil,ymakiaw it difficalt lforeaonsmtiandatrelddpot acmputatién.r Suekht ed
measurenents across the pupil of an artificial eye, for exanple, W87 (at

632. 8 - ) ol . |
Che G}ggﬁ'l:g?( @?ﬁ%ﬁb‘%&%ﬂ# 25€1 cHRURIGAGERIurh @ iR wBich dP8AihnterventiBheOVET

severe wave aberration at the edge of the pupil due

to sneared or scarred areas, Qf the eye's tissue. Thus nt
sensoﬁﬁ’“@g‘? BrpigRd. ‘g§ @n’??‘fs’}’\ﬁ'?‘? styﬁtﬁﬁsncé’@a%tslgﬁfugn@)%rwe%‘%i%%gn %ﬁ%gr ithm .
to hunt/locate the mgrating spots. Another challenge to real-tine

wav ef Jarge frationi afhuimant ayes.c e pplimized ynyefrant Scﬁéﬁftf@é%@ ¢XF oUdBeSIRIE of

l'i ght imaged on the retina.- I nhonogeneity, caused, for exanple, . by |aser
speckl@paily bilkh@Cicasifioity and dvhonie rangd, Rperaroin tegl-tme; @id bmcapdblerafpise t he
accuracy of the spot localization. This problemis exacerbated with the

short %ﬁ%{i%&n ﬁ.g‘gi g/ real-time operation. A Hartmann sensing
techn‘lygjé% [ esg:rl é’c%'%l}r?&Ash et.al, "Optimal Hartmann sensing at |ow
light |eve ) tics Co nji.catio e [ - : es
10- 15. mﬁ%%ﬁ‘%ﬁn‘&ﬁ%‘f’ oﬁfsa <O é’?ﬁr)réc&m é\ff{%ﬁﬂ%ﬁg@ gsf eegr':'n o% iaP]szp‘r?gheri c
t ur bul ence on ground- base t el escop and -with sityations in ich it
my ey 156 ToEASIEBEE ¥4 e IGRIch AP b G CTEAIESh meaRy ALl BRI Spe
artificially, neither of which is a consideration, in the neasurenent of

wavef propbrtitnel teathicdiocal lemgth. JReletively dongefpsal kengbe,, Ihawp) lepsreamdEs not

even hint at a technique for overcoming the Stiles-Crawford effect,
whi ¢ husedsn hglegnkidviey wavefsornsensopmofor ardaswrogssydovaye isberrdtions typicadlyshowor

a small meap standard deviation of repeated measurements across the pupil of an artificial
eye, for example, 1/487 (at 632.8 nm, the helium-neon laser wavelength) for a 3.4 mm pupil.
Moreover, the ;ye can exhibit a severe wave aberration at the edge of the pupil due to
smeared or scarred arcas of the eye’s tissue. Thus, such wavefront sensors exhibit more

sensitivity than nccessary and require an algorithm to hunt/locate the migrating spots.

Another chaﬁcngc to real-time wavefront sensing in the eye is the spatial
homogencity of the spot of light imaged on the retina. Inhomogeneity, caused, for example,
by laser speckle or reflectance variations in the underlying retina, disrupts the accuracy of the
spot localization.. This problemi is exacerbated with the short exposures required for real-time
operation.

A Hartmann sensing technique is described in Ash et.al, “Optimal Hartmann sensing
at Jow light levels,” Optics Communications, Vol. 156, 1 November 1598, pages 10-15.

However, that article is concerned with the effect of atmospheric wrbulence on ground-bascd

telescopes and with situations in which it may not be feasible to illuminate the object or sky
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does it overconme the herein-noted differences between astrononlcaIZUApggmg
observation and the detection of wavefront aberrations in the eye. As
result of the above-noted problens with wavefront sensing in the eye, a
robust and real-tinme sensing technique for the eye is not known in the
art. 4A 20 APR 2004 WD 01/ 28409 PCT/ US00/ 29078 SUMVARY OF THE | NVENTI ON
Wil e many of the above problens have apparently been overcone in

astrono} it wll be readily apparent fromthe foregoing that a need

exi st artificiallye neither p§ whichyis\segingideration b e mapmunireent f aNeIM @beinationsi que
problens of the eye. It is therefore a primary object of the invention to

addr e g a patidhtsndyeU Fupthed ienEticletoed nbneverdennanuRtROGIR for loVercdmtrigohe Of
t he pupi l due to antenna properties of cones, ocul ar abnormalitie€s,

vari a i di Vv iLndi vj dua
under ggﬁf ferant ra Iegf\g}%tl’ G’Jhwfﬂ Eq ﬁdl?nﬁlg‘gjte@o%s M#@G}@ ﬂl&eg‘ﬁgﬁ?@m&eﬁ Twave
aberrgtion at the e of the Di | a spatial inhonpgencity Qf _the
reti ndoes %\ﬁr&ﬂ%ﬁ@ 3#—1&5&@#? Wveerasgenpraipal phREvabEY @and il ot her
obj ects, the present |nvent|on is directed to a system adapted to overcone
such dﬁﬁ@t@@pweémtammmmﬁtem’duced by nonuniformillum nation are
handl ed by |ocating the spots - through t he follomnng centroidi ng

t echni que. a set.of i boxes, is set . u

t he i mage. Ag]acﬁs'?lgl %‘fﬂ;?a%%g(-n? c?é‘h"[‘%?%a“%‘r‘aﬁwg' L&"“PB‘&&P.“WW@FB"
corresppndjn oot woul d be_in the absence of wavefront aberration and has
a’si dé&gﬁa‘*' ts 9 1gR Wﬁ@?%ﬁ@?wg}%g‘eéﬁam ng woul d be in the
absence of mavefront aberration. A first guess of the spot location is
produced by findiing the intensity centroid of the portion of the inmage
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 sone criterion size, such as
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a width equal to the full wdth of half maxi numof the diffractiongly gpgt ek
spot. Each step throws away data renote fromthe centroid found in the

previ ous lhmce such data nost |ikely contain noise qr stematic
errors ra?ﬁ@fﬂl?ﬂgﬁ i nformation useful in locating the spot P "A988 2004

WO 01/ 23409 PCTI USOQ 19078 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 inage on the
detector (i.e., "fromscratch'). The latter technique nakes | ess of an

assurrptionm ﬁoxes are_located and deci des how far out to go as the
process ru %F@EWNQ ze of the lenslet array and nunber
of lenslets. The boxes in the latter technique can form an irregular

array, which canWhiledesyrdfilsslatayelpeobigms hasé appatendy ibBed svidsonid RidstrdnsRy]! e
box wth the location of the outer boxes being determned in a

- cent er - 1 0- GUWIRbE réaldiI P ahpAent 618 the f‘oérggrﬁi;}g E]-nga lﬁQéﬁf&i#? e Bl AF% a&aﬁ%ﬁ'&iﬂq ue

can be adjusted by a paraneter enter operat or or 'store

software, f e.~90%. of .t he.actual, inter-lens]et spacing or 90% of
the area of ngsogéﬂqufnlban@%@e% plr?alblF‘@ﬁ ﬁf {l}‘cteé;c't #és ‘Pﬁt%g}'e P Srigyagy object
spaci ng. mgﬁlt.hese_ boxes are deternined, a technique can be used that

| ocates a C&M&IBYentIon;te gddreshsuchiunique preiklemsavhich inchude appimiformsillzedndion on
that centroid, followed by |ocating the centroid again, followed by

anot her smaf ther pupildupctot anténng  prapritiesnoDeonest douldr hbnatiafities; vafiable lpupil s
box size is reached and the final centroid is determned. Alternatively, a

techni que eitker dasongsadividials Glinthé sithd thadRdhdl ubia! dilterént 1%{«615‘ %f?lhﬁﬁﬁ%{i&l,d

within that box, centers a snaller decrenented box on that centrol
CLLPS 20, SRR oo Wtk Bl Bl S TRIL KT i FIEL R sovin
Cho. i 11 alRPERErtbaldhe s b pEodos FEfoUIaE 8Reot | nal centroid |5
determ ned. An gdditional centroid can, be calculated on the entire array
to locate the cdpeeeve thapbove andathes obisctsytheprasentiinventiomigeliretted 40 a bystagt h
| ensl et arrays. Doing so permts -
adapted to overcome such unique pro!;lezps.
Errors introduced by nonunif_'q"ljm. illumination are handled by locating the spots
ﬁlrough the following centroiding tec'h_x%i.que. Once an image is taken, a set of initial boxes
is sct vp on the jmage. Each initial .box is centered around the location where a
comresponding spot would be in the a_b;epqq of wavéﬁ'ont aberration and has a side of length
equal to what the inter-spot spacing would be in the absence of wavcfront aberration. A first
guess of the spot location is produ;:nd by finding the intensity centroid of the portion of the
image within each initial box. Then 2 smaller box is drawn, centered on that centroid. The
smaller box can be clipped to lie wlthm 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 o the full width of half maximum of the diffraction-limited spot. Each step

throws away data remote from the centroid found in the previous step, since such data most

likely contain noise or systcinatic crrors rather than information useful in ldcating the spot.

5



conpensation for spot mgration, which is conpensated for by the é@pg@%upf
mass of the entire array. Iteratively centroiding is to be contr

Wi th prewweus hni ques 'such as sinply using threshol di i mply by
doi ng a cent e’r of mass of the entire box. The 6 20 APR 203%7@@?({9%9%409
PCTI US00/ 29078 present invention better finds the center and reduces the

effects of radiance caused by the dinmrer spots of the centroids. The
techni que according to the present invention also reduces the effects of

stray |ight becdbse ardiveestaes asddsinaesirdiding HRspbise Iy the IGieFisniat GeferdhiR€ boxes
enbodi nent just described includes re-centering and renovi ng pi xel

oper at i ons are dsthbAMENEE | L g7 | nvent i .t he boxes
can be shr Srnek sfi rst, thﬁmgﬁéﬁg?g%%%?eéﬁﬁdiﬁﬁg%rép%%%ﬁ?&@? HPaBs 3 e
val ue of i LE:Y. ) which, gnly those pjxel values above the threshold
will be ing'lgtg%@ahidﬁ ith E%WQ:BI th‘hn’&? ieRnigun matslessrat pe sssmptiopvhre. a
vari abl e threshold per box as the box size is reduced to account for data
from di f f ePEX$S arejlpgatedsandriesides how dhnibut ¢o geadithe groeesssumpactbrdimkionttie kAoWA

overconmes a difficulty found in centroiding w thout; shrinking boxes,

namel y, ersies of thh bamsleharray aidanunitendf ientlens Thy bekadh BRlaterTHAlR; Y5&d Py
the Stiles-Crawford effect. Ocular abnormalities, such acsﬁscar@f%cggn

et ony EDBicEutPtrdy, Ahidhedan'ie WA 3 bBRK collikiba i ripls Ay A RERE 6o

wavef ront aberration.” Such spots can cone cfose to,

ot her spot.gs; £ ch ts gan be displ.aced so far that they

di sappear ‘?‘r‘%%{&tlﬁé%mﬁ f’iﬁlﬁ OBFC?gP’éﬁ%Sf“gt dB 8 PeiFR- tgraitvard dirgctien. Thai| ar
abnornmalities, ‘iu h as qccl usions, can absorb light, so that no spot is
produced AMZe:Pf the-Roxespsing eithar-eehnigne ean; be adjustedby prpesameter ententd by the
provi des a technique for wavefront reconstruction in the absence of

certai n dapgrawriarstorediarsoftetre, fr examelc; 80% of deoatadal inér-RAsIeNSpREME Br 90%
mani pul ation of a matrix whose rows correspond to displacenments of the

0L g g 2L

the Once these boxes are determined, a technique can be used that locates a centroid
within an initial box, centers a smaller sized b&x on that centroid, followed by locating the
centroid again, followed by anc;fhcr smaller box centering,r and so on until the diffraction
limited box size is reached and the final centroid is determined. Aliernatively, a technique
can be used that starts with an initial box, finds a centroid within that box, centers a smaller
decremented box on that ce:;ﬁ-oid. clips as described above, calculates the next centroid,
centers a decremented box again, clips again, and so on, all the while maintaining each
centroid within the original box. This process also terminates when the diffraction limited
box size is reached and the final centroid is determined.

An additional centroid can be calculated on the entirc array to locate the center,
which is especially used ﬁth longer focal length lenslet arrays. Doing so permits
compensation for spot migration, which is. compensated for by the center of mass of the
cntire array. Iteratively centroiding is to be contrasted with previous techniques such as

simply using thresholding and simply by doing a center of mass of the entire box. The
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val ues contained in such rows can be extrapol ated from nei ghboring 2 6wPR 2004
At the heart of this flexibility is the particular data stricture, which

is a matri rni ke node nunber in the colums and cen i

di spl acene‘ﬁ(t)g?{asn“b%ir in the rows. The 7 2 0 APR 2004 WO Olyfg 0/25078

PCTI1 US00/ 29078 matrix is used to calculate the Zerni ke coefficients to
determ ne the wave aberration of the eye. Different criteria can be used
for determ ning whether to omt a centroid or not, such as the standard
devi ati on opresént inviegtion hettdrifinda theocenten and eedueey the effectsBs sadiaice dhideldl B the
position of a point being outside of a box or in a highly unexpected area

wi thin the BigimerdpotsPOf {HeSceRfbia. O Metlolh éégé’é dinR Yo 34 BEALnARYEHoR a1dd "

based on these omtted response or centr one

by frame b d culat Zem ke nnde Vari abl e
pupi | si zea%gn %ejﬁe&.se%fsgay ﬁ'@ﬁ% @%HW%F%Cg’ﬁ@HMtW t he
vari able pupil size is to be handled I n the sane individual, data can be
taken twice. |f Thesmbadimemyust desgabedsineludes rpssstmngandctammgqnméopamm n
a larger pupil radius, and then the centroids ip a smaller radius can be

| ocated. A Inenmtlrcnlembaﬂimentmtméiilgl’ to the imntloh,0thPHRXesiBan Be FRtubk first then
convert the wavefront reconstruction fromthe larger radius to the snaller

one. The \@nkRRGCakt Bich éﬂgﬁgd Vﬁﬁ shdld vglu d@%ﬁgﬁym }Prml? g% d#gg]d

in wavefront reconstructi can be varying

Cecal cul at CATBLERYLTF o SanbE SR s S ooy ThSRAng

t he actual ,exclyded centroids. Starting W|th avalid nunber of data

poi nts, thdeayenaple thresholdiperdioxias éheéqwmm reducedtopacouat frdletadiom different
correspondl ngly a maxi num nunber of nodes that can be accurately

cal cul at ed pP@iIs.exanpl e, order 0 has node 1. order | hi npdes 2 and 3,
order 2 has nodes 4, 5, and 6, etc. Cenerally, if one calcul ates

particul ar rmdeS‘hwicEii&difdﬁig e¢lifgue using shrinkiig UXes overcomes a difficulty found in

centroiding without:shrinking boxes, namely, errors when there are broad intensity gradients
such as caused by fhe:StiIes-Crawford effect.

Ocular abnormalities, such as scars, can result in spots deviated far from where they
would be in the absence of wavefront aberration. Such spots can come close to, or even
overlap, other spots. ‘In fact, such spots can be displaced so far that they disappear from the
field of view of the detector altogether. Other ocular abnormalities, such as occlusions, can
absorb light, so that no spot is produced at all. To handle such abnormalities, the present

- invention provides a technique for wavefront reconstruction in the absence of certain data
poinis. Pari of the wavefront reconsiruetion invojves manipulation of a znatrix whose rows
correspond to displacements of the spots from their positions in the absence of aberration.
For spots not producing usable data, the rows can simply be deleted from the matrix, or the
values contained in such rows can be e@latd from neighboring rows.

At the heart of this flexibility is the particular data structure, which is a matrix of
Zernike mode number in the columns and centroid displacement number in the rows. The
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to have all the mpdes within that order. Therefore, one would not 20 APR 2004
cal culate nodes 7 and 8,. but not 9 and 10 since those are all wthin the
third or 30 0128498 ke equations. A general rule of thunb f®@Cwesooabersi ng

the order is (nodes + 1)(nodes + 2)12. Based on this equation, one 9 20
APR 2004 WD 01128109 PCT!US00129078 sees that beginning with the nunber of
avai l abl e centroids, that nunmber of centroids is divided by two, yielding

t he maxi -3l S can t.erm ne .t he highest order that can
be accurate @Qégﬁégﬁé?%lg‘?%g% 59&%6]?18? c’?ﬂ}'ﬂf’e etW‘T‘%WgI‘@‘@ FFALRIOihe 2
yi el di ng the nunber of cal cul abl e nodes. Then, the highest conplete
nunber of ¥¥fdes translates to a particular order. For exanple, 20
centroids yields 10 Zerni ke nodes, which allows one to accurately conpute

the third ordeDiffereni &ﬂeﬁswﬁbdmdfor'ﬂmnhﬁﬁﬁﬁeﬁﬁétﬂ& 0 QMY 4 Lehtrdfd é]ﬁﬁ:t, such
wavefront aberration at the edge of the pupil can be dealt wth as just

descri bed hAdard | e ' hapdl ed t.hrough the
fol l.ow ngﬂg e%(ﬁ%tl gues mwrmﬁﬁlrb?lgth%/ l%ﬁ%@n{)?%ggg?ﬁﬁ%g%ifreﬂgg’a%ﬁ@@waﬁg‘a&es
t he probl em.of speckl e caused. by . interferen in light of high coherence.
| ata ti BRPREF S Revotbeas SRiidelars i Saieh BEDly wikpediod atsg vitom Herhgn: oo
illumnating |ight across a short distance of the retina and de-scanni ng

t he emer geants hegg occlued dojally by samenlsiefety. dlhen based:én these ommitted resgponse 6 Ng
to the present invention to provide fast, robust and accurate

centroi di oentroidsavhichicantte dedeldn a Rt by PESORASTET Ebkifed, dridealBANNGSZ ter
under st andi ng of the present invention can be obtai ned when the follow ng
detail ed gggediption of the preferred enbodi nent is considered in
conjunction wth the follow ng drawings, in which: Fig. | shows the

optics of a Ha{/%n"?bqg'p%ﬁcslx(zedgatneﬁé Bindled either before or afier data are taken. If the

variable pupil size is to be handled in the same individual, data can be taken twice. If that
is not convenient or possible, data can be taken in a larger pupil radius, and then the
centroids ip a smaller radius can bé located. A renormalization procedure is used to provide
a ma{n'x. 1o convert the wavefront reconstruction from the larger radius to the smaller one.
The variable pupil size results in a variable number of spots used in wavefront
reconstruction, which can be handled by varying the number of Zemicke modes used in the -
reconstruction. The wave aberration is recalcnlated based on a new radius using software
as opposed t6 changing the actual excluded centroids.

Starting with a valid number of data points, the software can determine a number of
Zemike orders, and correspondingly 2 maximum number of modes that can be accurately
calculated. For axmr'Jp]c, order 0 has mode 1. erder 1 has modcs 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. ‘Ihl-refore, 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 (modes + 1)(modes + 2)/2. Based on this equation, one



Fig. 2 is a diagramof a_wavefront sensor in accordance with a pref drl ARR 2004
enbodi nent of the present invention; 9 20 APR 2004 to WD 01/ 28409

PCTI USOO 7 3 is a block diagram of a conputer of t

sensor of %E?'g‘ﬁngjogﬁ g. 4 shows plots, for three subjects, ﬁ&fﬁg@ﬁ?@ﬁents
of the anmpbunt of coma, astigmatism and spheri cal aberratlon when 't he

subj ect changed hi s/ her accommobdation snoothly from one state to another;
Fig. 5 illustrates nodul ation transfer functions conputed from

measur enent seegfthatbegitdi %%ﬁ#ﬂb%&rﬁaer WE\10a M ESHtoRRS that 'nﬂmb?r 5&?&3@0&&%63

obtained with and W|t scanning in the wavefront Sensor o

Fig. 7 illu wavefront sensor of Fig.
-2; Figs. 8Aag€éd3§'% ﬁ?éﬁgih%@ﬁ%c@gﬂagﬁﬁ% SUused in cal cul ati ng
Zerni ke coefficients; Fig.. 9 illustrates a circular region used to
capture centroi d%tc&ndﬁtmpﬁeﬂlﬁrh@?ﬂcﬂfd ﬁbﬂtc%kééccmlhcﬁﬂd@e@hﬂedﬁmnﬂlc

-using the centroid data when the size of the circular area is reduced;

Fi gs. 10- 12numhbersifilensletsadividedibyl2 ofieldingtthondhby of caleulstde sodese Thieh h;halinghcst
enbodi nent of the invention. Fig. 13 is a flowhart di agram of a net hod

i n accor dansgnplefehupibershacic¥ Abs)es H@gmh&)d%rﬂ&n FoF&am 20%&%%1@?

di agram of a m)dul e of the nethod of Fi 13; Fig. 15 1 s anfot her
di agr am of h f_Fi ot.her
flowchart. 13) | agr am 5’? bass %Ef& eQ (g”%) ook, 1St ‘H’%Q"a(‘) g’_PUfohe order Zernike

equations.

The increasing seventy of the wavefront aberration at the edge of the pupil can be
: ;icalt with as just described.
| Spatial inhomogeneity of the retina can be handled through the following techniques. : -
¢+ A light source of short coherence length reduces the problem of speckle caused by":
~. sinterference in light of high coherence. In addition, the inhomogeneity can be averaged out* i;:
. by scanning the illuminating light across a short distance of the retina and de-scanning the'- - '
- emergen; light.
The above features allow a wavefront sensor according to the present invention to -

" provide fast, robust and accurate centroiding, e.g., up to 50 Hz. RN

BRIEF DESCRIPTION OF THE DRAWINGS

A better understanding of the present invention c¢an be obtained when the following
detailed dcscription of the preferred embodiment is considered in conjunction with the
following drawings, in which:

Fig. 1 shows the optics of a Hartmann-Shack detector;

Fig. 2 is a diagram of a wavefront sensor in accordance with a preferred embodiment

of the present invention;



Fig. 17 is another flowchart diagramof a nodule of the nmethod of 52@ Zﬁﬁ'
Fig. 18 shows tinme averaged Strehl ratio versus bandwi dth of a pe? B
adapti ve Qgtical system-for natural acconodation with far target and 5.9
mm pupi | Q8384 AR 2004 WO 01/28409 PCT/ US00/ 29078 DETRCITAISOPRINE PTI ON
A preferred enbodi nent and variations thereof will now be set forth in
detail with reference to the drawings, in which |ike reference nuneral s
refer to |i ke conponents throughout. The detail ed description will be

organi zed t hus.g;Ei | | the su y will be
described in gr%gtiefst%%l%g?‘jﬁ%ﬁ ﬁfﬁ?onﬁﬁ%tﬁ,9{1%@;\\:%%5@5058“%&& and
applications of_.t hsﬁgref theﬂ_ eg&odi nt will be set forth in that order.
Ref erence will s pipts fghEwee sepiegtyy of-meagiementsafithe amoant pf coma,
sensor according to the preferred enbodinent, and to Fig. 3, which shows
a conput e@stigmatisge, anidt sphertical wheredtiomnwhee theaubjectSthangdd hig/hep ¥cdemioddtibn g
As is known in the art, the wavefront reconstruction involves determ ning

the di spkmeetiy froff oddtite 30 Mothérom i ts ideal location, which is the
| ocation that it would occupy i-n the absence of wavefront aberrations.

The spots are | i di n . fi ndi the centroid.in the
i mage corresporlli?oé' gstglﬂﬂ%tgé?ﬁﬁ&s%%{og %&Egﬁﬁb%@s&w@u %Wm%f’r%

wei ght ed i ntensity and i s _anal ogous to a center of gravity. In other
wor ds, t hEUTCeSHERY Jvave ahemratiosiat i cal stand-in for the center of the
spot. Mathematically, if an area A of the inmage has an intensity

di stribution | Fig. 6yshows inages obtaingdiwith awowithovh samaning i the werefront stnsovidfhi n
that area are given by fxx(x,Y)dxdy JYI(x,Y)dxdy fr(x, y)dxdy '-jlI (x,
y)dxdy AF¥.Zhe preferred enbodi ment uses an iterative centroiding

techni que to provide robust

Fig. 7 illustrates the effect of scanning in the wavefront sensor of Fig. 2;

Figs. 8A and 8B illustrate hypothetical arrays used in calculating Zemike
coefficients; - o
£ . Fig. 9 illustrates a circular region used to capture centroid data within corresponding
boxes and a procedure for using the centroid data when the size of the cirm.ﬂ'a.r area is
reduced;
Figs. 10-12 illustrate a method of centroiding in accordance with an embodiment of
the invention.
Fig. 13 is a flowchart diagram of a method in accordance with an embodiment of the
invention;
Fig. 14 is a flowchart diagram of a module of the method of Fig. 13;
Fig. 15 is another flowchart diagram of a module of the method of Fig. 13;
Fig. 16 is another flowchart. diagram of a module of the method of Fig. 13; and
Fig. 17 is another flowchart diagram of a module of the method of Fig. 13.
Fig. 18 shows time averaged Strehl ratio vcr;us bandwidth of a perfect adaptive
optical system for natural accommedation with far target and 5.5 mm pupil,
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and accurate centroid location. In one variant, the inmage is divi ?eqj %!infﬂﬁ
an array of initial boxes, each centered on the ideal |ocation o ‘Pu 4

spot and ' a,.l i near dinmension equal 11 2 0 APR 2004
PCTIUSOOlgggy@&?@gthe spaci ng between the ideal Iocationsvgggﬁﬁéﬁé%@?s,
much i ke the array shown in Figures 8A and 8B. If the quality of the
optics of the eye is high enough or the wavefront sensor is nade

i nsensitive through use of a short focal length lenslet array, it is

| i kely that each actual 1inmage spot fromthe detector of the canera 20
will fall within a corresponding box of this hypothetical square

reference a b - ch an initial box 100, which in this
exanpl e magﬁéﬂ%ﬂgﬁﬁgﬁ? pi xel s. I n anot her variant shown in Fig.
10, a different process occurs for generating inital boxes. The array of
initial boxes ge%d? apg vagiations therepd will ngweba et forthyinadetail with
Instead, it may be an irregular array. In Fig. 10, a first -box 70 is

i dentified waferanceato therdrewmgsdimovienlike refeiente Hidmerahe refentee like Rofiporents
corresponds to an ideal image spot position (i.e., the that a spot would

occupy in tthemipheet) ChheQfetiRdalcs&iptioAR@Nl il drpdiSledahud fﬁﬁ%ctﬁgts utiShs #el? forth

| mage of the detector canera 20. Fromthe box 70, all the other reference

boxes are il | a W of ~ he .1 ofal, nunmb of

l ensl ets i gﬁ{}'ﬁée en ﬁgil‘ﬂg@%@{bcﬁ%&aﬁ? ‘#ﬁtzgﬂ]?‘t%ﬂf&e T@Ef‘“ﬁ%\%*‘?’éh’%ﬁ’éﬁéﬁ%
"C, a second,box 74.i.s identified, about its gwn center point 76 spaced
one i nt er - | EPUFRions pf thepre FSWF’E’Q‘{F‘?%F“IBBRS"? rth 9ihat order iRefersage will be
direction (e.g., an X" direction). The X principal direction corresponds
to one of 'Ph‘gf ughontioiesFigl 3nyhigh showstaewavafront sénsoriecdordiegtte thpprefitrsed s
defined and corresponds to one of the directions in which the actual

- lensl ets 1%mbodithentpamto Figs8, which slamsi adbmputatfiaise vidth theiwiilefrdhi @a5r0N
(e.g., a "Y" direction), orthogonal to the X direction, also corresponds

to a direction HeRtindB&ECERcoidfigal center points of the lenslet array
are | ocated on the ~detector o e canera 20. Along the'Y direction,

h b , | | ' S .,id i.fied ..
nter < ensl et s duoiratiph o PRCBE el recolo RSB i e helerioing 1y

displacement of each spot from its ideal location, which is the location that it would occupy

in the absence of wavcﬁ'o‘nt aberrations. The' spots are located by.centroiding, namely,
finding the centroid in the image corresponding to each spot. The centroid is an average
location weighted by intensity and is analogous to a center of gravity. In other words, the
centroid is 2 mathematical stand-in for the center of the spot. Mathematically, if an area 4
of the image has an intensity distribution Kx, y), the rectangular coordinates of the centroid

within that area arc given by

JxiGx, y)axdy [yi(x,y)axdy

i p
(1, dxdy ™ [1(x, y)dsdy

The preferred embodiment uses an iterative centroiding technique to provide robust
and accurate centroid location. In one variant, the image is divided into an array of initial

boxes, each centered on the ideal location of the spot and having a lihear dimension equal

11



anot her box 82 along a diagonal in between the boxes 74 and 78, qﬁgpk m}'d
is prelimnarily calculated for each of the boxes 74 and 78. As shown I n

Fi gure 1qg @%{ogl ds 84 and 86 are 12 2 Q APR 2004 WD 01/28109
PCTI US00/ %8 und that correspond to these boxes, both XKT/UHOEAE, e

| ocated at less than the inter-lenslet spacing fromthe center point 72

of the box 70 in this exanple. It is quite possible that these
prelimnary centroids could be |ocated further renoved fromthe center 72

than the iy@e ' | h S: ely illustrative of
t he techni que. s%gcggus?g’p?eagg&éidegégﬁtg%gfgrggﬁ ﬁ%%&l%?%%@i#ﬂé“?‘m“
inter-Ilensket Ci fromt center .72, a.reasonable estinmate of where
a box 82 sh&ﬁnﬁ% e I{nﬁ’ﬁél&é)"%@?e Cﬁ@ﬁf’?’cﬁ"(’&’?’gﬁ91‘9“@?95@%3&\‘@9&)%0&1@
the position_of the centroid 84 box 74 and the Y position of the centroid
86 of the Bgde ipgensitiva throughmse ofta)shpy fodadlepgthilensint avtey, dr isilikely thaieach avewl er
84 of the box 82, as shown in Figure 10. The array is conpleted by

det er i ni nignagespeisiomn the detetysr oflthe tainbla)2 0swillofal Withdd a ot ondﬁg%x%hm@i ch
can be nore or less than the inter-lenslet spacing distance fromthe

o cvi ous. oG Leribdl e JREFenegaily; P 12 sROWEBlon ol BPR 00, 006 st "

spacing wil ]l be used tq.fi.n he .next set of four boxes in the principal
directi onstla%PFetlﬂgasﬁJéeiﬁorﬂ"ﬁ‘as b&ﬁoﬂ’ﬁiﬁ't he center. The result is a
reference array of boxes that could be irregular or square, and, is
gener ated fr omIBAnpthes vasiantshomay indtig. Hh @ differenitprogesh ocdves firigeneratidginital e
boxes generated in outer rings, although other nethods could bé enployed.
Thi s t echibioyese The armymif dnitifksoxes generated may of neayanit wind &p Beingfa (frelagrsgs
generated according to either of the techni ques just escri bed can be

reduced bindleddadd fiay WRORT irfepMldrOrraf Iﬁ‘?ig?lpﬁl[ al ffst -Bﬁi'c%{sriﬁeﬁﬂg dut &3 ©Of
a sl

programmed into the software 13. For exanple, the size o e of any or

11 the i pgindrdua b : | inter-l.ens|
array spackereine BREFBORE Y TIRCEE ob i HErSiiiR a0 o 5 iaa o

e 2oLVl Rehg] SRS ey B 5 SISl e
| center of the image of the detector camera 20. From the box 70, all the other reference
boxes are generated as follows. With knowledge of the total number of lenslets in the

lenslet array, and the magnitude of the lenslet spacing “C™, a second box 74 is identified

about its own center point 76 spaced one inter-lenslet spacing from the first box 70 along

a principal direction (c.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 Mons in which the actual lenslets 18 are laid out. In like fashion, another

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

to a direction along which the ideal center points of the lenslet array are.located on the

detector of the camera 20. Along the Y direction, another box 78, having 'its center point

80, is identified at the inter-lenslet spacing from the first box 70. Next, in order to identify

~ another box 82 along a diagonal in between the boxes 74 and 78, a centroid is preliminarily

calculated for each of the boxes 74 and 78. As shown in Figure 10, centroids 84 and 86 are
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irregular array as described above, the process continues to the iﬂe
stage. Referring now to Fig. 11, a technique is described in an t 04
centroids lho SPOts corresponding to the 13 20 APR 200 409
PCT/ USOO %@%ﬁﬁ%ge on the detector of the canera 20 are g‘é ers%‘;l’éngég in
iterative fashion. In Fig. 11, one of the initial boxes (i.e.; |like one
of the boxes in Figures 8A and 8B or one of the boxes in Fig. 10) is
shown as a box 86 within which an actual spot 88 on the detector of the
camera 20 foasd tmecorraparidm these bbgess béthwillmhichZare Rigatad bt Jesd thadh e ihter-lenSlet
iteration, within the box 86, shown to be of 10x10 pixels in area

Spot 83.1 n Baciy HORARe EAR Rt 2t BlaboR TR UIR it R R Ul st ™
L T e S R i S e

new box 92, which becones, for exanple, 9x9 in pixel area, and centers
t he box 92 lensdaitspacing jGuhut Fagure|18tis anerelyt illustratiye of the technigues Bacauseetheset ed
within the box 92 with a new centroid 94 being cal culated for the spot

88, and t hesntreids ard ldcated lovs tthanathe duter-emslet pach@xfrenhe catle0m2,tdfeasonable
previously cal culated centroid and a new centroid cal cul ated. for that

box and so “ﬂ.@ﬁ@a ' , o

cal cul ated on ?/t%\?\,n'rft resgiﬁgz?%ﬁ?d@g%laﬁ?g%g{gg% (txifiqﬁ) @ﬁgﬁ%&dﬁ&gg an
approxi mat § L ocat i op, of cent,oid,Js teymned, it is safe._t ssu

Ehot Y rage X Sibs SR lechrdiiekak 14 SiiBe X Poioh heistpiSn Beat BS BPCEs. o,
systemsiticT%rror such as a,,ranp fromthe Stiles-Crawford effect rather
than usef ulThoR(EnAa) isdhe Resitian datarminedior geater 84 pithehiox 827ayshovesintFigure
boxes becone progressively smaller, progressively nore noise is excluded.
The procesd0t Eheaarmray sconpdetediby determinthgsticeassive Mongsii{actudlty squateskof s,
shown) and the box size is decrenented to produce a box 98 that is at or
bel ow t he didhfofactitipBan be sibfeast 1658 xha the i@t lensiktpstihg QiRtanbe £Pin thaprevious
anal ysis of the wavefront sensor 10. Once the diffraction |limted box

size i s regghegsmt dgﬁfﬁgu?kxciﬁﬂ' &Hcﬁ,&ltﬁ‘s%f&ﬁﬂtiﬁ%&%g%@i(ﬂug Bi?ugeisfrﬁmlofr less

centroi d determ ned pot ® 88 and e one cenent from
its ideal ﬁﬁL%eexrﬁfe?-lcnslet distance, that spacing will bé,used to find the next set of four boxes in

the principal directions for the next ring out from the center. The result is a reference array
of boxes that could be irregular or square, and is generated from an initial center box and
point with the other reference boxes generated in -outer rings, although oth& methods could
be employed. This technique is termed “from scratch.”

The actual size of the boxes generated according to either of the techniques just
described can be reduced by a factor under control of the operator using the software 13 or -
programmed into the software 13. For example, the size of a side of any or all the individual
boxes may be scaled from the actual inter-lenslet array spacing C or lenslet size (e.g., the
box side may only be 90% of the actual inter-lenslet spacing C). ;

Once the positions of the initial boxes are determined, whether a square array or an
Irregular array as described above, the process continues to the second stage. Refg’rring now
to Fig. 11, a technique is described in which the centroids for all spots corresponding to the

13



position is used in calculating the wave aberration for the eye. §anng 2004
other criterion for termnating iteration m ght be useful besides

reachi ng g;éi‘{}ggggl on-limted box size. 14 2 0 APR 2004 WD 01/28409

PCTI USOQ 290 12 illustrates, for the second stage a 500439078
alternative iterative procedure for |locating the centroids of the spots
on the detector of the canera 20 wwthin the reference boxes. A
diffraction limted box size is again used to determne the final centroid

for cal Cu|uﬂh$eﬂih ihB AetRiP of BRY datHer£70 anecfefb?m‘?ﬁ’uﬁ‘ﬁdn ubgt‘ ﬂ]%n Z’h‘b ioo of

| Ox 1 O pixel area (although ot her areas co

correspondgy ere boxes . gener ed T ough r of the
t echni ques 8d%§(’:’$:ﬁ§] @‘I’%\%Z G pfesdp gb@rc% a‘%gé fpene ‘Pé&‘g EBW ino

i ncl ude tc\}e_ R t. 88 di scussed above A centroid 102 is calculated for the
spot 1819 i shown s 2 box §f avithia whichan acfuatispot 882n the dutoutdrood thedarmérat

S decrerrent ed in height and width by I pixel (e.g., 9x9 pixels) then is

cent er ed 030 biscbeenhocatedbyl e soffivase 1Bar As a dirstrstep m(ﬂimitétuﬁori Rdthis 'tlia%xtgﬁe
box -104 to within the box 100, thereby fornming a smaller box 106 for the

next it er asiowh 18 beGTY0x2D lic@gsﬁtdreﬁ(mmgeé:g%e} gﬁé‘&m %ﬂfg‘gﬁ% ﬁ@ﬁ@ol%

and thus the new centroi found Iinth

ref erence l.er_box_ 106 4x5 pi xe formed- b
portions o# %egés?fo mg?ﬁoq%hénl%g? %eéﬂﬂ’( %‘8%3}'69&"5 Vepﬁ‘g"é’l cegtroid,0 hox
104, as Sgﬁ( in Fi 12. Wihin the box 106, a new centroid 108 is

cal cul at edKeIX§inoh abthe astuahphysical centergnot shovanyaf theobex 8 nlncthe miewt step, the
previously cal cul ated centroid 102. Next, a Square box 110 of decrenented
size (e. g softyase B3 pimeves)a pixebwirithrand height Hronn @mevc box 92, whi¢h becamiek, tiﬁhe
process is repeated by clipping the new box 110 to lie within the box 100

(al so to lexamplef hidrintphee] by, HdCnRERhObSH09T Wtk ﬁ:e?@wcﬂeiﬁhl:&&rmﬁd
(e.g., 3x4 pixel area) in which a new centroid 114 is again calcu ated

whi Ch_ TRy pedcelal réflatdduithinHEbSPIP with 4ty Ohftid b Beii Bk Qatba 1BP e

process continues repetitively by centering with ano

fol | owed i 30, 90 Fi acc troid 116| ted
within a CFI ppe%mg“c'j J@%‘Ef‘%%ru oraflﬁxtrsmarci%ftti’ék ?”r%tﬂ%‘ﬂ"‘l‘q 1’71"?]@

d b
size an & %_%Uél ﬁd aor):(e\alr %entrond 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 2 centroid is determined, it is safe to assume that ﬁnage
data remote from that approximate Jocation represent noise or systematic error such as a
ramp from the Stiles-Crawford effect rather than useful information about the location of
the spot. Thus, as the boxes become progressively smaller, progressively more noise is
excluded. The process terminates when a centroid 96 is calculated for a box (not shown)
and the box size is decremented to produce a box 98 that is at or below the diffraction
limited box size determined from an optical analysis of the wavefront sensor 10. Once the
diffraction limited box size is reached, the previously caleulated centroid 96 is the final
centroid determined for the spot 88 and the ene whose displacement from its ideal reference
position is used in calculating the wave aberration for the eye. Some other criterion for
terminating iteration might be useful besides reaching diffraction-limited box size.
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centered on the centroid 116, which is clipped to a new box 118. |f the
box 118 is at or smaller than the diffraction limted box size, 7 BARR 2606

previ ousl woal/estost ed centroid 116 is 15 20 APR 2004 WO OPpcavikiddr2007s

PCT/ USOO 29078 retai ned and its displacenent fromits ideal reference on
the detector of the canmera 20 is wused for calculating the wave aberration
of the eye. In this manner, the centroids that are calculated in the
process are always maintained within the area of the initial box 100. It
shoul d be under slx-tgomnhamras,\far ihetsgcarfd sigecaboes an aliérdatng iteeativei preteduedut d
be used in which boxes are sequentially reduced in size and new centroids

are cal cul dbestirigl @ abaydlly of Heespots 61 L’tﬁrdét&%}"t}fQH@S.arﬁéﬁ 207G 1thitlaHe YabAh O

the scope and spirit of the present invention. Still anot her vari ation can

be used. Sipgest I er

even, two boxes 3 %ﬁhh@t@%%@g@ﬂé% %“38 %Kmé’é?c B’f‘}ag&ffr({bﬂg%f
cannot have Ih sa center i f theiz consi st of whol e pix

consequencé %%}Wﬁgtg f Wave abgmration pf $he,e¥ra  jn Fig. tlﬁeasbﬂétwpeﬂﬂ@ﬂf?@l’aﬁl@ir@

t hat consequence, the centroiding procedure can be adapted to work with
facti onal galﬂm@h ofter axzasomild sufifine) is ahbvai thabchrrespands eortew( thd wéerence boxes
shavi ng of one row of pixels and one colum of pixels, the techni que usi ng

fractional geherated threggh &hﬁ@fﬂfeﬂe&ﬁ@qd&ﬂfzsc@r%@aﬁﬂf&%@ﬂh&'gﬁ af
fromeach side. The contribution of each fractional pixel % e centror d

in et ?Zif?la"n"ﬂo?%ﬂ“& Y apOCRr Rt e M %?r@‘frfedéﬁ% iy SRRl e bt

to produce ac conpu eff|C|ent nanner
The' sof t naB8 L e ??%Hbﬁﬁr@ ¢ st ey 1 37 k1108 ot Bdlcremepi e hetpe

di spl ayed to_ the operator. The operator can drag the centroi ds wrth a
mouse. \heAndwidihkyd pixelde. §ui9x @ pixcls) fhengs teniered op thesentrdid 02y Thismagtiadart he
centroids in the inmage. The centroids have a nunber associated with them
f or exanpl techniqe? thefrclips thei boxt 10i4to ewdthin thetboari 00 athereby fornngla stnhlerb®RN06an
direct them manually by dragging valid centroids to appropriate! The

sof tware furlthe hext Gefdlioh ®f deritfsidl IctatioR a6 6ded Kebi® tHeQmle! bt o6indtthh P ON

around the | ocation where
new centroid found in the box 106 within the initial reference box 100. The smaller box 106
(c.g., 4x5 pixels) is formed.by portions of the sides of the box 100 and portions of the .sides
of the box 104, as shown in Fig. 12. Within the box 106, a new centroid 108 is calculated,
which may or may not be at:the same location of the previously calculated centroid 102.
Next, a square box 110-of decremented size (e.g., 8 x 8 pixels) is centered on the new
centroid 108, and the process is repeated by clipping the new box 110 to lie within the box
100 (also to lie within the box 106) again to form a new smaller box 112 (c.g., 3x4 pixel
arca) in which a new centroid 114 is again calculated, which may or may not be at the same
location as the centroid 168. The process continues repetit:ivcly by centering with another
smaller box followed bjr centroiding, and so on. Finally, a centroid 116 is calculated within
a clipped box just prior to reaching the di-ﬁ'aétion limited box size and a square box is
centered on the centroid 116, which is clip.pcd to a new box 118. If the box 118 is at or

smaller than the diffraction limited box size, then the previously calculated centroid 116 is
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t he dragged spot was left if such a feature is enabled. If a center 0
centroid is dragged to a 16 2 0 APR 2004 WD 01/28409 PCT/ USOO/2907% r%g&/m‘

center | J¥QMIBAOIt he entire set of centroids will be recormrwesbokessd on
the new center, if such a feature is enabled. The centroids can be
conputed in three ways, any of which can be selected by the wuser. Under
sone conditions, these alternatives may reduce the need to nmanually

.The first alternative is_from scratch,

correct the .centroid . conputation. r (
whi ch can B2318¢ @waﬁm disp %‘“%‘eﬁ?mdtsd ?416#%{@018“&1?@@@%011 efdthe campia 2is
centroid location as the start estimate for finding the centroids on a
new i mage. usegior ealeelating the rwaysebetrhgorsofthe dyé. onathisananmef, thé eemrdidy hacge
i mage that woul d have been obtained by a perfect eye as the starting point

for | ocatiegeilied i G srotels ardl MW Hathteinkd Withth ﬁ@%@fﬁ%@ﬁ@ﬁ %:@idb.i{ehe

t he accuracy of the automated centroid- fitting. algor ecting

t hreshol d, o sel ecti "Set .Threshold" ne conpand, .
brings up %oglida%%g %ghaa{(anﬁ)} gﬁg‘gﬁf‘é“%ﬂg}“&%ﬁa’ﬂwmé ﬁ?@H bg us Né'r“c’j]%lﬁhl an
upper threshold of inmge intensities valid for analysis. These val ues are
used for 29Xef AresSAwennally rediced ip size and Bevheontioidsare calrwatsditerasively These ent
frame can be threshold clipped and threshold clipping on subsequent
frames carpther techmidued arefincludrdmithiy thesceps ang spiritlof dsdpresknt ivieption hi s
feature may be disabled for each search box or for the entire inage.
-Handl i ng of M ] axbikedvariativh daAHE uIRESiAdd 10D eﬁﬁ&c{?@véﬁﬁ&%&ﬁm&g& P
any nunber of wavefront centroid spots is mssing or 1S of Insufficient
quality a I ; ect ed. t he canera
Jo- Thi s Couy BRELFROR Sibh TaAGis WHREE WaferdthR VB SIS Bixelih goR TG
bel i eves _the dat oint is ap.invalid da pint (e.g., two spots in one
box) < Fur ot BV B3 ernir i ot cEiphJe Bkl drca nbequenee, bveontiss
poi nt includes too great a standard deviation from a center, or the data
poi nt is CAHYEINYIBPEE in the spatialss Tanyaidthateonscanense,dhe cangroidivgprocediroéart he

be adapted to work with fractional pixels. For example, instead of reducing the box size by
shaving off onerew of pixels and one column of pixels, the technique using fractional pixels
can shave off onexbalf of a row or column of pixels from each side. The contribution of
each fractional pixel to the centroid is considered to be the corresponding fraction of the
intensity centered in the fraction of the pixel which is used. This technique has been found
to produce results of high accuracy in a computationally efficient manner.
The software has a user interface on which the calculated centroids are displayed to
the operator. The operator can drag the centroids with a mouse. When an image is acquired, .
the software automatically computes the centroids in the image. The centroids have a
number associated with thcm for example, 1-37. Errors in this computation can occur and
the user can direct them manually by dragging valid centroids to appropriate’! The software
will re-compute a centroid based on the lo;:al light distribution around the location where

the dragged spot was left if such a feature is enabled. If a center centroid is dragged to a
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17 2 0 APR 2004 WO 01/28409 PCTI US00/ 29078 pixels is too great.aiﬂrfpg%,
the centroid may sinply be too dimto be recogni zed, or the st P\ 04
devi ati on w oiAage6ent er of nass exceeds the predeterm ned %‘rﬁfég%ﬁ?s That
centroids ‘can be dynami cally selected for or excluded fromuse differs
from astronony applications. The substantially higher light |evels
available in the ophthalmc applications allow areas of scarring,
opacity, or otherwise unreliable data, to easily be excluded fromthe
cal cul at i onnewegntgploration; theentire sghokdenweids wilhbé regomputed basedym, the new velitay,
- for exanple, autorefraction, design of inproved contact or intraocul ar

| enses, ref ifsoath ¥ featisryig@iapled retinal inmaging with adaptive optics, wll
benefit from being able to conpute the wave aberrati on when spots are

Paci | § Vet ed usi nnt RatiodsaB He chifddhn LAY o7 8rhBich GRS el e

illustrative ex le is offered. A hypothetical 3x3 array 150 of
reference sPots 3§ ﬁ%&?é?“ﬁﬁ‘?“?’smgﬁ?tﬁwqaﬂvﬁ rgay reducethenepd o manvally correst
of reference spots 150 and boxes 152 are designated by an index 1-9 from
top to bottGacenwid egmputation. GFhe first allermativeyts frompsdratch, witiek car bkex defauls Chigme
coul d be, used. For each reference spot 1:50 determ ned by the software

13, there isecand@nionds tb use4hellasidongated dentfoidllecatioh 2 Me it efidte frAHdidR0

aperture center 156 that also is determ ned by the software 13 wthin

each. box, th@gepibdids ifa ﬁwlhﬁag@.d'ﬂ?@bﬁw | oﬁgxﬁgs #HEkRlkda 0}%&?&@%{%{?&%@“ ix

determnes the x and y dis cenents of ea centr ol

and dy;, r iyel Thu t S ctor as 18 conponents, .9 for. x and
9 fory, - SHEE al frotia eV e &e‘é’&a‘iﬁ' BReTTaTt o 25156 SR or oc3fin the
centroid (or aggrture center) by 5 nodes matrix (i.e., 18x5) and a is the
vect or of #-ni ke coefficients consisting of the 5 conponents

corresponding to first and second order aberrations (no piston term as
expl ai ned bel ow)Thrashokl clippingGan ogcasionally hidrin theacdaracy 8f the automated centroid-

fitting algorithm. Selécting the threshold, for example, by selecting a “Set Threshold” menu i
command, brings ﬁp a dialogue box, that allows the operator to enter a lower and an upper
threshold of image _lintensitics valid for analysis, These va‘tlues are used for all threshold 3
clipping until another value is entered, A current frame can be threshold clipped and
threshold clipping on subsequent frames can be enabled, for example, by using a threshold
~clip. ‘This feature may be disabled for each search box or for the entire image.
Handling of Missing Data
The wave abermation can be reconstructed when any number of wavefront centroid
spots ic missing or is of insufficient quatity and should be eliminated from the data collected
by the camera 20. This could be for a number of reasons, for example, the operator belicves
the data point is an invalid data point (e.g., two spots in one box). Further, this could be
automatically done such that if the data point inciudes too great a standard deviation from

a center, or the data point is too dispersed and the standard deviation of the intensity of the
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WO 01/28409 S[18] G [18 x 5] 3[5) dx, dx2 dx, dx,. dx, dx dx 9% AWZI][M
dye dy3 dy4 dys dys dy9 a2 a3 a. as La6 J 2 0 APR 2004

PCT/ USOCOWAS 61/ e preferred enbodi ment allows the elim ngtd ntroid
data this ugllj%dagtﬂlhe flexible matrix data structure abovei’%g@sblogéﬂc’g, a
portion corresponding to the unreliable data can be elimnated fromthe
matri x, the inverse taken, and new Zerni ke -coefficients calculated. The
Gmatrix is truncated with rows elimnated, dependi ng on the nunber of
pixels is too great. Further, the centroid may simply be too dim to be recognized, or the

standard deviation of the center of mass exceeds the predetermined threshold.

That centroids can be dynamically selected for or excluded from use differs from
astronomy applications. The substantially higher light levels available in the ophthalmic
applications allow areas of scarmring, opacity, or otherwise unreliable data, to casily be
excluded from the calculation. Any application of wavefront sensing for the eye, including,
for example, autorefraction, design of improved contact or in.traocular lenses, refractive
surgery or rctinal 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 simpliﬁad illustrative example is offered. A hypothetical 3x3-array 150 of -

-,

‘w2 reference spots and boxes 152 is shown in Fig. 8A. Each box of the array of reference spots -
150 and boxes 152 are dcsigﬁated by an index 1-9 from top to bottom and left to right}
although another index ordering scheme could be used. For each reference spot 150
determined by the software 13, there is a centroid 154 displaced in x and y from the’
corresponding aperture center 156 that also is determined by the software 13 within ‘each.
box, as will be explained below in more detail. The software 13 determines the x and y
displacements of each centroid 154, d&siénated dx; and dy;, respectively. Thus, the s vector
has 18 components, 9 for X and 9 for y, as shown in the matrix equation below. The G
matrix is an 18 centroid (or aperture center) by 5 modes matrix (i.c., 18x5) and a is the
vector of the Zernike coefficients consisting of the 5 components corresponding to ﬁrst and

second order aberrations (no piston term, as explained below). Thus, s = Ga, or in other

words,
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Zem ke nodes to calcul ate and the nunber of valid data points one w shes
to examine. For every centroid mssing or renoved by the operat @0, ARRASDS
rows are r romthe s vector (corresponding to the

di spl acene‘ggg 0 40[9hat centroid) and the G matrix (corresp%‘gﬂﬂﬁ%{zgmgn
aperture center) to forman s' vector and a G matrix, respectively. An
exanple of the s' vector and the G matrix is shown below again for a
hypot heti cal 3x3 array 160 of lenslets, but with an index "2" el enent 166
renoved as indicated by the X in S8 alﬁskrj]oj[fg r words, for every
centroid renoved, gne dx; (i =1 to 9; conponent ?e.g.. 19 20 APR 2004 WO
01/ 28409 PCTI USOQ 29078 dx2) and one dy; conponent (e.g., dye) are renoved
to formthe 16-elenment s' vector. The correspondi ng row integral
(aperture cegnter) elenments of Gsinply are renoved also to form the 16x5

G matrix gl4en| by Y -tb | Y}dydx, Gx 4b rr~b Yi-b ax ~yf az G, 4b
yl-b X4, (rpoyps P and 11 of matrix G are renmoved) with a still having 5
conponents [1.%l, Zernike coefficients 2 to 6). In the above equations, b
i s one-hal f|@%e| | ength of the side of a box. Generally, one should
include at | gast twi ce the nunber of ccntroids as the number of Zernike
modes to be cdlfcul ated. Thus, for nine centroids, one would generally w sh
to calcul gt sflour to five Zernikc nodes. s’ [16] G[16 x 5] a[5] dx,

dx -

: £
- a
dx, i
= G

dY, [ ] a4

dy, o

dy, 2, |

dy,

dy;

dy,

 dy, |

The preferred embodiment allows the climination of centroid data this using the
flexible matrix data structure above. Basically, a portion comresponding to the unreliable
data can be eliminated from the matrix, the inverse taken, and new Zernikeé-coefficients
calculated. The G matrix is truncated with rdws eliminated, depending on the number of
Zcmike modes 1o calculate and the number of valid data points one wishes to examine. For
every centroid missing or removed by the operator, two rows are removed from the s vector
(corresponding to the x and y displacements of that centroid) and the G matrix
(corresponding to an aperture center) to form an s* vector and a G’ matrix, respectively. An
example of the s’ vector and the G’ matrix is shown below again for a hypothetical 3x3
array 160 of lenslets, but with an index “2” element 166 removed as indicated by the X in

Fig. 88. In other words, for every centroid removed, one dx; (i = | 10 9) component (2.8..
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dx, dx4 dx 5 dx6 dx9 dy, dy3 dy4 dys dy4 dye , J 20 Z Q ABR Eﬂpﬁﬂ‘
WO 01128409 PCT1USOOL29078 Turning to Fig. 9, if data are to be

el i mi nat edO o089 ar e del et ed, designated as 186, and oncei,({fg@soaﬁp&, priate
G matrix'and s' vector are determ ned, designated as 188, € a vector

must be solved for the corresponding G and s' as above. The a vector
remains the sanme to determ ne the wave aberration for the sanme nunber of
nodes as before, but with the displacenent data renoved. For a given
nunber of Hezehdospe dyjrempanemn(mgn dybeire efmatednb femRE 85-cldnfint SORecRSE. \mﬁ.ed
fora reasonably accurate fit is determned. For a given pupil size, Ich
depends oncoriddgoriditl Mvrliked leSnte Q6 unber of. l.enslets
will be determ ned.” For agrgziﬂ\lg n neuﬁg%%&%%&%%@plymmoﬁgeﬂsq@Jﬁ’a"‘
that a re »aCCUr at e ve aberration can be conputed w th about
hal f t hi saﬁggggébofmmg%e- des. For exanple, with 37 lcnslcts, an
accurate wave aberration representati on can be obtained for approximately
fifth order Zerni ke polynom al s cor]si‘?:)i’rjrgapf 21 Zem ke nodes. The above
e

technique will work as long asG§Feu -%fa,'}eirtroi ds (lenslets) renoved
are not too many for the nunber of ZCrsas ko - _

1 yeb x%b az
Gl =— —L dxdy
cw il

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

calculate four to five Zernike modes.

sT16] G'[16x 5] a[5]

[ dx, ]
ax,
dx,
x,
dx, o]

: 2

dx, b
dy, "'[ G ]:d
dy, as
dy, -6
dy,
dy,

| dy, |
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nodes to be determned for the a vector. In other words, as the nunber of

| ensl ets used decreases, it may becone necessary to reduce the nupfietPRQH0;
Zerni ke nogentesymuted in order to follow the above ruIe ﬁﬁ%mﬂ f t oo
many centroids are elimnated, then the ability to accurate eterm ne
the wave aberration for particular Zerni ke nodes is dimni shed Anot her
way of stating this is that if too many centroids are elimnated, then
the G matrix becones too "singular"” and the SVD will be inaccurate.
Following.the rule of thunb that twice as nmany data points should be

avai |l abl e as nunber of Zernikc rows calculated, in general, one w shes to

use four tinmes tMendugheFigdd, if QiG 2S10b diffiRatkd) r&@ﬁare J 'déma:mgd ggeic)éa(ﬁ’se

the results glven in The two exanpl es above woul |ona

four 21 2 & HeSnEHRTYs K3 afecait UM A ibetegtpateg 36 LY. o

whi ch, as dIS ssed above ha elementg that are the derivati ves of the
basis funct? M rbﬁd%](Ye@\f;%‘ ¢ FRTSRBUIRE (f 3pds’ors bave Thew veatori@mainsithe
x and y directions, also becones representative, as a netric, of the
nunber  of neRmestordetarmine the iwave abematian-for Ui same tnambeEVGT ﬁxedéhnals%rel but with
accordance with an embodi ment of the invention. The number of entries in

the G nmatrihe efeht dbfa tengbvedt i on of the m ni mum nunber of displ aced
centroids (lenslcts) required for an accurate cal cul ati on of the wave

aberration for S ike der. T efer
enbodi nent t hus ﬁ%{&%@%yﬂml?ﬁo?iéﬁ?ﬁ%ﬂ@ﬁ&o Mﬁﬁ?}s@r@ﬁ(ﬁ %B’“
aberration da even i n,_ subj ects.whq have erely aberrated regions or

| ocal occl Q’ﬁa@ﬁ‘@ Iy aﬁ%}ﬁ?ﬁ"sﬁt ’58‘?“’%‘?“33? p‘?[%\m\é@w#ﬁm whichydependsroncy
of the cal cuI ated wave aberration. . The Zerni ke coefficients are

det er mi ned the mdsvidual subjcaltheing: tosted, the nmber o lenelets il detdrmined. For argiven of
the matrix correspond to the Zerni kenode nunber and the col ums

cor r espond nuahen of damsletspitchas ek foundTthet aresasénablyuddcitd RevedXbaratimt @n B
the Zem ke <coefficients is equal to a vector of the displacenents of each

centroid fcoffiputed wittfdbouPRAS this¥umber of Zemike modes. For example, with 37 lenslets, an

accurate wave aberration representation can be obtained for approximately fifth order
Zemike polynomials consisting of 21 Zernike modes. The above techmique will work as long
as the number of centroids (lenslets) removed are not too many for the number of Zernike
modes io be determined for the a vector. In other words, as the number of lenslets used
decreases, it may become necessary to reduce the number of Zemike modes computed in
order to follow the above rule of thumb. If too many centroids are eliminated, then the
ability to accurately determine the wave aberration for particular Zet"n.ike modes is
diminished. Another way of stating thi.s is that if to0 many centroids are eliminated, then
the G matrix becomes too “singular” and the SVD will be inaccuratc: Following the rule
of thumb that twice as many data points should be available as number of Zernike rows
calculated, in general, one wishes to usc four times the number of rows as columns in the
G matrix. Therefore, the results given in the two examples above would be questionable
because the number of rows does not exceod the number of columns by a factor of four.
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The vector of the displacements consists of the displacenents in X ApR 200
foll owed by displacenents in y, each subscripted xy pair of conponents.o?

the matriywopipkpg the sane subscript as and correspondi ng%‘?ﬁpﬁ‘@%%‘{?' cul ar

| enslet. The'size of the Zem ke coefficient vector is det t he
maxi mum Zer ni ke node nunber. Any of the rows or colums can be elim nated
i n the cal cul ati on dependi ng on the nunber of centroids and Zenke nodes,
respectively, required. Once the image data is collected and anal yzed,

upon el i ninat i Ghe ab® dorr Gy Wiatrixy| wiiah, hd)diséadstd kBoradsi AbRBhS ﬁi‘d"a%gihg

reconputed on the fly. The software 13 can show whére any m ssing

are | ocat egdedi | L LSS repl ace [0)4
data consi g?ﬂl“fl%ﬁg% é%@g&?%ﬁ g‘l‘ %/Qﬁ?g%ﬁ aa%% ﬁl(f a@g%gﬁ\"(? IHQJ@&&EFBP%E Pﬁ E‘ZP“G\O
01/ 28409 28 A(i’R 2004 E%/ US00129078 one of the elenents of the matri X.
O her deci 38 Yﬂl'ﬁg‘r"ﬁ' BeROPETCRESAEIRIVS. a5 meffic.pd the nummber gEmodes thetean t o

nmodi fy the data structure nmatrix. Change in Radius of Pupil The above
di scussi onbeeaktatedsusing e ISMD trghnique,iimecontance with amefmbodinmnt ofthe inventidh, N
a pupil radius Ra in which the data are acquired. Fromthere, if one

want ed to Thd muhlsdrofehgies fe e Gemaaiesrotides an Hididafios B tHRURINimuA tSher bP"

exanpl e, to account for differences between day and night vision or to
excl ude | adisflacdReES RS trEt@J- i l..e 0 ferably .do nore
t han si npl y&iﬁgnore %té;@%rsgérﬁ)t l%euﬁit]#%]l %gﬁﬁﬁér%g‘“%@p ?’Eg{et %ve%téqn for
radius. | nstead t 1s do IS, to select new radj us, called Rt (see
Fro o), (RIS geimaTes sl Zeiie, GBE THE bredered srmgdinat o ol e
fromthe centroids calculated for the radius Re is not discarded. ,
| nst ead, i3CANSIUQR ANdyanalsis of avaversheration (dataoencal o wibjasts whot havel seaemrly
effectively clipped by using a transformation fromthe Zerni ke nodes for
Ro. over t ed gianis loe lovabieschistms i theirtpupils bt aled proeides 8 melh6 fervbaecyds
184 in Fig. 9. The transformation equation is represented as (Z;) RO--*
(Z;') Rt. ofithevafluddied wave Bertdiiony ati onale for its validity,

The Zernike coefficients are determined using a data structure matrix, as described
above. The rows of the matrix correspond to the Zemike'mode number and the columns
correspond to the centroid numbers. The matrix multiplied by-a vector of the Zemike
cocflicients is equal to a vector of the displacements of each centroid from its ideal position.
The vector of the displacements consists of the displacements in x followed by
displacements in y, each subscripted x,y pair of components of the matrix having the same
subscript as and corresponding to a particular lenslet. The size of the Zernike coefficient
vector is determined by the maximum Zernike mode number. Any of the rows or columns
can be eliminated in the calculation depending on the number of centroids and Zemike

modeé, respectively, required. Once the image data is collected and analyzed, upon
elimination of a row or column, the Zemike coefficients can be recomputed on the fly. The

software 13 can show where any missing data are located in this matrix. The missing data

can be replaced by proxy data consisting of previously taken data or data mimicking another



and the neans by which it is inplenented in accordance with an enbodi nent
of the invention, follows. A set of Zernike coefficients neasurefl )0RI7IA

st andard rwpiﬂh,ﬁjﬂ;e is renornalizcd to a set of coeffici eryfé‘wé%_’g
er

over a snuai , concentric pupil. As was nentioned above,

polynom als are a set of two variate orthogonal polynomals defined, over
the unit-circle- To fornulate the procedure used to do so, the wave
aberration function is first expressed as N rr OR(r,e)l=Lb,Z1(r,B1
~rj51 , E. 2omduditi: dlememtpoffemisria Otesdectvonatyerithigin teisofwat 13 sBEWare &
radius R (e.g., RO) and Z, represents the fth Zerni ke polynom al as a

function of pPRbRded' B tofi S’tﬁﬂ:‘nﬂ@ - The 23 20 APR 2004 WO 01/29409
PCT/ USOQ 29078 vaﬁe O?Lﬂﬁidﬁ?g est no ex't hat is neasured in the

wavefront reconsgyucti,on. .ASS hat the b coefficients (which can be
expressed as a @%&%Ml’é—"i%| ated by known methods, but that it is
desired that a set of coefficients be determ ned for the function N

Ox. (r A B) =, Zb, Zi Themboye disgassionfeopcerns ealculating thp wave Bbermation ditraentvids within
smal l er, concentric pupil wth radius R (e.g., R), where A= (R"'1R) <
1. This furgnipilmadiaaRpén whithght dath arschakéd) Fromaheresifont Vakied f0/tAculats e
out of the mddle of +R However, the equation just given is not a valid

O £ o A R BT gl SRR s ey

representation must be expressed in a r

the whol e ) bnghifl isioh 516 Elisie 1538 af@Rhtioh af e i edgiCom ol prethiably
do more thax-l simply ignore data from the centroids lying outside the smaller radius.
Instead, what is dong is to select a new radius, called R, (sec Fig. 9), thlat captures a lesser
number of ccnt‘roids. The data, however, fiom the centroids calculated for the radius Ry is
not discarded. Instead, it is simply that the Zemike polynomials exterior to R, are
effectively clipped by using a transformation from the Zernike modes for Ro over to the
Zemike modes for R; with renormalization, designated as 184 in Fig. 9. The transformation
equation is represented as {Z;}po ~» {Z;'}p). An explanation of the rationale for its validity,
and the means by which it is implemented in ‘dccordance with an e-mbodiment of the
invention, follows. A set of Zernike coefficients measured over a standard pupil size is
renormalized to a set of coefficients measured over a smaller, concentric pupil. As was
mentioned above, Zemike poiynoinials are a set of two .van'atc orthogonal polynomials

defined over the unit-circle. To formulate the procedure used to do so, the wave aberration

function is first expressed as

¢n(’=0)=§:blzl(raa): HSI ’

where ¢ represents a measured wave aberration of a pupil of radius R (e.g., Ro) and Z;

represents the jth Zemike polynomial as a function of polar unit-circle coordinates. The
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c in the Zernike representation of $R;; . a N QA in ternms of thg \ﬁgtm
b and the radius ratio, A In order to determine the vector ¢, a P &

procedurewosm ed for expressing any, function defined over the
unit-circke 1n terns of Zernike nodes: integrate the prodbeT/U§pw3987s

function wth each Zem ke pol ynom al over the wunit-circle to find the
correspondi ng coefficient. In particular, for Ov-, 2m3 G = f f
t,,,(rA 8)Z1(r,B)rdrd9. The above equations all ow one to derive the

fol | owi ng: valub iskh&Hikhest rhode BatG5 Meidd o ) (Wab Bt re%bﬁﬁnlg%ﬁghoég-%&m '

equation Just given can be Expressed as the matrix equa

2004 WO O -T'b. with TA bei tri
wnose. ent  HED ST GRBCRILB Ak oe ey Y akelugr yafe sl Bt Rpparmeironng
the synbolic integration tools of Mihematica available from Wl fram
Resear ch. k]“f‘tb?ﬂé?’i‘&éirﬁﬂﬁﬁé;“’dbfﬁ%@%ﬁﬁﬁﬁ@k%mﬂbh&elfmﬁim obj ects are

created in the software in accordance with the new pupil size. The latter

technique allows "on the fly" calculatign, since the natrices are
computed "as you go." The resul tég-(tcsﬁ, Hig}bﬂ)aégﬁht ’riml ,shows that each cj
termis a weighted sumof selected bJ terns each of which has both an
order with the sane parity as and is greater than or equal to the order of

the c;: terYhichis simplyitarevaliiated evey lat smaliee qontettxiepagib wiith rediwgs'e(cd%g;}?z is

equal to the order of the corresponding bf term The sparseness o TA

i's a resul what AheR VREE ﬁﬂﬁkfﬁﬁt&ioﬁ%ﬁﬁ’b@&o}n@i&%ﬁbﬂn .a&?@écﬁ%coci&m#ﬁsl Sc%m

the azimuthal angle functions of the Zerni ke polyno ree, can
happen wi t(;]jm?mewfegp&e per order and only'if the order has the sane

However, the equation just given is not a valid expression for the Zernike
representation of $- because such a representation must be expressed in a radial variable
that ranges over the whole unit circle. Therefore, the goal is to find the coefficient vector

c in the Zernike representation of ¢
. =l

wl8)=F ez (r0) bs1,

in terms of the vector b and the radins ratio, A. In order to determine the vector ¢, a standard
procedure 1s used for expressing any function defined over the unit-circle in terms of
Zemike modes: integrate the product of the function with each Zemike polynomial over the

unit-circle to find the corresponding coefficient. In pariicular, for ¢p,
1 i |
C=— .(rA,0)Z (r,6)rdrde.
] [acaonaron
The above equations allow one to derive the following:
N 1 = 1
a=Y b~ [ [ Z,(4,60)Z(,0)rdr dé.
2 g
The equation just given can be cxpressed as the matrix equaton
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parity as the order of the original cl term It should be noted t?ﬁt hhis
expression for ci is also dependent upon the nunber of nodes tha APg 1004
used in thgo@apgigaal expression of $,r. Theoretically, all i 0dgEs0fg4 @
arc involved in the expression for r, but the expression that 1s acPuaIIy
used will only involve those nodes of +R that are actually measured.
Therefore, this nmethod can produce a wave aberration over a snaller pupil
wi t hout the need to nmake additional measurenments over that snaller pupil,
but it can be no.nore accurate than thee¢&Tgh nal neasurenent. The

advant age of the above nethod is that all of the data are still cnployed.
That is, owithiBj btiagRsphRe ndiiowhaké enrieé om@cﬂeﬁ@aqﬁf,@.nﬂé éH?ﬁéfé‘f | Bat BE

Zerni ke nodes. However, the Zerni ke nodes are for a snumller cal cul ated
radi us i nst ggflnabg Rei sty cldnpikng the data i ul d
lead to | ess agcurgg g%%gg%ﬁg#l%gﬂ%ﬂ% O&SO%QHQWB&%@E@‘ #g’]m%"ﬁioa’“
PCT1USOO 29978 .1 n this sof re calculation of the snmaller radius R, it
i s necessarBeYAY- %%ﬂb&wﬁlﬂwag#&wgwu{%aﬁwpﬁ& lensley obuectsare geeated infthé ¢
were desirable to capture a greater nunber of points froma |arger

| ensl et ar regftware in ascondsnes with the newpanil sizee Thadattes terhsiquRallows onvehs fly”
return to the beginning and select a |l arger Ro, thereby passing nore data

from t he i roafpulation, sineel thepatrides s@roRhputdd myb@?aptm&é FRUAPb LU {regrition
expanding Ro to a | arger area, perhaps one would capture nore |ens .

ets
O course, db& ' gﬂgﬁﬁ'f Féi‘i‘asluhf ' ' cll at ed
as descri bed agﬁgepefg%m t helsdé;fvg%lhni tia F§£%%E%d}f&?ﬁ%%?&?ﬁfeﬂwgﬁé§$lb?§' S.
The nunber ke . cul.able in general | i mted t he nupber
of cent roi@éﬁ%@%ﬁﬁ%ﬁggﬁéngﬂsm 18 T, ‘:‘“8%8‘“15"&&&%” o a\%@ Cafermelst
twice as many centroids. as the nunber of Zernike nodes calculated. In the
user inter 9y - The, weeights, argy polynosmialsoin 4 whese degren issequab tothe ordet of the

choice of pupil dianeter which allows the data anal ysis to proceed for
smal | er pugPiresiondingc;demaThe sparseness of the T, is a result of the fact that the double

integral is non-zero only when the azimuthal angle functions of the Zemike polynomials
agree. This can happen with-only one mode per erder and only if the order has the same
parity as the order of the criginal c; term.

It should be noted that th.ls -expression for c; is also dependent upon the number of
modes that are used in the original expression of ¢x. Theorétically.'all orders of ¢g 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 to make additional measurements over that
smaller pupil, but it can be no more accurate than ?hc original measurement.

The advantage of the above method is that all of the data are still employed. That
is, one maintaing the information of the wav;ﬁont inherent in the Zernike modes, However,
the Zernike modes are for a smaller calculated radius instead of being calculat;:d by just

clipping the data, which could lead to less accurate results.
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a maxi nrum val ue, |br exanple, 6 mm a choice of Zem kc node range, _which
allows a choice to be made for a mninumand a maximum Zer ilce #Bd&ER28M

use in cowéiaset he wave aberration. The wave aberration is
reconstructed fromthe sel ected range of Zenike coeffici eRETUSHU2N0TER,

_thc selected pupil size. The wave aberration can be displayed, for
exanpl e, as a contour plot with values of plus or mnus 0.15 mcrons (X' 8
at heliumneon wavelength). The point spread function can be cal cul at ed

fromthe wave aiiBrthistsofwasnchldwdaticroofthie eshaldor radias ROt 1WafEcsl atSHY Y,
upi |

anplitude of the Fourier transformof the generalized pupi unction o

t he di spl apedmaliareh i1 Qs Ch: ef t and Laser eckl e
As noted above, spa?*ijglé fﬁdﬁg%éﬁgée%eﬁ’gﬂ’?’ﬁ 4@%@?&%@#&&6&@@%&?@9@%
measur enen ne_th I nhor,nogeneity,. and nore specifically to
aver age ou{ﬁ%ln% g&%@ Ee"% ?cé ?ﬂﬁy’glgﬁmea‘ﬂ'& 8@%@&‘%&4{:}5@&%& @ne wasldiptutn 26
WO 01/ 28408) &lg%PRZ0,04 PCT/ USOQ' 29078 To i npl enment the scanning and

de-scannin PEEMIINg apd select adarger Raherchypassiog swore dfa fronm twvigtape efptieduce
the problemw th short exposures, the wavcfront sensor 10 includes a

scanni ng/ dbY vammﬁmmphﬁﬁ:gamtum;t_@y expaninpUR) th ag%%gggég iP‘?g"’g’S%"Qai r

of lenses 64 and 66. The mrror 60 elimnates spati al scanning a
poi nt sourweulditastute 1i6re WhsiehS BEdJuR: %n%* recyated by those
skilled in the art. The angular ext S ihes %hgggsngggﬁnﬁllﬂl ys X?"h%ﬁg’éFS
degrees athbScA&HR ne f 400-600. Hz.. The angul ar extent of the
scan is kept s maﬁ éﬂrd%ﬁaén: a;‘ﬁ’éﬁ/’f gr(%rr &'ﬁé&?’c‘"ﬁﬁ%ﬁ%’?‘?@g@f thearesy adps. The
tenporal frequepcy is set.  high enpugh that there are many scans within a
single frame om%%“fa'é‘i'é’{@ﬁm& W?@S@aw}%le imgergral imlimigdtthetht inghber of ur n
fromthe eye'58 through the sane scanning optics, it is de- scanned so
t hat ther EREOIHYC a pile pfitiumbp gne picfarhto mvpid least bwich @s g keirdadd ay
18. Thus, spatial -noise can be renoved w thout disrupting the wave ’
aberr at i oms theommberefiZernike modes calculated.
In the user interface for this feature, the following options are available: a choice of
pupil diamcter which allows the data analysis to proceed for smaller pupil diameters than
a maximum valug,-ior example, 6 mm; a choice of Zemike mode range, which allows a
choice to be made for a minimum and a maximum Zemike mode to use jn computing the
wave aberration. The wave aberration is reconstructed from the selected range of Zemike
coefficients and for:the sclected pupil size. The wave aberration can be displayed, for
example, as a contour plot with values of plus or minus 0.15 microns (A/8 at helivm-neon
wavelength). The point spread function can be calculated from the wave aberration and is
computed by the software 13 as squared amplitude of the Fourier transform of the
generalized pupil function of the displayed wave aberration function.
Inhomogeneity and Laser Speckle |
As noted above, spatial inhomogeneity in the retina can cause inaccurate
measurcments. To overcome that inhomogeneity, and more specifically to average out its

effects, a scanning and de-scanning technique is used.
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Figs. 6 and 7 conpare results obtained with the wavefront sensor 10 with
and w t hout scanni ng/ de-scanning. Scanning is an effective nethadll#AeR 7004
remove spayoelgied se when short exposures of the wavefronpcgaRefLeeld are
required. This benefit will accrue naturally in a confocal Iaser

opht hal nroscope equi pped with adaptive optics. In that case, the sane
scanni'ng beamthat 1is used for imagi ng can be used for | ow noise

wavef ront sensin Scanni is not reconmended in a comercial instrunent
desi gned only to %aglaménft éswam@nédn-@mﬁgfhlhmmewamﬁamsm10
provided it is possible to either average the results froma nunber

short exposlraser wrredudel the protilehtwidy shorbexiosaies, the MaveFHRSeh®dr 1|0rln€l'uH
case, the recomended total exposure duration is at |east 1-2 seconds for

eye Novenenicindife/ Sbkéﬁnﬂﬁﬁgrﬁgﬂ%'cﬁlglug%?@%}u&ﬁ?ﬂ#g%gg@géﬁ{pﬁgﬁ%w and

known in various art grap
interefere nm v nts of a highly. coherent ]ight beam As
di scussed 2 Zﬁ’ﬁnﬂgﬂ %sﬁmr@%ﬁ? BH?“B%% §OurE6 A hingerpthe seimak | e
degrades the quallty of wavefront sensor spots when a coherent |aser
(usual |y ei @l bg appreciatedbydhossrskilled de thezaste rThei angulaeeitery of e scam carebelless
Conventional user diodes, when driven above |asing threshold, are
coherent sdhar®§ degrebs #paempetal Iﬁaqiﬁemydfheo-womqmraﬂgﬁlapéxtﬁﬂ'o!ﬂﬁ: dcBiVis
nanoneters. They therefore have very |ong coherence | engths so that

ref | ect i onskepf HRIRRhantHE i@gmau@pateﬁs&%fﬁ%yast h%a%g,&gag%aeg@e sgatg

can interfere wth each ot produci ng speckl e

SLD havi ng order, nd a
short coher % ?@hg@ﬁﬁ’#@é’ﬁ rggléjrsg#ssd%'g]ﬁmbe Lélg ég%‘?)"% f E}YER of
the SLD is t of, the diod driver current or out put
power. The s y "1“5&5&&&%&‘\9%% eﬁgg,sglﬂmop B¢ sapgsemning,eptios, it ende-
two advantages. -- First, they are |ess dazzling for the patient. Second,
t he maxi wﬁ?ﬂﬁém&%ﬂ@femwemt of the image of the pupil 'on the lenslet array 18.

Thus, spatial noise can be removed without disrupting the wave aberration measurement.
Figs. 6 and 7 co.mparc results obtained with the wavefront sensor 10 with and without
scanning/de-scanning.

Scanning is an effective method to remove spatial noise when short exposures of the
wavefront sensor 10 are mqﬁmd. This benefit will accrue naturally in a confocal laser
ophthalmoscope equipped with adaptive optics. In that case, the same scanning beam that
is used for imaging can be used for low noise wavefront sensing. Scanning is not
recommended in 2 commercial instrument designed only to measurs the static component
of the wave aberration, provided it is possible to cither average the results from a number
of short exposures, or collect light over a single long exposure. In ecither case, the
recommended total exposure duration is at least 1.2 seconds for eye movements to eliminate
spatial noise on their own. ' |

Laser speckle is known in various arts, including holography, and is caused by
intereference axﬁong vanious components of a highly coherent light beam. As discussed
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i ncreased so nore |light can be used while still ensuring patient 2%1;5@?/]2
Infrared light allows-. x the pupil to dilate so that a | arger por 04

the wave weih@phon can be neasured. Exanpl esY of possi bl %ﬁﬁgﬁ ag@urces
for the |ight source 16 'include a 70 nm | aser diode by S , 8-
nm SLD by Anritsu, and an 840 nm SLD by Hamamatsu. The 780 nm Anritsu SLD
- provides clean, tightly focused spots with the | east anpbunt of speckle
over a wide range of ".~. powers and exposure tines. The |aser diodes
per f or m si APQVEs lager sPeekis degmadeshd quslitymf ofse fbhtachak 2p6e whin @)oh&raht Mscr
produces nore conpact, relatively speckle-free spots in finag" for a ran
of diff er e(Ususlkpeitier b helibmOHRoA} dIEE] 0 D gr, the
750 urn Ia(suesr z?ipgde. t is alogo suffi(%i&é}nitgﬁgeéggrem?%%?ﬁé Fﬁﬁ%ﬁa%rhgﬂatlaseﬁe
conf ort abl - ,ent .. A larger, nunber of spots are visible with
Che. 780" nnaieh whef driOa) pifeadhe Brdfoid S Eherta Rbices wib Spivsmban E widths
pupi | di aneter Hglgt éésults fromthe reduced brightness of the 780 nm
di ode. 28 9 e REIST Sbenly afevarnometsss. ey Usteforedwye verydeng aihentacslengthi smges
al ways contain a |arger anount of speckle than the SLD. It would be
di fficult Wetrefiections fropeaanp berfavea sutherpo isd (i the havest: saiser | @6t inftfere
using the |aser diode, especially at higher powers when the coherence
| ength i s witlngahtothethprodiei eclBdqlp dedsd %Bﬁ : rt,er _coherence
2] ngSpecklB 09l e eélhé, s ﬂhaglﬁg a erlgatf ?Hcggrﬁ L d

| engt hs are possi bl e. However, the output power al ne

may be tog i i unt cof light reflected from the
retina. It may dgg(oéégééﬁof%@%géﬁ %?05{]#0}1&&07 %5‘54’ °§i3h38§mf’f canppyused.
exposure ti are used in cqpjunction wi,th a detector (e.g., CCD) of the
canera 20 aﬁ"hfm‘é"gt’l’&g&%"f “‘F%dﬁ?"" Yrigd enfrof thdindets drivevguerentoort

Sensor Hardware A real-tinme ophthal mc wavefront sensor 10 used to coll ect
and anal yfPutRURBe¥eIHata froma subject's eye is illustrated in Fig. 2, .in.
accordance with an enbodi nent of the invention. The wavefront sensor 10

i ncl udes a confhease bP Jorfger waxvelength, nearpefsred dburces has at least two advantages. .- .-

First, they ar¢ less dazzling for the paticnt. 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. Examplesy. .1 -
of possible light sources for the light source 16 include a 70 nm Jaser diode by Sharp, a 780 . -
nm SLD by Anritsu, and an 840 nm SLD by Hamamatsu. The 780 nm Anritsu SLD - .. .
+* provides clean, tightly focused spots with the least amount of speckle over a wide range of ="+
powers and exposure times. The laser diodes perform similarly. The 780 nm SLD is =
preferable because it typically produces more compact, relatively speckle-free spots in
images for & range of different exnosurs times and powors than the other 840 nm SLD or the
750 nm laser diode. 1t is also sufficiently far into the infrared to be comfortable for the
patient. A larger number of spots are visible with the 780 nm diode than with the 750 nm-
diode duc to the increase in pupil diameter that results from the reduced brightness of the

780 nm diode,
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computer (PC), and control data acquisition and analysis software 13, as
illustrated in Fig. 3. The software 13 can be stored in the PC ]ZZUAHRZUM
menory 14, | an be volatile or non- volatile nenory, J%gd ation
of both. Twhtemg% toﬁlare 13 is executable by processor 15 of tﬁéﬁg@a 79
control data acquisition and analysis in the wavcfront sensor 10. The
mavefront sensor 10 also includes a |light source 16, for exanple, a gas

| aser, | aser di ode, superlum nescent diode (SLD), or other source, for

provi ding | i ght Lapnstigdesspoliimagey alwmgofiaira kepdreaidudhes %&M@Hﬁfth.?@iD
sensor 10 further includes a beamsputter 17, a lenslet array 18,

canera 20. (R-wbuld Be t&ih %ﬁ@%
focus correct oru Q@cﬂi tgh %r rgﬁzﬁ&semmg?sggér{% OhﬁPﬁ 3!)"%'2@%%3‘3513&353
sl i de nmechay] /de scanni rror anqt her pair of |

| enses 64 a @)ddeae §I?ﬁr ﬁﬁwﬁ’é?ﬁ‘éb‘g' tﬁ%‘é"}&%‘cﬁlcﬂ i1§ lopgesin Wiyn driven
reflector 30, and a flxatlon target 32 and a fixation target reflector 29
20APR2004 WideplBsingAlygsimis, sived) shextey coberrscglengths awst passibleo Howeyer, the output power
pupil-illum nating LEDs (not shown) is included for reflecting light from

t he subj ectobsaingdaurider tirekhbld mdy Igto0 tow BeyiBlpinl adéduiake dritin Y‘@ﬂﬁ‘éﬂt?&ﬂmﬁﬂ'ﬁ%ﬁ{
10. The PC 12 includes a PCl bus 40 controlled by PCl controller circuitry

R Rt i e e G T

Intel Corp i on Contro PAC). The
control | er Clégti g’ocl?f)] "é’g ?ﬂg’"%d degeﬁ orﬁggv Sﬂl??& &%ﬁ@%}zb%gﬁ teh tronghopt,
subsystem 14. The processor 15 can be a Pentium Pro, also by Intel

Cor por at i on?® RPP&R®et y of processors could be used for the processor 15
W thout detracting fromthe scope and spirit of the invention. A video
di spl ay SZRQIMWﬂﬂrmﬂensdr@bMateSG are al so coupled to the host.
bridge 42, enabling operator interaction with the PC 12. The wavef ront
sensor- 10 i ncl udeseahiiictdphttalmizavalefost seéor0Qised iocolleérmnl iafwl?dzé‘ﬁnage data
drawi ngs, although their use will be appreciated by those skilled in the

art, . For fiexPlRLBject’$ @ye is illustrated in Fig, 2, in accordance with an embodiment of the

invention. The wavefront sensor 10 includes a computer 12, for example, a personal
computer (PC), and control data acquisition and analysis software 13, as illustrated in Fig.
3. The software 13 can be stored in the PC 12 in memory 14, which can be volatile or non-
volatile memory, or a combinat_ion of both. The software 13 is executable by processor 15
of the PC 12 to control data acquisition and analysis in the wavefront sensor 10..

The wavefront sensor 10 also includes a light source 16, for example, a gas laser,
laser diode, superluminescent diode (SLD), or other source, for providing light exposures
during image data collection. The wavefront sensor 10 further includes a beam splitter 17,
a lenslet array 18, a camera 20 (e.g., a CCD array detector), a pair of lenses 22 and 24, a
focus corrector 26 (e. g:, a Porro prism or another single- or double-pass slide mechanism),
a scanning/de-scanning mirror 60, another pair of lenses 64 and 66, a pupil-aligning camera

28 and a pupil-aligning reflector 30, and a fixation target 32 and a fixation target reflector
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wavefront sensor 10 includes hardware for turning the light source 16 and

pupil-illunminating LEDs on and off, and hardware for noving the ZDAPR 0N
corrector wi®eyhhe r€al -time operation, inmage acquisition is acconplished
With a real-t1ne framegrabber, for example, a PCl-bus Bi tFFEWSPéBg‘B?aner

(up to 50 Hz). Also included for real-tine operation is a slower PCl
Franmegr abber for gathering pupil imges, for exanple an |Inagenation PXL.
The wavefront sensor 10 controls the pupil-illum nating LEDs via either a

2P0 i gl el 10 cara Par Dranrorte PPy Gt RIS bRt rghbend iaht i

a PCl digital 10 card, for exanple a Keithl

corrector 2fointhé AMisotel Lther .t hrough a.serj gl port of the PC 12 via
a serial driver, %bﬁéégfacﬁ'glt(g%]tdpﬁgh 85#@?Puﬂlﬁ?4’gﬁr‘&vﬁhﬁﬁ'gﬁﬁﬂﬁﬁewsane
digital 10 cardgﬁs?&éltjg. cg&tﬁrol he LEDs. A vari eté of ot her
configurations for® HICHHRES @ BusafiReentroling) by1PClacngrollem tinSitm I69ed
constituting the wavefront sensor 10 are possible, as will be appreciated

to those sR¥ithia@ memenyéacaeleratcthgraplucaport ¢AGPYPOL comiRllee 3 k"%sﬂfﬁ?&"ﬂ- 81
e

reduced relative to that of typical wavefront sensors to optim
per f or manc ostristidgel42 danbelal 448X fled WrcBR Byaht nrr?é?af ! 445 KhELS Gs b
Fig. 1, by reducing the focal length (e.g., %%P@o , nﬁé’ élg%icnownaskhe

di spl acenepic &P I sa Vi erration, which
provi des a |§9§§? c&ﬁ/ﬁgm C ?‘g‘ﬁggﬁ gr%?l%%%\%é\'?g?%%ﬁf%gg%ﬂoE%Fheﬁﬁ%ceﬁﬂitu

di anet er ah%fﬂgecorres srrtx?al | er 1[‘) cguse of the relationship between spot

di ameter (§d) “ahBePODASURSEFIET ‘Si RIgcesser- 15ycambe & Pentium. Pro, plséby Intel
which d is the lenslet diameter and F# is the F-nunber of the lenslet, as
will be affmastianed Briatyebprosessprseouldbensed fortthe procdsiag. 1 5hvitlbut Gefrkifing

| ocal |y averaged wavefront slope in front of the lenslet array 18 and is
rel ated t ofremethe pepeding spinit efitintinagrtionhe | ensl et focal length by 9 - Af,
as wll also be appreciated by those skilled in tie" art. The snaller spot

02T 5 15 foes gy, e i ik s S s A o
Har t mann- $agge 420 8habhiiB Ypedrdnteraction with the PC 12. o

The wavefront sensor 10 includes additional hardware not shown to -siinplify the

drawings, althf)ugh their use will be appreciated by those skilled in the art, - For.éxample, the

- wavefront sensor 10 includes hardware for tumning the light source 16 and pupil-illuminating

LEDs on and off, and hardware for moving the focus corrector 26, For real-time operation,

Image acquisition is accompl.is-hed with a real-time framegrabber, for cxz;mplc, a PCl-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 wavefiont

sensor 10 controls the pupil-illuminating LEDs via either a parallel port of the PC 12

coupled with a custom control circuit, or via a PCI digital IO card, for example a Keithley

MectraByte PI0-24. The foeus correctar 26 is controlled cithor through a scrial port of the

PC 12 via a serial driver, for example, from Velmex, Inc,, or through the same digital IO

card used to control the LEDs. A variety of other configurations for the hardware
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collected fromthe detector of the canera 20. Centroiding is a process of
locating the spots imaged by the lenslet array 18 on the detector (p pgﬂm
camera 20 W ¢iasggs! at i ng the positions of the correspondi npq.ﬁggﬂoyz% s In
the inage data). Increasing lenslet diameter. will achieve sane
effect just nentioned. Larger |ensletsts reduce the highest spatial
frequency that can ‘be neasured in the wave aberration. However, reducing
focal length increases dynamc range in the wavefi-ont sensor 10 and
decr eases t lvenstéeting the vapefrontaeniontl@rarepodsidle, af willBaspHridigted ﬂﬁth‘é@é’ﬁullcd in
aberration. Shorter focal |lengths than 24 mmcould al’'so be used. The
wavefront serpegg 10 shoul d use as short an exposure as possible of the
light source 16. This is especi ally true for-a comercial instrunent,

because it reduc patient ort and Ilows the operator to coIIect
the data with re @ @R tﬁ@’in{ Rsist AEAY §1‘52"°é“9&F5F€5 g tovthatoof tpica)

PCT/ USOQ 29078 dur| ng the exp urc. Mreover, a wavefront sensor designed
to tuck theWaygfrentsseasorate opt mizerparformancerand help facilitavordalitine opetationedAs N
a high resolution fundus canera equi pped with adaptive optic& woul d need

to use expoiflliusestedn Figel nyd@dueﬁ%ﬂi&?&al!éﬁm\(% t&%hﬁ”th@ggt l&éqlxzﬁhﬁ“:“

reduce accuracy because spatia n0|se is rncreased in
reduces the Thi s atial n e can arise f
sever al soulr)%%g&g%a\é’p fDE g{r%con |ons gﬁ“b@cﬁ’@@%@éﬁ%@‘ﬂ%@%’&d@"& °f
for exanple the vegui de rgﬁfrtles o+l 4i Qaat ' s-and absor ptance

H?t flismetsy cal

variations 1 WRETRNSReRtore so hpeomnescghallasnbedanse af:the
geed, |aser speckle can be produced due to interference, which can

oxacer bat ¢ relatiopsiipl hetwetr sponiliametdr (¢d) andvéoosl bengih givers bg 6d = SPPHFE)AEREEAFY
sources of inhornogeneity urge;y can be renoved by using | ong exposures,

on the ordeh which-& :ﬁfcomlaet dibbRetéreARP P4 fi8Ghe Fomubibet hﬁtﬂaé h&s@&e?ggvg

enough on its ovvn duri ng this peri od to average out e non-uni
The |ight Ib o\, ves e kIe n Iong
wavel eW - - '| ‘PF e@ﬁll&%ﬁﬁg @aﬁ ctf} E’QP&S lope

in ﬁ'otn of the lenslet array 18 and is related to the spot displacement and the lenslet focal

length by 8 = A/f, as will also be appreciated by those skilled in thé art. The smaller spot
diameter gives less error in “centroiding™ (i.e., making “centroid” measurements). (A
“centreid" is an intchs.ity-weightcd balance point of Hartmann-Shack spot image data
collected from the detector of the camera 20. Centroiding is a process of locating the spots
imaged by the lenslet array 18 on the detector of the camera 20 by calculating the positions
of the corresponding centroids in the image data), Increasing lenslet diameter will achieve
the same effect just mentioned. Larger lenslets reduce the highest spatial frequency that can
be measured in the wave aberration. However, reducing focal length increases dynamic
range in the wavefront sensor 10 and decreases the nccd for operator intervention in
measuring the wave aberration. Shorter focal lengths than 24 mm could also be used.
The wavefront sensor 10 shouid use as short an exposure as possible of the light
source 16. This is especially true for-a commercial instrument, because it reduces patient

discomfort and allows the operator to collect the data with reduced risk of head movement
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Mores | aser diode spot inages always contain a |arger anount of izﬁcﬂlgul e
than the SLD. Inbstld be difficult to obtain repeatable rreasure R4

the ccntr@igfhihRe@ti ons using the laso d dc, especially at hergEomers
when t he coherence length is |ongest. Wen drivei aandbr. TGHFRY2

t hreshol d, a shorter coherence length (i.e., |ower coherence) is
possi bl e; horxa v=,-the output power obtained under threshold may be too
low to yield an adequate anmount of light imaged fromthe retinal It may
be possi bl guring thectxpenstnc. cMorenver, alvesefronti senies dbélglﬁéii\’i@ﬁ%eﬁ H{e%yk‘s%ﬁrrﬁt‘icﬁas
used in conjunction with a detector of .the canera 20 th

I nt egr at es i feaRHBHRO t h st am /de scanpi ng
mrror 60, which |s%$%ﬂg§wggﬁgpﬁﬁa%&nﬁ St 'ﬁ’\“ﬁﬁ?‘g "E
spati.4 is short exposu he wavefront sensor 10
are requi rgdea ftﬁ% OE@%W%EBBPFF{ c’g’Sﬁ'f‘%%o‘P caP 'F' BHES: Howeser fhortering, | |
be apprem&l ted by those 32 2 0 APR 2004 WD 01/ 28409 PCT/ US00/ 29078 skill cd
in the art™MCTAPSSUSEERER reduge RFCUTRGY bRcanse: patiall noisenisancroasefiin ahe pmm€which
opht hal nroscopc equi pped with adaptive optics. In that case, the sane
scanni ng bredueasttbe sdthiracy ed thoinstrumentn Thisospatidlamcisafintaeike Fow Mkﬁ?somcs

wavefront sensing. Scanning is not recom"rended in a conmmercial Instrunent
desi gned ORéﬂ'ec!@ncﬂﬁﬁ}[M(ﬁ)stéﬁ &dcit hbroSOHOR h rration
provided it is possible to either aver age ?%sﬁ’ﬂ @’\@X@H tﬁﬁ Pﬁ&@?g%‘?"
short “8&?}&'9'“ ra le | S In either .
case, thepﬁr}g%grﬁmren € ot a%oét%géu%?aﬁ?'&m’% gﬂgﬂlgﬁ&p %’I%eg‘é%'o‘ﬂb@ for
eye m)verren to &%. el i.m nat e tlal noi se. The angul ar extent of the
scan of ttfé’ ept 4 "L’&F‘ ﬂ%%ﬁfﬁ%d@plt&ﬂaﬁfymﬁ whichi gan of
an eye 58, and can_be |ess than 0 5 degrees at a tenporal frequency of

400- 600 Hi‘ﬂﬁqiaiécthp@haurufmeqt}ewfyﬂlpswgmﬁdutgtemmugdnsl halthesd eSofroas SofmaNy
scans within a single frame of the detector of the camera 20. By having

the |ight inlemopendindangelyean e rénfovet by uging lddg%xﬁ@d%sﬁﬁﬂﬂ'oﬁﬂzrﬁpl&%mdd& s

de-scanned so that there is no novenment of the image of the
The reason fenghis 1 that the eye moves enongh on its own during this period to average out

..J

the non-unifemtitics. The light sources described above with respect to laser speckle and
long wavcleggth;particularly the SLD's named, can overcome such problems.

Moramges, laser diode spot i:gages always contain a larger amount of speckle than
the SLD. Itwstatld e difficult to obtain repeatable mqasurcmcnts of the centroid locations
using the lasatdiode, cspecially at hig.hcr powers when the coherence length is longest,
When drivemmndts lasing threshold, a shorter coherence length (i.e., lower coherence) is
possiblc; hownress, the output power obtained under threshold may be too low to Yield an
adequate amount of light imaged from the retina. It may be possible to underrun current
laser diodes if Mexposure times are used in conjunction with a detector of the camera 20
that integrates.throughout the expoemc, such as a CCD.

The staming/de-scanning mirror 60, which is conjugate to the pupil plane 62, also
eliminates spatisftinise, for example, when short exposures of the wavefront sensor 10 are
required, by scanning a point source in a linc on the retina, as will be appreciated by those
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pupil on the.lenslet array 18. Thus, the spatial noise is remvegﬂvﬂpgt}@wt
di srupting neasurenents nade with the wavefront sensor 10. To ihi'tl at

dat a acquiysit.i or determ ning the wavefront aberration qQf eye 58,
| i ght froﬁ{)haﬁ ght source 16 is directed to the eye 58. %%%%lmﬁasses
through the beam splitter 17, the lens 24, the focus corrector 26, the

| eens 22 and is reflected off the mrror 60 through the |lens 64, the |ens
66, the mirror 34, and finally into the eye to'be focused onto a spot on

the retina skifitd irstheca "EBistbentfirewill sdctie Siurallpsn Wbﬂfdcﬁmasmﬁalrﬁﬁsco c
| mages the spot focused on the retina The inage is directed back throtigh

the system thiledhobiend f i ther 17 .and en i naged
by t o | ensl i Prd M aBabiye Gtefin Riscale the SAFycaRhing o o Wil R ot
corrector 26 ig ad%%egaio t.hat iggall t he Ih ht ,entering at the gupil
33 WD 01/ 28789 "2 3'SUPROD RWY NGREr MIXBBPHOIFASING| 5 His NPk respmmended in a
conjugate with the light entering the Ilenslet array 18. The spot on the
retina ef f eceammencial jasgomentadgsigned ondyite anéasnre thegstatic lwpmponaentr ofathe1®ave
When an inmage is acquired by the wavefront sensor 10 fromthe pupil of the

eye 58, whabehatiod, fRovided it BNfosSIBISRY eiftier ia¥erafe HRAdeshlts BoAPS Qulibel OF short
static node, the eye 58 nust be aligned properly with the wavefront

10. | QR a0t ' '
SIS 10" e op BBt Pk GEOAAE %, oy L, AT
S TN g R ME YN IO NN

corneal reflection of the pupil-i’llumnating LEDs can be used to optimze
pupi | .cent @15¢g. During i mage acquisition, the pupil canera 28, which

| at'er can be used to confirm subject alignment, acquires a final inmage of
the pupil. The TBefangekeedtént sfche scannd thef hiradr 60tik keptisimllentah ehovsyslanniet
sensor 10, turns on the light source 16, and snaps a frame 'or nmultiple
frames wit patcheizeoy gl £¥058, 988 64 blRERKM 6.9 degress dtladbthporaPié f 4boldpen
turned off, which signals the end of image acquisition for the subject. In

- Hz. The temporal frequency is set high enough that there are many scans within a single

frame of the detector of the camera 20. By having the light retum 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 Jenslet array 18. Thus, the spatial noise is removed without disrupting
measurements made with the wavefront sensor 10.

To initiate data acquisition for determining the wavefront aberration of the eye 58,
light from the light source 16 is directed to the eye 58. The light passes through the beam
splitter 17, the lens 24, the focus corrector 26, the lens 22 and is reflected off the mirror 60
through the lens 64, the lens 66, the mirror 34, and finally into the eyc to be focused onto
a Sp(;it on the retina that is scanued by the mirzor 60. The wavefront sensor 10 images the
spot focused on the retina. The image is directed back through the system until it is reflected
off the beam splitter 17 and then imaged by the lenslet array 18 onto the detector of the

camnera 20. The focus corrector 26 is adjusted so that ideally the light entering at the pupil
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one enbodi nent, the view on the conputer nonitor 52 changes fromthe pupil
image to the image acquired with the camera 20. An entire array of § APR 2004
| ensl et %(ﬁ!gfbgt he detector of the camera 20 should be visible in a
di splayed” nB42"8n the monitor 52. In real-time node, the PGRYA2I078
sensor 10 continually acquires, processes, centroids, fits Zerni ke nodes,
and reconstructs the wavefront (all at up to 50 Hz) after a key press
enters this node and until another. key press ends this node. |In another
scanni ng  walask 62 of thrasyeds caysgaiwithalie Bt wigring thelaad: ﬂ'f'ayalSI.eﬂ%'s‘EBto ey,
resulting

a single aperture is scanned across the pupil of the eye and the

light is réthid el : - i ray of spots is
pr oduced tenpo?g{ewg%?ﬁgﬂ%hg%aﬁ)%ﬁ%{fﬂl%ﬁfﬁyﬁﬁgﬁﬁs&ront sensor 10.
Nevert hel ess, wl,h t he scanni ng. instrunent, 34 20 APR 1004 WD 01/ 28409
POTT US0010078 QUM ieE e A tha favalrent 2ensop 1§ Homdhemupilofdhe eye 58,
anal ogously tt?] the techni ques discussed herein, as will be appreciated by
t hose ski | Wagtherthe peavgfront sengomigyiaimreal-fimetmettesariia b stitio peda) the cy@dB misbe
control of software for data acquisition and analysis. The operation of

the sensorbe dligned prdplely withftheavaeefioritlseroi MeThel@es8ishld b ARFtndirtd ON
and Anal ysis Software A nore detailed discussion is now p?g%ent ed orﬁdrt e

sof tvar e 1ig thoebriortaiile tAE Gt & AP A RRlI B LNE Ve ot
sensors 10. In one eorrbodi r?ent, rlﬁde soft war e ?@5%4%&"5859%98&"%8&
t hat provi auser | rface, data sentatjon,.. and_real tine

aber r gt i on ailql'@lﬂm ; 35#1% swé/?ieg]ap\%%e %ﬁﬁf@é“?tsé\‘} ‘&lg%' aligpmensipyrpages. The
vari abl e lé?’?r{?g'}c éﬂnq%?rr ’fﬂgf\é];ﬂ i,@@hﬁ Zer%hkéwggde Fﬁgnber.is‘lglnsi:i ng data, and
pupi | cent , 19 W SEIneRr phontoe pupikiliminatinigd K0S camr e
13 storesé‘t hecé/g’;ue. of the_iratip b%ween' pupil size of the eye 58 and the
pupi | - si z&@cH pirmviat papil centeringy Digingdnuige héqmisition, theplupil shnied 28¢ adhich
conversion between the two. The software 13 al so can accommpdate a

vari ety oflattrecml bet usedriecanfiirh Bubject alignment, acquires a final image of the pupil. The

- software 13 then tumns off all the LEDs on the wavefront sensor 10, turns on the light source ..
16, and snaps a frame or multiple frames with the wavefront sensor camera 20. The light -. -
source 16 is then turned off, which signals the end of image acquisition for the subject. In -
one embodiment, t.ﬁe view on the computer monitor 52 changes from the pupil image to the
image acquired with the camera 20. An cntire array of lenslet spots on the detector of the
. camera 20 should be visible in a displayed image on the monitor 52. In real-time mode, the . .
wavefront sensor 10 continually acquires, processes, centroids, fits Zemike modes, and
reconstructs the wavefront (all at up to 50 Hz) after a key press enters this mode and until
another key press ends this mode.
In another scanning wavefront sensor system (not shown), instead of a lenslet
array, a single aperture is scanned across the pupil of the eye and the resulting light is
imaged onto a single detector. The resulting array of spots is produced temporally rather

than spatially, as in the wavefront sensor 10. Nevertheless, with the scanning instrument,
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different lenslet dianeters and focal |engths. Once centroid imag§ gﬁaz
have been col |l ected by the wavefront sensor =10 by execution of t@ R"2004
sof t war e vefront sensor 10 uses the software 13 to te the
wave aber E‘gﬂ“@@“f the eye 58 to a given order and a gi ver?%@m@f’
Zerni ke pol ynom al nodes, as will be appreciated by those skilled in the
art. The highest Zem kc node nunber for any givcn Zerni ke pol ynom al
order is specified by (order+1)(order+2)/2. Using the wavefront sensor

10, it has betfbidowWoeldblprodubsd HMEd oMb AHERREd ﬁal@g%ﬁhmﬁ@gﬁéﬁs&eﬁd

be reconstructed accurately froma | east-sduares an si s of W wave

aberration [ aiver I ual. X -hal f the nunber of

| ensl et s inﬂ?’fﬁ’g"v\%\‘/"ép:f’gﬁﬁp‘%gﬁg‘g’r%ﬁs&%w ipdEah 2004 WO 01/ 28409

PCT/ USOQ 29078 ﬁﬁgance such, accuragy, the software 13 has been designed to

restrict the nun8f hardwaie just dswadbed soperatay, andestthovgoatralzof seftwams for data

"nodal " wavefront reconstruction nethod to reconstruct the wavefront from

t he Hart manacqBisiiién amd analysis.d@he opdatomef thedsensordhdovigh that seftwave rveill dodv be

obtain the ccntroid data fromthe Hartmann- Shack raw spot data will be

descri bed i gescABéE detail below. Wth centroid data avail abl e, whether

just obtained or previously obtained by the wavefront sensor 10, or

| oaded fro | Sdd ' ' ry 14 or from anot her nenory
D3t £é4aistelth did Rnhi}ss SortRiR

| ocat i on, S prepare | ate the wave aberration of the

eye 58. Cenerally, the waye, aberration function ,is expressed as a linear
conbi nati on of éel"@ﬁ"‘t Qﬁaﬁ%a@?ﬁﬁm 1sghw presentsd ondhe sewarsnl3 usetifosedata

are called Zerni ke polynonials. The Zcrnike polynonials are an orthogonal
set of two acgnisthian ans apalysisavith thefwavsfroot/sansesdOuin one embadlimentatiek saltware a
sinpl e expression for the residual error in the wavefront after a cértain
degr ee. of pllaobjatoeienrrticode tiat prriédes d usko iriterfioe] Gt pebentiticis; QHd réal Wings!

in the software 13 for determ ning the wave aberration of the eye 58, the

wave aber r ajbeRBridr 'aGuisHibn. $rhel soviaresis ﬁﬁpﬁl‘?ﬁﬁﬁﬁjc&ﬁroﬁiidé, U&édble lenslet number,

variable Zemike mode number, missing data, and pupil centering, as will be discussed below

in more detail, The software 13 stores the value of the ratio between pupil size of the eye 58
and the pupil size of the wavefront sensor 10, and allows a real-valued scale conversion
between the two. The software 13 also can accommodate a varicty of lenslet arrays with
different lenslet diameters and focal lengths.

Once cent.roid image data have been collected by the wavefront sensor 10 by
execution of the software 13, the wavefront sensor 10 uses the software 13 to calculate the
wave aberraﬁc;ns of the eye 58 to a given order and a given number of Zernike polynomial
modes, as will be appreciated by those skilled in the art. The highest Zemnike mode nu.mber-
for any given Zemike polynomial order is specified by (order+1)(ordert2)/2. Using the
wavefront sensor 10, it has been found that the maximum number of Zernike modes that can
be reconstructed accurately from a least-squares analysis of raw wave aberration data is,

very roughly, equal to one-half the number of lenslets in the wavefront sensor 10. To
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conbi nati on of Zcrni ke polynom als, nanmely, H 0O(r,O = Za, Zl(rﬂ, 4]3D+ ﬁl.
12 In that equation, Zirepresents the ith Zerni ke node. The su Gi ABR 2004

starts at \&%1)‘?@“ e the constant term called piston, is of no concern
and cannot Mured with slope estimates. The hi ghest RETASEY2IF&J to

be neasured in the wavefront reconstruction is the value N. The maxi num
value of Nin the software 13 is 66, which corresponds to Zem ke order
ten, although tht doflwam 13 could be nodified to accommbdat e hi gher

orders and gnx E,aggi [LUS00/ 190 U
order used depeﬁ%l%uzﬂggﬁﬁt éﬁlﬁﬁgg er glf@]y&grl?g%{e%gfé%gd %%ﬁﬁﬁt ‘Sﬁgaﬁg%ﬁiﬂﬁﬁ
whi ch the ﬁ}%%rrations are neasured. The sub-apertures of the lenslets 18
are typically Eselfﬁeg'red on a square lattice and arranged so that as nany
as possible fit into the specified pupil. They arc nunbered from1l to K
fromleft to ri ghhesafbyare bfimludasm “miod 4]0 wghefaomd revenstruotiGie rrietho d 36 Feeo¥struct
could be used. One exanple of a lenslet array is a 37-lenslet array in

whi ch the |thestatfort fom e Hag@ant-Sha@trbidtata "ThesEY é&as(}v
excluding the lensicts that view parts of the inmage f‘glleﬂi%gg ( ufﬁlgisafetwfiﬁe

il. Th =S il , - I - let .
Cow, i oo 7 sng e el o ARG SRR 15k sh S Youh BiMLPe ttsitBoding, o

nunbered thus:,123.45678 9101112131415 16171819202122 23242526272829
3031323334 MOrE dejfmi5 below. “%tj.h centrozg data ava?lable, whether just obtained or previously

obtained by the wavefront sensor 10, or loaded from an existing file in the memory 14 or
from another memory location, the PC 12 is prepared to calculate the wave aberration of the
eye 58. Generally, the wave aberration function is expressed as a lincar combination of
selected basis functions. The basis functions used here are called Zemnike polynomials: The
Zemike polynomials are an orthogonal set of two variate polynomials defined o;rer the unit-
circle, and allow a simple expression for the residual error in the wavefront afier a certain
degree of phase compensation is made. . . |

To formulate the procedure used in the software 13 for d;:tex1nining the wave
aberration of the eye 58, the wave aberration function, ¢, is first expressed as a linear

combination of Zemike polynomials, namely,

¢(r,0)=ga,2’f(r,6), <.

In that equation, Z;represents the ith Zemike mode. The summation starts at two since the
constant term, called piston, is of no concern and cannot be measured with slope estimates.
The highest mode desired to be measured in the wavefront reconstruction 15 the value N.
The maximum valuc of ¥ in the software 13 is 66, which corresponds to Zemike order ten,

althaugh the softwarc 13 could be modified to accommeodate higher orders and modes. The
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353637 The wavefront sensor 10 and the software 13 permt sel ectipn Agﬁ 25’04
variable "pupil" radius by limting lenslet points effectively to™b
within a t@)’lgw'[)ange on the detector of the canmera 20. Further, the
syst em per W\t rently stored data to be normalized to aPCHEIRI0T8 0 |
wi t hout discarding data, as will be ¢escribed below. This is reflected in
the flowchart of Fig. 13 also described bel ow. The appropriate wavefront
(and ultinmately, an ablation pattern) can be cal cul ated, for exanple, in
det er ni ni ng at gl ovduusad @spentls @porf Qe rmb3FBT RHARK 18R WiRiih Fd p@igmir i cHEL
the captured data is froma 6mmpupil in dimlighting- I'ngeneral, 1t 1S

desirable t Wyl | qul il [ i appl.i gations., 37 20
APR 1004 V\DQB%%?%@%ﬂ%ﬁ%ﬁo%@g{?@g‘?ﬁ@ﬂ&%ﬁfe‘ﬁ%fc“ﬁnﬁﬁc@gﬁ F Evmgﬁﬁmeeﬁred ona
sub-apertures of the lenslets 18 are determned tog be within the pupil
radi us of t REMARRIARICE apd arzanged so tnt asmary ay,possiie fitintorthe specifiadepupil Bheyfare he
“pupil"” radius or radius of image that is necessary to capture all the
centroi ds i sumbérediframddo X fromdeft $o rgiitetopas battom altheughvnether atmberingsohéhé g
of the lenslets 18 as well as the nunber of Ilenslets 18 in the inmage. An

advant age Ofodldib&uicl. ORelexirhpR!draileRle sy n%ramﬂg%%g%ctggfe%%g&

image fromthe canera 20 from having to be inc

cal cul ati on : j i t d in,Fig. t e, i s.a circular
area 170 of m?%"&? %gﬂ Egeg%\‘ﬁﬁgﬂ& g%ﬁ%%l%%ﬁ‘bﬁ’ﬂ%m@géﬁg%gﬂgﬁ itHHW‘FHiWFPg?-hG
correspondi ng bagx 172 havi a gi qual ,to inter-lenslet spacing 174.
It is from Qgﬁ%h{‘&%ﬁ%ﬁéﬁgﬂ%‘i &Sﬁ&?‘ﬁ?"ﬂs inthe array forms ong 3-lensdstirownenre Sas
wi || be described bel ow. The individual centroids are cal cul ated within
that pupi | lenslefiraw, theeed-lenslen rows, anel Selensletordwaad one Beensiet rownmnd mechuntbeped
reference array of ideal centroids (Le., centered at positions 176 in
Fig;-.9), vlhueh can either be just a derived reference array or could
actually be created using a plane wave input to the wavefront sensor 10
to take into account pptiocal abgrrations of the optics. Using offset
vectors (i.e., centroid displacenents) fromthat réference array, the
Zer ni ke nodes arg caljcul atﬁed ba;ed og t hat

9 10 11 12 13 14 IS5
16 17 18 19 20 21 22
23 24 25 26 27 28 29
30 31 32 33 34
35 36 37
The wavefront sensor 10 and the software 13 permit ﬁclxﬁon of a vanable “pupil”
radius by limiting lenslet points effectively to be within a certain range on the detector of
the camera 20. Further, the system permits currently stored data to bé normalized to a
smaller pupil without discarding data, as will be described below. This is reflected in the
flowchart of Fig. 13 also described below. The appropriate wavefront (and ultimately, an
ablation pattern) ¢an be calculated, for exa;nplc, in determining the wave aberration for a
3mm pupil in normal lighting when the captured data is from a 6mm pupil in dim lighting.
In general, it is desirable to maximize the calculated pupil for imaging applications.
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initial pupil radius RO, In Fig. 9, the centroid calculation with tﬂ?ﬁ’ 2004
pupil radius is designated as 178, the creation of the offset vegt §

fromthe‘{,@fg&sggfe array is designated as 180, and the calculation of the
Zerni ke oA sed on Rc is designated as 182. Then, cenffa{UH0NEHN s
carried out using any of the techniques described above. Once the
centroids arc known, the wave aberration can be cal cul ated using the

Zem kc coefficients as follows- Referring again to the equation for the

wave aber rat i onThegatial PecceduretitwhithisiB-apérbureebf tHald | 0
the x and y vyiel dngK equatig%s. The 2Kagerirvativesén§r%§ Igv%?ggﬁ@ﬁg%é&r

the array . Of i A h yations . can. be
expressed ggs OP?%tﬁé&p?{lﬁgmgL%El{éf\g%\ge;ﬁ%gf.geﬁﬁéﬁtosgﬁ%@@gg&eﬁ Mﬁpﬁ’éég&?m&’r e):
38 20 APR .Z004, WD 01/28409_PCTI 1JS00129078 CIO :-N az; ! J=2 (1= 1,2,

., KJ i-'Puplizadiys orradius of image that is pecossagyetp capiure alishe centoidstisikalenjatad.
average over sub-aperture 1. Although calculation of the wave aberration
f rom know Bigis donetbaseder thee intes-tarfslet spagitgofithe lonkletskiSusrvelPasithé hinsbemshod
is wused to determne the Zerni ke coefficients in accordance with an
enbodi mentlemets 1 in tHRViRiHgeO =Yy st lye s ' | set
forth can be revwi?'ltufabn I N naqﬁ %@E{% as 2)?5 ggn ét:@uﬁgsag%aﬁ%%gﬁsebg&%and
s'' are t t 0of slgpe esti s _obt ai ned ,from t.he .movenent. of the
cent r oi dng?Mfeﬁe&E%esf‘%ﬁ" g%o?agn?rﬂrﬁgmw gﬁ‘ﬂ“%%i*e@ﬂ‘@ﬁ& ip the focation @ndor
of the came*‘ag[cal 20, respectivel_}/. In Qther words, s is si rrpI\‘l/7 the
di spl acenSAtYaHen gf genkipids: s dlustated dn Kig. Hy there is a circular area 170 of radius Ry,

which should capture cach centroid within its comresponding box 172 having a side equal

to inter-lenslet sphcing 174. It is from within this area that centroid calculations are
performed, as will be described below. The individual centroids are calculated within that
pupil radius, and from the calculated centroids as compared to a reference array of ideal
centroids (i.e., centered at positions 176 in Fig.9), which can either be just a derived
reference array or could actually be created using a plane wave input to the wavefront sensor
10 to take into account optical aberrations of the optics. Using offset vectors (i.c., centroid
displacements) from that reference array, the Zernike modes are calculated based on that
initial pupil radius Ry, In Fig. 9, the centroid calculation with the pupil radius is desiggated
as 178, the creation of the offset vectors from the reference array is designated as 180, and
the calculation of the Zernike modes based on Ry is designated as 182. Then, centroiding
is carried out using any of the techniques described above,

Once the centroids are kmown, the wave aberration can be calculated using the
Zemike coefficients as follows. Referring again to the equation for the wave aberration
given above, and taking its derivatives with respect to the x and y yields 2X equations. The
2K denivatives are evaluated over the an_'ay of subapertures of the lenslets 18. The equations
can be expressed as follows (the functional arguments have been suppressed here):
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the positions that they would occupy in the absence of wavefront
aberration. O note, the nunber of Zerni ke nodes in the G matrix Z:amppqum

reduced si 'fﬁﬁ% elimnating colums of the G matrix. The vector a is
the array Bwn Zerni ke coefficients, and G' and G' PGIEUHERPI8es of

derivatives of the basis functions averaged over the sub-aperture of each
|l enslet 18, in the x and y directions. This matrix is figured as a
constant matrix based on the nunber of lenslets and the |enslet spacing,
and is calculated to have at |east the great est nunber of Zerni ke nodes
one night be interested in deter | east the greatest nunber
of lenslcts (x2) that one mght h.alt G. g@trlx can be
cal cul ated once based on the phm ca datéx If sqﬂtdre' b- apertures
(c_g_, like the box 172 of Fig. 9) arc 39 2 0 APR 2004 WD 01/ 28409
PCT/ US00129078 assuned and if b jtone hzlf jhe sub-aperture side, then G

and GY can be expressed as foll (ce u1r§1) gg’dexes t he Zerni ke
node and r (row) indexes the ape Ur ec; d geys:t 1 pTy aZ, dy G=f dx vy
~bj, f Yi-b ax -b Y. )4b it+b az,’ yi-b's, “b Thesetvvo equations can be

simplified by defining the antiderivatives of the Zerni ke polynom al s
vmthrespect tothexandyvarlables as |2, (x,y)dx and

1 Z; (X, where £); Tepreseyisyaking, an RsTa8ROVEr sub @&m@ lt:%tléls@gh aaietclamﬂhnwzw
and "I nt Zy" respectively. The above equations can then be expressed in

terms of t hehseration fomoknowledgob theZermike codffifients (sweldknown, anaatikAiedusd is
-b,y, -b)-TZ1(xr +b, y; -b)- j (x; -b,y, +b)] G =4b2 [|Z1(x1+b, y~+b)+1Z
(X, - b, yr- b)usedtoxdetétmine th ZehiRelcooffiéiERs in accordance with an embodiment of the

invention. As already noted, the two equations just set forth can be rewritten in matrix form

where ™ and & are the vectors of slope estimates obtained from the movement of the
centroids of the lenslet spots in the x and y directions on the detector of the camera 20,
respectively. In other wortls, 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 iemike modes in the G matrix can be reduced simply by eiiminating columns
of the G matrix. The vector a is the array of unknown Zemike coefficients, and G* and G
arc matrices of denivatives of the basis functions averaged over the sub-aperture of each
lenslet 18, in the x and y directions. This matrix is figured as a constant matrix based on the |
number of lenslets and the lenslet spacing, and is calcunlated to have at least the greatest
number of Zemike modes one might be interested in determining and at least the greatest
number of lenslets (x2) that one might be monitoring. That G matrix can be calculated once
bascd on the physical data. If squarc subeapertures (c.g., like the box 3172 of Fig. 8) arc
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Note that G' depends on IZf (x,y) and vice-versa. Because the equ;td gns
set forth until now provide an overdeterm ned system of equation PR 2004
(N-14K), ssquares solution is sought. A procedure called Singul ar
Val ue De?gér)rgg@"??on (SVD) provides a solution to the equa?FEﬂ{SOWﬁ"gﬁ i's
optimal in this sense. 1In order to determ ne the Zerni ke coefficients,
essentially a |least-square fit is nmade to the coefficients using the SvVD
of the matrix equation involving the nmeasured centroid shifts (explained
bel ow) in emsstmed bnd ifoy imﬁ-tﬁ]ﬂﬂﬁ%baﬁm%id& tﬁdﬁet;z%&ﬁf%aﬁcﬂeYéﬁf@s?é%as
derivatives over each sub-aperture. The Gmatrix is inverted and further

ot ner mat 71 o uhte et fonet $he el ol Bhd ¥ [ BAGat ks o

of the eyegﬁp. Applying SVD to the matrix G matrices U, V and D are

obt ai ned stER*hat GUDv. Dis a di agonal matrix of N1 "singular" val ues
whereas Uis a colum- orthonormal matrix with the sane di nensions as G
and Vis an N-IxN-1 orthonormal nmatrixg weearhe i nverse of an
orthogonal matrix is sinply its tr@é%e an idzyerse of a di agonal
matrix is sinply the diagonal matrix o i;t—sy,nec,qxprocals, we have a = Gts
- (WO-'Us , where G1 is the inverse of the Gmatrix and the
superscripted t represents the transpose 9 »«a fatrix. It can be shown
that the wavefront error in this ngt iqdp ﬁdrgxi@,nal to Tr(D-1), i.e.,
the sum of -the diagonal elenents of"D“rb.zn he,so¥tware 13 selects the

| ensl et geonetry by asking the operator for a pupil radius (or dianeter)
over which the eye's wave aberration is to be nmeasured. The pupil radius

are the santorps iibhE el be AAPHACE LY e OB st 158 Zefmikd

center-to-center distance of the lenslets 18 as inmaged on the detector of
t he caner apPigpomials withyrespegtr to ¢cherpuand y ivariables ias H;T(eryiljziﬂxajahesbnd
nunber of lenslets that can be acconmobdated for that pupil fadius for the

Zerni ke
1Z7 (x,y) = ‘[z,.(x, y)My. The software 13 calls these functions "IntZx" and "IntZy"

_respectively. The abeve equations can then be expressed in terms of these funchons as

follows: o
PR T -
G: =EF[IZ’ (x,+b,y,+b)+ 12} (x, = b, y, b} 12} (x, + b, y, ~ b)~ IZ] (x, ~ b, y, + )]
1 X x | x x
G} =4—b2-[IZj(x,. +B,y, +B)+ IZ;(x,— b, y, - b)-1Z}(x, + b, y, ~b)— IZ (x, ~ b, y, +b)

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

Because the equations set forth until now provide an overdetermined system of
equations (N-1<2K), a least-squares solution is sought. A procedure called Singular Value
Decomﬁosition (SVD) provides a solution to the equation, which is optimal in this sense.
In order to determine the Zernike coefﬁcients, essentially a least-square fit is made to the
coefficients usfng the SVD of the matrix equation involving the measured centyoid shifts
(explained below) in each sub-aperture and the a;.rerage of the Zemike polynomial

derivatives over each sub-aperture. The G matrix is inverted and further processing occurs
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nodes up to, for exanple, order ten. (However, the initial order ?ﬁ#ﬂ@a
used will depend wupon the nunber of lenslets 18 used). After the*imtt 4

conput ati o 0&&2 perator is allowed to have the conputer éﬁ&g .. the
sof t war e 1@}) ‘P@gard the sl ope estimates from sel ected IR @9599[@ as
wel | as have the software 13 conpute estimates for a |larger or smaller

Zernike order, as will be described in nore detail below The nunber of
nodes can be determ ned for any given Zerni ke order fromthe expression

(or der +l ) (0Rgl9{eld SthdrmatSes fRith whiRH Weardbhe WetdrhRa)ahd ngg%@%%e@gghg@e

and Conputer Sinulations of Post-Detection 41 2 0 APR

PCT/ USQO/ 29 t mpspher i rul ence ensat {.0Q; , D. thesig, Lund
Uni versity, Q’%%r?? %gﬁlg %ﬁﬁj ﬁ,mi\%?‘\l??’?%g%'&ﬁ Y %ef"ﬁ‘;ha@ ?{}P’é]ca such Hau
Pol ynomi al s and Optical Aberrations of Systenms wth Circular Pupils”,

Engi neeri ng GEWBNor B ds ¢ diggana! iy of Ndosingylar” alnes whereas At in e columns H.
(1980), Journal of the Optical Society of America, Vol. 70, p. 998, Tyson,
R K. (1991) erthonormap masioivitAdhe same didpensions AoGdem V iPra@s¥-1xMT orthBiontal K,
NY, Wang, J.Y. & Silva, D.E. (1980), "Wave-front Interpretation with

Zcm ke Pol y palSince thPRiveSEof Q)&itl?f%onmhmﬁ % siH?h'ei%% %ﬁ#gos’hsa}lg'(ﬁg’ﬂrﬁfpﬁ‘ééa

means of explaining the matrix equat’ ons above, W ng sinp
exanple is offered A.hypg arr.a 0 of reference spots and
boxes 1571 S ARGRA mANR AT

het i cal  3x 5

’g'ﬁ%.hegé?@ﬁn d&“‘&?‘%é’#éf"ém BIVGRAYEr ence spots
150 and boxes 152 are designated by an index 1.9 fromtop to bottom and
left to right, although another indeR=oBdsF(W®9Beme could ,be~ used For
each reference spot 150 determ ned by the software 13, there is a
centroid 154 displaced in x and y fromthe correspondi ng aperture center
156 that al wheresG™ fiatheinverse of the G heatri:0hhd e SupcdscripteditPerasit By trafsposk bi

be explained belowin nore detail. The software 13 determnes the x and y

di spl acemeny ;agly. $AGH be SREWRiHAL the draveRShtLIRE Gihibsh m&gg Yportib /gl Y
for i =1 to 9. Thus, the s vector has 18 corrponentes, f%r?g(mgﬁﬂ@gwg’y,
as shown inictt}ﬁcrsrat rgfﬁée(ﬂggotniap& b%'xt%"’c‘)’fDThe G matrix is an 18 centroid (or
aperture . ) e )

g

The software 13 selects the lenslet geometry by asking the operator for a pupil radius
(or diameter) over v\-rhich the eye’s wave aberration is to be measured. The pnpil radius for
the eye may be diff;:rc.nt from the wavefront r;cnsor, but ideally they are the same. From the
pupil radius information and the known center-to-center distance of the lenslets 18 as
imaged on the detee;tor of the camera 26, the preram pre-computes the matrix G for the -
largest number of le:;slets that can be accommodated for that pupil radius for the Zernike
modes up to, for example, order ten. (However, the initial order actually used will depend
upon the number of lenslets 18 used). After the initial computation, the operator is allowed
to have the computer 12 (i.e., the software 13) disrcgard the slope estimates from selected
lenslets 18 as well as have the software 13 compute estimates for a larger or smaller Zernike
| order, as will be described in more detail below. The number of modes ¢an be determined
for any given Zemike order from the expression (order+1){order+2)/2. See Dai, Gung-

Ming (1995), "Theorstical Studjes and Computer Simulaticns of Post-Detection
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center) by 5 nodes matrix (i.e., | 8x5) and a is the vector of the ﬁerni ke
coefficients consisting of the 5 conponents corresponding to fi rsz AR 2004

second or ations (no piston term as explained above). The G
matri x haquwzﬁggne formas indicated above with b equal FETISRVIATE the
size of the side of the boxes. 42 20APR2001 WD 01/28409 PCT/ US00/ 29078 -

S[18] {{ 18x5] a[5] dx1 dx2 dX3 dx4 ddx 5 dx6 dy, dye dys dy4 dys
dya ¢ 1 Ldy9 J Once the magnitudes of the Zerni ke coefficients are

are 1rom tho s og ot B (e S h e W LRl LR

~ 1 to 18) l{ﬁﬁﬁaﬁ'\gl@(f@ﬁ, %ﬂh%kg)Ciﬁ:% f;gpy%bmia]s and Optical Aberrations of Systems
with Circular Pupils”, Engineering & Laboratory Notes, August 1994, pp. S21-524,
Southwell, W.H. (1980), Journal of the Optical Society of America, Vol. 70, p. 998, Tyson,
R.K. (1991), Principles of Adaptive bptics, Academic Press, Inc. New York, NY, Wang,
J.Y. & Silva, D.E. (1980), "Wave-front Interpretation with Zernike Polynomials”, Applied
Optics, Vol. 19, No. 9, pp. 1510-1518.

As a means of explaining the matrix equations above, the following simplified
example is offered. A hypothetical 3x3 array 150 of reference spots and boxes 152 is shown
in Fig. 8A. Each box of the array of reference spoté 150 and boxes 152 are designated by
an index 1-@ from top to bottom and left to right, although another index ordering scheme
could be-used. For each reference spot 150 dctermined by the software 13, there is a
centroid 154 displaced in x and y from the cdm:sponding aperture center 156 that also is
determined By the software 13 within each box, as will be explained below in more detail.
The software 13 determines the x and y displacements of each centroid 154, designated dx;
and dy;, respectively for i = 1 to 9, Thus, the s vector has 18 components, 9 for x and 9 for
Y, a5 shown in the matrix equation below. The G matrix is an 18 centroid (or aperture
center) by 5 modes matrix (i.e., 18x5) and a is the vector of the Zemike coefficients
consisting of the 5 components corresponding to first and second order aberrations (no

piston term, as explained above). The G matrix has the same form as indicated above with

b equal to one-half the size of the side of the boxes.
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Focusi ng now on particul ar nodul es of the software 13, nore details are
provi ded below. These nodules relate directly to and i npl enent t Hel APR 2004
techniquesgeﬂﬂ cedures described thus far. A flowchart g&

illustrateS | DE#%. 13 an overall method for the controll & %%@gﬂ}um

acqui sition and anal ysis software 13 di scussed above in nore detail, in
accordance with an enbodi nent of an invention. Control begins in a Begin
Exam Process step 200 and proceeds immediately to a Set Paraneters step
202. In the Set Paraneters step t i bject is created and the
val ucs of the Pupil Scale variablgﬂgﬁ% Fﬁé@?%&Qgsg APR 2004 WD 01/ 28409
PCTJUSOQO 29478 \Wavefront 2Pupi | Scal.e variable are set to default val ues
based on the particular configurajd®sn] of the wavcfront sensor 10. The

val ues of other variables, such ap pupi | radius variable, an
inter-lensict distance variable, ‘pnd p I enslet focal length variable are
al so set based upon default val up@%;, As an alternative, the variabl es set
in the Set Paraneters step 202 naane determ ned dynami cally or asked for
and entered by the operator. Contfol*then proceeds to a Create Lenslets
step 210, which is described in npbg | detail below with respect to Fig.

14. Next, control proceeds to a Sgjy Hupi| Radius step 215 in which a

| ocal pupil radius variable is reset®jto a radi (fja,Val ue deternmined in step
210. The value of the |ocal pupi} rgdius vari bf & i s enployed in
subsequent steps and is based on ftfye | smal | est Bupi| radius that can fit
around a set of l|enslet objects creéted[inGste a; P10 that correspond to a
set of lenslets within the radi ugdedntrol the .pfoceeds to a Get-Ilnmage
step 220 in which an inage of thqh@etina iS captpred by the wavefront
sensor 10 for processing. As an fdqrnative, {hg|imge can be retrieved
froma file stored in the nenory 3gf the conputing system 12 (Figs. 2
and 3) or other nenory. Follow nddyhg Get |Inmage step 220, control proceeds
to a Generate Reference Array st 3230 in which a reference object is . .
created. The reference object contafps a set of points -

dy,

| dy, |

Once the magnitudes of the Zernike coefficients are determined, the wave aberraﬁ(_i;'l‘ C

* " is found, where the only relevant terms are from the sum

$=30,2,(x) e

in2

with the matrix elements of G for 18 ( = 1o 18) rows and 5 (i = 2 10 6) columns.

Focusin-g now on particular modules of the software 13, more details are provided
below. These modules rqlate directly to and implement the techniques and procedures
described thus far. A flowchart diagram illustrates in Fig. 13 an overall method for the
controlied data acquisition and analysis software 13 discussed above in more detail, in
accordance with an embodiment of an invention. Control begins in a Begin Exam .ngocess
step 200 and proceeds immediately to a Set Parameters step 202. In the Sct Parameters step

202, the Optics object is created and the values of the Pupil Scale variable and the
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that represent aperture center points (like those of Figs. 8A andz @@R gj‘m
each lenslet in the set of lenslets created in step 210. The ref'erenc
array is W%&%ed in a Generate Valid Zerni kc WMdes step 270 described in
nmore det al’l . The use of a reference array and the (RARUERNATSOf
Zerni kc nodes has been descri bed above- Control proceeds to a Locate
Centroids step 250 in which a centroid is generated for each | enslet of
the lenslet array created in step 210. The Locate Centroids step 250 is

descri bed Waveioat2Pabasdaldake\u KRG, | , 4
WO 01/ 28409 ;IIDCT/ USOO?g%dOalm Fome\cliﬁ\;\%_%é“{ he Locg%cgb%gto?é}?c@ﬁgtf%ﬁ%w%%

control pr a, Sel ec trqids e 2 I n i ch the operator may
set, adj ustg ?a-gc%ae‘fcﬁ!ﬁ"ﬁgt“éoﬁ Lodlcg#]%\?g esc[’é‘rs?i}fegivﬁgﬁg?né? B3 R“ﬁnt’ﬁ&ﬁs vagdahle
Centroid step 250, as discussed above. Control then proceeds to the

Gener at e VAP per-leasistdistansgaarigblspamtzplensiet focal lengtinvateblengealsa s bgeedaupaned
based on the lenslets 18, the centroids, and the reference arrays, as

descri bed défault vales.eAs he alieniaiee,helesrizbles sepinnie SerPhrah &8 M 02LMay be
proceeds to a Reconstruct Wavefront step 280 in which the wavefront” of

the | Mge eaBibingd dyihticqlly SPAKES EARARIO) il BpSGHON the Zemi ke modes

calculated in step reconstructio i wavefront based on the
Zerni kc nodes i C i shed once the, Zerni ke fficients are .

det er m ned usi nS:O ﬁ%‘cﬁgﬁﬂ’ cﬁ%pﬁ”o%@ﬁ“‘%“?ﬁ&é’ﬁp §g§v%’h’&bd6ﬂaﬁ%e¢@nmc

i nvention.  Follow ng the Reconstruct Wavefront step 280, control proceeds
to a parantftal belgwwith pepect $a Fig. 1¢+Next, Gontrobproceads do a SeiRymi Radies step 245
conjunction with Fig_ 16, and which relates to the discussion above

- r egar di nghodhich silatabpupt radius vanahielispapt to 4 adiusyahkalegeminsd firesteh Dgo.aghe N
to Fig. 13, also included in the flowhart of the Begin Exam nation

Process 206 6f theldci] pipilthdiuBvaabieit sRipldyRaniy sitbdiicht §epscénd"i§‘9a§9d%49é282

the Begin Exarn Process 200 to be entered at the Set Parantters step

L1 S e RSB
correspond to a set of lenslets within the radins. Control then proceeds to a Get:Image step
220 in which an image of the retina is captured by the wavefront sensor 10 for processing.
As an alternative, the image can be retrieved from a file stored in the memory 14 of the
computing system 12 (Figs. 2 and 3) or other memory.

Following the Get Image step 220, control proceeds to a Generate Reference Array
step 230 in which a reference object is created. The reference object contains a set of points
that represent aperture center points (like those of Figs, 8A and 8B) of each lenslet in the set
of lenslets created in step 210. The reference array is employed in a Generate Valid Zernike
Modeg step 270 described in more detail below. The use of a reference amray and the

 generation of Zemike modes has been described above. Control proceeds to a Locate
Centroids step 250 in which a centroid is generated for each lenslet of the lenslet array

created in step 210. The Locate Centroids step 250 is described in more detail below with

respect to Fig. 15.



described in nore detail below wth respect to Fig_ 16. Turning ngg/d‘tpﬁ 200

Fig. 14, a flowhart is illustrated of a Create Lenslets process
correspondy Jhe Create Lensicts step 210 of the Begin Ss
200 (Fi g.d‘}’%l}zﬂhﬂt’ the Create Lenslets process 300, control 0@38@3

I mmedi ately-to a Too Few Lenslets step 212 in which a calculation is
perfornmed to determ ne whether information fromoperator input wll
enabl e a | ensl et nunber paranmeter greater than a pre-determined mnimmto

be genentM for iRaliowing te LotitaiOenmeids frep 260; omtve progtdde fo #SelbhrCeANBId2 St
the answer is "No," 45 2 0 APR 2004 WO 01/ 28409 PCT/ U500/ 29078 t he process

300 conpl et 250 a,mu zmﬁta,q ﬂi&cﬁﬁﬂﬁgt@ﬁﬂiv?dﬁar&gjﬁ?% g %tbé in the

t erm nat ed- ter tive, ess may be I ni

operator to resel par te SO uff| i ent nupber. of |enslets
are gener at &8%2 IFF%FH'Q'%@\% ﬁ%{?% ‘”‘% en prshedsde the(aenseats Vabd o

Cal cul ate Number of Lenslets step 214, whi ch S descrl bed in nore det all

bel ow wi t h ZespkeaModes ftem2 70115, wisch ka@gmdee areegeperntad baddd whehe lehsléte 18) the s
step 214. control proceeds to a Determ ne Pupil Coverage step 216 in which

a ratio bet vaffids hed e Rf@end arpdys, bdidedofibed absveC @aéeche (Rorllike modes are
corresponding to 37 lenslets used as the lensicts 13) in the Create

Lensl ets st ( re f e t he
adi v set Penefta LfHel ool PAfiebE el Rectyobldd Wt o3 T Mpgnd
Control then ?%%g:ees fo a Too veraeste 217 in \é\&ﬁchthe
ratio cal cuMAYEPHR &wazzsai’%m?dﬁﬁ igreg B%“H’C

val ue and a predeterm ned naxi nrum val ue- For exanpl e, the m ni num couI d
be 751 % | f ¢#eulpted instep 27QsThe resonsductiepuef the Wab’mmmedmmthﬁ Aetndatmodpsihat
"there are too few lenslets (centroids) to accurately reconstruct the :

wavef ront faocobpliskel onmoths ZanikegoeHitietts aickdetatined (sing the aattie spproid
above), or if the ratio is greater than the naxinmum indicating that the

Gener at e VadikchsZ@Y 4bok€ add BRI ERticH) FollBRiNBARORE&ohithlct W%yﬁ&ﬁ@t}b 28beP

280 (Fig. 13) are likely to De inaccurate, then control proceeds to
Di spl ay control proceeds to a parameter change process A, which is described in detail below in

conjunction with Fig. 16, and which relates to the discussion above regarding centroid
elimination and pupil radius change.

Referring again to Fig. 13, also included in the flowchart of the Begin Examination
Process 200 are entry points B, C and D. Entry points B, C, and D enable the Begin Exam
Process 200 to be entered at the Sct Parameters step 202, the Select Centroids step 260 or
the Generate Valid Zemike Modes step 280, respectively. Entry points'B, C,and D are
described in more detail below with respect to Fig. 16.

Turning now to Fig. 14, a flowchart is illustrated of a Create Lenslets process 300
corresponding to the Create Lenslets step 210 of the Begin Exam Process 200 (Fig. 13). In
the Create Lenslets process 300, control proceeds immediately to a Too Few Lenslets stcp
212 in which a calculation is performed to determine whether information from operator
input will enable a lenslet number parameter greater than a pre-determined minimum to be
genarated for tise in detarmining the wave aherration of the eye 58, If the answer i3 “Ne,”
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Warning step 218. In step 218, an appropriate warni ng nessage iszchmlﬁmed
on the video screen 52 (Figs. 2 and 3) to the operator. Control £t

pr oceeds urn step 219 in which control is returned t he Begin
Exami nati%@@gzgg&gss 200 and proceeds to the Reset Pupil %é?#’ﬁ@oéz%"ﬁ 215
(Fig. 13)_ As an alternative, a process may be initiated to enable the
operator to adjust paraneters so that the ratio is wthin appropriate
limts. If, in step 217, the ratio is greater than the m nunum’or |ess

than or equhé ffaegwgominﬁwns irh@rbténgSI @hd tRE ;Fggﬁpggéﬁﬁ%@t%%ﬁ%}‘ég

Return step 219, and control proceeds as descr

20 APR 200 8 8 ni wio, Fig. 1 a flowhart is

i |l ustrat egc%g%é%é?ggﬁn&uwﬁé?’%gg gﬁ_lgﬁ%]’%l lat‘b‘f@c'@é‘%“ﬂ?)"%?‘f’é@p@?ﬁi?%g
to the Calcul ate Number of Lenslets step 214 of the Create Lenslets
process 3083Emeters othat oapfficiont pumberaf densiatears gerdryted ol ftheapsweas itvatep 2il 2
step 312 iinn\é\ér;ich a matrix of points (grid) is generated corresponding to
an array ofs g enolprobeeds ipa ChirntateNoatensblanvietsmeprrd, ahidhoiddesttibed
colums, for exanple, 19x19. The maxinmum is a matter of conveni ence and

reserves Sﬁmofﬁmib’bélg\? Wifler sectRHip! ﬁ]sltcﬂfowqﬁ%ﬁ%é éiailéﬁ?ahg eﬁuﬁbecﬁigrqanslm

encountered. A subset nmenory can be use Crea

cor r espondj t.hg | ernsl.ets,that. e.aetually u . ln,addition, a
count - var: SBT3 coP i g B At lind B o dePageispnTh in vhishiasuie Biwere
val ue V. Control tolp}gﬂﬁgroceeds' to a step 314 in which it is determ ned
whet her t h&f¥2ge2 & lenpletsicEealnd (g8 FOTeIRONAING te A lansletiuscd/ax thyrlenslits
used as a maxi mum boundary within which the [ocations of boxes and box
centers t hb#)intheCreptordanslotststnp 218r(Figo3) drfl the tivh of the@upli upideteraitied byahe
determned in the software 13.:; The first time through the process 310,
the answeradius sétip iteRdsyt PUfSER idiad el D18 (F34. 18) RCBRUMd0 Corfadl tRRigRbcedds
Cal cul ate Di stance From Center step 315. Process 310 proocesses polnts in
the grid f : | : - A0 .desi gn
choi ce. Qtﬁggd%lﬁtcla%??%n asrtlg Se‘é@@}!\%@%ﬂ%ﬁéﬁ%&lg@%ﬁ%@ ! rg'll':‘gg %wbso?orw'%}rgd to
assured s RrsaBlihined i vifub And h SecHied iuchin vahe! ot BEarile,

the minimum could be 75%. If the ratio is less than or equal to the minimum, indicating that
there are too few lenslets (centroids) to accurately reconstruct the wavefront for Zernike
modes to a given Zemike order (¢.g., as described above), or if the ratio is greater than the
mmﬁmum, indicating that the Generate Valid Zemike Modes step 270 and the Reconstruct
Wavcfront step 280 (Fig. 13) are likely to be inaccurate, then control p;'oceeds to a Display
Warning step 218. In step 218, an appropriate warning message is displayed on the video
screen 52 (Figs. 2 and 3) to the operator. Control then proceeds to a Return step 219 in
* which control i retumed 1o the Begin Examination Process 200 and proceeds 10 the Reset
Pupil Radius step 215 (Fig. 13). As an alternative, a process may be initiated to enable the
opcrator to adjust parameters so that the ratio is within appropriate limits, If, in step 21 7,
the ratio is greater than the minimum or less than or equal to the maximurm, then control

proceeds immediately to the Retum step 219, and control proc;:cds as described above.
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di stance fromthe center of the grid to a corner of the box that is
farthest fromthe center of the grid is calculated and retai ned'?ﬂﬁPR?ﬂﬂ
cal cul at edywisl.3flee 1S | ess than or equal to the pupil ra‘ydﬁﬂsob)ﬁﬂh a |lhg
that the entire box corresponding to a lenslet is within the puprl, Then
the count variable is increnented by 1' and the coordi nates of that box's
center are stored in a first available spot in the Maxgrid array. Control
proceeds to a Distance > Max_di stance step 318 in which the process 310
det er mi nes whet heTurhing noed 1o Figtlsga Abstharie iistraed of £ CalchRite Numbersfensles! v
stored val ue of the max distance variable. If the value of the cal cul ated

47 2 0 APR zﬂ;g&ssmqggg%@@ﬁgqgnygg&&@g Kuflibet gﬁpgl?éléts Q{eﬁgﬁr of ﬁ.@'brggt%t o

previ ously stored val ue I stance varli con procee

a Store Newy,\a i St ance ste 19.1n ich the calculated distance is
Stored in t tREPNEE FRCBRCAO TR A ol plspees REmAga Eliud icropie HkFrdsisp i 2
val ue. Control then proceeds to Points To Check step 314 when the new
val ue of thdn whish aimetraref poinds (gzish) &s gencetest eorespondingto 3 yrayiod heniskets with a
determ ned that the calculated distance is |less than or equal to the

previously giralessiningt nexinfus hemberld rows avdeuriuis for eRhrBple 1 %I9 dTHE HASBmird
greater than the pupil radius in step 316, indicating that the box does

not fit enti i tehl ' ' .

ot er i nos. urHadt dedeBvinicR R feok b e Ml fhorse IASERT A 10
and, if so, .l oops through ,st 315, 316, ,317,318 and 319,,as descr. bed
Sbove. | EachPEETPUBISTHE A uiseE Bh bzt Sempihein B pd lLBal e id omespgnding i
determ ne whether it is to-be included in the final centroid array.
Referring adifilfnslets thekase actually used,c Inadilitons a caumt yanablagndasmen sistance variahle
no nore points to check, then control proceeds to step 362 in which

control is methothedtidlzedtotheyalue30D. When control is returned to process
300, the count variable contains the value of the nunber of boxes, or

lenslets, which Cohtrél therh Prdce@dsdlaPi ktep BUi i waiih it he dBRmides Hadifer (Hérk AR €
contains the value of distance of the farthest coner of all the boxes that

8 B4 i s M 50504 Vi
' which the locations of boxes and box centers that correspond to the lenslets 18 within the
pupil radius are dctcm;jncd 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 procéses points in the grid from left to right and top to
bottom, according to design choice. Others direcﬁons and sequences are possible. Each
point is assumed to be a center of a box with sides equal to the inter-lenslet distance and the
distance from the center of the grid to a comer of the box that is farthest from the center of
the grid is calculated and retained. If the calculated distance is less than or equal to the pupil
radius, indicating that the entire box cozfesponding to a lenslet is within the pupil, then the
count variable is incremented by ‘1° and the coordinates of that box’s center are stored in
a first available spot in the Maxgnd array. boniml proceeds to a Distance > Max_distance
step 318 in which the process 310 determines whether the calculated distance is greater than

the previously stored value of the max_distance variable. If the value of the calculated
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fits within the pupil radius. Turning now to Fig_ 16, a flowchart 4@ PR 2004
illustrated ofa Locate Centroids Process 400 that corresponds to é

Local e CeqlyRh¥fest ep 250 of the Begin Exam nation Process Fig. 131.
The Locate Oe)nt@gi ds Process 400 determ nes the |ocation olfg&ﬁ@o%& roi ds

as describcd above using the nethod of Figs. 10-12. Control proceeds

I mredi 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 the
| ensl ets cidésired is greatie tancht eravinsheiordanhBler Mk nhcdBadtdvas

2004 WO 01128409 PCTI USOQ 29078 Exam Process 200. The tirst t#ﬁ%ﬁ%g?ﬁggh
t he answer pigeebgtl| \ ' al e t t,, Lensl et step
222. "The. LBrsredRa atble NKEMaEDiwiBHER 3108 REFH B tile Dateloiris o
the Icnslet_array and processes the arr fromleft toright and top to
bot t om a&@‘F&?%ggFﬁfmg%g%;ﬁedvﬁé‘WB § PESNOuslYplored Mdlees are possi bl e.
After a lenslet is selected in step 222, the process 400 proceeds to an
Initialize BoxSpawokihgnpraxsetsto Foints ZaLheck stdpePlL@Ben the seanatehdihei S
defined in tthe image retrieved in step 220 of the process 200 using the

coor di nat emawfdiithececeariadle &f siohd medgsBed, wheps @tuaéﬁnﬁm AN bR caPduldt
" to t ﬁen

search box and with the I ength of the si des equa e Inter. slet

di stance dgtip&d;dl : . 4The search bo orresponds to
t he boxesdﬁgﬂhomwi ﬁsﬁ%@_@é@;@%ﬁ%@hﬁ&so grv el §t58?31 'Pﬁl‘”ﬁ'g‘ﬁﬁ o
search box i U] ated as scri bed.,abgve, Contro|l then proceeds to a
Box. St 2o SHTHAE FHePis Senter i heapi FREE SHIO! eindiosting iar oo dosho
search box is, snmaller than or equal to a predefined mninumvalue. The

mi ni mum vt dit sajrelhe withisy thepupili redivs.n B stiep 3145 thetproatss 31 ditemmined whithed
spot corresponding to an idealized reference plane wave inpinging on and
focused Uierelizanctier poimtsh the Maxgtid hirapto PRPESCINE] #do Mopd MFsugh eidpk 8ds] N
the art. If the search box is greater than the predefined m ni num val ue,

control prIEEFTs3I®ari ¥i9)ds BoRHbA shote RESEH gridPpinBMhE 0,8 9% ag &'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 dctermines that there are no more
points to check, then control procceds to step 362 in which contro] is retamed to process
300. When control is returned to process 300, the count variable contains the value of the
number of boxes, or lenslets, which fit within the pupil radius and the max_distance variable
contains the value of distance‘of the farthest corner of all the boxes that fit within the pupil
radius. In addition, the Maxgrid array contains coordinates for each ﬁo_x, or lenslet, which
fits within the pupil radius.

Tuming now to Fig. 14, a flowchart ¢ i]l!'jslmted of a- Locate Centroids Prosass 400
that corresponds 1o the Locate Centroids step 250 of the Begin Examination Process 200
(Fig. 13). The Locate Centroids Process 400 determines the location of the centroids as

desoribed above using the method of Fig's. 10-12. Control proceeds immediately to a
Lenslet To Process step 221 in which the process 400 determines whether there is a lenslet
1o process that corresponds to the lenslets created in the Create Lenslet step 210 of the Begin
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The centroid of the search box corresponds to the center of nass
73 g

search box. In other words, the process 400 wei ghts each pixel |
search box intensity of that pixel and defines the ce oi d. O her
par anet er s“ﬁg@zg?@o be used instead of, or in addition to, Ifqi'g{’é@@?%?&e
intensity to determne the centroid | ocation. For exanple, mninmmand
maxi mum pi xel intensity threshold val ues may be defined with only pixel
values within the thresholds used to calculate the centroid. In step 227,

once the cerlixaai Brotksd POO.S FeChrsbdxne ihso Eﬂidﬁﬁkﬂ.@rﬁb?ﬁ@iﬂ efyedf afd1g
search box is reset to the coordi nates of the centroid and™ 49 2 0 AP??L%M

WO 01109 ?Cl;bcks f 0 raine roid Validity
Step 229, | Te clos roc s an 136 Tackd, CentBlaS ol iy S4B e Drsor

t he operator, termnes . eentroid validity. The st commuon reason for the
oper at or tolﬁg&@‘%ﬁt @éﬁ? It mEman BOFSSEHAE 2y 85#1‘?86? dehtged topie besiem,
not appear to he centered on the captured spot of light that is to be
ccnt roi ded. aswrding o desigm| Othen directions isnd séquences asepassiblal val i dity may be

determ ned automatically in step 229. For exanple, a centroid that is

out si de the bor deiffer af lch$let isTicldcld BeaEE DR ke PESIcREM0 Prost@R 1833 InftRYizbe
considered invalid. After step 229, an iterative centrol ding process as

d i bed | f t o I8 d .S
iz stop 2SNTEE PRk GEIR v 203 ghiven 2 o oA 3 blaeurtiogh i

duced b ! ixel . Contraol th t t t 225 i whi ch
Lhe. pr ocess ohuty Bdm BER2A0Br RTEres bl v trseockinaes of e seherh fhe elstghi

to the minjmumbox: size again. As described above, a variety of
iterative elpsiebascthrgenter afjthogcach doxud guthithsdengtledf thersides eqim! yo thehipter.
optics of the wavofront sensor 10 arc of sufficient quality to guarantee
t hat the cclensletidisanieldefiivsl inotept29@ of proevds@08. The bdarchdma lkosesponds 1b che Hoxes
each iteration- If the search box size is still greater than the m ni num
val ue, contshewn iﬂrm§e.q®511.omé eentiold feSeatl khad WRKinahe Y&urcH box 13 afc@piédagd OX
size is less than the mninmum then control proceeds to step 223 in which

the |ocati ogesefibddgbova i Gtfbl therS hfticEis'td 4 Bx Size < Minimum step 225 in which

process 400 determines whether the search box is smaller than or equal to a predefined
minimum value. The minimum value may be, for example, the size of the diffrat;tion
limited spot corresponding 1o an idealized reference plane wave impinging on and focused
by the same lenslet, as will be appreciated by those skilled in the art. If the search box is
- greater than the predefined minimum value, control proceeds to a Find Centroid & Reset
Box Center step 227.
The centroid of the search box corresponds to the center of mass of that search box.
In other words, the process 400 weights each pixel in the search box by the intensity of that
pixel and defines the centroid. Other parameters may also be used instead of, or in addition
to, the average intensity to determine the centroid location. For example, mimnimum and
maximum pixel intensity threshold values nllay be defined with only pixel values within the
thresholds used to calculate the centroid. In step 227, once the centroid of the search box
is determined the center of the search box is reset to the coordin;tes of the centroid and
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centroid array and the validity of the eentroid is stored in a
corresponding location in a validity array. Control then proceeds %%AER 2004
Centroid W@l sEP 235 in which the appropriate entry in_the centroid
validity array 1s checked. If the centroid is valid, then BeHUS#A2%bceeds
to step 237 in which the centroid is drawn in a centroid i mage or

di spl ayed on the display 52 and stored (e.g., in the nenory 14). Control
then proceeds to step 221 in which the process 400 determ nes whet her

there are aubtitrol pradtcds &8 DRicEmint OERGREVaRE 239) fembddim&2 O
APR 7004 WO 01170498 PGTT DS 56078 ot opBZSEf?ﬂthe 7 B Close embhimi?

to be invaljj | | { e Ll Fin2llY, iii
St op 221, i P PE e sRSAEEANS e GieREEP ielinhe ool yalgionomhe mBRHPBieD ¢ o
process, caontrol. returns through End Locate Centroids step 272 to step 250
of the prod&¥en f%’&&?ﬂiﬂtﬂg}ﬂ moye agentrand anually ds thabihg semtmid Zesationalogs ats,
the wave aberration is dctcnnined as dcscn' bcd above After the wave

aberr at i on 2ApEArtie & cebtersdnem thi; captured spotadfaight that I8tobe centhndédre B, inGa"
eithcr ré-profilc the software 13 fi-orn the program beginning (Fig. 13,

step 200), ahérnAGR: enftiodith@in) deRRbidSalidibfiiiay Be BREmARA] mﬂ% ﬁg@hﬁﬁmre

I n anot her enbodi nent, program i nput’s can be chang

reinitiali ' ) rarmct ni that a.new -matrix is
corput ed. - DR #erollhaP oA s polfBA Nk imiSh st ok defiiedin tepras
pupi |l radius can be.  changed after an initial wave aberration construction
or reconst Pt e&ﬂ@‘ﬁ?eﬁ&"gﬁflbed above. Such changes vary proSrarn flow in
the software 13 in reconstructing the wave aberration- For cxanplc. the
pupi | of the eydfisgsieny22hnan itatatiye bentRidiog praness smdpscribad abiove 45 PecMBMEed.
aberration construction and then the operator decides that the wave

aber r at i onThatdsjlcdntvel procsedned 4 Rejet BoR\Size NEY 23 I2nGERIEK BOthRRE Idn@th Ald ler
pupil radius. In other words~ the radius nerely is truncated™and all the

val i d dat sofoflk s@@tIE o bR e Mitet by 2 (BE V)l "C SV Y% retums 1o step 225 in

which the process 400 determincs whether the new box size is less than or equal to the
mintmum box: size again. As described above, 3 variety of iterative centroid locating
processes could be used. Preferably, the optics of the wavefront sensor 10 are of sufficient
quality to guarantce that the centroids will be located somewhere within each search box for
each iteration. If the scarch box size is still greater than the minimum value, ¢ontrol
proceeds to step 227 as explained above. If the search box size is less than the minimum,
then control proceeds to step 223 in which the location of the centroid is stored in the
centroid array and the validity of the centroid is stored in a corresponding location in a
validity axlray.

Control theﬁ proceeds to a Centroid Valid step 235 in which the appropriate entry
in the centroid validity array is checked. If the centroid is valid, then control proceeds to
step 237 in which the centroid is drawn in ;1 c;:ntroid mmage or displayed on the display 52
and stored (e.g., in the memory 14). Control then proceeds to step 221 in which the process
400 determines whether there are additional lenslets to progess as explained above. If, in

30



i f the pupil radius -is inotasod, thon new inforinafion is neuded £4 D APR 2004
was not rdthcrcd previously- A new nunber of lenslets in the | enslet

array 19 ”ﬁbb&?;g%eded to cover the larger pupil radius as ms‘ﬁép%ve

correspondi ng new nunber of centroids and reference points

aberration reconstruction. Wiether to change radjus ci mbe included for
automatic execution in the software 13 in certain crnbodi nents, depending
on ccinditions of the measurenents and the dcsircd resullL In other

enbodi ment s, stap 3 Spphe rcarittdid (atetdrtiti-dad bel Beabd @Bnibs)ipRiceedimm b P9 T@ ke
decides 51 2 0 APR 2004 WO 01/ 28409 PCT1i 1S00129079 to reexecutg ?ﬁgﬁzzl'

sof tware 13 #iff MULP R ' lal oradi us, the operatoy may
or may not mnt%g$§%e§%é%@g€ eﬁiﬁgggﬁ%ﬁlﬁt%t t@%@fd 8P rﬂ?ﬁ‘?bré:P%ST‘:{s o
Zem ke nodes. The operat or y nt, to | r one or both of these. If the
same or der Qﬁ%%a%ﬁ‘ﬁﬁsmﬁégwﬂ%“ﬁﬂé’%ﬁﬁ%@ﬁF‘&Piﬁa%wgtenaﬁewf the process
re-normalized to the reduced radius size using a new set of Zem ke

coef fi ci ent 306 af Rign§3.nWiithvaligicentroids and Zdrnike hodes, the wavieubtrraticaris dktcihipied
par amet er change process A first introduced above in conjunction

w th' Fig. 13s8&enbat hisove. paraneters of the wavefront sensor 10 and data
acquisition and analysis to be changed, as discussed above. Control

proceeds i medi a .1 the operator does
not want to: ch%\?gae‘ "%eg'?g"r?e er sﬁofﬂﬁfﬁé&?@%@ﬁgﬁtﬁggﬁgﬁ%@w&%%F%
Process 220_(Fi.q. 13 C | e In a Done step,291, |f the operator
chooses to ﬁ%&ﬁl%'ﬁég‘ﬁ ?%%{:gg‘—“? ,ngﬁghﬁwqﬁﬁlﬂaﬂéc%ﬂdgoqgoc@ﬂﬁb
292 in which it is determ ned whether one desired nodification is an.

i ncrease i NPICEEAND AU, Aegiitesandanabyae idatraagaim whiletingnpther embodistent, program
distance, or a nodification in the Icnslet focal length. Oher

nodi fi cat i ompuiszan be changed on thecfly withoutaeindtibliomtivnsof otifer phraindbds, anedim thal O
those skilled in the art. In that case, control proceeds to step 292 in
whi ch the |ehelgianebisompuieted in step 210, the reference object created

in step 230, and the Zerni ke nodes created in step 270 can be destroyed -
to free up MMI¥he validity of the Zernike modes can be assessed and the pupi! 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, thc' pupil of the eye 58 may initially be dilated for image capturc and wave
aberration construction and then the operator decides that the wave aberration should be
reconstructed over only a central portion at smaller pupil radius. In other words, the radius
merely i truncated and all the valid data collected previouslf can be used again, However,
if the pupil radivs 15 incréased, then new mformation 15 nceded that was not gathcred
~ previously. A ncw number of lenslets i-n the lenslet array 18 may be needed to cover the
larger pupil radius as well as a corresponding new numb::r of centroids and reference points
used for .wzwe aberration reconstruction.
Whether to ¢change radius can be included for automatic execution in the software
13 in certain embodiments, depending on cp‘nditions of the measurements and the desired

result. In other embodiments, the operator decides at decision points or the operator decides
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Control then proceeds to the B entry point of the Begin Exam natigg] p
Process 200 or the Set Paraneters step 202_ It should be underst datRl'n'ZQQ4

i f any Ofwbnﬁ ditions that initiate this control seque re true,
P%@E sp&e{ﬁ 0239%0 be

t hen ot her "pa ters, such as the nunber of Zernike node

nodi fi ed wi thout changing the sequence, Referring again to step 292, if
the answer is "No," then control proceeds to step 294 in which it is

determ ned whet her the desired nodification is a decrease in the pupil

radi us or t@rdeRetuld hakdMibaref 3tHen BRMeiRhfgddd fodubih bieratdf Riay

t hen control proceeds to a 52 20 APR %4%\0 01?2858@%?%5%%@%“
Del ete Zernji I n I C ~Zerni ke nmpdes created in step 270 are
dest r oyed- %t:ohﬁy ?’éf&@'ﬁéﬁ "EF&@%%@G ?Eﬁ‘ﬁ’é@’@%‘gﬁ" 6% G nuppber 9 %Sgﬁﬁﬁmc'de&
Exam nati o process 200 or the Select, Centroids step 260. If the -

condi t i ons PRAPCTRIG may Wantodowsh ppgpr beth wl tkeseq 1E thersame ardenand modesiarber
of Zerni ke nodes al so may be changed w t hout changi ng the sequence.

Ref erring desitied, thowaveagbet@ion iid merely mrmommalized td Nee redided Radi@y Wiz Obsiny 6 JS
to an Alter Zerni ke Mddes step 296 in which the nunber of valid Zernike

modes i S ajdtef gemila D eiisihts Proceeds to the D entry point of the Begin
Exam nati on ‘Process 200 or the CGenerate Valid Zerni ke Mdes step 280. At

this point, the L DL 1.0RQ. of _Fj 3 ]S .50 or the software 13.
Appl i cati ons anagéx%‘#m%? & lBa% gowmlrsé@%kﬁﬁé& PYAMALES ChUBEPEAS DS
i n such ar as retipal imaging, fabrication of |enses such as contact
| enses and‘?‘iafﬁf‘r‘MF@rmﬁﬁg‘?ﬂlmoﬂ #atbFig.dp thattallows payrmeters of the wanefont he
utility of the present invention, sonme experinental results will be set
forth. Onescoswfl@l angdpits sequisitiom find Aealysis o bé neangad,afsrdistussedraborve. Sohtol
measure, the stability of the wave aberration of the eye. This is

| mpor tant preceeds Bninbéiakiy frd ChengsParaheRrssidy 290, T Gsdratb BSesUit WahPto-

correct higher order aberrations depends on the stability of the eye's

gﬁ;ﬁdgge{ L@%g&ﬂpar&&e&&? tHENRCBRCA Tl 1RO BEDR TG nifibldhProf& 220 (R QB) e O
cor.nplctcd 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 oné desired modificatidn
is an increase in the pupil radius, a modification in the inter-lenslet distance,wor. a- :
modification m the lenslet focal length. Other modifications can be made in certain -
cmbodiments, as will be apparent to those skilled in the art. In that case, control proceeds
to step 292 in which the lenslet object created in step 210, the reference object created:in-
step 230, and the Zernike modes created in step 270 can be destroyed to free up memory.
Control then proceeds to the B entry point of the Begin Examination Process 200 or the Set
Parameters step 202. It should be understood that if any of the conditions that initiate this
control sequence are true, then other parameters, such as the number of Zernike modes, may
also be modified without changing the sequence,

Referring again to step 292, if the answer is “No,” then control proceeds to step 294
in which it is determined whether the desired modification is a decrease in the pupil radius

or a modification of the centroid data. If the answer is “Yes,” then control proceeds to a
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viewi ng conditions, these changes will Iimt the ability of any skzgic
optical elenent to provide sharp vision. Experinents were perfor AR 04
address thj ion and the results are provided in the f i n
sections.nkpﬁ&aiﬁéhoms, for three subjects, SC, HH and R&Péﬁﬁéméﬂgﬁnent
of the anmpbunt of comm, astigmatism and spherical aberration when the
subj ect changed hi s/ her accommodation snoothly from one state to another.
Pupi|l size was 4.7 mm The accommopbdative state is expressed as Zernikc

def ocus in Mefer®ZemiNQEF 288 Th iich i 2eéntk QndﬁDeBc?%inTV%
PCTI USCa129078 equli.n\ial eﬁlt? to 1.26 di opterseof def ocus. e‘gg-;%g{ég&gﬁ%d'

that there | iLderabl e individual .wvarjabidity,.between subje I n
exact |y howt't%ﬂéoolg%lg’? PEYF st°3ﬁ5>¢gE”W%fﬂféﬁésds",g“TvF"?‘?"é‘P‘é%Pm‘”ﬁc’@ga{ the
subject thaf there are substantial, systematic, changes in the aberrations
that are d ﬁlsﬁdf.&wo&s siepSindbitheicpaditions that injtiate; thisicoateliseanesee am trye, then
that a static optical elenment or refined surgical procedure that was
desi gned f otheammber efiZergikdimodesadsommay be bimniged witheitfchaiigivg tHeweqadnber
distances. Fig. 5 illustrates this point with the nodul ation transfer

functions (MIFs) Refriiy Atin fols0p TRAHUREERMePisONOL eSSt Eﬁic%éds‘lﬁ%ﬁgger

aberrations. The Curve |I" for each subject shows "the MIF that wo

obtained if ol f ' -V -pl aced .in,front ,of
Phe eye. wincheHRiKeaBes b o MUVHER 4 Hurbard? Hhud PG AEEG it Ao hd then
cal cul ation was 4,7 This . MIF, shows the .effegts of .diffraction alqnpe-
The. Curve PTORGHE i e Lherxprint ‘aﬁF *Fw%ﬁgm 'ﬂgwéqmaﬁ}a%?csa%@ prip g?rt?ecre&cﬁéqlﬂii s,

those ot her_than defocus) have been perfectly corrected had the subject
been accoméddaikerodgs step 2801 At e poink the desoripdon @ Figt 1 hisscampleimforititei ng
at two dioptcrs. It is inportant.to keep in mnd that defocus is not
responsi bl esoffiwarg I®: fact that this curve lies way bel ow the MIF when all
aberrations are corrected, shown here. In fact, the anmount of defocus has

been opti M geplidations Bhd FxpeViméntdEDatahe assunption that the  subject's
accomodati on was perfect, For conparison purposes, also shown is the

subj ect’ s The present invention has applications in such areas as retinal imaging, fabrication

of lenses such as contact lenses and intraocular lenses, and laser refractive suigery. To show
the utility of the present invention, some experimental results will be set forth:

One uscful application of the real-time wavefront sensor is to measure the stability
of the wave aberration of the eye. This is important because the effectiveness of a custom
contact lens used to correct higher order aberrations depends on the stability of the eye’s
wave aberration. If the wave aberration changes either over time or due to changes in
viewing conditions, thege changes will limit*the ability of any static optical element to
provide sharmp vision. Experiments were performed that address this question and the results
arc provided in the following sections.

Fig. 4 shows, for three subjects, SC, HH, and PA, a measurement of the amount of
coma, astigmatism, and spherical abermration when the subject changed his/her
accommodation smoothly from one state to another. Pupil size was 4.7 mm. The
accommodative state is expressed as Zemike defocus in microns, where 1 micron is
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MIF (Curve 3) when none of the higher order aberrations have been
corrected for the sane acconmodative state. Wiat this shows is tHdl ABR 2004
static coy 528!1 ns custom designed to correct perfectly all the higher
order aberration at one acconmpdative state does little ofCT/HE at
correcting higher orders when the acconmpdative state is changed by two
di opters. Though the changes of the wave aberration with accommodati on
limts the conditions under which a supercorrecting | ens would provide a

benefit in eyoiw 8apigdivhers of defotis. ITheSCda0IH therb i AN i at
eyfOivalgnB A Gdivht 0 e dah& théé'é 1%%5%%%’%1\7%&5@

such a |l ens would have no use. This limtation 54 2 A 409

PCT/ USUU/ 2 Lcul-ar Lt do nat .appl 0
pr esbyopes %%%lh@vﬂeéﬁ&?%a{%{fﬁééﬁ °;‘é§é1§g’|%§‘,r tﬁf ?@“&%@ﬁ%‘fh@% e@?sﬂt@be]?sﬁﬂ& Zss‘%l%i ng
the lens to corregt faor oLILstance visi,g{;. Rapi g tenmporal fluctuations in
the wave aBbFIks JF%'%E?M §rE die sultsiptighy Syergtic chianges i the gbematians that are

el ement. Though it has been known for sone tinme that the eye's optics arc
not st abl derendemtontaccommodativestateaghe imphication bethis is tedt bstativ apticd tlhent
accommodation, this instability has never been characterized. Short-term

i nst abi | i t gr fffinkd SuANEil praleifcathhonss Wdigned 3bf 86 viRUAGY distiRES wakid By sk ont
on

correction besides a static clenment. For exanple, a previous waverr

sensor cang ?‘@’?3‘9‘1@353 ormable mrror (see the aforenentioned U S
patent 5,777, , 10 cofrect nost of the eye's aberrations, and can

provi de unprecegden refinal im ual jty, but jts performance is
fundamental | 'y Ig & tes %P?lﬁﬁwgﬁp%&?‘#%qntm&ﬁlﬁq ‘ﬁ'@%“m’?‘m%ﬁ;ﬂmﬂ#ﬁ}'
static. Geater gains in optical perfornmance could be achieved with a
dynami c, fremimeasyremenisof threessyhisces’ wave shgoriiong. TheChivedtfoneachssbject shives
eye's aberrations. Designing such a systemrequires know edge of the wave

aberr at i orthel MiEFrihas wollld bessbsained if s idealigtativrdoerecting elaamn Wdanslaced ih rohl of
enbodi nrent of the invention, the real-tinm wavefront sensor 10 was used.

The wavef npptysRR&PI id RicGHA Aidhihe The pap® izt Sor (Rs dALALEBPWEs FHAT THid ke
that in U S patent 5,777,719, to provide superb retinal.1mage quality,

as wll b q\d@'ﬁ'%ﬁ@s%g derbts LAQRRaSd MiGHe.| Bl Pars 4 shows the MTF when ail the
higher order aberrations (that is, those other than defocus) have been perfectly corrected had
the subject been accommodating at infinity, when in fact the subject was accommodating
at two diopters. It 1s important to keep in mind that defocus is not responsible for the fact
that this curve lies way below the MTF when all aberrations a-re corrected, shown here. In
fact, the amount of defocus has been optimized for this curve under the assumnption that the
subject’s accommaodation was perfect, For comparison purposes, also shown is the subject’s
MTF (Cﬁrvc 3) when none of the higher order aberrations have been corrected for the same
accommodative state. What this shows is that a §ta§ic contact lens custom designed to
correct perfectly all the higher order aberrations at one accommodative state does little or
no good at correcting higher orders when the .acc-ommodative state is changed by two
diopters. Though the changes of the wave abel‘-ration with accommodation limits the
conditions under which 2 supercomrecting lens would provide a benefit in young people who
can sd]l accommodate, it Goes not imply thar such a lens would bave no ise, This limitation
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The bandwi dth a perfect adaptive optics systemwould need to be able to
keep up with these tenmporal fluctuations in the higher-order wa¢d APR 2004
aberratio liavestigated. How fast it would need to g o]
really acﬁg\ﬁﬁgﬂﬂpf raction limted performance was addr es?g‘.%#gﬁépgst hi s,
the time averaged Strchl ratio, defined as the tinme averaged ratio of the
peak hei ght of the actual point spread function to the height of a
diffraction limted point Spread function that woul d be obtained after

correction Rynd paskdulaly adepd bacauept dess ot tcOprestopilsdb @0 bisnep s
comput ed, The Stp?chl raytio Is a nmetric oft?r@?sg?t%@ggsess I mage gS géﬁ

APR 2004 04.8: ' s;: Lor ubj ect s
aro shown | REOEIG TAGRE wald he BEe I Gehae® b Yens IO Forte KB ioatilionh” ore
curve being the ﬁ\P/ﬁ,rage. trchl ratjo of %58 Qr apove is considered to
be diffraction | RAPHLETP Spaps indhe waveghegption mighpreduge the yalge of a static
refracted case. Going fromthe best correction of defocus and astigmatism
t o t he bestcosteation elevrent cEliongh dtfhas béen knowmion same timet that thbeye’ sbptiessaré nwbi ch
corresponds to zero bandw dth) goes alnobst all the way to diffraction
limted perdtsfleRMCehort! ik S&GIAN ahpdiP GotrAflic hSallhictifEddSST dctomMidalisn t i
the error introduced by tenporal dynam cs of the eye's aberrations are
smal | conp A t c . ' Is .
corr ect i mg L abilby B rdber feeh 8 iy ket SHomerib B brthe et AePalifis wip
very nmuch that the dynam cs of the wav erration w Il _obscur attenpts
to achieve a%f't %‘RW@&H@WF Ptrfﬁﬁﬁgl%ﬁleﬁgﬁ‘ 43takq element, Eex ‘r"‘ﬂ@"@l’~é‘r?éﬁ‘f‘?us
such as a custom zed contact |lens, or with refined surgical nethods, In
order to govavefonpksensasican hecaypleditp 8 drioapalie migerfstxthe aforameationed Y.S. patent
diffraction limt, an adaptive optics (AO systemw th a bandw dth of

| ess than 15,197,719, neestestt midst of thelegess stetrranions) anll ahn piogide wapredodenteibietinal
exhi bit fluctuations beyond a frequency of 1 Hz. It has been observed

that si gni fiinggdgudiity HENS YerfRMRARAS hnd@n bthll P limited@ BécaiéithOdorfeclign RlappRes
This sinply nmeans that for this pupil size and this-condition the power

carried by:fhe tiﬂ”ﬁ%ﬁ’?@i PlSater'gHin Fl}e@ﬁﬂ%cﬁgﬁﬁ%\é%ﬂid W6 altficvcl it LGyRiRL,!

to significantly I I mage “qua

real-time system capable of tracking the fluctuations'in the eye’s aberrations. Designing
such a system requires knowledge of the wave aberration dynamigs,

To measure these dynamics, in accordance with- an embodiment of the invention, the
real-time wavefront sensor 10 was used. The wavefront sensor 10 can also be coupled to
a deformable mirror, like that in U.S. patent 5,777.713, t(; pro;ridc superb retinal 1mage
quality, as witl be appreciated by those skilled in the art.

The bandwidth a perfect adaptive optics system would need 1o be able to keep up
with these temporal fluctuations in the higher-order wave aberrations was investigated.
How fast it would need to go so that to really achieve diffraction limited performance was
addressed. To do this, the time averaged Strchl ratio, defined as the time averaged ratio of
the peak height of the actual point spread function to the height of 2 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 ofien used to assess image
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| | | 71 APR 2004
advant ageous. A cl osed-l1oop AO correction requires a sanpling rate at
| east 10-26 tinmes the bandwi dth of the fluctuations that are to be
correct edwoopigiong that an AO system operating at 10-20 abl e
to track all the significant fluctuations in the eye's op?ﬁgéﬁpwﬂ?ﬁe 518
mm pupi|l size. This is encouragi ng because the technology to do this is
avai l abl e And the present invention achieves the first real-tine AO
correction for the eye In sumary, the first nmeasurenents of the tenporal
properties @litheThseurzesfaybvo sifectnaiesshowanin Figdi foeasBsarpigdl aninesgal
tenporal fluctuations are small conpared with 56 2 0 APR 2004 WO 01128409
PCT/ USOQ 2%@¢6miradatidra bhe€ ciitve Belmgqna%@%wm( SttiARiPdr 6 96 ailsve it ESHsYd[eg%

nt | ¥| s of a's c

that they will not interfere significantly with the bene
custom zed 18k idsBhcd £ | L ent d variations
thereon have been' set go]?%ch %(\!lyocfg?gpﬁg E{ae%\[?g?mﬁmgbg%ﬁtlrg%’qt e QePng
w Il appreciate that other epbodi nents can he realized within the scope
of the | nyafdm gﬁ."%‘%"f@ﬁ%’b{?g?ﬂ fFY Wdiasemahiamde Bebast statiscomtestioroatall the
terms of an Intel-based PC, another type of conputer could be used, as
coul d a ded@wekramay pbasratiops Gvhich perespbudsae eerodandveidth) @hed slthosC4lbhewag to
any suitable progranmm ng techni ques, such as object-oriented progranm ng-
Ther ef or e, td Hiffranionrlimiosy Forudndnbs THIB$4 n'RshoMant feSill BGauft Y
appended clainms. 57 2 0 APR 2004 What is C‘Iﬂgpi med is; | o A rrertnﬁgﬁ%]‘?‘ the
measuri ng grrdPnebdiRil b ResARll XGe seBerih0 RS aRompand ﬁ'i%
taki ng i nage data frorr?t € eyed,}ﬂt ecs?)?aﬂg:e&ag%g corr%?%i §°B%Pa¥=§|ﬁ’l 6f
spots (88) Vi ition eterm nad by the wavefront aberration; (b)
o1 ni ng. acBpir e % trpPed S LS8 aptetang Homenty ehyathar wardy here s
determ ni nlc); U\ﬁ positions (96) of the spots; and

robably no need to worry very much that the dynamics of the wave aberration will obscure

attempts to achicve better visual performance with a static-correcting element, such as a
customized contact lens, or with refined surgicat methods,

In order to go the rest of the way from peﬁect static correction to the diffraction
limit, an adaptive optics (AQ) system with-a bandwidth of less than 1 Hz is needed. This
does not mean that the eye does not exhibit fluctuations beyond a frequency of 1 Hz, It has
been obscrved that significant frequency com;;onents exist at Jeast out of 6 Hz or so. This
simply means that for thig pupil size and thiswﬁdition the power carmiad by the fluctuations -
in frequencies above 1 Hz is just too small to significantly impact unage quality, which is
advaniapeous. A ¢losed-1oop AQ corrsction requircs a sampling raic at least 10-20 times
the bandwidth of the fluctuations that arc to be corrected, implying that an AO gystem
operating at 10-20 Hz would be able to track all the significant fluctuations in the eye’s
0ptic§ for the 518 mm pupil size. This is encouraging because the technology to do this is
available and the present invention nchicvr;s the first realstime AO correction for the eye

In summary, the first measurements of the temporal properties of the eye’s wave

aberration have been demonstrated. These temporal fluctuations are small compared with
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(d) calculating the wavefront aberration in accordance with the po?iﬂth@”ﬁ;m
of the spots; characterized in that step (C conprises: (1) locating
centroid (9Q.m,94..,96) in each of the search boxes (86); (y i each
of the sea‘?@ﬁ”g’g)‘?%s (86) with a search box (92, 98) of red&é‘%ﬂww&al
size; (iii) locating the centroid (94, 96) it each of the search boxes
(92, 99) of reduced physical size; and (iv) repeating steps (ii) and (iii)
until each of the Search boxes of reduced physical size (92, 98) reaches

a mni num sikestafic higier rerdbodbatativngi 6 the &vel MGy WACHEY | wdldnbtNirtérfdre
step (a) is performed wth a Hartnmann- Shack detector (20) having a

plurality of; : Al : ok (18) forma
plurality o%lgégio%f%ﬁ}% %&&&ﬁ%ben%?gs 5&%2@&’%@%@?&%@0@@%@%@? characteri sed
in that: step (d),.i.s performed using a matr.ix having rows corresponding to
the lenslets (18#‘,”'u rfopre W%gﬁ@ﬁyaho@%crm@vﬁqpﬁﬁmméwdcuul
lenslets (18) do not provide data that are usable in accurately

det er ni ni ngahdye, theseskdled i Berarawilbapprepiate that pther émtiodimenmg cqnliBaealized withits
corresponding to the lenslets which do not provide data that are usable

I n accur at eihg seplerhe Thiehtiohe FopwRinislewiikahs Rirdware Has béiirdisabach Rfms #’ﬁi m
e

1, further characterized in that the mninumsize is a diffraction 5.
t hod of i h i j .
Toduci ng. o AfiRIdastd PNl R A bEEonFflel R4 BE Bkt SLg SR YUgpice, |
h di tipn. .58 2PAPR7004 6. T .h f clelin 1, furth )
oo act or | LABP: 1R Soffiare i peprenare SeohRaing it Sy sdhie. Prograring teghriques. such

as objcct-oriented programming. Therefore, the invention should be construed as limited

only by the appended claims.
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only in accordance with pixels in the imge data whose intensities hi$
between a | ower threshold and an upper threshold. 7. The nethod d& él&ﬁﬂ%
G further characterized in that the Method conprises pronpting an
operator to select the Iower threshold and the upper threshold. 8. The

met hod of claim11, further characterized In that each of the plurality of
search boxes (16) defined in step (b) is centered on a position (156)

whi ch one of the Spots (S8) would occupy in an absence of the wavefront
aberration. 9. The nethod of claim8, further ebaraeterized in that each
of the pPMHtaFl¥Et search (86) boxes defined in step (b) has a

dimet| Si on equgl_to,a spacin - bl O Shak Yeiii ch the spots
woul d occupy f’%’? éd‘é%cg?lug'ég%faggl \éﬁg\g{/ale' (r%(f)ﬁf@ébéerratni (%%Qsli " The method of

claima, fur t@ﬁ&u@hﬁ{;%i%&ﬁbﬁ@fd e%e&nl Rate 83chn Hsint BauRbiylol s o) Ime@E ch boxes

(86) defined Th step (b) has a dinmension which 1s scaled dowmn froma

SPaci ng. (fions eIt MRSHeiobibcrnl 1 0N (156) which the spots woul d
occupy i'n the absence of the wavtfront aberration by a factor |ess than

one. 11. The wpéehsisg OflualinpéfERald poxtd B6)tidmbe impirsdamet er xzed in that step (b)
conprises pronpting an operator for the fetor. 12. The nmethod of claim 1,
furi hor chat o) desemining \hepdsiions (36} ofhepy #d) conpri ses reducing a sire of
each search box to be replaced (86, 92) by a_ fractipn (}f a %i xel al ong
each W, 13. (healmuiogsht \Bremorabairpnen in aecprdapte MR P PORUOBTF PEPTh that t he

fraction of a pi Xeiﬂiifsl one-h of .a pixel. 1+4, 719 nothed of claim 12,

|
fv her ebsrae‘f"é?’f% . PE‘H&{‘?‘WP“&aCh search box of reduced physical
size {12, 98) vhi cl |96l NI Al 60K xRS MhkbaNlo@ a6l . Step (C) (1)

conprises assi8.nitg to~ each of said at |east one fractional pixel a

contribution to thg)epRbihPish BhCRarkiSbREBUBE) With dsca&ith bRIPMIBY dfgedudedact i on
of an intensity detectfed Iin the fractional pixel centered in the

fracti onal pipgkicatd®d; The nmethod of claim 1, further-characterized In that
step (c) further conprises: (v) allowing an operator to drag one of the
centroids to a newildomtitecthe ccabmid (9. 96) ncsadh] <f heteareigbe b &Mt M 81U°*hi ch has
been dragged ';ﬂ(:)yﬂmfm?snw | ocation, using a )
. {iv) repeating steps (if) and (i) until cach of the search boxes of reduced physical
size (92, 98) reaches a minimum sizx.
2. The method of claim 1, ﬁﬁ'th::r characterized in that:
step (a) is performed with a Hartmann-Shack detector (20) having a plurality. of lenslets (18);
and
the plurslity of lensiets (18) form a plurality of spots (83).
9. The method of ¢laim 2, further charactarized in that:
step (d) is performed using a matrix having rows corresponding to the lensiets (18); and
stop {d) sompiisey:
(f) determining which Jenslets (18) do not provide deta that are usabls ih ascurataly
detormining the wavsfront aberration; and |
(i7) eliminating (186) the rows corresponding to the Jemslets which do oot provide
aam that are usable in accurately determining the wavefront aberration. 7
4, The method of claim 1, further characterized in that the minimum size is a diffraction
Limited sige
L, The swthad of claim 1, further sharasisvized in ﬁmt step (e)(1) comprizes reducing a sirc off

cach scarch box 0 be replaced {86, 92) by ons plkel & sach direetion.
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light distribution around the new |l ocation, 16. The method of cl ai mzlq APR 2004

further characterized in that step (c) further conprises. 59 20 APR 2004
(v) allowing an operator to drag A ccntrat one of the ccntrokb to a new
locationi 944 (vi) recalculating all of the centroids around the new

| ocation. 17. The nethod of claim1, further characterized in that step
(c)(iii) is performed wthout reference to a location of a previously

| ocated centroid, 18. The nethod of claim11, further characterized in that

step () (iii)g B REhddYrOBFh HFirRe cRuractenGdlid @it s@ps (BXIDEAH)Rkpeifasad ed
centroid as a start estimate. 19, The nethod of slanis 1, futher

et sar act &g sortahcd WiRpbits @b Bafd dala Jihéss inpesides lienethveerss Imger tharshodd and k¢
estimate, "a | ocation which a spot would eceupy in an abtanee ofthe
wavef r onjppalgéskad.i on. 20. The nmethod of claim3, further characterized in
that step (d)(1) conprises allowing to operator to select the ltnslcts
whi ch do not pribyinebodwfabin tofmtisr chapeterizpom [t e HeBpd OFRI BOMRR AL r
characterized in that step (d)(i) eonprisea determning automatically
whi ch | eqfaket ® sdet holowgrtigeshelé andsheivpper Yshgld- 22 The nethod of clai m 21,

further characterized in that ste d)(t onpr.i ses det.cnni ni

aut ot nat | cal | § Thnmethod & sl d.Soger M“%M}F ﬁ’é‘n%sha%ﬁ& Pg‘ﬁ%'g q ﬁemé%t(l:%’?%ance

wi th standard devi atjqQns of . intensi r.qund the, LWhOinla@ Dt 1 0i ds.
25 " The. WE IR B eaed p R (PR RS e BPAIRRIE e

conprisesg determ nie‘%g?;ﬁgt opatically which lenslcts do not provide usable

date in HEPEtYARCE Vetal | intensity levels of the corresponding

cenuol ds. 24. o THE RLIEIGE & hftheieRaracieittel itha @ikBIof G Phintighf bdatch (8RL ;  t he

matri x has two rows corresponding to tack of the |lenalets; and atop
(d) (i) BXBPAdBRRASH atkp (5) hata digentidiB&lalios kpacisg behweeer bovpositionsr @i vhigh g t o each
of the lenslets which do not provide usable data 25_ The nethod of claim
24, f urt fyers wohld cecoivan iy sigencpofithrarevalioe absf@iodows correspondi ng to each

10. The method of claim 8. further characterized in that each of the plurality of search boxes
(36) aefined in step (b) has a dimension w_hich is scaled down from a spacing (X, Y.} berween the
positions (156) Which the spots wonld occupy in the absence of the wavcfront abermation by a factor
less than one.

11, The methed of claim 10, forther charscterized in that step (b) comprises prompting an
oporator for the faetor.

12. Tho method of elaim 1, further chartétérized in ot step (e)(if) comprises reducing a size
of each search box 1o be replaced (86, 32) by a fraction of a pixel aloﬁg sach side.

13, The method of claim 12, further characterized in that the fraction of 2 pixel is one-half of &
pixel.

14, The methed of slaim 12, further charasterized in that, for each search box of reduced
physical size (52, 98) which includos at lsast cns fractional pixel, step (€X3if) comprises assigning io
each of said at Jeast one fractional pixcl a contribution to the centroid which I equal to a comresponding
fraction ofan intensity detected in the fractional pixel centered in the fractional pixel,

15. The method of claim ), further characterized in that step {c) further GOTpraes:

(+) allowing an operator to drag one of the centroids 1o a new Jocation; and
(vi) recaiculating the centroid which has bpe:‘x dragg:d_to the new location, using 2
light distribution around the new location. |

16. The metbod of claim 1, further characterized in that step (c) further comprises:
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of the Ienders are a row corresponding to an x coordi nate and a r W@ PR 7004
corresponding to a y Coordinate. 2d_ Time nmethod of claim1l, furth P
sheracteticd in that atop (d) conprises cal culating a Dunber of Zem ke
nodes by using a nunber of centroids which is at |east tw ce the nunber of
Zenke nodes. 27_ The method of claim1l.. further characterized in that
Step (d) conprises calculating the wavefront aberration for a first pupi
radius Fto of the eye and also for n second pupil radius Rt of the eye,

wherein R, < Ro. ﬁ ggwa For 2eirag A EnARE D OGhc R nuG it A losdhibkt; bdge

characterized in t front aberration is calculated for R by

renormal azairig thg, re@mfatt,rgran ofBREL KiRtds Hourd e Gtk BEs@ch. f or R~. 29_ The met hod
of claim27. further characterized in that step (d) further conprises

pronpting an7onRMmkmE of OkimA, furfke). chitaeerizel iholdt aép )@ meRSormediwithosk
characterized in that step (d) further conprises pronpting an operator
for a Mt o letadon ioRazprevixaldy Rentbd gentraidi rrum Zerni ke anode for use in
calculating the wavefront aberration for R t hod, of claim

1f frt har chAri&cTiei heted of laim i. f‘yﬂlefpche-fdﬁ‘“iz%d ‘ﬁé‘f"f 8?%&*“115“56”???1&%’?%? val ue

deconposition. 32. A sy stem uring a wavefront aberration of

s
an eye, 1@%@“&&%?‘%‘#%?“&’5??5?‘? éﬂdﬂgﬂlﬂbeémﬁfg t a taking noans (20) for taking
i mage data fr the e LB I spot s
(585 “havi ng piFRemsASY Sy Ty MARE fulAkBof BN L) QRIR, ploliid shisdl
conput at OQ?nﬂEﬂ?tnﬁo{?ﬁ%) wh.&%@ﬁk%é%e%?mdﬂﬂﬁgﬁe statedvavdtiantabdraondef i ni ng a

pl uralrty of searc oxes in the, inmage data. (b) detQmning the

posi tions (9630, @he ﬁh&d&ﬂ%ﬁ: 3 8&‘:)1:“ chaddetérizhd im abse sibraddil) gomprise wing et
aberration in accordance with the pcnitiona (96) of the spots (88);
char act eupmtethmswctthraknstmgvh@bdqﬁmm“#mﬁb - 73) perfor ms step (b) by: (i)

ocating a c e;,?lt I’Tgl: geﬂ(wgdoof clwn gmcrochmgpt%zgr? %rtﬁat 5tcp0i<d?[% egl%@ses determining
automatically which lenslets do not provide usable dats.

22 The methed of clairp 21, further characterized in that siep (d)i) comprises detenining
automatically which lttnslets do net provide usable data in accordance with standard deviations of
intensity around the corrcsponding esntroids,

23. The mmethod of claim 21, further characterized in that step (d)3) comprises determining
automatically which lenslets do not provide usable data in accordance with overali imensiry levels of
the corresponding cenmoids. |

24. The method of claim 3, fusther characterized in that:

the marrix has two rows coniesponding to cach of the lenslets; and

step (d)(i%) comprises eliminating (186) both of the rows sorrssponding to cach of the lenslets
which do not provide usable data

25. The method of claim 24, further charactenzed an thet the w0 rows corresponding 1o each
of the lenslets are a row ¢orresponding to an x coordinate and 2 row corresponding to a y coordinate,

26. The method of clabm 1, further sharacterized is that sep (d) comprises calculating a
pumber of Zemike modes by using 8 number of centroids which 15 at least twice the number of Zemike
modes,

27. The l;n!ﬂl()d of claim 1. further characterized in that step (d) comprises calculating the
wavefront sberration for a first pupil mdius Ro ¢f the ¢ye and also for a second pupil radivs R, of the -

eye, wherein K, < Re.



(is) teplaeisg each of the search boxes (86) with a search box (92, ﬁ%ﬁ ?%4
rcduucd phys Taal size; (iii) locating the ccntroid (94. 96) in eé% F
the s arsb bo?teS (92, 91) of reduced, p7sys[ral ai r nod (-) r tsiyg
stops 07 and (iii) urtri) each of the search boxes of reduced physi cal

size (93) reaches a mninmum size. 33. The system of claim 32, further

" characterized in that: the inmage data taking neans conprises a

Har t mann- Shack detector (20) having a pIuraIity of lonslets (18); and the

plurality of |cnalets ). for Lural 0 orr eyai eut
of nlaimN, Fil |§‘%1H“5'M{/|ﬂ ??1‘2%“61? S5t ‘Egﬁhﬁﬁh@%ﬁé"r’%ﬁﬂ? mﬁegns (12)
perforns ste usin [ ;i r pondi ng to the

| enl et s; EH‘&‘B%#%%'I’ E")m%@%g% Ja eﬁ?ﬁ‘)ab%g{‘tge%ﬁ?ﬁ%%é‘&ﬁl ch lenslets (18) do
not provide dfgt tr&%%d?fc@anﬂ%ﬁm“ arRfeibtla 3 @ Yiep @PfrieRRobiph@s frbmpusgve front
aberrati on, 1) elimnating (186) the rows corresponding to the

| ensi et san(,;,ggtm h do not provide data usable in accurately determ ning
t he wavef ront aberratlon 35. The sybtexn of claim 32, further

charact eri zeds(, Mhd dittiod bh@ei R ifirhen chirderive iethal st ([dpottieorpmptiserjroepingi ze. 36_
The system of claim32, further characterized i'n that step (b)(ii)

conpr i sean dpegiwcfong nénimie ZendE nedcCind Semaxihemiegede &p pse i cyelFidpPaced by
one pixel in each direction, 37_ The system of claim 32, further

char act ewsvzgeht sharathafor Bt eps (b) (i) and (b)(i ii) are perfor med only in
accordance w t-hrgl xels in the |mage data wh %se |?J)%npsériﬁtming§u;He bet]ween It

| ower t hr eshoPt Thrwictbad of glsieh, fdhfrealspsperized in that step Ing singular

value decomposition.
32. A syster (10) for measuring 2 wavefront aberration of an eye. the systcm comprising:
image data taking means (20) for taking image data from the eye, the image data comprising a
phurality of spots (B8) baving positions determined by the wavefront aberration; and
compmation mcans (12), recsiving the image data, for:
(2) defining a plurality of senrch boxos (86) in the image data;
(b) determining the positions (36) of the spots (88); and 7
{¢) caleniaring the wavefront aberration in accordance with the positions (95) of the apots (88);
characterized in that the computer means {12) performs siep (&) by:
() Jocating a centreid (90) in each of the search boxes {86);
(i3) replacing each of the search boxes (86) with a search box (92, $8) of roduced
physical sizs;
(iif) locating the centroid (54, 96) in cach of the search boxes {92, V%) of reduced,
phyeieal size; and
{iv) répeating Steps (i) and (3ii) unti) each of the search boxes of reduced physical
size (98) reaches a minimum size.
33, The system of claim 32, further characterized in that:
the image data taking means comprises & Haromann-Shack detector (20) having a plurality of
lenslets (18); and
the plurality of lenslews (18) form the plurality of spots,
34. The system a.f slaim 33, harthér sharsereriaeg in ae

61



38, The syzwm of ol aim 37, Mier oharaetrrixed in that it conprises
tnrerface neans (54, 56) for pronpting an operator to sel ect the Dﬁ%ﬁ?’?ﬂﬂ&
threshol d and the upper threshold. 39. The system of claim 32, t
characterized it that each of the plurality of search boxes (86) defi ned
in step (a) Is centered on a position (256) which one of the spots (88)
woul d occupy in en absence of the wavefront aberration 40. The system of
claim39, further characterized irk that each of the plurality of search

boxes (86) Ctﬁe‘euﬂ,gﬂcr'n&arﬁt(?z? (R YRS (B velhTRARHO Ravidg Wils chPespondiNBIURg bet ween
the positions ( whi ch tﬁe spots (48) would occupy in the absence of

t he vvavq;rggglmgberratl on. 41. The systemof claim39, further
characterized in that each of the plurality of search (86) boxes defined
to step (a) hap(dcghipi®ESi on which is scal ed down froma spacing (Kt, yr)
between the positions which rho spots (88) would occupy in the abeEpee of
the wavefront aber(hatiminigyhichlemdeoti8) dogst providsrdate thet sraq@eblarmdcaipiilem of
claimd4l, further characterized in that it conprises interface neatus (54,
56) for pr onqgtchnilg'na?mweﬁoatﬁmmﬁ%“tdhe f act or 43_ The system of cl ai m 32,

further characttrhed in that ste b) ( es red n size

each search box (dﬂ) clggigetipg, (15 ‘ngﬂ(“'é) swéig;’ ﬁ‘f’ Z’ﬁs’?ﬁ l@ “ﬁ&?él“zﬁ)ong each
eida. 6z 20 APR.2 tem of .cla rther characterized in
That  the 1radePost 5t bl gl Ssriags oF V1B pematth 0 07LTC o o

claima43, f Urishgﬁz 9@% BCh 2 &bk NorbBtnzed RTnERE hisSah Gl YOmmicseduced

physi cal size |neludes at |l east one fractional pixel, step
(b)(tii )hnggm.ses assi gnl ng to each of said at |east one fractional

pi xel a contribution to the centroid which is equal to a correspondi ng
fraction of a¥t. TRtseesi df eitheS2chnlecichaactérized i balctep GIE) copipriet rdeimgefiegd in the
fractional pixel. 46, ThD:yStem ofel stm 32, further eharacterized in that
it conprofewh starch be(3t 02) trchplopad by onsipinel 9 ¢3¢0 drefiGBi ng an operattt to drag

o o1 L1, SO e T BTN S R ol G L,
locatio nénlyunsl Iangrdgel w1g'nartxels ip the image data whose intensities lie berween a lower threshold and an
upper threshold,

38. The system of clawi 37, frther cthd in that it comprises interface means (34, 56)
for promping an operator to sclect the lower threshold and the upper threshold.

39, The system of claim 32, further characterized in that each of the pharality of search boxes
(86) defined in step (3) Is centered on a position (156) which onc of the spots (88) would eccupy in au
abscnce of the wavefront sbesration

40. The system of cleim 39, further characterized in that each of the plurality of search boxes
(86) defincd in step (a) hgn » dimension squal to 3 spacing between the poesitione (156) which the spats
(88) wounld cccupy in the shsence of the wavcﬁ'oin aboration.

4]. The system of claim 39, further cheracterized i that each of the pluraliry of scarch (86)
poxes defined in step (a) bas & dimension which is scaled down from a spasing, (X, Y1) between the
positions which the spots (88} ﬁqﬂd pegupy in the absence of the wavefront sberration by a factor less
than one. .

42, The system of elaim 41, further characterized in that it comprises interface metns {54, 26)
for prompting an operaior for the factor. |

43_The syctem of claim 32, further characierized in that step (b)) comprises redusing a size

of each scarch box (86, 92) to be replaced by o fraction of # pixel along each cide.
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di stribution around the new | ocation. 47. The system of claim 32; further
characterized in that it conprises interface nmeans (54, 56) for ag[](maﬁl'm‘
an operator to drag a antral ono of the eeneoids to a new | ocation, and i n
that step (b) ftrdter conprises recalculating all of the centroids around
the new Joeation. 48 The systemof claim 32, furthcr characterized in
that step (b)(iii) is performed Wthout reference to a |ocations of a
previously | ocated centroid_ 49. The system of claim 32, further

characterized in that step (b)(iiii) is performed using a. |acation of s
previously | ddatearstear Flélﬂ’d‘(-qa%&%i’ dipraignzesdp °¢r§‘a§’6_°hr'ﬁ’§g?g)‘/’§°&§m°g? claim
32, further charactcriud in that stop (b)(iii) is perforned using, as a

start e®hmte, a | ocation which a spot woul d occupy In an absence of the

wavcf ront abegﬁ%%g sogeﬁfgr;ghﬁ m&%ﬁ@r&%ﬁyﬂ% 3 3 cach khon GhRREd €1 | 2ed

Iin that it cofpris atfc nmeans (54, 56) for allowing an operator to

sel ect the:lpRsl@L $g)Which BnctidesA0leasPErR HastRndi $28| GepdBtit) DRpristhasigygem of
claim 34, further characterized in that step (c)(i) conprises determ ning
aut onat i Gal Jfvaiddiiced odcdractiond) pilel 2 partribpion s Weceprnitibhien ighyud o BQuesmRdng yst em of
claim52, further characterized in that step (c)(i) conprises

det er r ni faciiongf amivemsiydeiecied nyheviniticr) pixghentseed infbs SR EPBth de usabl e data in
accordance with standard deviations of intensity ,arpug.d t he &%r{{iﬁspondi ng
centroids. 5446 ThicYSymersitim 2, fapher phagsterized indinit cquipri=a OIEPS FEHS (4 that  step

| i ses_det er i ni bl At Leei | v.nhi.ch Leael -
l(.ngiE): )e gig{ {0:“%%;& egﬁr%é‘?&g}aaﬁ%eho?%e unu'oidglg :i Xewmhgm], Sca Sﬂﬁg cpd(tg)h{g%tr pmvi ne

oycr al nl croit

eorr t apont Ling SERhEEL meo okl B AR lledBo 3¢ mek USLAAR! vl gk o1 [ zed

e matrix has two rows corresponding to each of

the | ensgakvutigWount P ndvibilidp) Conprises elimnating (186) both of the rows
corresponding to each of the lenslets which do not provide usabl e data.

56. The syst em.ahe syben 61 35, furthdn elaraciedued it ten it z@yaprisas intdrfage mtekrs (PWEP) r ows
correspondi ng to each )
for allowing an operator 1o drag @ ssatal one of the centroids 10 B new Jocation, and in that siep (b)
firther comprises recalculating all of the centroids around the new jeeation,
48. The system of claim 32, further characterized in that step (bXiii) i performed without
reference 10 a Jocation of a previously localed centroid.
49. The system of claim 32, further characterized in that step )G} is performed using a
location of a previously located centroid as a start estimate.

50. The gystem of claim 32, further characierized in that step {(Li(in) 1s perforroed vsing, &5 2
start estimste, a Jocation which 2 spot would occupy In an absence of the wavefront abstration.

53. The syctem of claim 34, furher characierized in that It mmpﬁ'sss interfase meana (54, 26)
for allowing an operator to select the lensiets which do not provide usable data.

52, The system of claim 34, further characterized in that step (c)(j) comprises delermining
avtomatically which lenslets do ot provids wsabls data.

53. The system of claim 52, further characterized in that step (c){i) compriscs detsrmin;ing
automatically which lenslets do not provide usable data in accorﬂance with standard deviarions of
imensity around the corresponding centroids.

54, The system of claim 52, further characterized in thar siep (c)(i) comprises detcrmining
autoprarisally whish lenelete do not provide ucable data in accordance with overall intensity lovsls of

the nnrral;pond]ng ceptroidy.

88, The syptem of elaim 34, Turiher characterized In thar
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of the lenslets are a row corresponding to an x coordi nate and a ;fﬁVAPR 2004
corresponding to ay coordinate. 57_ The systemof claim 32, furth
characterized in that step (c) conprises calculating a nunber of Zcrnike
nodes by using a nunber of centroids which is at |east tw ce the nunber of
Zerni ke nodes. 5a_ The systemof claim 32, further oharaaterized in that
step (c) conprises calculating the wavefront aberration for a first pupil
radius Ro of the eye and also for a second pupil radius R of the eye,

wherein R < ﬁ%au%?has@%%é%ﬁ&& @fe 16 tedh BMRBenskwtihdier characterized in that
t he wavefront aberration is calculated fur R by romfWg the wnvef mt

aberration c?t&%@’% Schaphists elmRinaiby156) beh &)iheSbay dorrespéndiog wicked 5B kniwiner
charactcrircd I'n at It sontirioca int6rf8C8 Snet tc (54, Srs) for
pronpt i NghigkcangFaidesablodaRt . 61. The system of claim 60, further
characterized in that it conprises interface neans (54, 582_ for pronpting
an operat or f & Tie syites oAnheing Shrifilcber vhaksterusd mEha e M TP ERERR B R F'br use in
cal cul ating the wavcfroiu aberration for R 62, Thedsgft em oé{.mgl aim 34,
further offerdesiterr 2ty seREPREANSI &% NI 2 FPLPPRRRITE RS ‘Wi T ar  val ue
d440J>t p451 ~l Ot , 63, A wgilL al aur i. ' b of an
eye. the met hdd T@%W*Piqf;@%& % %’X\’?ra‘ﬁﬂf&ﬂ?ﬂnaigé%gé%&?%})%h?ﬁéﬁ%&g&? “the

i mage data conprisin | ural i f S . ' Bsted dfOErBike

det gr i n%*ﬂ“bﬁﬂﬂr%gﬂ'é'i?/\ﬁ%f ofit"e A i%é’? f%tﬁo?‘g( ““%ﬂ‘%ﬁﬁg@?m ur a‘Fi ty of search
boxes (100) in the imge data; (c) determning the positions (116) of the

spots (8§l “*and (d) calculating the wavefront aberration in accordance
W th the posi b GRS sfsdAGE cRfn 12) Gurihid GhatacterhsB8)n, tha liep (o) twuprizee dalvuiptinhte st ep

(c) conprises: (i) locating a centroid (102,114, 116) in each of .the
search bau@sor 108)onGe s70st AR rRBS Ro of the eye and alsa for 2 second pupil radius R, of the
eye, wherein B; < Ro. '

59, The system of claim 58, further characierized in that the wavefront aberration is calculated
for R, by renormalising the wavefront aberration calculated for R

60 The system of elsim 53, further characterired in that is sommisss interfoce means (34, 36)
far promptiog ah eperstor TR,

§1. The systetn of ¢laim 60, further characterized in that it comprises interface means (54, 56)
for prompting nn. operator for a miniroum Zernike mode and a maximun Zemike mode for use in
cafculating the wavcfront aberration for Ry,

62. The system of claim 34, fmiw characterized in that step (d) is performed using singular
value decomposition,

§3, A msthtd of wassuring 8 wovefront sberrarion of an cye, the methed soidpiiziug:

{2) taking image data from the eye. the irr;age data comprising a plurality of spots (88) having
pnsiﬁons determined by the wavefront aberration,

(b) defining a phurality of scarch boxes (100) in the image daw;

(¢c) determining the positions (116) of the spots (38); and

{d) calculating the wavefront aberration accordanct with the positions (116) of the spots
(88);

characterized in that step (¢} comprises:
@ Jocating a centroid (102, 114, 116) in each of the search boxes (100);



(11) replacing each of the search boxes {100) with a search box (106, 112,
118) of reduced physical size, the search box of reduced physi cdl0 &RfRz¥04
(106, 112, 118) bring clipped to fit entirely within the search box (100)
.which is replaced; (iii) locating the ccntroid (102, 114, 116) in each of
t he search boxes (106, 112. 118) of reduced physical size; and (iv)
repeating steps (ii) and (iii) until each of the search boxes (106,
112,118) of reduced physical size reaches a mninumsize (118). 64. The
method of clai mi§3, fepladikpehchalithe seatcl bixee(don) with  seieh bgx GBS, 18D LIW ¥ conpri ses
form ng the search box (106, 112, 118) of reduced physical size by. (A)
reducing a size of theusephysinl Hoxih¢ E6eh boxeBedveppyysicd sBe(PepiZatidy by one

pi xel in each direction to forma pixel-reduced search box&%]a(im, 110); (B)
centering the pixel - baubsiprdd oty prsiehishin Crpmarchbppdl 0@ whish s *elefis% oi 0 (17 02)

| ocated in step (c)(i); and (O clipping. the pixel-reduc Sgalr box
(104, 110) to tﬁé) bolmﬂlaﬁhésmﬁ‘?‘dﬁﬂ%12%&%85'”‘88@?%” “S‘JU%%W&@@% 1? 00, 106,
112) to fit entirely within the se_argh box to be replaced (100, 106,
112). 65. The net hod "BEOEIIRYTES 0] t her cbtsraeterixed in that the

m ni mum si ze in, step_(c).(l] i i L bt adosi el spd. The

nmet hod of cl ai m('g?}, f%?%h%%ér{gpéhi?’g‘é?lgﬁujz%gpﬁfﬁﬂgﬁgt st:gpsﬁ(ef(if)mand
(c)(iii) are performgghc.aPhyicil Sreestnd d aituidifcl(i 19). xel s in the image data
whose intensities |lie between a | ower teshoid and an upper threshold 67.
The net hod of giChipi a6 or daith 63) Qithé& Rz inatistdpric)ip emprites HIPiRPYE see
pronpting an operslor to select the |lower threshold surd the upper

t hr eshol d. 68searfn b (196 1Rf1 1¥yobestnctdplysisalfisg BX r obt aberration of an eye, the

met hod conprising: (a) taking inmage datg fr eye e i data a*1G
orising a plurali tS/’SGfd“ %zeeé‘f’ﬁjmﬁ'h'?f’i‘i’&n' ‘3&#%&’&%‘8’6%‘%@ ?“ﬁggg’g’} t he

wover rout aberrat ! o ol Heett o Mol pRaRkbeALldcl il aiEREN Dones (79, 74, 80,
®) cﬁtging the pixel-reduced search box (104, 110) on the centroid (102) located
in step (c)(i); and
(C) clipping tbe pixel-reduced search box (104, 110) to the boundaries of the search
box to be replaced (100, 106, 112) to fit entircly within the scarch box to be
replaced (100, 106, 112). | |
65. The method of cleim 63, further charaeterized in that the minimum size nstep (eY{iv)isa
diffraction Jimited sizc. | .
§6. The method of clalm 63, further characterized in thet steps (€)(i) snd (c)(i) are performed
only in accordance with pixels in the image data whose intensities lie between 8 lower
threshold and an upper threshold. |
67. The method of claim 66, further characterized in that it comprises prompling an operalor
to select the lower threchold and the upper threshold.
68. A method of measuring a wavefropt aberration of an eye, the method comprising:
() taking imagé dsta from the eye. the imags data comprising a plurality of spots (38) having
positions determined by the wavefront aberration;
¢b) defining a pluratity of search boxes (79, 74, 80, 82) in the image data;
| {#} doresmining the povitions (36) of the spots (88)

(d) calcuiating the wavefiont aberration in assordaned Wwith the positions (96) of the spots

(88);
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(a) dattning the positions (46) of the spots (88} ($) calculating the
wavefront aberration in atitiordttut with the positions (96) of t@pﬂ PR YR
(88); , 65 20 APR 1004 ehtintcterizcd in that Step (b) conprises: (|?
clztitting a Central searc>t box (70); (ii) defining a first set of search
boxes (74, 78, 82) relative to the central search box (70); (iii)

| ocating ceiltroids (84, 86) in the first set of search boxes, and (iv)
defini ng successive sets of search boxes (74, 78, 82), each successive set
defined in accordance wth |ocations of centroids (84, 86) in a previous
set; and in thapcEEEdn bpsR@YEIPEEE. (i) |ocating it centroid (90) in each

of the search boxes; (il) replaci h of the search boxes (86) with a
search box (92,?é8) &%hﬁ@a&?§3‘”%ﬁ§?ﬁ§ f size; (iii) locating the centroid

(94, 96) in each.of ; ; e ueeshmRbygiveal size;
and (iv) repeat?ﬁg sngg%??ﬁfggﬁ%%%ﬁf&ﬁﬁgﬁﬁﬁgégh of tits atareh boxes (92,
98) of reduced physifgl size reaches a mninmm size 69. The net hod of
claim 68, further characterized in that the central search box (70) is
defined about ;i cCutidching eénBbiay (¥4 b6)dnibe frsisax ofisepcictiogas,and whi ch one of the
spots (B a) at a center of the imgo data would occupy in an abacoce of

t he wavefront ale)r atdefnng sikOessiviersets fstdnehcboess (78] 74i 831, ©h supespsive 4t defined
charesttrit.Cd in that step (a) conprises formng the spots (88) by a
plurality of |ensl et snfce@yanteanith tngatiang of geprrelds (8 AQinAPreiouvsst The net hod of
claim70, further characterized in that at | east Some of the plurality of
sear ch boxes travethitistrris) coapr#esnsi ons scaled from C by a factor of |ess than

one. (i) locating a centroid (30) in each of the scarch boxes;

(i) replacing each of the search boxes (86) with a search box (92, 98) of reduced
physical sizs;
(i) locating the centroid (94, 96) in cach of the search boxes (92, 9%) of reduced
physical size; and
Gv)  repeating sieps (f) aod iil) until cach of the search boxes (92, 8) of reduced
physical cize reaches 2 minimum size.
60. The method of ¢lsim 68, further characterized in that the central scarch box (70) is defined
about B ccuter point (72) Which 1z a position which one of the spoia (88) at a center of the
image data would aeeupy in an abscnee of the wavefront abemration.
70. The method of claim 68, further charscterized in Wat step () comprises forming the spots
(88) by a plurality of lenslets {18) having a lenslet spacing C.
71, The method of elaim 70, further characterized in that at least some of the plurality of
search boxes have lincar dimensions scaled from C by a factor of less than one.
72, The method of clairs 71, further characterized in that it comprises prompting an opera‘or
for the factor. '
73. The method of claim 70, further characterized in that the central search box (70) is defined
- about a center point (72) which is a position whith one of the spots (33) at 2 center of the
image would eccupy in an absence of the wavefront abemation.
74. The; method of claim 73, further characterized in that:
the first set of search boxes (74, 78, 82) defined in step (b}(ii) have centers spaced

from the center point (72) of the central search box {70) by C; and
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72. The nmethod of claim7l, further characterized in that it conprises
pronpting an operator for the factor. 73. The nethod of claim 70, further
characterized in that the central search box (70) is defined aboti *@R 2004
center point (72) which is a position whitb one of the spots (88) at a

center of the inmage would occupy in an absence of the wavefront
~aberration. 74. The nethod of claim 73, further characterized in that: the
first set of search boxes (74, 78, 82) defined in step (b)(ii) have

centers spaced from LBgssKERE &cdBibhles (74,28, 25 ddfibe ic2aptv)al) heeaemtds box (70)
by C, and 66 20 APR 2001 each successive set of Search boxes (74, 78, 82)

defined in stsg&“[@ﬂ(tw‘)cnm&g@49@2meme$rcv&pmaq0‘.romthe ccntreids (84, 86)
in the previous set by C. 75. The nethod of claim68, further

char act er i zedsi The ebd of cimSIR SrteE dhradtgrized ih ehats makp (v){Bpthe sbreh yeadliced

physical size (106) is clipped to ft entirely within the search box which
is replaced &dQiyphysith sizé{106 tsiiphedfo Svemisy wirhip the spachdior whith iatsplagedit i on of an
eye, the method conprising: (a) taking inmage data fromthe eye, the inage
data conprisigpga plurality of spots (88) having poshions determ ned by

t he wavefront aberration; (b) defining a plurality of search boxes (86) in
the i nage dat ;A nedbdd of semmme Aivaveon abeyeianiof gyeye: (e Grthed copprsingn ot s (S$);  and
(d) calculating the wavc ront aberration in apcordaace }L\éth ds e“igositi ons
(96) of the s(ahtaking jmpgy datadigmthresy e Jaage F32 ST “"§t"é’§”€‘3)° PORPr] Cace

correcting (16, 6 for a spatial knhonogeneity in a retina of the eye
and in that steﬂi’“‘? 5 57'1"6‘?“?@ Esh?:wf‘fc‘)pmqto@g I'Ng a eenuoid (90) in each of the

search boxes @3%@) iaip rrggg}@g&mxgqﬁ?mqﬁ,iﬁ,kﬁdﬁgarch bores (86) with a

search box (9 0 uce
(c) determining the positions (96) of the spots (33); and

0

<

(d) calcutating the wavefront aberration in assordance with the po;itions (96) of the epots
(28);
characterized in that step (a) comprises correcting (16, 60) for a sperial inhomogeneity in &
retina of the eye and in that step (c) comprises:
{i) Jotating 8 centroid (90) in each of the search boxes (86);
(in) replacing cash of the search boxes (86) with a search box (92, 98) of reduced
physical size;
(i)  localing the cenmroid {34, 96 in each of the search boxes (92, 98) of reduced
physicallsize; and
() repcating st.cps_(ii) and (i) until each of the search boxes (92, $8) of reduced
physical size reaches a misimum size.
77. The method of clailm 76, further characterized in that step (8) comprises illuminating (16)
" the eye with near infrared hight
78. The method of tlaim 78, further characterized in that said step of corrteting for the spanal
mhomogeneily of the retina of the eye comprises illuminating (16) the eye with light of @
coherence length sticeted such that the spatial inhomogeneity does pot appear in the image
data.
29. The methed of slaim 79, furthér charasterized in that the roherence length ic 30 micron. '
80. The method of claim 78, further characterized in that said step of correctiﬁg for the spatial

inhomogeneity of the retina of the syt comptises:
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(i11) physical size; locating the ceotroid (94,96) in each of the %@ %EH
boxes (92, 98) of reduced physical size; and (rv) repeating stepsZ?i ? d
(tii) until each of the search boxes (92, 98) of reduced physical size

reaches a mstinmumsize. 77. The method of claim76. further characterized

in that step (a) conprises illumnating (16) the eye with near infrared
light, 78. The nethod of claim 76, further characterized in that said step
of correcting for The spatial inhonogenity of the rebuts of the eye

conprises ilturninating (16) the eye with |ight of a coherence |ength

sel ected suci) t hat tprvicingan prira! sammong e (890t y does rot appear in the inage
data. 'f$. The method of claim 73, ftttthar 4l°ederl %@g Jdnthat the rnh
ence | ength % 50 nebumippsios thegs WHHEPEER 5B P61 SEPAR R 78 PSP RE:
obaracterfted in that saifﬂ%astep of correcting for the spatial ,
ki homogencity of Heyie (8% of the ayt 86nl5r&Sesl 67 2 0 APR 2004 (i)

provi di ng anﬁ‘g)pt i Calﬂ‘%%?mi“@ggﬁg%[ Opltﬁ;?%g‘o(blzgc)andeb LR PatL bpgat he eye with

| i ght which S been scanne scanni ng . device (60); and

causing the |ight g%ﬁ[gg%“&( 0 AP ARG EMEmbdR iR Rlers 6PN ABoAb st iyt thene Cpt i cal
na s

scanni ng device ( ubSequeat1y made incident on a detector (20)
such that the liggthisisﬁu&a.?mimaéhmsmcmﬁed:b:ghcaetes:o:r(a@e i nci dent on the
t

detector (20). Si. The nethod of claim80, further characterized in that:
t he det ect or §{.26) mennapl 8930, firmeahmacgrifcd Mthdiavi ng a frame tinme; and the
optical scanning device (60) pertotms a plurality of s¢ans within a single
one of said framhedetagor {20) comprises a camera (20) having a {rame time; an
the optical scasning devics (60) performs 2 plurality of scans within a single one of
said frame time.
82. The method of claim §1, further characterized in that the optical scanning deviss {60} has
a scanning frequency of 400-600 Hz.
£3. The method of claim 81, farther characterized @ that the optical scanning device (60)
scans with an anpular extent of less than 0.5 degrees.
84, The method of elaim %0, further characterized in that the optical s¢anBIBg deviee
oroprises 4 single scanning/de-scanning m.irror {60} which scans both the Jight which
iHuminates the eye and the light emerging from the eye.
5. A method of measuring a wavefront aberration of an eye, the method comprising:
(a) toking image data from the cye, the image data compri#ing & plurnlity of spots (83) having .
positions determined by the wavefront aberration;
(b) defining & plurality of scarch boxes {100) in the image data:
(¢) determining the positions (116) of the spots (88); and
(d) caleulating the wavefront aberration in accordance with the posibons {116} o the fpote
(a8), |
characterized in that step (a) comprises taking image data from a plurality of loestione in the
eye, the image data comprising & plurality of spots (88) corresponding to the plurality of
Jocations and having positions determyined by the wavefront aberation, the data from the
plugslity of Inenvisne -in the eye bemg taken by sr_nmlling light inte thé &g sueh thetthe
plﬁﬁl.it} of SPOts are separated in time, and in that siep {c) comprises:

M locating & ¢entroid (102) in each of the search boxes (100);
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82. The nothgd of claimS 1, "er characterized in that the optical

scanni ng device (60) has a scanning frequency of 400-600 Hz. 83. % R 200¢
nmet hod of claim81l, further characterized in that the optical scan |2’(§ 4
device (60) scans with an angul ar extent of less than 0.5 degrees.

Tice method of claim@80, father characterized in that the optieA] scatw ng
device tonprises a single scatnutgldescaaning mrror (60) which scans
both the Iight which illumnates the eye and the |light emerging fromthe

eye. 85_ A meth @ of fgﬁafaﬁgucngmbu@emsmeyebo)amagmmmﬁ ap, ieyef t he
met hod conprising: (a)” taking inmage data fromthe eye, the imge data

conprising a pluralitysmedp dﬁ@ﬁ]ixzz{,ﬂﬁ}cmﬁwxqmﬁ [0Sl Bichrducetathesioni sieed by t he
wavef ront aberration; (b) fining a plurality of search boxes (100) in
the image data; (e) wipgelppidie fignfickie wilis iat eemisbog (108) which it placsdot s (88)

and (d) calculating the vnycfrQm aoerratsnn in accordance wth t

positions (116} @ t hecatfp@erennoBiq)02, UGS wehesf thE caireb hoses ARe: é‘tze’d‘l a)
conprises taking inmage data froma plurality O loeationt in the eye, the
i mage data conpri si ngfadpdediptaticd sizepfdspot s (88) corresponding to the

plurality of |ocations and hayi ng, posjtions determn vef r oot
aberration, the {#ta epesmscHRs (ﬂ)ﬁh‘g@ H‘llﬁ?hgth"ls@” ’i‘eéﬁggqﬁ’lt)ﬁig eye being
tayren by scanni ng Ilght into the t St t 3r)lte plurality of spots
art t pars ed in tims® “&‘Fi’ci’hﬁlfa'tsﬁéfe ‘e’d”"ﬁ’g‘)’mg ﬁ%} ses: (1) locating a COWM

102) t h h b 6 | aci
ach of the saRAdERREEREIDe) Ve La et af o S RiE et | D1 O 10

Teduead physi cal D005 (AL datd ot thd &%) hedhageldsiced physi cal
size being cli pﬁ%&zﬁu‘%ggn%%ﬁ@guy th%g t he sea?ygh box (100) which is

replaced; (iiigm, rgg,gl;, glggmy bgpmi)nﬁmg posiiitds deleirdinedd) @) wavcfeatebermliont he
search boxes (106 118) reduced physical size; and

and
data processing means 12), receiving the image data, for:

(a) defining 2 plurality of scarch baxes (100) in the image dara;

() determining the positions (116) of the spots (88); and

(¢) ealculating the wavefront aberration in aceerdance with the positions (116) of the spots
(83); .

characterized in that the dai processing means (12) performs step (b) by

) locating @ c¢ntroid (102) in each of the cearch boxes {100);

{ii) replacing each of the searsh boxes (100) with search box (106, 112, 118) of
raduced physical size, the scarch box (106, 112, 118) of reduced physics] size
being clipped to fit entirely within the scarch box {100) which is réplaced;

(iii) Jocating the ceptroid (114, 116) in each of the search boxes (106,112, 118) of
reduced physical size; and

(v  repeating stops (ii) and (ii) unti) eaeh of the search boxes (106, 112. 1189 of
reduced physical size reaches & minimua size (118).
B7. The device of ¢laim 86, further characterized in that the data pro¢essing meaps performs
siep (b)(ii) by forming the search box {106, 112, 118) of reduced physical size by:
(A) reducing 2 size of the sle.arch box (100) to be replaced by one pixel in each

direction to form a pixel-reduced search box {104);
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(iv) repeating steps (ii) and (iii) until each of the search boxes2 @égﬁi
112, 119) of. radueed physical afro Teaches a mnimumsize (i 1S). 2904
device for measuring a wayefront aberration of an eye, the device
conprising: imge data taking means (20) for taking inmage data fromthe
eyc, the imge data conprising a plurality of spots (8%) having positions
determ ned by the wavefront abtrratioa; and data processing neans (12),
receiving the image data, for (a) defining a plurality of search boxes
(100) in the |rragqmﬂeénasmgIﬁc}ﬁxxcdﬁﬁﬁémemmxUh@om@sp@ir@ﬁism%)i@@}d iBf the spots
(88); and (e) eaieulating the wavefront aberration in accordance witb the
positions (116) of the @pRtass (B8); chvvacterlzed in that the data
processing neans (12) performs step (b) by 0 locating a cen%goi d (102)
in each of the sea(cmplpmgebsp(xa_laayccd(sqarcybwéwyerlﬁ@o@%hs SheFHED S boxes
(100) with a search box (106, 112, 118 reduced [i) sical. size, the
search box (106, 1121o bk tébjacedf(l0ope fieesire ‘éi“@)ilseaé‘f‘%‘( Wi“’r?@“@lla?eﬂped to fit
entirely within the search box (I DD) which is reepJaeed §r S@E ))1 | ocati ng
the centrvid 81T devicp@fclain Sémffoihﬂ‘?%‘@é‘h‘f’ﬁﬂ’eﬁ'm Tob" P “™8) of
reduced physi cal S|ze and (iv) repeating steps (ii) and (i ||) until each
of the sear chAifFasies “Plﬁ%‘ze 112. 118) of reduced physical size reaches a

m ni mum si ze 3 7 e 1o 44k B b e hapakimesi zed in
that the data p‘hf)dé‘gc hg n;sg(r?gwﬁe&?rg{mrrrg Si e%@‘”(g)?{.) bi; formng the

sear ch box H%m;aozmmah el iP4IGAGe i yhbse Btensider be agweer #pwireduci ng a
size of the search box (100) to be replaced by one pixel in each

direction to hasitdnPivepha hedhted search box (104); 59 20 APR 2004 (B)
centering the pixel-reduced Search box_ (104) or:mg hgcegs?nntu{em ?x:ﬁ 102) iocatcd
in 90, The device of claim 89, further characterized in that the P g
comprises interface means (54, 56) for prompting an operator 1o select the lower threshold and
the upper threshold,
91. A devioe for measuring a wavefront aberration of an eye, the device Gl?l’ﬂpfiﬁing:
image data taking means (20) for taking image data from the eye, the image data
comprising a plurality of spots (38) having positions determ ined by the wavefront aberration;
and |
data ‘processing means (12), receiving the image data, for:
(2) defining a plurality of search boxes (70, 74,75, 82) n the fmage date
() determining the positions (116) of the spors (8 8); and
(c) calculating the wavefront aberration in acﬁ_ordance with the positions (116) of the spots
(33);
characterized in that the data processing means (12) performs step (3) by:
@) defining a ceniral search box (70);
) -  dehning o firer cet of cearch hoxes (74, 78, 82) relative to the ¢entral search box
(70); |
(i)  locating ceatroids (84, 86) in the first set of search boxes (74, 78, 82); and
(v}  defining successive sets of search boxes (74. 78, B2}, cach successive set defined
in accordance with -locaﬁons of centroids (84, 86) in a previous set;
and in that the data processing means (12) performs step {E)by:

()] locating & centroid (90) in each of the search boxes (74,78, 82, 86}
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step (e)(1); and (C) dipping the pixel-reduced search box (104) LZO b\h}he
boundaries of the search box to be replaced (100) to fit enti relﬁ K Wb
the Search box (100) to be replaced, 88 _ The device of claim86, further
characterized in that the mnimumsize in step (b)(iv) i9 a diffraction
limted size. 89. The device ofclsim86, further characterized in that
steps (b)(i) and (b)(iii) are perfornmer) only in accordance with pixels
in the image data whose intensities lie between a | ower threshold and an
ti pper threshold. 90. The device of claim89, further characterized in
that the data pfdcesrhgneradinbie woyh boxgrifpdhasearsh @ﬁﬁ%{:@%@ﬁ‘h&"d( 54, 56)
for pronpting an operator .to select. the ower threshold and the upper tlu
tshold. 91. A devi cePP8F* HBasur i ng it wavcfozt abet ntivn of an eye, the
devi ce conprising: | e,data. [ ' ge data
fromthe eye, tﬁ% [ nk’g%g%“é %n@bé%@%rg?gf %ﬁgﬁ %el(sﬂlbig}%@%’?& js(ggetdgg?%). havi ng
positions determ ned Jﬂé’i jhe. yavefront aberration; and data processu g -
mesas (12), receivi na fhe | mage data, for, (a) defining a plurality of
search boxes ( 7@y 74;¢pdafing 1889 (iij dRa (iliAmiBaG S thdtedreh vokdi)sx] o) of leduaéany t he
positions (116) of the- spots (99); and (c) calculating tint wavefront
aberration in accor dgngice! Skdrkechich e miiiieud sieens (116) of the spots (88);
characterized in that the data processing neans (12) perfornms step (a) by-
(i) defini ng |. Tedeviabf daa f & frboxhaiacedized fn that the ehatkdl prarshybex (FO) fsglefingdt  of
search boxes ('74, 7 S. 82) relative to the oenba] search box (70); (iii)
| ocati ng centﬂﬂﬂgﬂds@nmﬁﬂfG?Bﬁw'!“}‘?“t“rf@s'f'?“r"@’t“’hé’é"c"fﬁf SROB 3R 2R et er4, 78, 82):
and (if) det ng successive sets of search lnxcs (.74. 78, 82), each
suCCeesi ve semagralt wagld ogeppy i ghogesh et R “b“g'ﬂ'fal'?fns of centroids (84, 86)

'naprevi Ous93§%¥e;device of clzim 91, further characierized in that the image data taking means (20)

comprises a plurality of Jenslets (18} having a lenslet spacing C for forming the spots.
94. The device of claim 93, farther characterized in that at Jeast sorne of the plurality of search
boxes (70, 74, 78, 82) have lincar dimensions scaled from C by a factor of less than ons.
95_ The device of claim 94, further characierized in that the data processing means (12)
comprises interface means (54, 56) for prompting & operator for the factor,
0g. The device of elaim 93, further characterized in that the central search box {70) is defined
about 2 center point (72) which is 2 positioﬁ which one of the spots (88) at a center of the
image would occupy in an absence of the wavefront aberration.
97. The device of claim 9§, further characterized in that:
the first set of scarch boxes (74, 78, 82) defined in step (a)(3i) have centers spaced
from the center point (72) of the central search box (70) by C; and
each successive set of search hoxes (74, 78, 82) defined in siep (b)(iv) hove centors
spaccd ﬂ;:m the centroids {34, §6) lo the previous set by C,
98, The device of claim 81, further characterized in that, in step (b)(ii), the search box (108) of
reduced pilysical size 1§ clippe& to fit entirely within the search box (100) which is replaced.
99, A device for measuring a wavefront aberration of an eye, the device comprising; '
image damz taking means (20) for taking image data from the eye, the image data
comprising s plurslity of spots {88) having positions (36) determined by the waveiront
shesration; and

dats processmp meaps (12), receiving the image dara, for:
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and in that the data processing neans (12) perforns step (b) by: Q

| ocating a centroid (90) in each of the search boxes (74, 78, 82, le)l, (YI]Q
2 0 APR 2004 (ii) replacing each of the search boxes (86) with a% @I‘q
box (92, 96) of red.iced physical size; (iii) locating the centroid (94,
96) in each of the search boxes (92, 98) of reduced physical size; and
(iv) repidting steps (ii) and (iii) until each of the search boxes (92,
98) of reduced physical size reaches a mninmumsize. 92. The device of
claim9l, fughh@fnishdhanhedfisaat biis Bhas the mezednt ral search box (70) is
defined about a center point (72) which is 2 position which one of the
spots (88) afiy) aderankieg mofosititve (96) ofipepainiBs), smdul d occupy in an absence of

t he wavefront aberration. 93, The device of claim91, further

char act er i zeg)i akilkhy t hevdimagrddandn tekdang mhAPo(itirey CE)CoRPIPPSes a
plurality of lenslet. (18) having a lenslet spacing C for formng the
spots. 94. The @&yice of claim93, further characterized in that at |east
some of the plurality of search boxes (70, 74, 78, 82% have | i near

di mensi ons s charmrifed inbaChb image dascaking msans (203 comprissh mears I 6.K) ToMQREeEHRR | co of
claim94, further characterized in that the data processing neans (1.2)
conpri ses i ntferappaia ivkomersneits ip » refigd ok EYLIG ISP NEP @ic"g'BrésF%ltor for the
factor. 96. The device ,of cl ai 3, further erized in that the
central search Pox ('PEng&™« ‘R@dﬂwé}b‘g ”?f"@gﬁ{egﬁ%oi nt (72) which is a
posi ti on which e of th Cog) bRdeanwoul d
occupy in an ab@l aceregl%cu%egrfg&%%%rﬁgﬁa‘f&gﬁg??%ﬂ%:fnméo?xﬁﬁ‘e}?]g device of claim
96, further charactepjysglsibdd that. the first set of starch boxes (74, 78,
82) defined in step %a)(i i) have centers spaced fromthe center point
(72) of the centipal Reangine baoid (00)96Diy e ofthrkemeiioxes (RZcB3efirduced et of

search boxes (74, 78, 82) defined in step (b)Ov) have centzrS spaced from
the ccntroids (84, 8&jysicadsikhendpr evi ous set by C. :

(iv) repeating steps (ii) and (iif) until cach of the search boxes (92, 98} of reduced
physical size reaches a minimum size.
100, The device of elaim 99, further characterized in that the image data taking means {20)
comprises means {16) for illuminating the eye with pear infrared tight.
101. The device of claim 99, further characterized in that the image dara taking means (20)
comprises means {16) for illuminating ﬂ1§ eye with light of 2 coherence length selected such
that the spstial inhomogeneity does not appear in the image data.
102. The device of claim 101, further characierized in that the coherence length is 30 microns.
lﬂé. The device of claim 101, further characterized in that the image data taking means {20)
comprises:
a detector (20); and
an optical scanniog duvice (60) for illusinating the sye with light which has been
seanned by the oprical scanping device (58) and soanning again the light sn¢TEiRg from the
cys, the hight emerging from the eye and scanned agsin being subsequently made incident on
the detector (20) such that the light is stationary as the light is made incident on the detector
(60,
104. The device of claim 103, further characterized in that:

the detector {20) comprises a camera (20) baving a frame time; and



98. The device of claim91, further characterized in that, in ste? p ;
(b)(ii), the search box (106) of reduced physical size is clippe Qé 3?@
entirely within the search box (100) which is replaced. 99. A device for
measuring a wavehroat aberration of an eye; the device conprising: inage
data taking neans (20) for taking inmage data fromthe eye, the inmage data
conprising a plurality of spots (88) having positions (96) detcrnined by
the wavefrent aberration; and data praeeasing mantis (12), receiving the
i mage data, fog 7ltheopBcaPRRRn200dicé @) efbing b pigrakry pl saanabvitliiy = ofzles@asfch boxes
(86) in the image data; (b) determning the positions (96) of the spots
(88); and (c)sadshgetindi ng the wavefront aberration in accordance with the
positions (96) of the spots (68), characterised in that the i nage data

t aki ng means Y020%e doispeiicirin | Mefathsr dhargrterigd)in g theogiqeiseanning devrp0des pat i al
i nhonobgencity in a retina of the eye and in that step (b) conprises: (i)
| ocating a cefCRBMEIFRERFY ¢Mi0GHA20f t he search boxes (86); (ii) replacing
each of the search boxes (86) with a search box (92, 98) of.reduced (iii)
physi cal siz 321’%&3?1%@? qaﬁ‘ém)éerlj‘?'}‘bﬁh&f“‘(“é'ﬁ?d%ﬁ"“it% °&,%\°81f°3d‘f‘2“% %éf"%@g]r ch boxes
(92, 98) of r i hZEs LY) repeating steps (ii) and (iii)
until each ofS%%EgﬁgggarQ%@mgx?%sh%%&?%g%cé%¥' reduced physical size reaches.

a mni num si zgy, ﬁ@gcvicg_bﬁla%lﬁli%ﬂgch%la@érm&gihmftﬁbroﬁ)h@fsc&hﬁ askersbged in that
the i mage data taking means (20) conprises mean’s (16) for illwninating

the eye W t h Qieghset didpRaehihd/@ Rtannidburori(h® vty kas bofh teligitmn@®, fu Cher
characterized in that the inmage data taking neans (20) conprises nean's
(16) for ill vlumadéstiy cidrad thy behtwmchrizifighttheshe.a coherence | engt h sel ect ed
such | 108. A device for measuring a wavefront aberration of an evs, the device comprising:
image data taking meang (20) for 1aking image data from a plurality of locations in the
eye, the image data comprising a plurality of spots (38) corresponding to the plurality of
Jocations and having positions {116) determined by the wavefrent aberration; and
data processing means (12), receiving the image data, for:
(%) defining & plurality of search boxes (100) in the image data;
{b) determining the positions (116) ufﬁe spots (E8); and
(¢} ealeulating 1be wavefront aberration [n accordance with the positions (116) of the
spots (118); |
characterized in that the image data taking means (20} comprises a scanmer, the data from the plurality
of locations in the eye being taken by scanning hight into the eve with ﬂle_scanner such that the plurality
of spots arc scparated in time, and in that step (b) comprises:
(] locating » centroid (102) in each of the searsh bexes (100;
(i1) scplacing each of the search boxes {100) with a scarch box {106, 112, 118) of
reduced physical size, the search box (106, 112, 118) of reduced physical size
heing clipped to fit entirely within the scarch box (100) which is replaced;
{iii)  locating the centroid (114, 116) in each of the search boxes (106, 112, 118) of
reduced physical size; and
(i{:) repeating steps (3%) and (iii) unti) each of the search boxes (106, 112, 118) of

reduced physical size reaches a minimum size {118},
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that the spatial inhonbgeneity does not appear in the imge data. 102. The
device of claim 101, further characterized in that the coherence ZEWRZ Ui‘s
30 microns. 103. The device of claim 101, further characterized in't Q
the i mage data taking nmeans (20) conprises: a detector (20); and an
optical scanniun device (60) for iilumanUng the eye with [ight which has
been gemred by the optical scanning device (60) and' scanni ng again the
light etz#trgltl6 +a the eye, the light energijig fromthe eye and
geaptred agai n bei ng subsequently nade incident vn the detector (20) ‘such
~that the light is stationary as the light is made incident on the detector
(60). 104. The device of claim 103, further characterized in that the
detector (20) conprises a canera (20) having a franme time; and 20 APR 2004
the optical scanning device (60) perforns a plurality of scans within a
single one of said frane, tinme. 105, The device of claim 104, further
charact et%ed in thaft mﬁféﬂégrf PERTUTER A Ydrogb dbereation of ap gxe, the methedi ng
frequency of 400-600 H2 106. The device of claim 104, further

char gemgrisingd in that the optical scanning device (60) scans with an
angul ar extent of less than 0.5 degrees. 107. Tice device of claim 103,
further chg @g{n%r" i 2 | I: conpri ses
a single gc{anni néﬁg?gggnﬁﬁghéﬁbﬁgg?ﬂgg ﬁ?@ﬁ%@gﬁz&%{%@ﬁ"@g‘}‘rﬁsgm whi ch
iIlum nat he. ey.e dthe light enerzinx. fromthe eye, . 108. A device
for meas uﬁﬁ%@xrﬁ:r&é{;&aﬁ%ﬁ%ﬁgeﬁ% Pﬁ?pl‘gfm%?,f %9 é?la%%‘g‘“ﬁé\/ﬁfébﬂ@’ﬁhﬂli?]ﬂ@mg :

i mage data taking neans_(20) for Taking image data froma plurality of

| oc afPPHHEsiWhiehd0 neyprovideaisiblg datagats te leape & séooyd subpluradity dfpafiospehish (88)
corresponding to the plurality of |ocations and having positions (116)
det epnoviegiudapld deavemdef ront aberration; and data processing neans (12),
receiving the inage data, for:

(c) calculating the wavefront aberration in accordance with the second subplurality of

110 - The methed of claim 0 wherein the image data comprise a plurality of
spots having positions determined by the wavefront aberration, and wherein step (b) comprises
eliminating at least one spot which does not provide usable data.

111 . The method of claim\0 wherein step (¢) comprises

(1) determining the positions of the spots; and

(1) calculating the wavefront aberration in accordance with the positions of the spots,
using a matrix having rows corresponding to the portions of the image data, wherein said step of
calculating comprises eliminating the rows corresponding to the portions of the image data which

do not provide usable data.

112 The method of claim I} wherein step (b) comprises allowing an operator to
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(a) defining a plurality of search boxes (100) in the inmage data; (b)
determ ning the positions (116) ofthe spots (8x); and (c) cal cul 3tj ngg ;ﬂﬁ@
wavef ront aberration in accordance with the positions (116) of the spas
(118), characterized in that the, inmage data taking neans (20) conprises a
scanner, the data fromthe plurality of locations in the eye being taken

by scanni | ight i.pta the .eye with the scan ner, such that the plurality
of <pEre the poddEsph dMﬂﬁSPP@hI%EOPﬂtErﬁa caele CB% conpr i ses: (1)

| ocating a centruid (102) in each of the search bcicea (100; (ii)
repl aci nglldach of t hEhsmathod dieiets !l 56@)cinbtch (b) caairtses deterrhibly 112, 118)
of reduced physical size, the search box (106, 112, 118) of reduced

{ _reduced physical si: of reduced
iy ooty WA RRAe el Gt E Bl b B . Cach of 1 ne

search boxes (106, 1_12, 118) ,of , reduceq physical size; and (iV)
repeating'éteps (ii )Tlaffﬂe%“gicbf"[ﬁ‘mi“ﬁw@&w gachiofdhe epate haspseabrojd ahe 112
118) of reduced physical size reaches a mninumsize (118). 73 2 0 APR
2004 11@8e detpindacheinmepb) torgpasesaercahinong astbentiedllyonhieh pari@gef thde
met hod conprising: (a) taking inmage data fromthe eye, the inage data

et i king image data Fr  the img
por t 12860 B BREb prelocRhble Ay niolhor B P i ORI ARblabo Rl o

provi de usabl e,,data so,as to | eave a second subplurality of portions which
pr oviteRCTESPPRIREFEPTUIY (c) cal culating the wavefront aberration in
accordance with the second subplurality of 110 The nethod of claim

109, wher eilt5 t he i magEhaimethodafslaimél3avhotaim eddhtof thé spadpbassa érantmiontingbsi t i ons
determ ned by the wavefront aberration, and wherein step (b) conprises

el i mimage aga aindviRgéinQty BPosmphicd lefoaminoivphmartdr; whhpenidikaf the

image data do not provide usable data in accordance with overall intensity levels of the

116 The method of claim 1! wherein:

the matnx has two rows corresponding to each of the portions of the image data; and

step (c)(ii) comprises eliminating both of the rows corresponding to each of the portions
of the image data which do not provide usable data.

117 . The method of claim |16, wherein the two Tows corresponding to each of
the portions of the image data arc a row corresponding to an X coordinate and a row

corresponding to a y coordinate.

118 The method of claim !}, wherein step (¢) is performed using singular value
decomposition.
119 The method of claim I0%wherein step (a) is performed with a Hartmann-
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111 , The method of clain] 10,wherein step (c) conprises (i) determning

the positions of the spots; and (ii) calculating the wavefront 2%“; ﬂbgn
in accordance with the positions of the spots, wusing a matrix r@ ws

corresponding to the portions of the inage data, wherein said step of
cal culating conprises elimnating the rows corresponding to the portions

ol ai e REGREPh AR ol SOt oSy aRR et Gpupicgs e mibaBro00s

sel ect the portions of the imge data which do not provi de usabl e data.
113 TewEeppandsdo epe ef diedenslels. wherein step (b) conprises deternining
automatically which portions of the i mage data do not provide usabl e data.

114 The ngpgod of cl ajmykicm W HBLHRAE Al ibRE 250k PnNGS 2t eg@,%&%einn
the inmage data, and whérein step (b) conprises determ ning automatically

whi ch _portions of the 1inmage data do not provide usable data in accordance
with<® U84 devi ations of intensi ty around the corresponding centroids.
115 The method of claim 13, wherein each of the spots has a centroid in the
i mge dat sn eptigalinsrenentdoripking imegngats o thecye: thicmnage dais bamng eplutalitydfi ch
portions of the inage data do not provide usable data in accordance with
overqjolrti&,ﬁggﬂ@ity levels of ther r.rrPrnrTfl rl. n nrantrr., CsC 116 The
~method of claim? 1 ,wherein: the matrix has two rows corresponding to

each of t L . ; . step (c)(ii) conprises

elimnati %c%#%%‘ﬁ%’ ?%&k“‘%%?é@%%ﬁ%‘ﬁ%o each of the portions of the

i mage data gxhﬁfél%h do n&)tg provj de, usabl e, data. 117 The nethod of claiml

| 6, wher ei i@ FEmiRbNEoliemdae pPReikaf Rertios ehis iBege d3ta Bt FubpiTaityiaie

i mge data are a row corresponding to an x coordinate and a row

cor r gsypidor wigich doanoy prvodatisabicalata so as to leave a second subplurality of portions which
provide usable data; and

(b) calculating the waveiron! aberration in accordance with the second subplurality of
portions.

121 The system of claim 123 wherein the image data comprise a plurality of
spots having positions determined by the wavefront aberration, and whercin the computing
device eliminates at least one spot which does not provide usable data.

122 The system of claim (2}, wherein the computing device calculates the
wavefront aberrations by:

(i) determining the positions of the spots; and

(1i) calculating the wavefront aberration in accordance with the positions of the spots, -

using a matrix having rows corresponding to the portions of the image data, wherein said

operation of calculating comprises eliminating the rows correspondimg to the portions of the
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The nethod of claimlll 1lwherein step (c) is perforned using singular val ue
The nmethod of claimi 09,wherein step (a) is perfornmed with a Hart h&P0t6
2 0 APR 2004 Shack detector having a plurality of lenslets, and wherein
each of the portions of the image data corresponds to one of the |enslets.
120 A system for measuring a wavefront aberration of an eye, the system

corrpriling%%gét%%&p&d ﬁ&'pr&\ﬂﬁ%%ﬂﬁg‘rﬁm;or taking inage data fromthe eye, the

i mge aving a plura portions; and a conputing' devi ce,
receiving the imge data, for; (a)a.elimnating, . fromthe plurality of
portions & the i mnagEiuwsm ‘éffflillfféllzf TFOHIPSPEGD InfsHaes BRalghieghato not
provi de usable data so as to | eave a second subplurality of portions which

pr oviogerates ab kelcelah@por@iods 6 Hthe ¢ahgadad Which denovavefidoniabadddtaat i on in
accordance with the second subplurality of portions. 121 The system of

oI (1 ons Het or mi ned 5y YERE GEa o sk an s Al e gy R achRhes™ ' 19

conputing , device elimnates at | east_ one spat which does not provide
us ablRBlogEigaliy phichpordgnstal thehiage siatn doonot pRpadepsabiedateonput i ng devi ce
cal cul ates the wavefront aberrations by: (i) determning the positions of
the spotsjzand (ii) Tid guleat bfgaitdldtwehessineath ofthe spits bas 4 ccrartdiniece
with the positions of the spots, wusing a matrix having rows correspondi ng

u th the pos f ot ,_using a mat rovs correspon
compr PABEH S s ) R oL PR BRI bR R g 2%

APR ngggc data do not provide usable data m accordance with standard deviations of mtensity around

the corresponding centroids.

126 The system of claim 12%, wherein each of the spots has a centroid 1n the
irnage data, and wherein the cormputing device determines automatically which portions of the
1mage data do not provide usable data in accordance with overall intensity levels of the
corresponding centroids.

127 The system of claim 122 wherein:

the matrix has two rows corresponding to cach of the portions of the image data; and

the computing device eliminates both of the rows corresponding to each of the portions of
the image data which do not provide usable data.

128 The system of claim | 2% wherein the two rows corresponding 1o each of
the portions of the image data are a row corresponding to an x coordinate and a row
corresponding to a y coordinate.

129 The system of claim 122, wherein the computing device calculates the
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i mge data which do not provide usable data 123" The system of cla[in}]'ﬁ]%
further conprising an interface for allow ng an operator to sel dclt A R} é
portions of the image data which do not provide usable data. 124 The
system of claim 122. wherein the conputing device determ nes automatically
whi ch portions of the image data do not provide usable data. 125 The

t ' .2 ' f ts h troid in the i
it o, e of e on ORGPl v nes Buomatical 1y waich

portions of the inmage data dgo not provide usable data in accordance with
standard di ations &he Fystemof elzimtflinbereimise optical sSponutieng comptisaiads. 126
The system of claim 1.2t wherein each of the spots has a centroid in the

| Mg e Aahain. Sk Wee&irhahe ;ﬁgmy meﬂgag,%.adﬁs&éiﬂieaeﬁ8%%%%5&%%'@
ata do not prov

whi ch portions of the inage I de usabl e data i n accordance
with. rall intensi;ty |ev f e corresponding centroids. 127 The
systé?%\\ég? @?SPWT?H%K‘?%‘?%‘%@E%W&EH X has two rows corresponding to each
of the portions of the inmage data; and the conputing device elimnates
both of thélrows corAaspibadohmemrsgavaiehiontalmoratioond ankye, themethage dat a
whi ch do not provide usable data. 129 The systemof claim| Z7 wherein the

two reespre@pt esponding to each of the portions of the inage data are a
row corresponding to an x coordinate and a row corresponding to ay

coor di nat T of, claim.,122, wherein the conputing device

cal cul at egq%ﬁ&;ﬂ%%ﬂ%%g} %V%rfdrlont aberration using singular value

deconposi téon. 3130 The systemof clain) 20. wherein the optical instrunent

conpri ses () calculating the wavefront aberration in accordance with the image data, wherein step (b)
compnses calculating the wavefront aberration for a first pupil radius Ry of the eye and also for a
second pupil radius R, of the eye, wherein R; < R,

ne™m
aale

1
aads l2l

- - Fad - - e - - -
ethod of claim 13, wherein the wav

132
by renormalizing the wavefront aberration calculated for Ry,

133 The method of claim i32,wherein:

the wavefront aberration for Ry is calculated using a first set of Zemnike coefficients b;;

the wavefront aberration for R, is calculated using a second set of Zemike coefficients ¢;; and

each c;1s a weighted sum of a plurality of b;. |

134 The method of claim /33, wherein:

A=R;/Ro<1; and

each weighted sum has weights which are polynomials in 4.

135 ‘The method of ¢laim fj‘i;, wherein V is a highest modec which is measured in

wavefront reconstruction, and wherein
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Har t mann- Shack detector having a plurality of lenslets, and mherei@@ﬁ(i@é
of the portions of the inage data corresponds to one of the |enstets. 1
conprising: A nethod of measuring a wavefront aberration of an eye, the
nmet hod (a) taking image data fromthe eye; and (b) cal culating the
wavefront aberration in accordance with the i mage data, wherein step (b)
conprises cal aul aﬁi ng,the wavefront aberration for a first pupil radius RO
of the eyec,.etnEajlsg[ffz.aAﬁ)chr;gl)W,l radius R of the eye, wherein R <
Re. 132. The J@thod® of Tl ai m 131, wherein the wavefront aberration is
calculated for RL by renormalizing the wavefront aberration cal cul ated

f RO. 133 Th th f .clalm,132 LN th f t _ab ti f
R0 i 5 cal bl at od usi e STeE! AR GARHD e B QbR BT profrasRE '

wavefront aberration for R is calculated using a second set of Zernike
coef fopgiataitfer By.; and each c; is a weighted sumof a plurality of hj. 134
The nmet hod of claim 133, wherein; A=R/Ro<l;and each wei ghted sure has

wei ghts whizh are pofyeweihaksofichin JdivheRiEEN o Bfth&! RinfPrisks pwgﬁ{itﬁffhrhn'\l IS

a hi ghest npde which is nmeasured in wavefront reconstruction, erein

g9
8 2%@1‘3?&%995‘ nfhinhdm ﬁneﬂiﬁﬁ’m?&%aﬁrﬁmm%gwn £r use iln\éaféulai]ting\{he waveiront

aberration for R;.

138 The method of claim 137, wherein the minimum function is a minimum

Zernike mode, and wherein the maximum function is 2 maximum Zernike mode.

139 The method of claim i3], wherein R, and R, are radii of concentric pupils
of the eye.

140 A system for measuring a wavefront aberration of an eye, the system
comprising:

an optical mstrument for taking image data from the eye; and

a computing device, recejving the image data, for calculating the wavefront aberration in
accordance with the image data, wherein the computing device calculaies the wavefront aberration
for a first pupil radius Ry of the eye and also for a second pupil radius R; of the eye, wherein R; < Ro.

141 The system of claim 140, wherein the computing device calculates the
wavefront aberration for R; by renormalizing the wavefront aberration calculated for Ro.

142 The gygiem of elaim '+ whersin:

the wavefront aberration for Ry is calculated using a first set of Zemike coefficients b;
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136 The method of claiml_ , wherein step (b) further conprises pronptin
an operator for Ri. 137 The nethod of claim 36: wherein step (b)zﬂlﬁpﬁﬁ&}f'
conprises pronpting an operator for a mninumfunction and a maxi num
function for use in calculating the wavefront aberration for RL. 138 The
met hod of claim|137, wherein the mninmumfunction is a m ninmum Zernike
node, and_wherein ihéa irlru function ;i s. a maxi num Zerni ke node 139 The
ot hod- of e SRVRTOR] BDGRoB I o & gulpicd asim e gsqnd set of duke saedlicienss ¢sand of
the eye. 140 A systemfor neasuring a wavefront aberration of an eye, the
system cewré ¢ ayeignedpm ofih plunslityeffépt for taking i mage data fromthe
eye; and a conputing device, receiving the imge data, for calculating the

vavef rontygberrat i onThdeyR6FOF dZREE MW ideihe | mage data, wherein the
conmputi ng devi ce cal cul gtes t he vvavefron? aberration for a first pupil

radi us Ra ,of _t eye and also for a second pupil radius R of the eye,
wher ei n Rﬁ?%fﬁlﬁhe system of claim 14-0, wherein the conputing

device cal cul ates the wavefront aberration for R, by renormalizing the
wavef r ont exthewezhtedrsuoshasud@tlstd whach £e poliddmldly ivdvtem of Caim | *',
wherein; the wavefront aberration for RO is calculated using a first set

of Zerni kesgoef fici eneSeyRlein dc12fa iﬁﬁ?v}?&&ﬁ 21 }¥Y?j|¥ééa:; {é’%tﬁé Vgﬁa{ {asﬁltaéa%{}rgd% Re

is calculated using a sécond set o erni ké coe eaci'z of
is a wighted sumof a plurality of bl. 143 The systemof claim!]l

ri V\H\é§ ?ﬂtrecﬁ@%fc’%g ‘I’?mfﬂﬂj each wei ghted sum has wei ghts which are
pol ynom al s i n A

¢, = Zzb ) -:; {" _gz). (r4,0)Z,(r,8)7drd®.
e
145 The system of claim} 39, further compnsing an mterface for prompting an
operator for Ry.
146 The system of claim {45, wherein the interface further prompts the operator
for a minimum function and a maximum function for use in calculating the wavefront aberration
for R;.

147 The system of claim {46, wherein the minimum function is a minjmum

Zernike mode, and wherein the maximum function is 2 maximwum Zernike mode.

148 The system of claim 40 wherein Ro and R, arc radii of concentric pupils
of the eye.

149 A method of measuring a wavefront aberration of an eye, the method
comprising:

(2) taking image data from the eye, the image data comprising a plurality of spots having
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144 The system of claim 143 wherein Nis a highest node which is nmeasured
in wavefront reconstruction, and wherein N c; =Xbi 1 c 2 0 APR 2004
JZ5(rA,B)Z, (r,B)rdrd8. j=2 The system of claim 131 further conprising an
interface for pronpting an The systemof claim 4S, wherein the interface
further pronpts the operator for a mninumfunction and a maxi mum function
for N i vefront.aberration for R) 147 The system of
cl ai ﬁﬁ(&}ﬁ%ﬁ?r%{ee%#k’fgﬁeﬂ}%h%ﬁ%ﬁgﬁ nﬁﬁg?ﬁf?%s a mni mum Zerni ke node, and
wherein the nmaxi mum function is a maxi mum Zem ke node. The system of claim
1 't4, whetbdidatermingtherposuions phtieispots 1o dentena véatorpuidispl dottheAtsneithod of
nmeasuring a wavefront aberration of to eye, the nethod G2 T I MWL1. 9: (a)

t aki rqgosiﬁmﬁe)f@aetsgaowﬁ@mtplwiu@yi@wh_ich%é W@%ﬁﬁ%&gﬁﬁg{# ﬁ;{}gcﬁccmfﬂﬂgl ity of

spots havi ng 80 0 APR 2004 positions determ ne e waveft ront
aberrati on: determning the positions of the spots to derive a vectors
of di‘g%\f%@gﬁéﬁ@q@fl’ ?I;Be positions of the spots from positions which the
spots woul d_occupy in an absence of the wavefront aberration; and (c)

cal cul at i n(§) cHeulating theomvedivet ateniabon imaontincawith thd vduidrsedywiatdmnininghy
determining a matrix G] which satisfies a = G1s, where a is a vector of
Zer ni ieuiko6T MitseesHts fed 80 GhE wiRLOPH Ofectdr I TEideRISLBy St ep (¢)

conprises calculating G wherein s - G, and inverting Gto calculate

G 151 Tp method Gt clah iR 4R 0uim M LR Celes (VISR LEugy & nov! e

wherein s = Ga, and inverting G to calculate G™.

151 The method of claim !5G wherein G is inverted through singular value
~ decomposition.
152 The method of claim !5, wherein the image data comprise a plurality of

sub-apertures, and wherein G is calculated by integrating partial derivatives of Zemmike

polynomials within cach of the sub-apertures.
153 The method of claim | 52,wherein:

there are K sub-apertures, each measuring 25 x 2b;

the vector s has 2K elements comprising X elements representing x displacements and X

elements representing y displacements; and

for each sub-aperture 7 and each Zemike mode J. G has an clement G comresponding {o

one of the elements of § representing x displacements and an clement O corresponding to one

of the elements of s representing y displacements, wherein
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deconposition. 152 The nethod of claim 151, wherein the imge data
conprise a plurality of sub-apertures, and wherein Gis cal cul at eplgltmp‘gz 4
integrating partial derivatives of Zernike polynomals within eac
sub-apertures. 153 The nethod of claim! 52, wherein: there are K
sub-apertures, each nmeasuring 2b x 2b; the vector s has 2K el enents
conprising K eI 5S rggresentl ng x displacenents and K el enents
representi nlga;/ il Cemmhtialx, antl for each sub-aperture i and each Zernike
mode j, G has & rtehtox QU correspondl ng to one of the elenents of s
representl x qll S +ea}}:gnts and an el enent G3 correspondin- to one of
the el erren Ag resendidvy y di spl acenents, wherein 81 20 APR 2004 +b
;nab. dydx, anéb ﬁalt' b +baZz G- - z dxdy, 4b 154 The nmethod of claim
E S3,wherein Kis sel ect ed to be a maxi mum nunber of the sub-apertures

whi ch can syt into aThdphdthéPEf Hgim I@%H@Qb%rs s-gﬂgteﬁ% Bed rdximhi Mt

wherein an operator is pronpted for the pupil A syst em% neasuring a
et role PG e h R oty s%?ﬁcﬁ#ﬁ”‘e%”‘“{ 'hZ' f‘?mgeaﬁa?? Compr si ng &
155 - The method of claim /5% wherein an operator is prompted for the pupil
radius.

156 A system for measuring 2 wavefront aberration of an eye, the system

comprising;

an-optical instrument for taking image data from the eye, the image data comprising a
plarality of spots having positions detemiined by the wavefront aberration; and

a (;omputing device, receiving the image data, for:

(2) determining the positions of the spots to derive a vector s of displacements the positions
of the spots from positions which the spots would occupy In an absence of the wavefront aberration;
and

(b} calculating the wavefront aberration in accordance with the vector s by determining a
matrix G” which satisfies a = G's, where a is a vector of Zemike coefficients.

157 The system of claim |56 wherein the computing device determines G™ by
calculating G, wherein s = Ga, and inverting G to caleulate G .

158 The sysiem of claim |5 }'wherein G is inverted through singular value

decompostition.
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plurality of spots having positions determ ned by the wavefront
aberration; and a conputing device, receiving the i mge data, foi' (Pﬁ)
determ ning the positions of the spots to derive a vector s of 0 APR"0u4
di spl acenents the positions of the spots from positions which the spots
woul d occupy in an absence of the wavefront aberration, and (b)

cal cul atl t he vvaveif]ont abe raUg? }I? accordance vmth the vector s

det erm ni ng a matri ﬁ@fﬁiﬁﬂe\ﬁ gamalegywherew t eu“@cldsatam‘égeeﬁﬁ’]@r%“)(/@f:tor
of Zerni ke coefficients. 157 The system of claim 154 wherein the conputing
devi ceb-dpertunss,rind vAierby G calabuladd mgin€ gruvfres @irfalsled v@Nesaf@eniikerting G to
cal cul ate 158 The system of claim 157, wherein Gis inverted through

si ng Qdmﬁsf e T/ 0 APR L0O04 159 The system of claim]l5$
mhergoﬁh{)ﬁﬁﬁllg%gﬂﬁ ata cléérrkpﬁrbina eﬁgﬁ%l urality of sub-apertures, and wherein
Gis calc ted by i rati n part| al_derivatives of Zerni ke polynomals
within ea hélof t he sﬂ% %5 §1m|f§O’"’]’lfFi@nsystem of claim 19. wherein:

there are K sub-apertures, each measuring 2b x 2b; the vector s has 2K

el ement s cherprisKngbdipetansruch mepuesgtbi>ngh;x di spl acenents and K

el ements representing y displacenents; and for each sub-aperture i and
each Zer nig es t

cach. Zer KR bR RSB & DS SARR R P B P g
to on of the elenents of s representing y displacenents, wherein

fr-L DISIEREPSAILY gispdacemenisiapd = | 21 "' dxdy.

for each sub-aperture 7 and each Zemike mode ;, G has an element G; corresponding to

one of the elements of s representing x displacements and an element G/ corresponding to one

of the elements of s representing y displacements, wherein

u 4b2 [,Mf,d-b 8ZJ dydx and

-t Jx
b +bé‘Z 92; 1
& =3 (L[5 e
161 The system of claim 156, wherein the computing device sclects X to be a

maximum number of the sub-apertures which can fit into a pupil radius.

162 - The system of claim 16!, further comprising an interface for prompting an
operator for the pﬁpil radius.

163 A method for measuring a wavefroni aberration of an eye by use of a
computing device and an optical instrument having a plurality of lenslets, the method
comprising:

(a) creating an optics object in the computing device, the optics object comprising at least
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4b -b 161 The system of claim 156, wherein the conmputing device selects K
to be a maxi mum nunber of the sub-apertures which can fit into azpnjg% 04
radius. 162 . The systemof claim1 61, further conprising an inter @
for pronpting an operator for the pupil radius. x 63 A nethod for
measuring a vvavefront aberration of an eye by use of a conputing device
and an optical ipstrunent havin rality of lenslets, the nethod
coinP%P% %é)to RIS opi ﬁ@é”%’ﬁﬁ@ﬂttahcﬁmy% conmput i ng device, the
optics object corrprl sing at |east 83 20 APR 2004 one paraneter to be used
i n nmeasur (Polddrenmay ef scoof thabersicat fodwr; us¢d)n tehetimignhagatefs@it abéritie;

| enslets to be used in neasuring the wavefront aberration; (c) setting a
| ocal pupi o Labl.ex:i .(d) t aki ng i mage data
fromthe g%)eseggfl hh;]O%{ﬁgu%gtr?dclg?v%&‘?ﬁﬁgﬁ%bﬂgﬁgfg%g% 'data conprising a
plurality qof spots haying positions determ ned by the wavefront

aberrat i oﬁ‘% t@%‘jlgg@ﬁ%‘?ﬁ%tﬁ%@ ﬁw&wépgﬁé@%fmtwl ’@F‘r&‘ﬁ@ﬁ% thedmegpdata poi nts of
each of the lenslets in the set determned in step (b); (f) locating
cent coingssiof atpheaBpoifspos Hahimgipvaigienddtiamihgd bptlenpivefgpnasbapsioat or to
select, adjust and elimnate centroids fromanong the centroids |ocated

in step ({ay gcﬁbfaﬁngsqsfe?@wﬁn@ﬁe@p ; e‘hrés gef&%%?tﬁ@l%ﬁs]&@gnaﬁs%@ast

One par aneter erence array an
centr,0i ds, g g k.b det erni ni ng the vvavefront aberration fromthe Zernike
modeSEGERBFA R FEP st ep (h). 164 The nethod of claim 163, wherein the at

| east one paraneter conprises at
locatmg centroids of the spots in the image data;

(g) prompting an operator to select, adjust and eliminate centroids from among the
centroids located in step (f); .
(h) generating Zermike modes in accordance with the at least one parameler, the sci of the
lenslets, the reference array and the centroids; and
(1) determiming the wﬁvcﬁont aberration from the Zernike modes generated in step (h).
164 The method of claim 163 wherein the at Jeast one parameter comprises at
least one parameter based ona configuration of the optical instrument.
165 The method of claim |64, wherein step (a) comprises using a default value
for the at least one parameter.
166 The method of claim |8 wherein step (a) comprises dynamically
determining the at least one parameter.
167 The method of claim 164, wherein step (a) comprises prompting the

operator for the at least one parameter.
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| east one paraneter based on a configuration of the optical instrunent.
165 The nmethod of claim 16t wherein step (a) conprises using a defi aek v
value for the at | east one paraneter. 166 The nethod of claim 16t wherein
step (a) conprises dynamically determning the at |east one paraneter.
167 The method of claim 16%\herein step (a) conprises pronpting the
operator for the at %gast onge taqgger. 84 20 APR 2004 168 The net hod of
claim1 64%herein sdBpmaho rFE?lnses“’H@ffé’Pﬁieﬁi(h)gcqmié”!sﬁéﬁﬂeﬂﬁﬁﬂ%wh@heﬁ he
l enslets is sufficient to neasure the wavefront aberration. 169 The net hod
of cltbé setlof EheSlensibistihauffisicapto(thasoerthe maeefreiatabeatiinng whet her  the i mage
data fromeach of the lenslets falls within a circle defined by the pupi

radius. 17Q, A syste JEAPL I 0G 183 [ ' f. a t he
system C(Z){ré)r%ri si ng: nghg(%nptl ca(lf'frcpir%%t'r d\on@\r%ﬁ{ek ﬁ%ﬁ@g“%@a’{%’%!ﬁ gﬁr‘:ﬁ?ﬂm@ %ﬁg?ret S,
for taking ipage data of the eye; and_ .a conputing device for: (a)

cr eattﬁ?lﬁn%ﬁ’? ‘g% ﬁ ea1 Gheéthe ]ﬁmﬁﬁé falls wpthp ,qglrgg\ﬁleéi@gd by ehegpipilaadivs] ect
conprising at |east one paraneter to be used in neasuring the wavefront
aberrationjo(b) deteAnsystengfor nwaturdiy d Wevdffonk sbdrilt®ntcd abeytlgBesystem
measuring the wave front aberration; (c) setting a |local pupil radius

vari gBhfyisfhet he conputing device; (d) receiving i mage data taken fromthe
eye using the optical instrunment, the imge data conprising a plurality

of spots havi osjtions, determn by. t he vefront aberratjon; (e)
gener at i nganaol’agf’&né enf, paxing,p gh’ﬁéﬂy 8¥@3n€h@mm%f’ t?’]ﬁ?ﬁf@agﬁ‘["’éﬁ%&ﬁﬁ’ﬂf’é‘d
lenslets in the set determned in step (b); (f) locating centroids of the
spots in theompie dpyice; for:
(a) creating an optics object in the computing device, the optics object comprising at least
one parameter to be used in measuring the wavefront aberration;

(in"y oot porenn
{b) determin

4

of ihe lensicts to be used 1n measuning the wavefront aberration;

Tum ont
L

ingas

(c) setting a local pupil radius variable in the computing device;

(d) receiving image data taken from the eye using the optical instrument, the image data
comprising a plurality of spots having p‘ositions determined by the wavefront aberration;

(e) generating a reference array of aperture center points of each of the Jenslets in the set
determined in step (b);

(f) locating centroids of the spots n the image data,

(g) prompting an operator 1o select, adjust and eliminate centroids from among the
centroids located in step ({);

(h) generating Zermike modes in accordance with the at least one parameter, the set of the

lenslets, the reference array and the centroids: and
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(g) pronpting an operator to select, adjust and elimnate centroids from

anong the centroids located in step (f); (h) generating Zernike go@ﬁsl d/‘n
accordance with the at | east one paraneter, the set of the Iensz ts, e
reference array and the centroids; and 85 2 0 APR 2004 (i) determning the
wavefront aberration fromthe Zerni ke nodes generated in step (h). 171

The system of, cl ai.m 170, erei.n the at lea qQpe paraneter conprises at
| east one??ﬂgf:@ﬁ@f”é?g SEe Hmaab(,eﬁrﬁfli)@%ogl &S?F[EHFE? FodeheeneEated Hstleridont |

172 The systemof claim 171, wherein the conputing device perforns step
(a) usingi7d defaul t T gystefrosf didim |40 wieast tlonea lpar anepstmetky Sompiiked s$yst em
of claim1' 7i/ wherein the conputing device perforns step (a) By

dynamaaadﬂexﬁfaﬁﬁﬁaemﬁwen?afasnﬂgurm@ésfmgggg@a%%%} 174 The system of

claim 171, “further conprising an 1nter ‘ein the conputing

devi ce perforns step.(a) b r onpt,i t he gperator through the interface
for the a{?fz | east oﬁl&h#ﬁ%ﬁﬂe&éf&m"?ﬂ%ﬁ%ﬂ%%mmlt@memcmp@r,fomﬁ@zp Bt he
conmputing device perforns Step CO by determ ning whether the set of the
| enshbsbg aidsfasittf ahei fenthet lewstasierpersthaexmavef ront aberration. 176 The
system of claimIN whether the conputing device perforns step (b) by

det erm nijpg whet her TGy sERAT St 7| WA ERENR Rl hiliRe BRRE BETLA Ligp PN N

a circle defined by thé pupil radiu asuring a

t ab ti f th t hod i si ng: t aki [
dat ¥ POtRRE e Pre R ¥ e BRI ng o bl ural L1y of spot s havi ng

positions determ ned by the wavefrgnt aberration; (b) defining a plurality
of searcH7?reas in tHe sypageofadeiny! /1) further comprising an interface, and wherein the
computing device performs step (a) by prompting the operator through the interface for the at

least one parameter.

17
H¥

th

The system he computing device pexfon'ns siep (b)
by determining whether the set of the lenslets is sufficient to measure the wavefront aberration.
176 The system of claim 1 70, whether the computing device performs step (b)

by determining whether the image data from each of the Jenslets falls within a circle defined by
the pupi] radius.

177- A method of measuring a wavefront aberration of 2n eye, the method
comprising:

(a) taking image data from the eye, the image data comprising a plurality of spots having
positions determined by the wavefront aberration;

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

(c) determining the positions of the spots by

36



(c) determining the positions of the spots by 86 20 APR 2004 (i) locating
a centroid in each of The search areas: (ii) replacing each of thel B&&R ¢t
areas with a search area of reduced size; (iii) locating the centroid in
each of the search areas of reduced size; and (iv) repeating steps (ii)
and (iii) until each of the search areas of reduced size reaches a

m ni mum si ze; agg (d%i cal cul ating the wavefront aberration in accordance
with the positi@hiocafing peenipad &1 caghof fessparchidasr measuring a wavef ront
aberration of an eye, the system conprising: an imge data taking device

for taking i maggideplacihpemi dfthey@rch dtead WAHQ seatiRarca QT Pduskdgza plurality
of spots having positions determ ned by the wavefront aberration; and a

having p vefront ‘aberra
ol ural ity of sea Hio aFEEIE B LIRAS P Ron has e g, T

positions of thf spots, by (i) .locating a centroid in each of the search
areas: (ii) replsticReAtEETeRsiii} el @damsh eatheefgheoseacnarsaoiohdured sizst
reduced size; (iii) locating the centroid in each of the search areas of
reduced simzecheamdnininthmy #peatd ng steps (ii) and (iii) until each of the
search areas of reduced size reaches a mninmmsize; and (c) cal cul ating

t he wavef r@nt iabehihai | ﬁ%ﬁg | the itions of the spots, t

79 A net ho(g’, o? nea%%ﬁeﬁga\}ae@r v?/gge roﬁwgbé{egrc ?’&af’gcnwgﬁ%‘é%%sy?%ﬂfﬂ% F(S’%’ecti ng
for a spglt.)i al inhonogenejty_.in a retina of the eye, the nmethod conprising:
87 20 APR 04 (a) provi K i megeyiig a Wevsliongbataione! anaye tesstaor ;

comprising:
an image data taking device for taking image data from the eye, rthe image data
comprising a plurality of spots having positions determined by thé wavefront aberration; and
a comipuiation device, receiving the image daia, for:
(a) defining a plurality of search areas in the image data;
(b) determining the positions of the spots by
(1) locating a centroid in each of thé search area's;
(ii) replacing each of the search areas with a segrch arca of reduced size;
(111} locating the centroid in each of the search areas of reduced size; and
(1v) repeating steps (ii) and (ifi) until each of the search areas of reduced size
reaches a minimum size; and
{6} calculating the wavefront aberration in accordance with the positione of the spotg,
178 Amethod of measuting a wavefront aberation of an cye while correcting

for a spatial inhomogeneity in a retina of the eye, the method comprising:
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(b) illumnating the eye with light which has been scanned by tgeﬂogw imﬁfﬂ
scanning device; (c) causing the light enmerging fromthe eye t

scanned again by the optical scanning device and subsequently nade

i ncident on the detector such that the light is stationary as the |ight
is made incident on the detector; (d) taking inmage data fromthe |ight
whic;, i1s nade incident on the detector; and (e) calculating the

wavef r ont (QMPP’HE?%?'P PRHGEe EG18 Vwetaﬁdlaﬁgtq‘:?ﬁige data. 180 The nethod of

claim17 |; wherein: the detector conprises a canera having a frane tine;
and the opb) dhimisatinrpihegyeenihdahpeddidrins baeipicanadd by thefopsicarnsamibpieviee;
single one of said franme 181 The nethod of claim 179., wherein the optical

scannt ng eYLESrIaRe Ry EARDIGh BRUTRGH b0 L4001 500 o BN G RGO ©f

claim179. erein 't scanni evi ce sca n angu

extent of less than 0.5 degrees. 183 The nethod of claimi 7q, wherein the
opt i cMics @Rd ARGy cBadsoRpdrRlad e defepigr suchdhalribafebies staanTmgs e gt
whi ch scans both the Iight which illum nates the eye and the 1ight

ener gs madé immiddnbon éyeedetddtek; A system for neasuring a wavefront aberration
of an eye while correcting for a spatial inhonogeneity in a retina of the

eye, The [RIFp%o I a4 far i d.age data
FYom the Sy RERRE e Fom B BBk i e B O S B e

det ect or d (b) an optical scanning device for jiJluninating the eye with
li ght whi ig) ‘i"é@}l%& SrayAHe %&‘/‘”ﬁﬁg’ BAcerdpnce ki thegmpgs 988,  scanni ng
again the light energing fromthe eye and subsequently making the |ight

i nci dent &% a det ect dhe medtedtdialaimhéT wihgtein:i s stationary as the light is
made incident on the detector; and a conputing device, receiving the inage
data, for tgalketdtior barBphiste ARt PRinSY Gomatingd) ahd

the optical scanning device performs a plurality of scans within a single one of said frame

181 " The method of claim! 74, wherein the optical scanning device has a
scanning frequency of 400-600 Hz.

182 The method of elaim 179, wherein the optical scanﬁing device scans with
an angular extent of less than 0.5 degrees.

183 The method of ¢laim 179, wherein the optical scanning device comprises a
single scanning/de-scanning mirror which scans both the light which 1lluminates the eye and the
light emerging from the eye.

184 A system for measuring a wavefront aberration of an eye while correcting for
a spatial inhomogeneity in a retina of the eye, the system compnsing:

an optical instrument for taking image data from the eye, the optical instrument compnsing
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*accordance with the inage data. 185 The system of cl-aim 18, wher e} :Apk b
detector conprises a canera having a franme tinme; and the optical scanning
device perfornms a plurality of scans within a single one of said frane
time. inn she systemof claim; wherein the optical scanning device has a
scanni ng frequency of 400-600 Hz. 187 The systemof claim 13 'r wherein
the optical scanni devi ce scans. with an angu] ar extent of less than 0.5
degr g@é &QT%‘“ﬂg%%‘P EPNQ?E SCArRE ‘16‘@6&“ Weareitimeitheeysgvile ishsehichihagbeen
devi ce conprises a single scanning/de-scanning mrror which scans both
the kéagned Wi die dpticaiiscaman tbbceyeaaiidg tagein fhe diih: e gGnBdrémometdie pye.
189 A nethod of neasuring a wavefront a%errati on of an eye, the nethod
conMpiiiskngs ki | f e, ot he i mago.data conprising
P Sl B O TR AR 08 AR SR Y s g TG r o Db
aberrat,on;,89 20. APR 2004 (b) defining a plurality of search areas in the
i @45 OR the delREoRa0fal i ty of search areas being of a diffraction
limted size; (e) determining the positions of the spots by locating a
centroi d arcoegniungfdevive, seeivaly thaieage dangfof d)icgialisy it widg:ftdae awayRfonant
aberration in accordance with the positions of the spots. 190 The net hod

of ch@lopaapeenatitheagePlathhe search areas is a search box. 191 A device
for neasuring a wavefront aberration of an eye, the device

185 The system of claim 18%, wherein:
the detector comprises a camera having a frame time; and

the optical scanming device performs a plurality of scans within a single one of said frame

time.

186 the system of claim 1% wherein the optical scanning device has a
scanning frequency of 400-600 Hz. |

187 The system of claim | #%; wherein the optical scanning device scans with an

angular extent of less than 0.5 degrees.

188 The system of claim i3% wherein the optical scanning device comprises a

single scanning/de-scanning mirror which scans both the light which illuminates the eye and the

light emerging from the eye.
189 A method of measuring a wavefront aberration of an eye, the method
comprising:

{2) taking image data from the eve, the image data compnising a plurality of spois having

positions determined by the wavefront aberration;
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conprising: an inmage data taking systemfor taking inmage data fropytApe 2u,
eye, the inmage data conprising a plurality of spots having positions
determ ned by the wavefront aberration; and data Tirl ~PPCG r~lY [1~C4om
rr f{.. . o0 u uu~u 1 uV A+b ~~WVall~ level Yl h , L.JV 1111114. LAIl .LL,
IM (a) defining a plurality of search areas in the imge data, each of
the searc I i ‘diffraction.limted size. .(b) determning the
posi ti onsm@ d emgg(?tl sa@{y cf%%%?f‘ ﬁ’geaillrb@]ﬁtl?%g%a"ﬁﬂ’ eé"ﬁ}iziﬂf [# F%]Wéﬁg’e%{géwcg
areas; and (c) calculating the wavefront aberration in accordance with the

posi taresa e afiacdigfpastion limmted zevi ce of claim 191, wherein each of the
search areas is a search box. 193 A nethod of neasuring a wavefront

aberratio [Ilc})@@télmiﬁﬂ'%ghé B6sifiBAdOthe SUPBY %c?ﬂﬁg s%%m&%iirpg%mﬁfgﬁc datg from

the eye, The inage ta conmprising ‘a plurality of spots having positions

determ.ned py the wavefront aberration; 90 2 0 APR 7094 (b) defining a

pl urffefatsyano search areas in the inmage data; (c) detennining the positions
of the spots by locating a centroid in each of the search areas, the
centroi d Hé) exculatteg the venicfronhabereten inaeowiande Witk dhepisitidrsefitmegpetdat a
whose intensities lie between a |ower threshold and an upper threshol d;

and (d) caful ating Themumed JfeMimd B whakdiipBachib fAEE YaftdNEEasvis hReArB® box.
positions of the spots. 194 The nethod of claim 194" further conprising

pronpting,gn oper at oy ) | he | . threshaold and the upper
t hr eshol d.19195 The nét Cgtlfcgﬁr ’%‘I%géslugrﬁnggﬁl,?a\%% é’f]galbnm@g%oo?n tie eeéa)tér?%cﬁ ar eas
is a search box. 196 A device for nmeasuring a wavefront aberration of an

eye, “CHETAENE ce conpri si ng:

an image data taking system for taking image data from the eye, the image data

comprising a plurality of spots having positions determined by the wavefront aberration; and

(2) defining a plurality of search areas in the image data, each of the search areas being of
a diffraction limited size;
(b) determining the positions of the spots by locating a centroid in each of the search
areas; and
{¢) calculating the wavefront abcrratiop mn accordance with the positions of the spots.
The device of claim ,ic“,.wherein each of the search areas is a search box.
193 A method of measuring a wavefront aberration of an eye, the method
comprising:
(2) taking image data from the eye, the image data comprising a plurality of spots having

positions deicrmined by the wavefront aberration;
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;i mage data taking systemfor taking image data fromthe eye, tgcepi
0% i

"dat a

wavefront aberration; and a data processing system receiving the image

dat a,

conprising 2 plurality of spots having positions-determn

for: (a) defuxing a plurality of search area in the imge data;

(b)

determ ning the positions of the spots by locating a centroid in each of

t he search
pi xels in "

the centroid being | ocated only in accordance with

accor dance(o)ideteribéing dss pdstifths OF tRdpositil Bcat; 7ce-ﬁlf}%idjﬁ"é38$ oia{he%lgcr%icm

| g% wherein the data processing system conprises an |nter

ace  f

Fir cohst o asPIEb s bR Biol i i o vk APelion tbf oass Gesivboeear cas

a search box,

.91
intensities hc%etwccn a lower threshold and an upper threshold; and

(d) calculating the wavefront aberration in accordance with the positions of the spots.

194 The method of claim |93 further COmprising prompting an operator to

select the lower threshold and the upper threshold.

195 The method of claim 193, wherein each of the search areas is a search box.
196 A device for measuring a wavefront aberration of an eve, the device
comprising:
an image data t

aking systerm for tzking image data from the eye, the Image data
comprising & plurality of spots having positioné determined by the wavefront aberration; and

a data processing system, receiving the image data, for:

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

(b) determining the positions of the spots by locating a centroid in each of the search
areas, the centroid being located only in accordance with pixels in the image data whose
intcnsities Jie between a lower threshold and an upper threshold: and

(¢) calculating the wavefront aberration in accordance with the positions of the spots.

197 The device of claim |9€, wherein the data processing system comprises an
interface for prompting an operator to select the lower threshold and the upper threshold.

198 The device of claim 196, wherein each of the search areas is a search box.

|

aJ eas, i :
J@%ﬁﬁ@eﬂﬁﬁffﬂltmﬁé@rm aeesyoithe bgadeidatdyet ween a | ower t hreshol d
and an upper threshold; and (c) calculating the wavefront aberration in

S



