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AUTOVATI C MEASUREMENT COF THE EYE' S WAVE ABERRATI ON (00002 SPECI FI

BACKGROUNDVOR1/RB#D9I NVENTI ON . The present invention is di reareshots7a

wavefront sensor and nore particularly to a wavefront sensor for ophthalmc

applications. It is known in astronony to detect wavefront aberrations

caused by the atnosphere through the use of a Hartnmann- Shack wﬂ?’@ tor
e

Such detection is disclosed,.e.g.,'in D M AI I oin and J. IMI’M’""””’
.-eds., Adaptive Optics for Ast Kl uwer Acad

Publ i shers, 1994. More recentlﬁi’%ﬁ%"alqlg ME#&I been used, to *ekect
wavef r ont aberrations I n the human eye for such pur poses as |ntraocul ar
surgery andTtBhEact | ens fRAPIRAUTOMATID MEASUREMENE di scl ose

in Liang et al, "Qbjective QRTHEEVE'S WAVEWMBERRATION i ons of thﬁm}ﬂmw,’mmm
eye with the user of a Hartmann- Shack wave-front sensor," Journa
Optical Society of Anerica, Vol. 11, No. 7, July, 1994, pp. 1-9, the *Gooooz+
di scl osure of which is hereby incorporated by reference in its entirety
into the present disclosure. That technique will be summarized with
reference to Fig. 1. A beamof light from a |laser diode or other |ight
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
magni t ude WO 01/28.109 2 0 APR 2004 PCT/ US00/ 29078

SPECIFICATION

BACKGROUND OF THE INVENTION

The present invention is dxrected to a wavefront sensor and more particularly to a

wavefront sensor for ophthalmic applications.
| Itis knowﬁ in astronomy to detect wavefront aberrations caused by the atmosphere

through the use of a. Hartma:m-Shack detector. Such detection is disclosed, e.g.,in D. M.
Alloin and J. M. Manottl .eds., Adaptive Optics for Astronomy, Dordrecht Kluwer
Acadexmc Publishers, 1994. More recently, such a technique has been used to detect
wavefront aberrations in the human eye for such purposes as intraocular surgery and contact
lens fabrica;ion. Such detection is disclosed, e.g., in Liang et al, “Objective maas.t_xrement
of wave aberrations of the human eye with the user of a Hartinann-Shack wave-front
sensor,” Journal af zha Optical Society of America, Vol. 11,'No. 7, July, 1994, pp. 1-9, the
disclosure of which is hereby incorporated by .reference. in its entirety into the present
disclosure.

That technique will be summarized with reference to Fig. 1. A beam of light from
a laser diode or other light source is directed toward the pupil and is incident on_the retina.

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



di mmer than the original beamis reflected by the retina and errermhﬁgm_
the pupil. Typically, the incom ng and energent light follow a c 2004
optical pPH4PHI2%4RL incoming light is brought into the compaT/ossbi2eEs path
with a beanmsplitter. The energent beamis applied to a :Hartmnn- Shack
sensor to detect the aberrations. Such a detector includes an array of

| enslets that break up the light into an array of spots and focus the
spot s ont 0 danmBR{Hg- C - di nensi onal. | i ght )
detector. Each fs}%gtﬁielsbﬁg%gaésg%iﬁt %O‘rgfel?({et?dr)nbggﬁ? %mll awgﬁﬁtﬁoﬂlgli‘%m’?%e
posi tion ' ' uld occu In the ahsence of wavefront aberrations,
and t he dwgélmﬁg?°8fn"e%é’%5‘8€%€eaﬁ H‘%J\Ivl%f’l?%arf@m pRficabpathh thevinsasningnt
and thus detection of the aberrations through known nathenmatical

t echni ques 18Rtip Prnghtinte thesomimon eptival paik with 4 beangplitteral are taught in J.
Liang and D. R WIllians, "Aberrations and retinal image quality of the
normal human ey@hé ethergentbeant isTabplied(ﬂsh-iHa@&naﬁﬂIS}ﬁéWse%om&@eE?ﬂxeé@é tidns.NO-
11, Novenber, 1997, pp. 2873-2883 and in U. S. Patent No. 5,777, f‘éato'

W lians eBuéHa deldrfordt ¢ ' 9k Lhat batent are

her eby i ncor por at ed r‘éf;&?!ééf%éa?ieaﬁ%g%?]neh%]t@% ﬁ%&\%&%?@%ﬂf%ﬁﬁ%@%?ﬁ% Spoft'and

di scl osure AN eaches .techni ques. for,. detectjing aberrations
and for usfoﬁgg%hﬁggﬁgfﬁh gﬁtse'cf)ﬁ?r}gé ﬁgffg%rtf’égﬂ'fe&wo-gwng{?p@lel} t detecten, Each
fabrication of .intraocular and contact |enses. Mreover, the techniques of
those r ef efROhISIECatehio determing itpdisplaeemant Adrasm thel posivs wehiith it veould eclipy in
thensel ves to automation. German published patent application No. DE 42 22

1395 Al t eathitesbsandeurafhemvefvanti abérationsi agl B adibadbendiy | oS tHe0 SBAS Afdw
back-scatter fromthe I enses in the detector setup. Analysis of the eye

presents Urconserupticrb b€ The aRYeiSHUAR R RRLESR T thy afb@ﬁﬁﬁoﬂﬂﬂg&féhr RAQ
XnI Dl

For exanple, while wavefront sensor systens I n astronony e uni 7' or m

i ntensity mahesstiddlfdchnffaks.ance pupil, this is not the case with systens
for the eye. The eye, unlike a telescope, is subject to the

Stil es-Crawf or i wJhat, effect is.a.directional 2 20 APR 2004 WO
01/ 28409 PCT/ U ,rég%gglts to tthe {ccﬁmque of 2lang et al are taught %n J. Liang and D. R.

Williams, “Aberrations and retinal image quality of the normal human e'ye,” Journal of the

Optical Society of America, Vol. 4, No. 11, November, 1997, PP- 2-8.7:.3-'2-883 and in U.S.
Patent No. 5,777,719 to Williams et al. The disclosures of that artici:a e;nd of that patent are
hereby inporporated by reference in its entirety into the present disclosu;'t;. Williams et al
teaches techniques for detecting aberrations and for usiﬁg the aberrations; thus detected for
eye surgery and the fabrication of intraocular and contact lcnses_l.. Nioreo.ver', the techniques
of those references, unlike that of the Liang et al 1994 article, lend themselves to
automation. German published patent application No. DE 42 22 395 A1l teaches a further
variation using polarizing optics to control back-scatter from the lenses in the detector setup.
Analysis of the eye presents u.nique problems and issues not necessarily féced in
astronomy. For example, while wavefront sensor systems in astronomy exhibit uniform
intensity across their entrance pupil, this is not the case with systems for the eye. The eye,
unlike a telescope, is subject to the Stiles-Crawford effect. That effect is a directional
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sensitivity of the retina, one nanifestation of which is an intens}0ypp 7004
variation across the pupil of the eye when light is reflected fromthe
retina. |tw@yi/sds§o because illum nated cones radiate nore prghiohapis t oward
the center of the pupil than toward the pupil margin. Al so, unlike
astronony, stray light from other sources, such as fromcorneal reflection,
can be introduced into the wavefront sensor fromthe eye, and such stray
light can interfere with the measurement of spot placenment. Qher problens
uni que to tHaSEYRY phthe refineronemanfestetieniof Waich is@ipleasityvasiatioreacross the pugpil
spots that should be fornmed in the Hartmann- Shack detector cannot be seen,

ei ther becefitheeyehehandight ftrefettedofiom theuratigd, | Iy exists Becahs illumiritddu@es radiate
"aberration caused by a scar or the |ike can displace or deformthe spot so

Mon a2t 1 Berel bROCLAKUE IR oPhedBh U BHaR] the pIE FSLIn' ARGCBARRS.

field of view of  the detector alteget ,0r they are®otc

in the eye' L CS, Or .. he pupil. In qurrent wavefront, sensors, the | oss
of any spot%ug r?‘%]é%ﬁﬁ?%k%ﬁ%’"&Bﬁ’ﬁ&ogﬁeﬁﬁ“ astﬁ%mm%glé F‘%icﬁﬂgemﬁé‘?‘l
problemis that of variable pupil size, as opposed to the fixed pupil of a

t el escope. Ry tisyWaveliqnd sensor from thgsqye, @nd rsugh -straydighp seatintenferReith there
wavefront sensors have been denonstrated in astronony, but where operation

i s requi r edneasuremens of spot phkémentgr eat er t han 300 Hz wi th cl osed | oop
bandw dt hs greater than 30Hz. The atnosphere is nuch too turbulent for

real -time conpenStie frobRinsiinfjiRIto ieye hatdbéeA@ndiered At exBMBRER Subset of
adaptive optics techniques for the eye operate at a very slow rate, |ess

|
‘than 0.25 Hge sad (Al sh&%teia ?f(t)lﬂﬂrrgﬁ i flle! Ma&%%ii‘sﬁaé@etx@é’r.e%a?@gﬁ@&ée%“ ,egsven

'with single exposures. _ operatron 1 s not posSi ecause oft he
factors desgcrjbed above. Al so.  these techniques | oy relatively |ong
focal |engt c#“esggﬁ'ee%egﬁ?%%a.m Wgﬁ*ﬁgeu%tggﬂ%ﬁﬁg’gﬁ?ﬁ% %aé‘ﬁg‘* by %F'{‘? OrE}B‘
smal | changﬁé in the sl o(;i)e of the wave aberration at_the expense of dynam c
range and cgn Apsplase pudsiom thespetso mpgh thatdhe sPalsrigin srnpatbadaiarmrined or
sensor image often overlap, particularly near

the spot leaves the field of view of the detector altogether), or they are occluded by opacities

in the eye’s optics or by the pupil. In current wavefront sensors, the loss of any spots

frustrates the computation of the wave aberration.

Another problem is that of variable pupil size, as opposed to the fixed pupil of a

telescope.

Moreover, there is the issue of real-time operation. Real-time wavefront sensors
bave been demonstrated in astronomy, but where operation is required at rates typically
greater than 300 Hz with closed loop bandwidths greater than 30Hz. The atmosphere is
much too turbulent for real-time compensation at slower rates. On the other hand, present
adaptive optics techniques for' the eye operate at a very slow rate, less than 0.25 Hz, and do
not automatically compute the wave aberration, even with single exposures. Real-time
operation is not possible because of the factors described above. Also, these techniques
employ relatively long focal length lenslet arrays. Such instruments have high sensitivity
to small changes in the slope of the wave aberration at the expense of dynamic range and
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the edge of the pupil, making it difficult for automatic centroid ?RPAHQNM
- comput ation. Such problens can devel op especially for a commerci al
instrument in which operator intervention should be mnimzed. As a
result, these systens cannot neasure the wave aberration in a |large
fraction of human eyes. An optim zed wavefront sensor for the eye should
therefore properly bal ance sensitivity and dynam c range, operate in

real -tinme n . Capabl e. et M F on.f o s. The
roas e S RS A S e Sesbil oo b S AT TP BB BT
primarily by the focal )Jength of the |enslet array. The snml.l est

meas uthgbtdee\efvibe pypY, Beking ﬁgéj}‘]ﬁ"’ﬁ%p}g? MRS ‘ifn{'ﬂg 9L SPPEREPR. SPati vel y
long focal length (e.g., 97 nm) lenslet arrays used in high sensitivity
vavef prblensecesaleselbp espesiedlyrfon g ceypmengickinaisanentin gvch gpsraar Injersendign a

smal | nean standard devi ation of repeated nmeasurenments across the pupil of
an ar thdul@ balmineMed.f A L1301 BeseéyiRing einn6BicBsunenthet Wevehsbertationéon | aser
wavel ength) for a 3.4 nun pupil. Moreover, the eye can exhibit a severe

wave gé/ zﬂéﬁ@?oﬂmﬂﬁ?ﬁﬁ?eARfoRﬁHx‘fze@UxPHeﬁ%H? sérfSor ﬁiggﬁéi eok SHouf BlefedBrear €as

of th Ssue. such wavefront sensors bit nore sensitivity
than necessqry and reguire .an algorithmto hunt/locate the mgrating spots.
Anot hSFOREH| ﬂéﬁg% S%m%’é‘maﬁf‘i‘ﬁ@ﬂwngPE&n‘Bpeéﬁﬁé’? K W%H‘%t ﬁaé g?éa?@iﬁ ?fe"‘%pat i al
honogeneity of the spot of |ight inaged on the retina. |Inhonbgeneity,
causeitlf afigeifigastactiongf ¢¥88er speckie or reflectance variations in the
underlying retina, disrupts the accuracy of the spot |ocalization. This
“probl em i s TEreanesinanent sensitivithef & wavefrent sossor & theeysiis detetmined primatilyhe
‘operation. A Hartmann sensing technique is described in Ash et-al, "Optinal
Har t megyniifec fsdan Gengttl of abie | legdhét heael SThe Epllest reasninbleC atavefiant Nope 156, 1
Novenber 1998, pages 10-15. However, that article is concerned with the

ef f eCtprQ%mﬂBﬂEﬁQHﬁé iiGeal Wnitt, € RERIMly I6he Yokl Dapeel (e.f.0/09 BRI enshd Gnals h

situatiohs 1n which it nmay not be feasible to illumnate the object or sky

4 20 ARy %@%%@Wm Pk iS Forthe HEH el S wavE AsiaflehAlbRALY Shovne:

measur ene ont aberrations
a small meap standard deviation of repeated measurements across the pupil of an artificial

D

eye, for example, A/487 (at 632.8 nm, the helium-neon laser wavelength) for a 3.4 mm pupil.
Moreover, the eye can exhibit a severe wave aberration at the edge of the pupil due to
smeared or scarred areas of the eye’s tissue. Thus, such wavefront sensors exhibit more

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

Another chaﬁcnge to real-time wavefront sensing in the eye is the spatial
homogeneity of the spot of light imaged on the retina. Inhomogeneity, caused, for example,
by laser speckle or reflectance variations in the underlying retina, disrupts the accuracy of the
spot localization.. This 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 low light levels,” Optics Communications, Vol. 156, 1 November 1998, pages 10-15.
However, that article is concerned with the effect of atmospheric wrbulence on ground-based

telescopes and with situations in which it may not be feasible to Jluminate the object or sky
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in a patient's; eye. Further, the article does not even hint at a Qéhhmimme
for overcomng the Stiles-Crawford effect, which, as noted herein, is an

i nportant consideration for the eye, nor does it overcone the herein-noted
di fferences between astronom cal observation and the detection of
wavefront aberrations in the eye. As a result of the above-noted problens
with wavefront sensing in the eye, a robust and real-tinme sensing

t echni ar.t 0 APR 2004 , WO 01/ 28409
o) UL S g%ww B PR R G PRy S SRS B SOETHR 51 oo
have a paren ercone in ast ronony. it mnll be readily apparent
from t F%‘g%? r 406 gRiglecdqes met pyent h‘ét alra techrique {waercoming densor
capabl e of handl i ng the uni que problens of the eye. It is therefore a

pr i marSileseCrmtfordofffect avtiich; ennbred herimg dsl e Smportmiv comyidgistiopr fobiiRreye, wdt ch

i ncl ude nonuniformillum nation of the pupil due to antenna properties of

cones,do@¢ i @Vera&ﬂ@rm@heiehﬁﬁmed/ &%ﬁ?x#éés pdéﬂbéensh#l‘sﬁngﬁﬁéap%s&%{bﬂ fddingi dual s

or in the same individ under erent |eve I'um nat’I on,

incre rration at the edge of the pup|I and
spatigﬁhﬁl ﬁgﬁggg%Z| %% e ré?gﬁa whi ch produces centroiding errors. To
achi eve the above and ot her objects, the present invention is directed to a
syst em adaphed respltofehe srveatotdd problging WitlDblaesont BE Sin Mk reﬂd ucRBuity

nonuni formillum nation are handl ed by | ocating the spots rough the

f ol | owindgealaithe sinsing techaighafule eyels BottthohiBia®hd &t.t aken, a set of initial
boxes is set up on the inage. Each initial box is centered around t he
‘location where a correspondi ng spot would be in the absence of wavefront
aberration and has a side of length equal to what the inter-spot spacing
woul d be in the absence of wavefront aberration. A first guess of the spot
l'ocation is produced by finding the intensity centroid of the portion of
the inmage within each initial box. Then a smaller box is drawn, centered
on that centroid. The
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smal | er box can be clipped to lie within the initial box. A new cedtl bPRI200s
found within that snmaller box. That process is iterated until the box size
reaches sOW® oei8doerion size, such as a width equal to the gdqlisodhsiip of
hal f maxi mum of the diffraction-limted spot. Each step throws away data
renote fromthe centroid found in the previous step, since such data nost

i kely contain noise or systematic errors rather than information useful in
| ocating the spot. 5 20 APR 2004 WO 01/28409 PCT/ US00/ 29078 There are two
stages used in centroiding the spots. In the first stage, reference boxes

are establisnm?@pqﬁg?wlgq-rm&erence positions or on the center of
I.e.,

the inmage on the detector romscratch"). The latter technique
makes | ess of anyassunptiopn,where boxes are | ocated and deci des how far
out to go as the pﬁ%cfg%éy ?{}Hg ag%vceo‘?rﬁgﬁﬁ’stlﬁ“"? ABPaEFRSlNbees pyerceme dmastrosamiyet
array and nuymher of |enslets. The boxes in the latter technique can form
‘an irregul alt “ﬁﬁPSJFaWi apparcah frpm the fercgbing that awed gxists s thewart fint a4 wavefidgs
about a center box wth the |ocation of the outer boxes being determ ned

in a cent ersenscraapatde df banddiap itiesunidieprobleas ofthd diR. MKﬁﬁré!ﬁe"%rﬁﬁﬁx?%'ect
techni que can be adjusted by a paraneter entered by the operator Or Jstored

1 ol var cof Geinenaspleud BaYaglh bk ThEHSIR EnRfash nghafSs”
Ppaci 0. Ot BeaR K ndhfe JRDEA S nd, bR SRR B e o
ot hor st 58onE WERvdath G 5 Serpe Gk vadee et velsont Musndtion, box
Ceehni que. BSRSAE STyt lbe cves Wbemaian 1shiioe cdgoiod. s ppilp and et
within that box, centers a smaller decrement e_d box on that cenfroid,

Gt Smentod box.agsin CL1 pe PR he S . one o T L hevwhi | & ke ko g

Che di {1raction |1 mted boe orae ey aeahan BeaF Ry eond: R B ™"
det er m ned.adapted to overcome such unique pro]q.lzir..ps.
Errors introduced by nonunii.'?{rn_ illumination are handled by locating the spots
through thg fol.lowing centroiding tcc.hn.;que. Once an image is taken, a set of initial boxes
is set up on the image. Each initial | .box is centered around the location where a
| corresponding spot would be in the a_b;em;e_ bf wavc;.front aberration and has a side of length
equal to what the inter-spot spacing would be in the absence of wavefront aberration, A first
guess of the spot location is produ.ced by finding the intensity centroid of the portion of the
image within each initial box. Then a smaller box is drawn, centered on that centroid. The
smaller box can be clipped to lie w1thm the initial box. A new centroid is found within that
smaller box. That process s iterated until the box size reaches some criterion size, such as
a width equal to the full width of half maximum of the diffraction-limited spot. Each step

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

likely contain noise or systematic errors rather than information useful in lo'cating the spot.
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An additional centroid can be calculated on the entire array to I;pgabghe
center, which is especially used with |longer focal length |enslet arrays.
Doi ng so perevass09 conpensation for spot migration, which iscEpsR@gated for
by the center of mass of the entire array. Iteratively centroiding is to
be contrasted with previous techni ques such as sinply using threshol ding
and sinply by doing.a center of nmass of the entire box. The 6 2 0 APR 2004
WO 01/ 28409 PCT/.,USO0/ 29078 present invention better finds the center and
reduces the eff ettt BF WopBaIUEcE R readodingthaspots dnthe fsptatageafefartnze boxes
centroids. The technique according to the present invention also reduces
the ef f ect groestahlished basghon benteredaefehame pefifient or dirthe Bérfer 65HE ke on the

el i m nated. The enbodi ment just described includes re-centering and

removi ng pidessctonjgics. atfr&A ScratdT). 2Rk hﬁferQ@Hﬂu@%e@@&?%?gggaséﬁ%ﬁt?ﬁleﬁ/here

i nvention, the boxes can be shrunk first, then trans

clipped topaxédrEgfe f, I 5. Q. which only those pi xel

val ues above the thrgdggﬁ}(ﬁg%\?\?%hogﬂfa?ﬁ@qtéégés Hrﬁce@s%%ﬂ“ﬁ\é?% 138 tothedmewn
centroid. re.can also be,a varighle threshold per box as the box size
is reducedl—{}g ogg?gﬁ?f?etﬁg?y a%ﬂauffiﬁgrﬂ gnstess: ehite boxesca) the lattartechniquotai fogn

t echni que usi, n§q hrinki ng boxes overcones a difficulty found in

cent r oi di n§HF E\’iﬁatamsmmﬁhk Faybohédssenbedwasrieing comstnmted mtringstabetiter eneerbogad
intensity gradients such as caused by the:Stiles-Crawmford effect. Ocul ar

abnor mal i t Wit the lechticusofsicanuser toxes beiagHéteiniinePRitScelRYkabeR & @ Hirk M WaS' €
they would be in the absence of wavefront aberration. Such spots can cone

close to, size@Yalic bones usitg eithleP GchARAE an bE ﬁhﬁggeidelﬁtjlg gfusa@?eée\% %?enrfﬁiy the

di spl aced so far that they di sappear fromthe

det ector abp@aRt BestorePi S avszl! apgg b) LE@S, such as occlusions, can

absor b Iigh%, S0 that nlggt{spo?’ f?’{;epr %l’cr%& étg’glaf"t.ug]'l*l}teﬁ'zﬁﬁfeé%&ﬁ or 0%

abnormal it} ednesent. inventiqn proyi des a techni que for wavefront

reconstr uclt){la%ﬁ a?ﬁrr% fjad oggxggwgél%zﬁ eﬂ\é‘ﬁt"éfﬁﬁ’gﬁbtpéﬁe Bésrriensletspagings t he

wavef r ont reconatru&tiog I nvol ves . mani pul ation of a matrix whose rows
nce these boxes are determined, a technique can be used that locates a centroid

within an initial box, centers a smaller sized bbx on that centroid, followed by locating the
centroid again, followed by anc;fher smaller box centering,: and so on until the diffraction
limited box size is reached and .th'e final centroid is determined. Alternatively, a technique
can be used that starts with an initial box, finds a centroid within that box, centers a smaller
decremented box on that ccr'lt'foid, clips as described above, calculates the next centroid,
centers a decremented bonf again, clips again, and 50 on, all the while maintaining each
centroid within the original box. This process also tenninétes when the diffraction limited
box size is reached and the final centroid is determined.

An additional centroid can be calculated on the entire array to locate the center,
which is especially used \.;vith longer focal length lenslet arrays. Doing so permits
compensation for spot migration, which is‘ compensated for by the center of mass of the
entire array. Iteratively centroiding is to be contrasted with previous techniques such as
simply using thresholding and simply by doing a center of mass of the entire box. The

6



correspond to displacenents of the spots fromtheir positions in t &0 APR 2004
absence of aberration. For spots not producing usable data, the rows can
sinply be Weloae#d@9from the matri x, or the val ues cont ai ne®dIussHLESH78 OWS
can be extrapol ated from nei ghboring rows. At the heart of this flexibility
Is the particular data structure, which is a matrix of Zerni ke node nunber
in the colums and centroid displacenent nunber in the rows. The 7 20 APR
2004 WO 01/ é?e?QHQ-R,CT/.US 0&29 78 . matri x ii u(fylﬁd to cal cul ate the Zernike
coef ficient 8T8 FLIEBHAR REMETHR CERIFE ARd FedyReine ehects wé radiree spessed by the
criteria can, be used for determning whether to omt a centroid or not,
such as t hemmenmipstsdofithe eantrorisof Thentechnighe avéording ta theprésentt ineertint £so of
mass cal cul ation, a position of a point being outside of a box or in a

hi ghl y unexpeotesdhaeffectsof ftray lighe bémaxse Bbse ¢TRict dre PRIgR&ssReR élﬁ‘ﬁiﬂatg&t ally by
corneal defects. Then based on these omtted response or centroids which

can be done on aThd @Bodieht; b$inl i : | cul at.es the.
Zerni ke rmodes. Vari abl e Sudlﬁfmgﬁb‘ighiuggﬁﬁa%gggag gtl? 4 ﬁeg}ov%p&ei OBFralignse
data are take e ..variable.pupil size is to be handled in_the same

i ndi vi dual ,ﬁd§}°éﬁef5a°?\“kbo°é"?‘8¥ée%°?@?'f%&’ Jr"F IpYgtion; t%hen‘tﬁxeﬁsmévﬁiwkoﬁrst, then
possi bl e, data c% b& taken in a | arger pugi,l radius, and then the
centroids ifanslatets and thenselinped ta 3 theesheld Malne. of/intensity, inlwliah ooly thpsrpitel e
is used to provide a matrix to convert the wavefront reconstruction from

the | arger Yawas@boveghe threshold widlibednaluded Th thewcalcultibe opthpickntedid eTh@S b fsd N @
vari abl e nunber of spots used in wavefront reconstruction, which can be

handl ed by e yarisglettheesholdiper beX asdBé borcdige RReRzed L4 chitifBdata from different
reconstruction. The wave aberration is recal cul ated based on a new radi us

usi ng soft vsikels, as opposed to changing the actual excluded centroids.
Starting wiwth a valid nunber of data points, the software can determ ne a

{"ﬁg?e(r:aﬁf bezg(r;n;: E’@ae?%ﬁqgﬁfdmg &%hﬁl(&{lé isikg Qgﬁrﬁgxllg ngeg%)ge%mers] %nB?t{cu?t]; fgl?xgjdei?)
centroiding without: shrinking boxes, namely, errors when there are broad intensity gradients
such as caused by ihe:Sti]es-Crawford effect.

Ocular abrio'nnaliﬁes, 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. 1In 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 techm'qug for wavefront reconstruction in the absence of certain data
points. Part of the wavefront reconstruction involves manipulation of a matrix wl;ose 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 extrai)olated from neighboring rows.

At the heart of this flexibility is thg‘ 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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cal cul ated. For exanple, order O has node 1, order 1 has nodes 2 ano? @,APR 2004
order 2 %"WZ’Q% 4, 5 "and 6, etc. Cenerally, if one calcul ates

particul ar nodes within an order, it is desirable to haveP@I/PSeRE0Tpdes
within that order. Therefore, one would not cal culate nodes 7 and 8, but
not 9 and 10 since those are all within the third order Zerni ke equati ons.
A general rule of ,thunb for calculating the order is (nodes + 1)(nodes +
2) /2. Basethatix is bl tocpakeiaderthedfeeni®e 20 AN A0 de ¥R 7G99 ﬂ%ﬁal‘i@g QrdRo78
sees that beginning with the nunber of avail able centroids, that nunber of
centroids g, divided by two, yielding the maxi num cal cul abl e nodes. One
can determne the highest order that can be accurately cal cul ated based
upon the nunbex.of |l enslets divide 2, yielding the nunber of

cal cul abl e rmdgfs)l.f?ef%ﬁ?tsef’ﬁé’aﬂ a%%[gfg%m%%gwmw@m Wit geertroid prnet| sicks t o
a particular order. For exanple, 20 centroids yields 10 Zernike nodes,

whi ch al | o¥sthgstandardadeviatianess) thedightitveithing bdx indtherabster 2¢mass & aRGlATONORS -
The increasing severity of the wavefront aberration at the edge of the

pupi | can prsitiocdedlatponittbeingsoytsidé ofiebex omiad. hi@lg uhakpdcRAARROS RN pe
retina can be handl ed through the foll ow ng teghni qpues. A I?'glﬁt %g{ﬂ’?’@g of

short cohesoims Bein pEEINAERGABRLY Sindil ABfER) fﬁaerg %%[a lofi tﬁ@s@%@%pﬁé}%@gﬁgt y

..interference inlight of hi"gh coherence. ion,

can be av ' nj the  dllumnatin i ght across a short
di st ance %eﬂfgﬁgs ?’giclﬁr%n gﬁggﬁégg%%e 0 %aéﬁéﬁiféﬁ?é’Pgﬁﬁ?]P“l?ﬁéWke
features all ow a wavefront sensor according to the present invention to
provi de f 48295y obust and accurate centroi di ng, e.g., up to 50 Hz. BRIEF
DESCRI PTI ON OF THE DRAW NGS A better understanding of the present invention
can be obt ai nedat#ble Prril sige|canibeghandledasither befose o pheodatafaré Iekenr effane ed
enbodi ment i s considered in conjunction with 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 in a smaller radius can bé located. A renormalization procedure is used to provide
a maﬁ'ix. o convert the wavefront reconstruction from the larger radius to the smaller one.
The variable pupil size results in a variable number of spots used in wavefront
reconstruction, which can be handled by varying the number of Zernicke modes used in the
reconstruction. The wave aberration is recalculated based on a new radius using software
as opposed 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 a maximum number of modes that can be accurately
calculated. For cxan.lple, order O has mode 1, order 1 has modes 2 and 3, order 2 has modes
4,5, and 6, etc. Generally, if one calculates particular modes within an order, it is desirable
to have all the modes within that order. Tht'arefore, one would not calculate modes 7 and 8,
but not 9 and 10 since those are all within the third order Zernike equations. A general rule
of thumb for calculating the order is (modes + 1)(modes + 2)/2. Based on this equation, one
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following drawings, in which: Fig. 1 shows the optics of a Hartnann-z%g%ﬁ(mm
detector; Fig. 2 is a diagramof a wavefront sensor in accordance with a
preferred wonagsygent of the present invention; 9 20 APR 2 ,M\QOQ%&%8409
PCT/ US00/ 29078 Fig. 3 is a block diagramof a conputer of the wavef.ront
sensor of Fig. 2; Fig. 4 shows plots, for three subjects, of neasurenents
of the anobunt of comm, astigmatism and spherical aberration when the

subj ect changed hi s/ her accommodati on snoothly fromone state to another;
Fig. 5 il useesathasbeginhingwitnthermmetiesoffayatatile nentoids titae dhufribero freastoi@eNnt S
of the three subjects’ wave aberrations; Fig. 6 shows i nages obtained with

and W t hout dbdasthby eiva, VidlBmgWhy lakidmim £8R&Rbledhoddsi 9- 2, Fig. 7 illustrates
the effect of scanning in tﬁe wavefront sensor of Fig. 2; Figs. 8A and 8B

illustrate hypot | Al | i nni ke . coefficients;
Fig. 9 illustrat rgﬁéa&gid?lgéﬁ%ﬁl}éég or# ‘F}gg@h’?‘;{‘lagg’ﬁ?gﬁl’g&@&ﬁéF‘&}F‘&ggﬁ’iFgUR?IE ﬁ’Fn
‘correspondin boxes and..a. procedure.for usipng the centroi d data when the
size of t hengﬁnpﬁﬁﬁ?nsg?%@v\%d %ngme 12 F@gmgq_rcﬂf falcylable srades eThennitbe highessf
centroiding in accordance with an enbodi nent of the invention. Fig. 13 is
a flowchar t cefpligieamneter af medesottanslates de o padiculer oideh Fon exariysleli20eentraifls yiekis

I nvention; Fig. 14 is a flowhart diagram of a nodul e of the nethod of Fig.
13; Fig. 1510<Zemikehmpdés, oviriblarallodis agieatd aécuratolydedngté the) erireohRe Rmiki9-
13; :

equations.
The increasing severity of the wavefront aberration at the edge of the pupil can be
. ;iealt 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
*. ‘interference in light of high coherence. In addition, the inhomogeneity can be averaged out® i
i by scanning the illuminating light across a short distance of the retina and de-scanning the . -
- emergeni light.
The above features allow a wavefront sensor according to the present invention to

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

BRIEF DESCRIPTION OF THE DRAWINGS

A better understanding of the present invention can be obtained when the following
detailed description of the preferred embodiment is considered in conjunction with the
following drawings, in which:

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

Fig. 2 is a diagram o'f a wavefront sensor in accordance with a preferred embodiment

of the present invention;



Fig. 16 is another flowchart.diagramof a nodule of the nethod szlﬁi@? 7&@;
and Fig. 17 is another flowchart diagramof a nodule of the nethod of Fig.
13. Fig. w8 o3heue tinme averaged Strehl ratio versus bandvvippzr.lyué%/ ?07 erfect
adaptive optical systemfor natural accommodation with fartar gé nd 5.8
mm pupil. 10 2 0 APR 2001, WO 01/28409 PCT/ US00/29078 DETAI LED DESCRI 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 nunerals

refer to |ike cBigo8neablockdiugranyofutcompber detheivefreiasenibl ey o | | be
organi zed thus. First, the solutions set forth in the summary wll be

descri bed | n gr Bl arsidgiides| for teD.sullaes, of e HASURY 6 ns oy Sea0d .

applications of the preferred enbodi nEnt w set for

Ref erence M; t hroughout to,Fig. 2..which shows a wavefragnt
sensor accéc%dpg%n ﬁgﬁpb%?ﬂgbhﬁpg eagfggnmgﬁfl%éﬁd,bl%ﬁg e&ﬁ&/hes,acwmewdgm a
conputer for use with the wavefront sensor. Shrinking Box Centroiding As
is known iTRqiRLY£Fam ope glaled0@nPEE reconstruction i nvol ves determining the
di spl acenent of _each spot fromits ideal |ocation, which is the |ocation
that it woul d ddgubillusirates medelbiemranstir fumotiohs cortpuadic6ra toh 288remERR TR S
are |l ocated by. centroiding, nanely, finding the centroid in the inage

cor r espondhreg sibjecidtWasPatierrafibis;centroid is an average |ocation weighted
by intensity and is anal ogous to a center of gravity. In other words, the

centroid is-a ngbhe o gy@?n-' L er .of. the spat .

Mat hemati cal |y, |Ef an ;ﬁfeﬂggis[ 0 % etﬁr?la%g%ﬁ§§%§1 | pl@&@ﬂ”@‘pﬁc’é’f SIS0 95

I (x, V), E};};g .ectangul ar coordinates of the centroid wthin that area are
gi ven by Jx '{’x, y) dxdy $yl(x, y)dxdy {x,Y)=[iXy)dxdy ' I'" The

preferred enbodl, ative centroiding technique to provide

rre,}‘lt uses an lﬁ,t er at .
r obust 1g. 7 1llustrates the effect of scanning in the wavefront sensor of Fig. 2;

Figs. 8A and 8B illustrate hypothetical arrays used in calculating Zemike
coefficients; -
Fig. 9 illustrates a circular region used to capture centroid data within corresponding

~boxes and a procedure for using the centroid data when the size of the circular area is

reduced;

Figs. 10-12 illustrate a method of centroiding in accordance with an embodiment of
the invention.

Fig. 13 is a flowchart diagrzim 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 vcrs.us bandwidth of a perfect adaptive
optical system for natural accommodation with far target and 5.8 mm pupil.
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and accurate centroid location. In one variant, the image is dividegap p@@
an array of initial boxes, each centered on the i deal location of the §pot
and havi ngwo 0i/23e@r di nensi on equal 11 20 APR 2004 WO 01/ 283@88us00/29078

PCT/ US00/ 29078 to the spacing between the ideal |ocations of the spots,
much Iike 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 likely
that each actual inage spot fromthe detector of the canmera 20 will fal
within a corresponding box of this hypothetical square reference array.
Fig. 12 shovBETAWIhERDESCRIPTION 100, which in this exanple measures 10
pi xel s by 10 pixels. In another variant shown in Fig. 10, a different

process occurs fog &?&%@émﬂéﬁdﬂ%hi Ad va?iaﬁ&:% thérese #iif ﬁ’é@%}: sét%ﬁid% d&?ﬁfrgf,mbe

generated may or may not wi nd up being a square array

an irregul ar I 70 is identified,about a

cor r espondi nrsécgzéen% & t%%ldi'%qwf%g ‘?h‘é’&@éﬁlké %6?’?‘?5 Bgner Frrég"'ﬁ&ﬁ ike; ppPnegtsal
i mage spot n .,, the that a _spot would occupy in the absence O
wavef r ont aﬁ&"?"ﬁﬁ‘?“g §§1 gFtailﬁéedeSé’élﬁPEﬁl Wil B? prganizad thuss Finst thtesadetians setofoetha
20. Fromthe box 70, all the other reference boxes are generated as-

fol | ows. W IR ﬂ)@rwmma@gmlbbe déseribed il greateridetail dd tunenFhe, thel ardvrge, softateaind
array, and the magnitude of the Ienslet spacing "C', a second box 74 is

identified appbestions sf tbwprefemé:ﬁémb@dlﬁlbnﬂﬁxlmadéﬁﬂ)rﬂﬁﬁ t}!lzﬂb?de‘r' R@Pér@ﬁce%ﬂﬁ%eng
fromthe first box 70 along a principal direction (e.g., an

direction) . nfite dioBghad!Bis B WhichoOL FRRABHSsd: Cordll cg,f,%g”ed” FHeaons -

al ong which the array of ideal center points Is |ne

one of the tual |ensl Ia|d out. In I|ke
“fashi on, an%%%ﬁﬁﬁ%?%ﬁg? %\ggg rec% 2‘8‘”6 éx.car'n,puf; GF“SE!WH@’C‘SFB’WC PRLSERIPENal
to the X directi corresponds to a direction along which the ideal
center points of %@@m&&%ﬂare | ocated on the detector of the
camera 20. Along the Y direction, another box 78, having its center point
80, is identifiedSas knewn in the. %n%lpevavsﬁacﬁ T@golﬁsrmlmomemfolvgt détermirding thext ,

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

in the absence of waveﬁ'ont aberrations. The. spots are located by.centroiding, namely,
finding the centroid in the image corresponding to each spot. The centroid is an average
location weighted by intensity and is analogous to a center of gravity. In other words, the
centroid is a mathematical stand-in for the center of the spot. Mathematically, if an area 4

of the image has an intensity distribution J(x, y), the rectangular coordinates of the centroid

within that area are given by

jxf(x y)dsdy jy!(x y)ddy

3 Jf(x Y)ddy IJ(x,y)dxdy

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
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anot her box 82 along a diagonal in between the boxes .74 and 78, al G&RR @i d
Is prelimnarily calculated for each of the boxes 74 and 78. As shown in
Fi gure 10wowmans+i ds 84 and 86 are 12 20 APR 2004 WD 01/ 2814(?1% 00/29078
PCT/ US00/ 29078 found that correspond to these boxes, both o WF] ch are

| 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 located further renoved fromthe center 72 than the

i nter- | end? te spasirg brgween theidea] poateons Of the spets,ehych likeuhé aedy tewafin FliRires
techni que. Because these centroids are |located |less than the inter-1enslet
spaci ng fr @k drde8R: elftiRrqualty &f the apidsaitliie e ' shoul d
be placed is at a Iocatql onty(xi, y,p) t hat cﬁ§2§§§%%W%ga9¥pog%Pﬁﬁ of
t he centr oighd8 ) i 4.L.am he..centr.oid.86 of the box 78.
Thus, (xI, Vi )ﬁsgﬂ%%%%gg?%lﬁoﬂe@éﬂﬁ #\%éﬂ ngghrlte%ﬁ%@ﬁr%’rl?ﬂ’kﬁg' t?‘ﬁ@a getgal s
shown in Fi e ._The.array s conpl eted, det erm ni ng successive
"rings" ( aé:rg%gﬁ ﬁpgggaﬂég%g%egpygt%scgme@a@]wgf E{‘%W itHn agemsspamding tox dfekis

t han the igter-l ensl et spacing distance fromthe previous ring. If the
spaci ng i nhyPRihesicahiquarg referencetarays Fig.fldushowis su¢than jitalibonsl 00] Whichiis tHB! €
or less than the inter-lenslet distance, that spacing will bused to find

t he next sexamyfle irzasurésoblesixels byt Hepipelsnci pal directions for the next ring
out fromthe center. The result is a reference array of boxes that could

be irregul ar or IifsHéftie varddifl shéwH RN #2165k difR oicggstdc%mggrnte%gxgggggﬁ

point wth the other reference boxes generate n outer fings,

ot her neth C g"ﬂb : , s dechnique. is terned."fromscratch.”
The act ual Btg‘i%g'e?glf‘ t e&blgg}e%lg Bég%eﬁeqa;{g }g%da@&?rdﬂ%n?ty@ﬁtuﬂmq&qwe array.

t echni quesy,j ..described can be redyced by a factor under control of the
oper at or ug?ﬁg&’t'ﬁénaé'oéﬁ {B rEegyan Array, g@ﬁ’g&%@?lﬁﬁf hoxe7@ oF identifed 3bowos
exanpl e, the size.of a side of any or all the individual boxes may be
scal ed f rofRATEROTAIRE cantsr podpt- T2 ndhe center pgink p2comesponds td am ieal insigeespoe. 0. |
the box side may only be 90% of the actual inter-lenslet spacing Q Once
the posi tiRasgIcHf(l.etheithdttaispbt wonldbocanpy indht ebsenoeof wiheidng bberAomsy A the ' ay
or an

center of the image of the detector camera 20. From the box 70, all the other reference
boxes are generated as follows. With knowledge of the total number of lenslets in the
lenslet array, and the magnitude of the lenslet spacing “C”, a second box 74 is identified
about its own center point 76 spaced one inter-lenslet spacing from the first box 70 along
a principal direction (e.g., an “X” direction). The X principal-direction corresponds to one
of the directions along which the array of ideal center points is defined and corresponds to
one of the directions in which the actual lenslets 18 are laid out. In like fashion, another
principal directioh (e.g., a “Y” direction), orthogonal to the X direction, also corresponds
to a direction along which the ideal center points of the lenslet an'ay are.located on the
detector of the camera 20. Along the Y direction, another box 78, having 1ts 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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I rregular array as described above, the process continues to the %emn@[][
stage. Referring now to Fig. 11, a technique is described in Wn?ch‘th ’
centroi ds @byl spots corresponding to the 13 20 APR 2008c¥¥astkdogSst09
PCT/ US00/ 29078 i mage on the detector of the canmera 20 are determned in
iterative fashion. In Fig. 11, one of the initial boxes (i.e.; |ike one of
the boxes in Figures 8A and 8B or one of the boxes in Fig. 10) is shown as
a box 86 within which an actual spot 88 on the detector of the camera 20
has been | otoind&hapgorrespordio thesedoxes, bath of whichsare dncatsdianleshithan therinter-dmslet

wi thin the box 86, shown to be of 10x10 pixels in area (although other
areas coul dspacihf ifioe) the@estensointi 72 dThd ox T0einehik ax88b1£.0Tt i$ Aifteid64bIB Bhdt Phese
accordance with the equations given above. The centroid 90 likely is not

at the act usklipi:$i caltrdi@Nt&Id E)f] %ﬂ%?%%ﬁ%mw ﬁ‘?ﬁrﬁ O cedilr "%@)z(lﬂglgé in\?\%ﬁe (F:)h

the software 13 renoves a pixe hel ght om a new

becones, fo anpl e, ..n pixel area,.and centers the, box 92 aboyt the
just cal cul %Pségtx%)g‘ﬁwgo(i:’g%(‘goélg‘\*ﬁ ﬁr'ﬁffé@sll ustrative ol thy teghniqus. (JRecapss thyse
with a new centroid 94 being cal culated for the spot 88, and then

re- cent er i ngfAPIds e fpeateddash then thedntesdensiat spacire fpm theoenistJPya ceasondbie ed
centroid and a new centroid calculated. for that box and so on. For each
progr essi vessyimatmef] wieare b brx 82 lsbould bt phacet] issit a ddcatibm(>aply) thay coréspondsstpaké t o
I mage data taken within that box. Once an approximate |ocation of a

centroi d i sX@ebieiofilof@h cdntroid84B86:274 and U Pobifiah of RARntrofl &5 SEHRHBx f780M
that approximate | ocation represent noise or systematic error such as a

ramp from t'ﬂ?usfsf)h{ ﬁz iﬁh@‘lf%%ﬁr& ggtfeﬁﬁfneﬁ PLentdd B2 361 Hix £210 rs% )ﬁ}pgﬁxﬁ Uter

the location o Spo as the boxes beconme progressi

progressive re noise | excl uded. The progess ,term pates en, a
centroid 96@%%%%’“3?%’8"#@? by ‘%‘h‘}fmﬂ:ﬂ% s‘é‘i‘f&%ﬁ € TRE éﬁ@‘aﬁlﬁﬁq‘?ﬂ"\’zﬂg °?Q°"e5’
decrenented to produce % box 98 that is at or below the diffraction
limted boxesh QQWM&% RERPTE PHiesinan Hie; inter-lensiet spacinghistance fipay drermyavious
sensor 10. Once the djffraction |limted box size is reached, the
previ ous| y 18 dithe sacingrin thy prirgipal dire¢tions foand ircthetprexidusiang isvinoecior kess t he
spot 88 and the one whose di splacenent fromits ideal reference

than the inter-lenslet 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;er 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. 3dwPROMNer
criterion for termnating iteration m ght be useful besides reaching

di ffracti wobi/mudeed box size. 14 WO 01/28409 70 APR 2004 REF/ideRYy42078
Fig. 12 illustrates, for the second stage above, an alternative i1terative
procedure for |locating the centroids of the spots on the detector of the
canera 20 within the reference boxes. A diffraction [imted box size is
again used to determine the final centroid for calculating the wave

aberr at i on 18Rg¢ pe theydstector ofitl cangera 30 aredet@fhingd mGtewlvelfa(sﬁionalIﬁifhg (2l 4deough
ot her areas could suffice) is shown that corresponds to one of the

ref erence hdxlesingiahborésqile.; like ORObS BE bbRss ialFighes Sﬁg.g&‘ '3 Lb??n%?? g{s l}éﬁgs above

for the first stage. The box 100 is shown to incl recUssed

b A f h 100
gngveas sﬁ?\/\% rl??\ ngljiga'n acbg)&;gélw fﬁé}" %rggetﬁﬁ%bat @8%%5938‘: %’ﬁgﬁggg?ﬂ’emand
dth b 1 | h ' d h d 102.

\{_Mhl ; pa?/t i cuI ar Le{n@e ﬁFﬁBE%}Bﬂﬁ%{ﬁ%@% ﬂ)é ?‘Igéll gggégﬁt%?&g&éhﬁﬁﬁﬁgé{lggw 860,

t her eby forﬁn a smal ler box 106 for the next iteration of centroid
| ocation iHf &bq of k&9 nikels émriver éalthoogh vOErans chuld suffice), Aeseneoidt 900isd
found in the. box 106 within the initial reference box 100. The snuall er box

106 (e. g. calawgtedifmethe)spbs8s br aecrdakve mnm@maﬁsnggleeﬂmé %cfcbﬁr 9§0100
and portions of the sides of the box 104, as shown in Fig . I N the

box 106, aliRelwicaotdt@hdlackdd g sféﬁ‘l'&kl{e?kﬁ& oWﬂ? 6P gﬁ% %r 'i%e “Ot be a ”‘e
sane | ocation of the previously cal cul ate centrol 4

box 110 of sgme4e els) is.ce 0 the new
centroid 108, an q‘tﬁg%ﬁf"%é lgal‘gidpe%‘e&({iéﬁﬁtbéoﬁ%Bf)‘i"r’l’@xt ﬁ‘&bg meg.ofor o
lie within O|IeWIthI he box 106)a ntoforma -
new snal | erﬁa@ﬁ:lp%g n leﬁl(arc 5?’5(%‘? thcz?r"éz?? qs’ﬁ“\/m?.li’ﬁ“&] %d’éntl’ﬁldl% The is
agai n cal cul ated, which may may not be at the sanme |ocation as the
centroid 1B®cespirepsated é‘g’éh“& Smhqx&e?swmép@pmqmtrpgd Yybeingaboulated fartthe spoot her
smal | er box fol l oned by centroiding, and so on. Finally, a centroid 116 is
cal cul at ed8&yiandithen re-centering with a next smaller box centered on the previously calculated

centroid and a new centroid calculated. for that box and so on. For each progressively
smaller box, the centroid is calculatedionly with respect to image data taken within that box.
Once an approximate location of a centroid is determined, it is safe to assume that ﬁnage
data remote from that approximate location represent noise or systematic error such as a
ramp from the Stiles-Crawford effect rather than useful information about the location of
the spot. Thus, as the boxes become progressively smaller, progressively more noise is
excleded. The process terminates when a centroid 96 is calculated for a box (not shown)
and the box size is decremented to produce a box 98 that is at or below the diffraction
limited box size determined from an optical analysis of the wavefront sensor 10. Once the
diffraction. limited box size is reached, the previously calculated centroid 96 is the final
centroid determined for the spot 88 and the one whose displacement from its ideal reference
position is used in calculating the wave aberration for the eye. Some other criterion for
terminating iteration might be useful besides reaching diffraction-limited box size.
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a clipped box just prior to reaching the diffraction |imted box Zi ze and a
square box is centered on the centroid 116, which is clipped to OARR 468ix
118. |f tH¥OWaR84I8 is at or smaller than the diffraction RATISBAdTEX
size, then the previously calculated centroid 116 is 15 20 APR 2004 WO
01/ 28409 PCT/ US00/ 29078 retained and its displacenment fromits ideal
reference on the detector of the canmera 20 is wused for calculating the
wave aberration @f_the,eye, | hi s manner, .the centroi.ds, that are
calculated in thgﬁ%rlgégg%rag§e%éﬁ%§;§op£§ ABSAONE AR AAMAtiyeiterah veprgeedure for
initial box 10Q. It should be understood that a variety of other

cent r oi di nglac@bns the kestreissiaf the spre @nithe defeethr ohbr @emera2G withmthieatfeyence
reduced in size and new centroids are calculated iteratively. These other

t echni ques hoxesi n&ldiffedtion tiniced: bex sieo e againl us@l to detemihé thePfigSehtroid fo
invention. Still another variation.can be used. Since two consecutive ol e

nunber s ar ecdleveafi t Bat t : ' | var
pUGMEng Ul e b orubiLlr BNe9e, OIS BOORR, UF TR 05 LY

by one pixel in each direction cannot e th C

of whol e pi tyi.es _can,easil ear in -the
spot tails. é%até%m B@rtaﬁ%?%ggt\agsgg%&%:%ﬁ%éﬂ%gﬂ{r?sg%qsﬁﬁ °pf éﬁ@gg;fgree%box%

adapted to work with fraction | xel s. For .exanple, instead of reducing

t he box si z%ewt%s‘ﬁ?ﬁ%ghgf‘%ﬁfoﬁh%%c qyes fgﬁss@eg ahpir {oRthedisptaageoThe brell 60

t he technique using fractional pixels can shave off one-half of a row or

col urm of piSEBPYNfe Helussdhe spat @8 diveussedreboverud icentraid 102 isadaldulaed fop tied splt xel
to the centroid is considered to be the corresponding fraction of the

intensity c&hwihidhe boxt 100 dndaad showndh Fig)a2pa &b bawhi G4 thiiSs 8&8émentdd & height
techni que has been found to produce results of high accuracy in a

conput at i ongald wide by ¢pSil (RNORS pix&@?th%fl?ist é’@fe’?ed”@ﬁﬁ@ ciifdid 163, ef‘ﬂiiﬁggm‘gﬂlar

which the cal culated centrords are displayed to the operator. oper at or
cof tvre aug e S ho By To4 REwi e B 106 Wik, R SWhoatechot Eotse
Comput at | ontoE i AL Rl of ot EPM o in AT GR keinshe SRRy 199 64 Mo
valid cent rr(l)ci\»\Sj csen %i(f‘ i%BIrlé) 1‘?{&12 e)lc '106t \Ql'ethisllot{lé miael} reference box 100. The smaller box 106
(e.g., 4x5 pixels) is formed by portions of the sides of the box 100 and portions of the ‘sidcs
of the box 104, as shown in Fig. 12. Within the box 106, a new centroid 108 is calculated,
which may or may not be at:the same location of the previously calculated centroid 102.
Next, a square box 110-of decremented size (e.g., 8 x 8 pixels) is centered on the new
centroid 108, and the process is repeated by clipping the new box 110 to lie within the box
100 (also to lie within the box 106) again to form a new smaller box 112 (e.g., 3x4 pixel
area) in which a new centroid 114 is again calculated, which may or may not be at the same
location as the centroid 168. The process continues ;epetitively by centering with another
smaller box followed b)" centroiding, and so on. Finally, a centroid 116 is calculated within
a clipped box just prior to reaching the di.ffraétion limited box size and a square box is
centered on the centroid 116, which is cliﬁped 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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will re-conmpute a centroid based on the local light distribution ar%ggﬁthpﬁ
| ocati on %er(ell.the dragged spot was left if such a feature is enabled. |

a center YO8 is dragged to a 16 20 APR 2004 WD 01/ 284RGT/PEN/2%730/ 29078
new center |ocation, the entire set of centroids will be reconputed based
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

some condi trited ah# @S AispldcerRat F¥RSitdRILaIRAYGRe tohgihé] g&dchp o%@h&%ﬂ\lﬁk g by et

the centroid conputation. The first alternative | romscratc %an

be a def aul second option is..to e the ,lgst conmputed centraid

| ocati on aé‘lts?%iggg? lg}nﬁggg en)g%%e %?F#‘Pﬂ&?% eYEhLn @E’T\Wﬁsth@ﬁeﬁhﬂéﬁ\m%{fe.
The third option uses the stored |locations of the reference image that
woul d have CE’@BH‘%‘HP@(MB@CW afe phyaysgpaistained gvithin the ares ofithepoitial bood 00. It

| ocating the <centroids. Threshold clipping can occasionally aid in the

accuracy ofheuld baunderstbedithaenvanétg-of bitiet bélﬂroiﬁh@&&hﬁigﬂ&s cotldsd el id Which
threshol d, for exanple, by selecting a "Set Threshol d' nmenu command,

brings up dofésdroSitieRPAly reBddeddhlsPeSink fﬁ?w&@?té&h?Eretc?alc%ﬁttgd}irt]ég‘gé\?% lr ’aggs%afg

upper threshold of imgé intensities vall r anal ysi's.

used for a . el hpping.until anot her .vual Is entered. A current
frane ‘can ng% Hcglzlﬁg%sgmgﬂc%%%eg ‘gﬁ'g’“ lfi’?‘l?cé’gﬁa?‘gsﬁwf?)%ﬁﬁgrﬁﬁms‘ﬁb@é’&ﬂent franes
can be enabl ed, f.ﬁr exa%%, by using a threshold «clip. This feature may
be di sabl ed for SEd@Roberyasiation canbe psed. Siee bre ponsecutiyg gdiole-pumbernaye akver

M ssing Data_ The wave aberration can be-reconstructed when any nunber of
‘wavef ront BewWtqddiar bothheves, fwo boxes whossr diimensibns vesybilyi aviequitel i @héH diretnidn
should be elimnated fromthe data collected by the camera 20. This could

be for a ncarvet hak themamnentet ifftheyemsisEof iidde SIREE.AASh chflel 8RS as%'lhﬁ"eﬂ%sa
point is an invalid data point (e.g., two spots in one box). Further, this

coul d be  ea &Ry hsitht M 16Ot BAENTH Aabid that botedlthae, BRI dhirbAf g6 ah%a1" €at
a standard deviation from
be adapted to work with fractional pixels. For example, instead of reducing the box size by
shaving off onexow of pixels and one column of pixels, the technique using fractional pixels |
can shave off:onexhalf 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 ﬁem, for example, 1-37. Errorsin this computation can occur and
the user can direct them maima]ly by dragging valid centroids to appropriate. The software

will re-compute a centroid based on the local light distribution around the location where

the dragged spot was left if such a feature is enabled. If a center centroid is draggedto a
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a center, or the data point is too dispersed and the standard deZ’b%tPh%mOf
the intensity of the 17 20 APR 2004 WD 01/28409 PCT/ US00/ 29078 pixel s ‘i's
too great . WOMHEK®P the centroid may sinply be too dimto PeTvEsvegwirged, or
the standard deviation of the center of nass exceeds the predeterm ned
threshol d. That centroids can be dynam cally selected for or excluded from
use differs from astronony applications. The substantially higher |ight

| evel s avai labl &nde t 1.C - ' - | 0 re of scarring,
opaci by, or "Sramie IR or i HBr el of AR il 8P echine ko Btithn e B e
cal cul ation..fAnt{ %i Catri@?pn ch)f wavefront sensing for the eye, including,
for exanpl et ¥t 8 rgds FRabledyesi gn of inproved contact or intraocul ar

| enses, refractive surgery or retinal imaging with adaptive optics, wll
benefit from bei Agespmteoidocaobmenneputedsin thee avaybany atfwiich\bey besidcfeddsyethe
m ssing or are of insufficient quality. Dynam c centroid selection is

facilitatedussi tindehsommtariditionspiheseslieniatiots may Peduce tR ARWitD shaBL oM} k4
illustrative exanple is offered. A hypotheti ca}r 3x3 array 150 o?m skt

ot orence spot o SRERRUGE, ThE SRR Re i fom ek WficHRin R peof TR
t to bott : hght . | t.h h th ' deri h
coul o' be. useaoreapidLisd B T ile: coBplief s o™ Reein astheoy ebeate o hees 13,

there is a gentroid 154 displaced in x and y fromthe-' corresponding
aperture ceHiSSEIHSES PR AmeR) ipges Thetlirdoplian wps thestered dacationsiof the réfereneach:
box, as will be explained belowin nore detail. The software 13 determ nes

the x and y!miBeshataeanidhave sfen ehtaineddyta merfectléye, as desstamiag @dinmd for 1oading\the
respectively. Thus, the s vector has 18 conponents, 9 for x and 9 for vy,
as shown i ncéntmidsat ri x equation below. The G matrix is an 1.8 centroid (or
aperture center) by 5 nodes matrix (i.e., 18x5) and a is the vector of the

Zer ni ke coef f i ¢i Fhieshal@BRppihs Bsh SdcalibRally £0TP@R %E@&a%f&ﬂtﬁégﬂﬁgn;@gv)c%ﬁhr st

and second order aberrations (no piston term as explaine us, s
= @, or i nffB&lgorii.USelecting the threshold, for example, by selecting a “Set Threshold” menu

command, brings ﬁp a dialogue box, that allows the operator to enter a lower and an upper
threshold of image _intensities valid for analysis. These vz;lues are used for all threshold
clipping until another value is entered. A current frame can be threshold clipped and
threshold clipping on subsequent frames can be enabled, for example, by using a threshold
.clip. ~This feature may be disabled for each search box or for the entire image.
Handling of Missing Data
The wave aberration can be reconstructed when any number of wavefront centroid
spots is missing or is of insufficient quality and should be eliminated from the data collected
by the camera 20. This could be for a number of reasons, for example, the operator believes
the data point is an invalid data point (.., two spots in one box). Further, this could be
automatically done such that if the data point includes too great a standard deviation from

a center, or the data point is too dispersed and the standard deviation of the intensity of the
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18 WD 01/28409 S[181 G [18 x 5] a[51 dx9 dy, dy 2 -dy3 dy4 dyks0 APY @004
Ldy9 J 2 0 APR 2004 PCT/ US00/ 29078 The preferred enbodi nent all ows the

el i m nat ivod ondssoent roi d data this using the flexible matrmorokbas@gr uct ure
above. Basically, a portion corresponding to the unreliable data can be
elimnated fromthe matri x, the inverse taken, and new ZeM k6 -coefficients
calculated. The Gmatrix is truncated with rows elim nated, depending on

t he nunmber of Zem ke npdes to cal cul ate and t he nunber of valid data

poi nt's onePRiclHadoq great Jrther, b centgQid may-Hmphn beitas dist isbeoiecogmiandedr e t he
operator, two rows are renoved fromthe s vector (corresponding to the x
and y di spstandarddeviatbén ofithe oeeter pHindls exceedstibe firedetermined (leeshoddpondi ng to
an aperture center) to forman s' vector and a G matrix, respectively. An

exanpl e of the Thav@mieidsaafl HeBmiinidily skicted fENaNEX Rk i
hypot heti cal 3x3 array 160 of hIF'V(E:‘nsI etg, but with arcl ing\gfﬁggééqdel fg{;?e%t)ml%

Cont  of d 1 SRS GR1BHicher The' GopihdlyHond heht RFhs d0A e e BEFiimic vo
01/28409 applications allow areas of scarring, opacity, or otherwise unreliable data, to easily be
excluded from the calculation. Any application of wavefront sensing for the eye, including,
for example, antorefraction, design of improved contact or in.traocular lenses, refractive
surgery or retinal imaging with adaptive optics, will benefit from being able to compute the
wave aberration when spots are missing or are of insufficient quality.
: o Dynamic centroid selection is- facilitated using the matrix implementation. .The -
- following simpliﬁed illustrative example is offered. A hypothetical 3x3.a_rray 150 of -
w2 reference spots and boxes 152 is shown in Fig. 8A. Each box of the array of reference spots -
2w+ 150 and boxes 152 are desigﬁated 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, desié,nated 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.e., 18x5) and a is the
vector of the Zernike coefficients consisting of the 5 components corresponding to ﬁrst and

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

words,
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PCT/ US00/ 29078 dx2) and one dyi conponent (e.g., dye) are renove E form
the 16-elenment s' vector. The corresponding row integral (apert rDe @ewg%r)
el ements oWO@1&B#IY y are renoved also to form the 16x5 G yat/uso0/Qixgen by
Xj+b y, +b'aZz x r G 4b2 J ax dydx, x,-by, -b 1 yj+b az QU2 J "' dx dy

4b y,-b x#-b ay (rovvs 2 and 11 of matrix G are renoved) with a still having
5 conponents (i.e., Zem ke coeffici ents 2 to 6). In the above equations, b
is one-half the Iength of the Sld Q& neraIIy, one shoul d i ncl ude
at |east twice the number of centrd 1§Pfe5 nilMer " of Zerni ke nodes to

be cal cul ated. Thus, for nine centr0| ds, one woul d generally wish to
calculate four to five Zernike nodes. s'[16] G[16 x 5] a[5] dX9 dy, dy3
dY4 dys dy6 dy9i 20 2 0 APR 2004 WD 01/28409

The preferred cmbpdiment allows the elimination of centroid data this using the
flexible matrix data structure above. Basically, a portion corresponding to the 'llmreliable
data can be eliminated from the matrix, the inverse taken, and new Zerniké-coefficients
calculated. The G matrix is truncated with r&ws eliminated, depending on the number of
Zemike modes to calculate and the number of valid data points one wishes to examine. For
every centroid missing or removed by the operator, two rows are removed from the s vector
(corresponding to the x and y displacements o'f 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 rcmov.ed as indicated by the X in '

Fig. 8B. In other words, for every centroid removed, one dx; (i=1 to 9) component (e.g.,
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PCT/ US00/ 29078 Turning to Fig. 9, if data are to be elininated, rdwsARR 04
del et ed, designated as 186, and once the appropriate G matrix and s’

vect ar ar‘é’%‘é‘?@f“ﬁi ned, designated as 188, the a vector nmustT/Osoopod¢ed for
the corresponding G and s' as above. - The a vector renmains the sane to
determ ne the wave aberration for the same nunber of nodes as before, but
with the displacenent data renoved. For a given nunber of lenslets, the
maxi mum nurggﬁan(af nZefni ke m)de(s that can be used fora reasonably accurate
fit is deteff ned crgi CURANGEH erﬁ.rd'%fz) geFemoygd teormether delementisheedtordiTiedual
subj ect being tested, the nunber of lenslets will be determ ned. For a

gi ven nun‘t‘r‘@g'cﬁﬁpn 188 5w injegrak (aperturb eenter) elementsvdG simplyasoOradviid 66 8 BhS
wave aberration can be conputed with about half this nunber of Zernike
nodes. For tesHindl @ matrixgi8en bgnsl ets, an accurate wave aberration
representation can be obtained for approximately fifth order Zernike

pol ynom al s consisting of 21 Zem ke m)gg,gm‘léhe above technique will work as
|l ong as the nunber of centroi dgf(;_e_b_sl tj)__?ggo&ed are not too many for

t he nunber of Zerni ke nodes to Be dpter mineg b the a vector. In other
words, as the nunber of |enslets used ”'(ﬂé"é’feases, it may becone necessary
to reduce the nunber of Zerni ke nodes conput ed in order to follow the
above rule of thunb. If too many,ceni r’alfl e ec}yi m nated, then the
ability to accurately determ ne"thegrave ib‘g‘r‘é& on for particul ar Zernike
modes is dimnished. Another way of gtating"this is that if too nmany
centroids are elimnated, then the G matrix becones too "singular"” and the
‘SVD will be inaccurate. Following the rule of thunb that tw ce as nany
data points should be avail abl e as nunber of Zernike rows calculated, in
general , one wi §R¥S % anduKleof matrix Gnars retheved) Wit a efill hVisig SconPdhehs (1.8, the
G matrix. Therefore, the results given in the tw exanpl es above vvouf'd’ be,

quest i onabfemikseoeffiderith? tn6)riatheibdvewgualiis, Hilons ia0f
colums by a factor of four. 21 20 APR 2004 VWO 01/"23‘3339%%%1?‘8@33?%8%
a box. Generally, one should include at least twice the number of centroids as the number

of Zernike modes to be calculated. Thus, for nine centroids, one would generally wish to

calculate four to five Zernike modes.

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

[dx, |

dx,

dx,

dx

dx T
. 2
dx, b
dy, =[ G ]:4
dy, as
dy, -0
dy,

dy,

dy, |
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The G (or G matrix, which, as discussed above, has elenents that_ are the
derivatives of the basis functions averaged over the sub-aperture 10 ARRCHANS
| ensl et 18WIOPL2B#9 x and y directions, also becones represartEUS0ORIOBS a
metric, of the nunmber of nopdes that can be cal cul ated using the SVD
techni que, in accordance with an enbodi nent of the invention. The nunber
of entries in the G matrix provides an indication of the m ni mum nunber of
di spl aced centroids (lenslets) required for an accurate cal cul ati on of the
wave aberration for particular Zerni ke nodes and Zerni ke order. The
preferred enbodi ngent thus not only allows acquisition and analysis of wave
aberration data e\MRInEAO Eigi%itdatamre thbe eliiseted soys anbdvietad attsigpaiedns 165,
| ocal occlusions in their pupils, but also provides a netric for accuracy
of the cal c@ndoece thewppmeiateaG! matrix arh végonirk deAfinkl Cledihated =S 188, the a
determned using a -data structure matrix, as- described above. The rows
of the mat rivécteP mMuSSHROI e T dot he col ums .
T TR bR, The B el Eoees b

correspond to the centroid nunbers. "The trix

t he Zerni ke LGl ' | .t.0 vect or of the _displacenents of each
centroid fr g%ﬁ?? gs Eétgiélglﬁg %%)és‘l%?\?egzﬂ)%“a}fﬂ% ?({}'é@f JmEURBRL of mades axhefpre bubwithst s
of the displ.ac nts in . x followed by displacenents in y, each subscripted
X,y pair of ﬂl%‘ﬁg@ﬁmeé‘te?tatr%%%ri X having the sane subscript as and
corresponding to_a particular lenslet. The size of the Zem ke coefficient
vector is det er nifieed ghgnnhmbaned lnnsiets,dhainaeinmtsumberiof Zernilte/modes tha dade Of
colums can be elimnated in the cal cul ati on dependi ng on the nunber of

‘centroi ds amsedder arésonabylacirate fipixetermined. Foflal kived pusisise WiGich H@;%‘?ndg%a
is collected and anal yzed, upon elimnation of a row or colum, the Zem ke

coef fi ci ent sheciadivithial AHMEPHEAS té@tedt BR dubiber {Tﬁ%ﬂ&?%ﬁ"ﬁé ge%ﬁ@%&‘.c EQP%VEWEQ €

any mssing data are located rn this matrix e mssin

o cki ng. areeofhge R Red Bl M K S CRets B Aperaton e e

el ement s of kA X her. deci sion,algorithns in the software 13
sof t war e Caﬁ&ﬁfut@@%xt'h aboxghaﬁrﬂns number of Z%n%ﬁe mogcs. For example, with 37 lenslets, an

accurate wave aberration representation can be obtained for approximately fifth order
Zernike polynomials consisting of 21 Zemike modes. The above technique will work as long
as the number of centroids (lenslets) removed are not too many for the number of Zernike
modes 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 Zeﬁﬁke modes is
diminished. Another way of stating this is that if too many centroids are eliminated, then
the G matrix becomes too “singular” and the SVD will be inaccurate; Following the rule
of thumb that twice as many data points should be available as number of Zernike rows
calculated, in general, one wishgs to use four times the number of rows as columns in the
G matrix. Therefore, the results given in the two examples above would be questionable
because the number of rows does not exceed the number of columns by a factor of four.
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be included to nodify the data structure matrix. Change in Radi us 2of APUR)
The above di scussi on concerns cal cul ati ng the wave aberration for centroids
within awpupizB4padi us Ro in which the data are acquired. FERO%d0sR, |f
one wanted to calculate the Zernike nodes for a different pupil radius,
for exanple, to account. for differences between day and night vision or to
exclude | arge aberrations at the pupil edge, one would preferably do nore
t han sinply ign%ev\ﬁ'ata fromthe centroids |ying outside the smaller

radius. Instea at(of &)X, sWhighs as discussed cahoverdiasselemantsethaRare( tee
Fig. 9), that captures a |esser nunber of centroids. The data, however,
fromthe cdpnvaivasoftedasiatfenctions avéragedaoiensheubigpertietoftiash MrdRe 18 nafeead,
it is sinply that the Zerni ke polynomals exterior to RL are effectively

cli pped by xusd pﬂnracttdnérh?d‘oode!?faﬁ]b@fbpfés&{fhtmeaszﬁh%'ét efgﬁ’%gﬁggﬁrofﬁ?oggé’ﬁrbé OTthge

Zem ke nodes for R. with renormalization, desi gha

t ransf ornma nt. Z

expl .anat i ohéo eyl ft|g(jljrﬁ§a‘*’§ona 1%t% ‘ggf‘f"a “’%""Eﬁa emé?%%'ﬁgl’w l‘%'/?)P‘FPE‘PP-i t
is inpl erre ed | Z@pcordance th an enbodi ment of the invention,

fol | ows. EP‘”BE“’ frigs 166%? | B1agRY Brovides an indicatign of thesminimarmingbsriof si ze

S renorrral ized to a set of coeff|C| ents neasured over a snuller,
concent ri c9displapad cenfrgidggsnsletslnequinatifon bosepraecalcitaion@fYiowhve sheaagiordfos et
of two variate orthogonal polynom als defined over the unit-circle. To

fornul at e particylardteenike modeeahd Zerdike Deder 1T M@c@@ﬁﬁdﬁhhﬂ%usf Nt %Bla/chﬁl
resents a

first expressed as N 6R(r,e)=bjZ (r,e), irl< , where +R re
/measur ed SRR Anid 'aﬁ&l 85 W )
represents the ith Zem kb pol yn%kfuﬁ gbm;shlbgdqalﬂu%gt%xgﬁl glfbjegg w}%nuﬁ?{e EYElY

coor di nat e§berr-5ﬁ:9 réglororib& 2Wsiontn A Sﬁ‘p%%, bu sg%%)\{l egsoa7r%cmc for accuracy

of the calculated wave aberration.

The Zemnike coefficients are determined using a data structure matrix, as described
above. The rows of the matrix correspond to the Zernike'mode number and the columns
correspond to the centroid numbers. The matrix multiplied by-a vector of the Zemike
coefficients is equal to a vector of the displacements of each centroid from its ideal position.
The vector of the displacements consists of the displacements in x followed by
displacements in y, each subscripted X,y pair of components of the matrix having the same
subscript as and corresponding to a particular lenslet. The'size of the Zemike coefficient
vector is determined by tﬁe maximum Zernike mode number. Any of the rows or columns
can be eliminated in the calculation depending on the number of centroids and Zeﬂc
modeé, respectively, required. Once the image data is. collected and analyzed, upon
elimination of a row or colgmn, the Zemike coefficients can be recomputed on the fly. The
software 13 can show where any missing d;ua are located in this matrix. The missing data

can be replaced by proxy data consisting of previously taken data or data mimicking another
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value N is the highest node that is neasured in the wavefront
reconstruction. Assume that the b coefficients (which can be expl ds&d(Es

a vector byoanmsswel cul ated by known nmethods, but that it ige6Shohefst hat a
set of coefficients be deternined for the function N OR (rA 0) =l

bizi(rA/B), Irl <1 i=2 which is sinply OR eval uated over a smaller, .
concentric pupil with radius R (e.g., Rl), where A= (R" /R) <1. Thi s
function can be hought of as taking a . concentric circular "slice" out of
the middl e 8P ¥the elerents of theppatay Qe Aegisian algerithens in thersoftware\l3Isofiware can
expression for the Zerni ke representation of OR because such a.

r epr esent at bomcindsd tdmodifgrthes datel siractaremaatiial vari abl e that ranges over the
whol e unit circle. Therefore, the goal is to find the coefficient vector ¢

in the Zernike rgaﬁ@qﬁtﬁdﬁquﬁm@,t, Lit" NOR (r, 9) J]Ci Z, (r, e),
Irl 51 . i-2in terns O e vector b and the radius ratlo A. In order to
determ ne the ve IS used for expressi .any
function defi nedﬁéé\zgebrog ﬁ@scé% &Pé&f&}s g | nﬁgHﬂE%gxe&gave g?’ﬁ‘?tif’é‘flgr'g ‘E‘%Y‘%‘P ate
t he product of f{ ﬁ nct é‘g}l g each Zer pol.ynom al over t he
uni t - ci r cl e PP 12AES ¢hethig ﬁ@laFFgacﬂBB'F OEhEhCTq, i qpg mantedita calctlate tR. |
1291¢c¢,=j $c,,. (rA QZ, (r,0)rdrdé. 0 O The above equations allow one
to derive t%emiksimasiss foya diferenpRrupil radivg, fod exarailé, té a6dcfin for Bffedéri@s betvedn | 1
00
day and night vision or to exclude large aberrations at the pupil edge, one would preferably
do more than simply ignore data from the centroids lying outside the smaller radius.
Instead, what is done is to select a new radius, called R, (see Fig. 9), that captures a lesser
number of centroids. The data, however, from the centroids calculated for the radius Rois
not discarded. Instead, it is simply that the Zemnike polynomials exterior to R; are
effectively clipped by using a transformation from the Zemike modes for Ry over to the
Zemike modes for R, with renormalization, designated as 184 in Fig. 9. The transformation
equation is represented as {Z;}ro —> {Zi’}r;. An explanation of the rationale for its validity,
and the means by which it is implemented in accordance with an e.mbodiment of the
invention, follows. A set of Zemike 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 poiynoxhials are a set of two variate orthogonal polynomials
defined over the unit-circle. To formulate the procedure used to do so, the wave aberration
function is first expressed as
. N
¢,,(r,0)=2b,2,(r,0), IrISI ,
i=2

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

represents the ith Zemike polynomial as a function of polar unit-circle coordinates. The
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The equation just given can be expressed as the matrix equation 22102@{3\%@3
200, WD 01/28409 PCT/ US00/ 29078 c=TAb wth TA being a sparse matrix ose
entri es owWgoumpend on A The entries of TA can be conpu'{/\gfl ngb(pgl} e
synbolic i'ntegration tools of Mthematica avail able from ?r am ﬂesear ch.
Al ternatively, they can be conputed when the | enslet objects are created in
the software in accordance wth the new pupil size. The latter technique
allows "on the flgsy" CQ%IFCU_I ation, since the matrices are conputed "as you
go." . The r'éif¥ & the highest mededthatis measurehivtse waxefem cdronstrictibm Assudne that
wei ghted sum of selected bb terms each of which has both an order with the
sane pari t yhas ceefliciestsqwhicherantheanprssedaakveitr b @e Qilaﬁﬁtc@f:»yid?&ivﬁhe dgoin
question. The weights are polynomals in A whose degree Is equal to e
order of thet e ieaagrding et 58I 5 fhd S dgy 1S a result
of the fact that the double integr aﬁlc |&§s ngﬁ%@?@&gﬁg@%ﬁ@ﬁn?%e azi mut hal
angl e functions of the Zerni ke polynom als agree. This can happen
wi th-,only one node per order an | ryer s the sane parity as
the order of the original cf terﬂﬁ'e{atg)shg.é"gﬁf)fggﬂot@g?t’hat t hi s: expressi on
for c, is also dependent upon the nunber of nodes that are used in the
original exigss sph 4 j all orders. of. 4R are involved in
gﬁf %’b ﬁat]\]}'{@ﬁ’ bl £ %Lﬁer ¢oncentric pupil éN‘FIVaQE-E £ Wils-2-» &D»y

t he expression for e expressiont

~involve thase modgs,of 4R that are actually neasured. Therefore, this
net hod can Q‘g\%ﬂg ﬁa(RX/aﬁ/{e %%gﬁ“f"é‘?q &4 bsequght afasitaking equicentrit tinauldr "shee"need

to make additional neasurenents over that smaller pupil, but it can be no
‘mor e accur Qpkofithamiddle oprgi nal neasurement. The advantage of the above
method is that all of the data are still enployed. That s, one maintains

t he informati onHolwevbg thavefualith justNeiveAtisidbtt DS a8 dth kS : ver,
the Zerni ke nodes are for ?t snal IJer 'gi;'l cul at eﬁrﬁu@bﬁggpggt?&%&
cal cul at edrdyYeskttation 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

¢ in the Zemnike representation of ¢z =

ALl N
o (r.0)=c,Z(r,6), |<1,
R =)
in terms of the vector b and the radius ratio, 4. In order to determine the vector ¢, a standard
procedure is used for expressing any function defined over the unit-circle in terms of

Zernike modes: integrate the product of the function with each Zernike polynomial over the

unit-circle to find the corresponding coefficient. In paﬁicular, for ¢g-,

Ci

|
N [

z,i ] ¢n-(’A:9)ZJ(r,9)rdrdQ.

The above equations allow one to derive the following:

[ 2,(r4,6)z,(r,6)r dr do.
0

N

C1=ij

1
2 7

»
© e

The equation just given can be expressed as the matrix equation
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clipping the data, which could lead to. | ess accurate results. 25 %OAP@P,E%H
2004 WD 01/28409 PCT/ US00/ 29078 In this software cal cul ati on of %he B
smal l er raWiOUE/2409 it is necessary that the radius be snalp@rusdavoishe
initial radius R If it were desirable to capture a greater nunber of
points froma larger lenslet array, for exanple, or to expand the radius
past R8, one would return to the beginning and select a larger Ra, thereby
passing nore data fromthe inmage captured the canera 20 or recapturing
nore data. By expanding RO to a | arger. regé per haps one would capture
nore | ensl et st ,gf course, the Zemi ke nodes for a smaller radius could again
be cal cul at 4thEa bewga sparsedpatiz whaseenties eabidepend omu| Fhe emtries efi Thaantbbe

| arger radius. The nunber of Zerni ke nodes cal culable in general is |imted
to the nunbépmpntedousing thedymbalic imtegratiodsodds ofiMathefnatibal B¥ailabRefromeWe Sarh O
have at | east twice as many centroids as the nunber of Zerni ke nodes

cal cul at ed. Resedrtle MRemaliveIQ thesearl ¥ conifiuted ®BLIHLE iﬁn%igggﬁjg#é Q%V'g{}gatgﬂri @”f ;

are avail able: a choice of " pupil dianmeter which' a ana

d | ol il : ' | ue, For,, le, 6
e chor co oy B5an aEtorBile vl B0 Rk 82 | el Wil MG omube ol o

m ni mum and i mum Zerni ke.nbde to use in conputing the wave, ]
aberrati on. °$ﬁ'gi%§8\‘fe”%é¥‘? mafesaze cumpiied lF%?cX"é’cBgf*{r drhetrpwilis off ks dutegratige of
Zerni ke coefficients and, for,the selected pupil size. The wave aberration
can be di spFiRpetthat each celesmis @ weighted sum o selegiedb; teimseach lofiehidif haal bosh af -
mnus 0.15 mcrons (?J8 at heliumneon wavelength). The point spread
(function caprdse with thelsatechatityas tixk is\greatenianroeteqeil tanbe bfder 60 MRIE QeRYn t he
software 13 as squared anplitude of the Fourier transform of the

e e il g g B L R SN 0

the retina gsfespsudifig i) Bl Bhé sparseness of the T, is a result of the fact that the cioublc
integral is non-zero only when the azimuthal angle functions of the Zernike polynomials
agree. This can happen with-only one mode per order and only if the order has the same
parity as the order of the original c; term.

It should be noted that ﬂ;is :expression for c; is also dependent upon the number of
modes that are used in the original expression of ¢z. Theoretically, all orders of dr are
involved in the expression for c, 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 the original measurement.

The advantage of the above method is that all of the data are still employed. That
is, one maintains the information of the wavefront inherent in the Zernike modes. However,

the Zernike modes are for a smaller calculated radius instead of being calculated by just

clipping the data, which could lead to less accurate results,
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measurenents. To overcone that inhonobgeneity, and nore specifi cal ms@% 20
average out its effects, a scanning and de-scanning technique is . %6
20 APR 2080 ovIB4®1/ 28409 PCT/ US00/ 29078 To i npl enent the Sﬁé‘?@]s'ﬂ&} gelale
de-scanning, Fig. 2 illustrates a wavefront sensor 10. In” order %o reduce
the problemw th short exposures, the wavefront sensor 10 includes a
scanni ng/ de-scanning mrror 60 conjugate to the pupil plane 62, and a pair
of | enses 64 an 6. The mrrar 60 elimnates spatial noise by scanning a
poi nt source i ndlg ﬁﬁ‘%‘%’%‘f‘i‘r? ﬁ@cﬁé't@‘haf the ggmaliet tadive Rapipisamicassacy it the @sdius
skilled in the art. The angular extent of the scan can be less than 0.5
degrees at B Suaipicthan theinitiglandiys B Iﬂﬁ@@@&shﬁbleﬁﬁpﬁﬁ'&h’?ﬁ:ﬁt&ﬁﬁﬁ%r -poflzﬂse
scan is ke&;ﬂsn&ller than the isoplanatic patch size of the eye 58. e

tenporal frisemenager kndetarrahi @ eRBAPRDof (3 i scans wi.thin a
single frame of the detect o? of theHcacr)reraxP%%@{hg)E%gﬁng’h@el‘?’%‘m] Tetum,

fromthe eyesthdh mégﬁtﬁll i optics, it is de- scanned so that
there is no m)vee%mant 0 dEsE!gcl na%é@p@ﬁ%gﬁa%sfng%wet%@ ﬁ@ﬁéht’etmwercaytuml
Thus, spatigl | se n_be renoved wi thout disrupting the wave aberration
neasur eme ntb‘} mggéfem 28858“’ PIuGR Hare datay By<exppndingiBatos targdrhaecanperbhpotie
sensor 10 with and w thout scanni ng/ de-scanning. Scanning is an.effective
met hod to r @PLa Mor lendets eOfinewrss ity Zereikposades forafsnialier radaiebl Rizain
sensor 10 are required. This benefit will accrue naturally in a confocal

| aser ophbB&rlewlatedme desyribpe ebbve fromaliedith YAt SB} EdpPured Porltheiars@SGdiul Ne sane
scanning beamthat is used for imaging can be used for |ow ndlse wavefront

ssensi ng. Scanni Mhe intinibef of ZemE Ridded c4 | nst nt desi gned
‘only to neasure the stat?c conmponent Cdg?ullgwgq%é&gﬁgrl ﬁ?%%m%&fit
I S possi bl gedtidich AR sults fr a nupber of short )

exposur es, or ol Igt?#dl iﬁgha?l%gev%ﬂr}ﬁ%&g’i &nn@pée’fef)sﬁﬁ QWS%FW‘?%WWHHQ@G, :

the reco exposure d ion is at least 1-2 seconds for eye
e Gtlmb el ?éeZerxgl gln?qtifcs ﬁgl:;:glt@

movenents to el mna e their own.

In the user interface for this feature, the following options are available: a choice of
pupil diameter which allows the data analysis to proceed for smaller pupil diameters than
a maximum valug,-.-i‘or example, 6 mm; a choice of Zernike mode range, which allows a
choice to be r;xade for a minimum and a maximum Zernike mode to use in computing the
wave aberration. The wave aberration is reconstructed from the selected range of Zernike
coefficients a_nd, for:the selected pupil size. The wave aberration can be displayed, for
example, as a contour plot with values of plus or minus 0.15 microns (A/8 at helium-neon
wavelength). The point spread function can be calculated from the wave aberration and is
computed by the software 13 as squared amplitude of the Fourier transform of the

generalized pupil function of the displayed wave aberration function.

Inhomogeneity and Laser Speckle
" As noted above, spatial inhomogeneity in the _retina can cause inaccurate
measurements. To overcome that inhomogeneity, and more specifically to average out its -
effects, a scanning and de-scanning technique is used.
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Laser speckle is known in various arts, including hol ography, and2 ﬁ ﬁg@ ed
by intereference anong various conponents of a highly coherent | B s m
As di scusSEQ Y8409 0 APP, 2004 WO 01/28409 PCT/ US00/ 29078 ROTMES00/LHSBT
speckl e degrades the quality of wavefront sensor spots when a coherent

| aser . (usually either a heliumneon or diode |laser) is used as the source
16. Conventional |aser diodes, when driven above | asing threshold, are

coherent sourcesTWi f-Widths .on -order of o a few
nanonet ers. TheyT?Aﬁ%Plg?)g?gﬁqﬁg{:/aéﬂ\f/H rayr/mdg'r?bmé’g @Fggé&s&ﬁtﬁf ‘hg’ag%;‘y'? fepsor 10.
reflectionslr{(r)@nm ﬁané su‘%aceb in {iﬂe eye and in the wavefront sensor 10
can interfere” Wt P 'EHEEF BEREPOem Y é]i“?%e’é&?él‘!{&set.hcwvﬁﬁ'ﬂwn%%é@xméludama SLD
having a broad spectral = half-width (on the order of 20 nm and a short
coherence | &RRZEE-semningmimer aenpigaigse the pupklelane!t; embeplicofiehses 64 bhe
SLD i s nearly independent of the diode's driver current or output power.
The use of bénTGermiseoréDetigiihates@atialingise dy SCarminy @ﬁnt&?ﬁrp@hﬁﬁﬁé&n{h etina,

advantages.. First, they are |less dazzling for t tient. Second, t
maxi mum per 54 wifl tel HpRERAIIEEthiose skiléiSh | L aht n.he used while
still ensuring pata?gnt saf ety. ?sﬁ rare %gh?ﬂ% u\;ﬁéegt%rqﬁq{gﬁ%ffﬁplcqﬁelﬁ” ate

so that a |gLggr bl f th ve aberrati c be npasured. Exanpl es;
. of possi g’lagelsidg%%feeégﬁar %@q@ﬁfmgmqyiﬁ@aﬁgﬁ%%waﬁ%ew ofghe saaniinser
di ode by Sh E;EE 31%78 nm SF{JD by Anritsu,_ and an 840 rim SLD by Hamamat su.
The 780 ri sller thgrghe 1sonlanais patahasige ofithe Bye 98+ Sbe tampospldirenusncshistset
| east anmount, of speckle over a wi de range of powers and exposure tines.
The | aser dhighgroughithasithersiand many gcany wathig® singlhe feinie ofthe detettor abite dagraiise
it typically produces nore conpact, relatively speckle-free spots in '

i mages for 20.rBybaving thdilighe retiiin feorpaliaiéye 39 fhesughie wgqinﬁihg%pﬁ&% iq% der

840 nm SLD or the 750 nmlaser diode. It is also sufficiently far into the

B R B e oo 71
Thus, spatial noise can be removed without disrupting the wave aberration measurement.
Figs. 6 and 7 co.mpare 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 requi'red. This benefit will accrue naturally in a confocal laser
ophthalmoscope equipped with adaptive optics. In that case, the same scanning beam that
is used for imaging can be used for low noise wavefront sensing. Scanning is not
recommended in a commercial instrument designed only to measure the static component
of the wave aberration, provided it is possible to either average the results from a number
of short exposures, or collect light over a single long exposure. In either case, the
recommended total exposure duration is at least 1-2 seconds for eye movements to eliminate
spatial noise on their own. . |

Laser speckle is known in various arts, including holography, and is caused by

intereference among various components of a highly coherent light beam. As discussed
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di ode due to the increase in pupil dianeter that results fromtheyr[;agpp:ﬁﬁié
brightness of the 780 rimdiode. 28 WO 01/28409 20 APR 2004 ' !

PCT/ USO0/WO®T88408ser di ode spot inmmges always contain a | as@@psm/osmt of
speckl e than the SLD. It would be difficult to obtain repeatable
measurenents of the centroid | ocations using the |aser diode, especially
at hi gher powers when the coherence length is | ongest. Wen driven under

| asing thr I shart.er, coherence |.engt hs are possi ble. However, the
out put pomgﬁg@eogyfsri s‘r?gﬁklﬁrﬁiﬁgagﬁﬁ’é% 1y VGEORLBNSQSPots Whenladoberentilaserat e
amount of light reflected from the retina. It may be possible to underrun
current | adisvally eitfes ajhelipgnaeangrobodelasérrissusad es thesedrce 6C Tanvettionallavit h a
detector (e.g., CCD) of the canera 20 that integrates throughout the

exposure. Fidks,wWhen dvider bbovd laSeg sieestdid, dvedodertnt Streds v s‘i}??}:ﬁ' BhFWAdths
wavefront sensor 10 used to collect and anal yze i mage data roma

subject’ s _eithocrdérlof ify PhShdrdleids. Tyl HerREORARNGS, 11 R0, erRodi ent. of

the invention. The wavefront sensor "g}be i ncludes a

exanple, a ut er O)....and control data_acquisition and

anal ysi s sg?tfl ﬁ@gﬁdﬁ,%ﬁ%}w&ﬁ%%éaﬁmeyﬁia& in the wayefrentsengor 40 caintenferbe
stored in th(ﬁ P%l%ﬁin menpry 14, which can be volatile or noin- volatile
nmenory, or Var&grbe 5 ipseduging snacklerhEo mdnesepecklezan SLBdeviigdbmab gpectral

processor 15 of the PC 12 to control data acquisition and analysis in the

wavef ront Bafiwidth {on theleedenmf 0 mon)tand ershont cdlikredcaderige bLBARicRorlsicaibe SO, C€
16, for exanple, a gas laser,* |aser diode, superlum nescent diode %_D)

“or other sBbe ceherdme latgl ofitRgSLDORneaNP HidehBSdent bf hﬂgdi'g&‘?gﬁﬁgﬁ dhrrent pr |
of

coll ection. The wavefront sensor 10 further includes a beam sp
| ensl et arsdputbdweg canera 20 (e.g., a CCD array detector), a pair
| enses 22 and 24, a focus corrector 26 (e.g., a Porro prismor another™- °

single- or doubfgs passr 1%{;&%5%‘?&%%,%% infrared sources has at least two advantages. ..

s+ First, they are less dazzling for the patient. Second, the maximum permissible exposure is:
;- increased so more light can be used while still ensuring patient safety. Infrared light allows=%: " -
<-.. the pupil to dilate so that a larger portion of the wave aberration can be measured. Examplesy.-+-
of possible light sources for the light source 16 include a 70 nm laser diode by Sharp, a 780~ . -
nm SLD by Anritsu, and an 840 nm SLD by Hamamatsu. The 780 nm 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 a range of different exposure times and powers than the other 840 nm SLD or the
750 nm laser diode. It is also sufficiently far into the infrared to be comfortable for the
patient. A larger number of spots are visible with the 780 nm diode than with the 750 nm-
diode due to the increase in pupil diameter that results from the reduced bri ghtness of the

780 nm diode.
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a scanni ng/ de-scanning mrror 60, another pair of |enses 64 and %g a
pupi |l -aligning canera 28 and a pupil-aligning reflector 30, and DﬂF&ﬂMlon
target 32 wodigsfbxation target reflector 29 20 APR 2004 \4@1?‘%0%;;
PCT/ US00/ 29078 34. A set of four eye pupil-illuninating LEDs (not shown) is
I ncluded for reflecting light fromthe subject's eye to aid in aligning
the pupil wth the wavefront sensor 10. The PC 12 includes a PCl bus 40
controlled by PCl controller circuitry located wthin a nmenory/accel erated
graphi cs port (Adapertipdecenet images always(contssn a bargetcpetiqunt Shepeckiesharbthbe Sa 42
can be a 440LX Integrated Crcuit by Intel Corporation, also known as the
PCI AGP Conilrwbillébedfichlt td btainaepéatale mediraRbiit 85theRentRiFl 1&&%@%&& fnae

e a

processor 15 and the nmenory subsystem 14. The processor 15 can

Pent i um Prolasg! &i8dd) ¥sdebiafl at figh &Y O%Wh?ﬁathg%l%e%%e?{Pgﬁggg%%%gtaﬁegﬁu dvterl? gf

used for the processor 15w thout detracting rom t

the inventi vi deo displ.ay. 52. a nouse .54, and_a keyboard 56 are al so
coupl ed to P.ﬂ%erﬁhosglg t%ﬁ’sﬂﬂ@'emﬁ%‘?r ‘éq{lgmnfﬁgengg)é,aaq B‘Pssﬁb?ﬁ- SHewevieptheputautpeavepC
12. The vvave{)rpgé sensor 10 includes additional hardware not shown

td, si npl i fyottRwed ypdssithrgsholdimay beitpe lewde yieldan sdeguate emawy oftighttrefieched frdips e
skilled in the art. For:exanple, the wavefront sensor 10 includes

har dwar e f othetrgtimd. Nl mayebd paghiblestoumderriu® careht{iager Hiodes imi')x'i__g?é)iﬁwureltﬂi& £28
and off, and hardware for noving the focus corrector 26. For real-tine

operation, useddgeordafitioniwitln détectaC@YIRECDNSLhIch e J0RRA ihi
framegrabber, for exanple, a PC -bu(sé Bitflow Rgadfunner t(lhfggft%(t)esélgo‘i%qut
Al'so incl udg ekpbsuk€al -time operation is a slower PC Framegrabber for

gat hering pupil” imges, for exanple an |Inmagenation PXL. The wavefront

sensor 10 cgg;lgt%lgl‘gggwg{; tié‘e'nigltrjxl's F&@%H?O:_EDS via either a parallel port

of the PC 1 coup circuit, or via a PCl digital
10 card, for exanple a Keithley MetraByte P10-24. The focus corrector 26
is controlled ei fH63!-tA¢ splfhalgie waysfront sensop 0 used to pallecpand apalyze émagd data

driver, for_exanple, from Vel mex, Inc., or through the same digital 10
: - from a subject’s eye is illustrated in Fig. 2, in accordance with an embodiment of the

invention. The wavefront sensor 10 includes a computer 12, for example, a personal
computer (PC), and control data acquisition and analysis software 13, as illustrated in Fig.
3. The software 13 can be stored in the PC 12 in memory 14, which can be volatile or noi-
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 aiso 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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card used to control the LEDs. A variety of other configurations for the

hardware 30 WD 01/ 28409 20 APR 2004 PCTI USOQ 29078 constituting & hA&PR 2004
wavef ront Ve@AE2H4040 are possible, as will be appreciated tgedh

11 ed

in the art. The focal length of the lenslet array 18 is reduc;el%%%ﬂ%g ive to
that of typical wavefront sensors to optimze performance and help

facilitate real-tinme operation. As illustrated in Fig. 1, by reducing the
t he spot displacenent (A) becones snaller

f ocal

| eng

th,(e.g., .to 40 mMm), .  S[
for the sang“wz\/%t Sf)ttﬂuf 5v¢ pipi-ihsnatingLEDe énct shawig)ds indyseaits: re@B&thd INht

t he wavefront sensor

2.44(f/d)R = 2.44 AF# in which dis the l'enslet dianeter an%‘gpf; is the

F-nunber of the TaaPCEL2 imtudis!d P@Pbuéa'eg‘aﬁ{rﬁﬁe??baa%‘c@F&%Epll%ﬂq&r};&igra{itlggétgf he

art. In Fig. 1, 0O is the locally average

wave

10. The spot dianeter al so becones small er because of

the rel atiGABHibS sbigeottsosyespald idiigringrthé peil 9l flOGAerlGPUDO{yen by sd

| ensl et arr ! to, the s L spl acenent and the | ensl et
focal | engtﬁﬁ.gﬁgaoﬁgﬁgh?a%gie\%t ?cfgrélpgxgs BB"Q%&P%CQFEB‘T@W R ¢YSwstkiidged) The t he
art. The srﬁ?olrshgadgs di ameter gives less error in "centroiding” (i.e.,

maki ng

"cen

<A Rea At UX IntegratedcGirquit by Inted Carparatic@n aisb kndRinagd

bal ance point of Hartmann- Shack spot imge data collected fromthe

det ect or ofP¢hAGRLantrellen(PAN t Fiui adintrgllersd Peduples BEP A bus Db
i maged by the lenslet array 18 on the detector of the canera

cal cul at i ngntiithe moshdry GBsystdm t1de TRy ?xt%%@é%&d hﬁ%a&?ﬁ%rlpénﬁémieﬁ&egﬁsoj B ftel

data).

I ncreasing | enslet dianmeter w

achi eve € ‘sa

menti oned. CRp@afion.eAVaBES df ??Bb‘é?sowﬁo\m B0GsY rt‘élgtﬁtg %ﬁbeé&%ﬁ%@%ﬁi&%&c&?

be neasured in the wave aber

i ncreases Gyiq I wavefront sensor 10 and decreases the need
' &c%ﬁ%ﬁxﬁn&ﬂﬁ%g&,ﬁp{l% the wave aberration. Shorter focal

| engt hs than 24 oul.d . al be used. The wavefront sensor 10 shoul d use
as short an expdgTLvﬁ%°éi§sP§?YS§£

for operator inter

ation. wever,

[ Boyse heand; ykgyboard 56 are also coupled to the host

bridge 42, enabling operator interaction with the PC 12,
The wavefront sensor 10 includes additional hardware not shown--tdvsifnplify the

drawings, althgugh their use will be appreciated by those skilled in the art.- For'¢xample, the

" wavefront sensor 10 includes hardware for turning the light source 16 and pﬁpil-illuminating

LEDs on and off, and hardware for moving the focus corrector 26. For real-time operation,
image acquisition is accomplis-hed with a real-time framegrabber, for exi'unple, a PCI-bus
Bitflow Roadrunner (up to 50 Hz). Also included for real-time operation is a slower PCI
Framegrabber for gathering pupil images, for example an Imagenation PXL. The wavefront
sensor 10 controls the pupil-illuminating LEDs via either a parallel port of the PC 12
coupled with a custom control circuit, or via a PCI dj gital 10 card, for example a Keithley
MetraByte PIO-24. The focus corrector 26 is controlled either through a serial port of the
PC 12 via a serial driver, for example, from Velmex, Inc., or through the same digital IO

card used to control the LEDs. A variety of other configurations for the hardware
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source 16. This is especially true fora commercial instrument, because it
reduces patient disconfort and allows the operator to collect the& @APR;
W th reduc®o ei2siosof head novenent 31 20 APR 2004 WO 01/ 2848Pus00/2907s

PCT/ US00/ 29078 during the exposure. Mreover, a wavefront sensor designed
to track the eye's aberrations in real-tinme, such as would be required in
a high resolution fundus canera equi pped with adaptive opticts would need
to use exposures qn the order 30 nsec. However, shortening the exposure
can reduce OOSHHEDE HeouaysEoRLensax 10msE pessitde,ianavilk he eppreciatetieo those skilledinch
reduces the accuracy of the instrunent. This spatial noise can arise from
several sourtbestt. Refl ectance/variations can occur across the retina due
to, for exanple, the wavegui de properties of pores and absorptance

variations in thersy gseanlengt bhehd WhaIORROVAY is WG SORSICRl el Aty

used, | aser. speckle can be produced due to”interterernce,

exacerbate x ' Lty .of t wavef r ont ensor spots. These
sources of Wan‘{‘leggngg %érilllgé{s?/ 6 Irggﬁléel?%/ P S'Qﬁm%’c? @Hg\?’él? lifate ﬁifq1t%°ﬁ§(ﬁ%hr és,

on the order,,of 1-2 seconds. @ The reason fenes is that the eye noves enough
on its own dﬂ‘ﬂ%"ﬁ&fdtlh%sg-éebx wau¢iag thedosa]dength (e.2.1te 40 oum), thefspondisplacemefib@\)

| i ght sources described above with respect to | aser speckle and |ong

wavel engt h* beeorméescamallet yortthesafte v aveaepatios, Ahiel foV e a JEL &3&%&@&& e b al
| aser di ode spot images always contain a |arger anount of speckle t gn t he

SLD. | .t fd i f |
aser. tiie Waveftbht téhsODUBI nmég?ggﬁ?%ﬁtgpﬁﬁkfr@egﬁ@%é sﬂlall&h%ﬁﬁ@gé :q?etcli)e

| ocations wusing the | aser diode, y at- hi powers

‘coherence | JORE. est .. ..\Wen drjv f-z. . lasing threshold, a
shorter cohgggéfglg eﬂrﬁ:{g}{;I (SPC.’téi.“fm‘%ﬁ‘/\éfd “’?&%2"? @Y%‘sbyﬁgs"’s?-ﬂﬂ@,d)%‘ﬁz-é‘} MRt he
out put. power, O%%e'd gnder t hreshol d mahy be too lowto yield an adequate
amount of | MyRtuch8qsdhe denslatitiameter gad F# inthg Boupbesobite tensletydsrwilh be
current laser diodes if lung exposure tines are used in conjunction with a
det ect or of apprecigtediysh@® skilledtin thetargr Intkig. 1, Brio thighecallylaberap¥PWavéFont SlopE as
a CCD. The stain g/de-scanning mrror 60, which is conjugate to the pupil

pl ane 62, airsﬁopt of the lenslet array 18 and is related to the spot displacement and the lenslet focal

length by © = A/f, as will also be appreciated by those skilled in the art. The smaller spot
diameter gives less error in “centroiding” (i.e., making “centroid”’ measurements). (A
. “ccntrbid” is an intensity-weighted balance point of Hartmann-Shack spot image data
collected from the detector of the camera 20. Centroiding is a process of locating the spots
imaged by the lenslet énay 18 on the detector of the camera 20 by E:,alculating 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 fréquency that can
be measured in the wave aberration. However, reducing focal length increases dynamic
range in the wavefront sensor 10 and decreases the ﬁeed 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 fora 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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el im nates spatial tbaise, for exanple, when short exposures of thgo PR 7004
wavefront sensor 10 are required, by scanning a point source in I/H%ez an
the reti nWoO @289 | be appreciated by those 32 20 APR 2004},%&‘{/2%?4809
PCT/ US00/ 29078 skilled in the art. This benefit will accrue natura 7y in a
confocal |aser ophthal noscope equipped with adaptive optics. In that case,
the sanme scanning beamthat is used for inmaging can be used for | ow noise
wavefront sgnsing. Scanni is not reconmended in a conmercial instrunent
desi gned o ‘V“ﬁ@%@%@ﬁfr& eQHeRtE WavsHRpoIsasar dssignedtoeack thedyets atteirations
provided it is possible to either average the results froma nunber of

short  expdBirasimen echods| veautld b géruired ém a highi reglatib® Rgdax Bﬂﬁéf'é%quilpge@h,qtlger
case, the recommended total exposure duration is at |east. 1-2 seconds for

eye novenentisptive dpticspvaduldhect 1© ﬁeléliﬁo%hre%h%ﬁe orﬁ@?3§’ﬂﬁ How c?-n ok piane
a

scan of the mirror 60 is kept smaller than the isoplanatic e HOZEDIDE of

an eye 58, ﬂ@@@xm%nl_ t e t .a tenporal,K frequency of
400- 600 Hz. The terrporrgtﬁ'ﬁ:{3 r%gﬁgﬁzgegg%iaﬁﬁfaws%%%waf%w tﬁﬁé?@s,a‘h’blchany -
scans withi single frame of the detector of the canera 20. By having the
li ght ret uf%“??so%qgﬂg‘rﬁiye"rﬁée fsEmgRt Thigsnatiabneiseean aripediom severaltsonrses.

de- scanned sg that-there is no novenent of the image of the pupil on

the. | ensl eRe Petagcendaatinng can ecus gardsaltheoitine due tog e exchnplé, e twAlieghiidpt | Ng
measurenents nade with the wavefront sensor 10. To initiate data

acqui si t i oproperties efypits-ancabsohsante wafistivis iRt dhba R o elihe hoht -
fromthe light source 16 is directed to the eyégg& I"Ella'he"el i ghltemgezgs%gr(égv}IHl

t hr ough t heolegem li%ﬁi{!ﬂq&&f, laser spBélé @a% %ébf°§ﬁ§égfj§ﬁé’f%§9§'§%§ft‘%£ wzl-gﬂbtc?ugn <

lens 22 and is reflected off the mrror
C6. L he,m bxlerste R 10 0 S URoRE B OBURT L. (RrSEobeCT
Syst em unt ROHPEeY ey bR b e USROS S, 2R toerdeTta-7 regeds. by
the lensl _eII'héle rreﬁ f%n?ﬁh?sr}i ?ha% {111% eg'ce ;n%(\:'ctesognogéh (t)nh i?s own during this period to average out

the non-unifernities. The light sources described above with respect to laser speckle and

long wavelepgth;particularly the SLD’s named, can overcome such problems.

Moraugcs, laser diode spot images always contain a larger amount of speckle than

the SLD. Itmsiatld ke difficult to obtain repeatable measurements of the centroid locations
using the lasarsdiode, .especially at hiéher powers when the coherence length is longest.
When drivemundtr lasing threshold, a shorter coherence length (i.e., lower coherence) is
possible; 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 lmgexposuré times are used in conjunction with a detector of the camera 20
that integrates.throughout the exposure, such as a CCD.

The stamirg/de-scanning mirror 60, which is conjugate to the pupil plane 62, also
eliminates spatiaftivise, for example, when short exposures of the wavefront sensor 10 are
required, by scanning a point source in a line on the retina, as will be appreciated by those
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camera 20. The focus corrector 26 is adjusted so that ideally thg I'/_\lpg%u
entering at the pupil 33 20 APR 2004 WD 01/28409 PCT/US00/29078 pI ane éz
of the eygvo 8188 ugate with the |ight entering the |enslet@ ity 3 The
spot on the retina effectively becones a point source for inmaging by the
array 18. Wen an image is acquired by the wavefront sensor 10 fromthe
pupi | of the eye 58, whether the wavefront sensor 10 is in real-time node
or in a stati the _eye 58 _nust be aligned properly with the wavefront
sensor 10. q*ﬂ@cgo theerts nThisbepefitowil] serug natersilyied confoczivaset opfisalmoscophi | e
the subject is viewng the fixation target 32 during data collection. The

pupi | camer equigped math aflaptiveoptite.gin thit chkbeﬂ&ubﬂneeéanﬁr%lbléhxh thadhs @kd ﬂﬁfﬁﬁaym
purposes. The geonetrical center of the pupil or the corneal reflect of

the pupi | -iédriBk R3kd T8y bESn6i8d waefrbRtesbrlst pbv\%ﬂxﬁx?g 9#'91{)6 r&%ghﬁ ngslgdat o

Buring image acquisition, the pupi I carrera r

confirm subj a l.JII’ f.i nal e of .the pupi

sof t war e 13 t ﬁlel%i%(r}lns"gﬁm ﬁ% oolﬁe?sﬁée SeHg o §’8r°fl§1° PaVhs
on the light sour ce 16, .angd snap s a frame or multiple frames with the
wavefront  sHEHOY Brayided gt lsméssqbul@rﬂ eithep averaga the restlte fromua methbef 6f shdrt ch
signals the end of |naﬂe acquisition for the subject. In :;.. one

enbodi nent , SXpesures, @r coleat light ovgrua singledorig expoSitec lineither dakgthé Reeomtinted
image to the image acquired with the canera 20. An entire array of |enslet

spots on t hetalexgstre duwitidrhi at fA5EY-2 s@dnadfitede BROVENThRIS hil eﬁnﬂha’ip%@(ﬁp
I mge on the nonitor 52. In real-tinme node, the wavefront ensor i

ccontinual | ypgi&dJui res, processes, centroids, fits Zerni ke nodes,. and

reconstructs the vvavefront (all at up to 50 Hz) after a key press enters
this node and ungy

£ ends this,mode. | n _anot her scannlng
wavef r ont sensor sys em (‘Qaet‘“giﬁtg‘&ﬁ?a“?s’ﬁ% ‘%U’ﬁkiegﬁim%l er than, 9lsoaa§?trrg|e
aperture is nned. acro e.eye and the resulting light is
i raged ont o"agci‘ssr‘ (ﬁ(}é"&%‘? 3&’6’2 #E&%@’&Pb@r@%ﬁ a2 tsmped figquency pHAQN-6RP
t enpor al | ysé-atak‘ than spatially, as in the wavefront sensor. 10.
Nevert hel e ¢ temnosal frequaneiyisispishigh arongh that there are many scans within a single

frame of the detector of the camera 20. By having the light retumn from the eye 58 through
the same scanning optics, it is de-scanned so that there is no movement of the image of the
pupil on the lenslet array 18. Thus, the spatial noise is removed without disrupting
measurements made with the wavefront sensor 10,

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

camera 20. The focus corrector 26 is adjusted so that ideally the light entering at the pupil
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. 34 2 0 APR 2004 WD 01/28409 PCT/ US00/ 29078 centroids woul d be produced
that coul d be anal yzed anal ogously to the techniques di scussed he? BiAR /60%
will be apg egisagoed by those skilled in the art. The hard '

descri bed 'operates under the control of software for dat a%@ﬁ%@gﬂ%n and
anal ysis. The operation of the sensor through that software will now be
descri bed. Data Acquisition and Analysis Software A nore detail ed

di scussion is now presented on the software 13 used for data acquisition
and anal ysiPddf ﬁgﬁft‘hf‘ee)(ﬁdﬁ epnygate sithdbe lightgntering thedensleb andiyrht The spet s@fHevar €
13 is object-oriented code that provides a user interface, data

present at i detinaeffectivelly becormes apeint adrenfor dfiagiag by @i arthpagsof tware 13 al so
provi des centroiding, variable |enslet nunber, variable Zerni ke node

nunber, m ssi ng Whé i i | i.scussed.below _in
nore detail. Tﬂe soﬁnwg?%e%ms B@%ggltg{ﬁevo%acﬁg?%#%Qﬁpgitﬁ%p%f%@ﬁe%ﬁ’l
size of th (l.size,of the,wavefront sensor 10, and
allows a rgval - véﬁ%e‘ﬁkgrﬁ% g&é‘%ﬁg& i1 fealjime mmade 0B asiatic mode, therayaganus

al so can a coimogate awvari ty of lenslet arrays with different |enslet
di anet ers GhGBEERroReElYgYith thepyavefrentiensor 40, Fheeyetd shonld\be optimally otritered ed
by the wavefront sensor .10 by execution of the software 13, the wavefront
sensor 10 ¥s@¥ dimensions whiletheIubjectdalvicwling the fixetionvanget 3T@iring!dati GolleEtidhe
eye 58 to %hgi ven order and a given nunber of Zem ke polynom al nodes, as
wi || be apfhepipit enndry 28/peeddeddn inge ofthel3abigétts pu ghg,% lkerfpde
nunber for any given Zem ke pol ygg‘gi al ordé]r | sp -sﬁgg?:ﬁll e gtﬁﬁf)&eg. THE

‘(or der +l ) ( géciRétrical kéntetSf 8 Eﬁﬁ‘ﬂ’ oweﬂé\rérg eﬁ%ﬂ%{?ﬂﬁ%‘ ﬂ%&wgpij%l&%hﬁslgfﬁfﬁeﬂgbg und

t hat the maxi mum nunber of Zerni es .t can _
accurately - res -apalysis. of raw.wave aberration data s,
very r'ough?{/?&ggﬁg#%ﬂgﬁ%gﬁnﬁﬂebﬁﬂ%E?a%facﬂ‘é‘\é\@f’%t Pupikqimera b iwhich . .

sensor 10., Jo . .
later can be used to confirm subject alignment, acquires a final image of the pupil. The

- software 13 then turns off all the LEDs on the wavefront sensor 10, turns on the light source .
16, and snaps a frame or multiple frames with the wavefront sensor camera 20. The light -.
source 16 is then turned off, which signals the end of image acquisition for the subject. In ... |
one embodiment, tﬁe view on the computer monitor 52 changes from the pupil image to the ]
image acquired with the camera 20. An entire array of lenslet spots on the detector of the

. camera 20 should be visible in a displayed image on the monitor 52. In real-time mode, the . .
wavefront sensor 10 continually acquires, processes, centroids, fits Zernike modes, and
reconstructs the wavefront (all at up to 50 Hz) after a key press enters this mode and until
another key press ends this mode.

In another scanning wavefront sensor system (not shown), instead of a lenslet
array, a single aperture is scanned across the pupil of the eye and the resulting light is
imaged onto a single detector. The resulting array of spots is produced temporally rather

than spatiélly,l as in the wavefront sensor 10. Nevertheless, with the scanning instrument,
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35 20 APR 2004 WO 01/28409 PCT/ US00/ 29078 enhance such accuracy, t[ﬁgP 2004
software 13 has been designed to restrict the nunber of Zernike r%od sR

used. The w9@fdymig@ 13 i ncludes a "nodal " wavefront reconstr Ib@db/z%ﬁ}sh‘)d to
reconstruct the wavefront from the Hartnmann- Shack centr oi at a. e

met hod used by the software 13 to obtain the centroid data fromthe
Har t mann- Shack raw spot data will be described in nore detail below. Wth
centroid data avail abl e, whether just obtained or previously obtained by

t he wavef r orfenEids woulithe pyeduced thaticéuld he analyzed snilogpusly ltethenedhhizusedineysschs

or from another nenory |location, the PC 12 is prepared to calculate the

wave aber r athieosin,afs wilicbe zr?{))sﬁecﬁed brisakkilled ihewave aberration function is
expressed as a linear conbination of selected basis functions. The basis

functions used hepg fh& tv\g@éi’ A gﬁér){fég%agxs ng;r%érgzgyggs:pﬁgg l&'ﬁlin ?lgéaal S

are an orthogonal set o vari ate pol ynom

circle, and . a si,nple expression. for..the residual error in the

wavef r ont af%%é‘¥‘%§°8@ﬂ‘9}5ﬁlymae thgepp(?fanﬁﬂapsféf’?:ﬁ?ﬂﬁ%@ﬁ fhat sofwaee will now betg
fornmul ate the procedure used in the software 13 for determ ning the wave
aberration dlles‘{)q{’édeye 58, the wave aberration function, 4), is first
expressed as a linear conbination of Zem ke polynom als, nanely, N Q(r,O=
za, Z1(r, B), Dath AxgnisitieR ahd AnudysieSofivape), Z; represents the ith Zernike
node. The sunmation starts at two since the constant term called piston,

i's of no concern fmgbréaleRaled XsdUBAGH i€ oW présdh@sn B! doMRES 13 526 B hgst
node desired to be neasured in the wavefront reconstruction is the value N

Zom Ko or derdantoRapd bl R WAl G skitchllo, "R sBHABIAE 46E sSfbvare

i.gher order n . Th .
acconmodat e ;i;g ng ec2bi&hda 808 tﬂ?tdper%wdes 8 user interface, data presentation, and real time

aberration acquisition. The software 13 also provides centroiding, variable lenslet number,
variable Zemike mode number, missing data, and pupil centering, as will be discussed below
i in more detail. The soﬁware 13 stores the value of the ratio between pupil size of the eye 58
Y and the pupil size of the wavefront sensor 10, and allows a real-valued scale conversion
between the twp. The softiware 13 also can accommodate a variety of lenslet arrays with

different lenslet diameters and focal lengths.

Once cem;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 aberrations 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 Zernike mode number.
for any given Zernike polynomial order is specified by (order+1)(order+2)/2. Using the
wavefront sensor 10, it has been found that the maximum number of Zernike modes that can
be reconstructed accurately from a least-squares analysis of raw wave aberration data is,

very roughly, equal to one-half the number of lenslets in the wavefront sensor 10. To
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36 2 0 APR 2004 WD 01/28409 PCT/ US00/ 29078 actual order used depg@d%, uH@n
the nunber of lenslets 18 within the pupil over which the aberrati rllisZ re

measur ed. WH®18s4de apertures of the lenslets 18 are typicall on a
square lattice and arranged so that as many as possible fitP%iTﬁfsgB/ﬁ?Zg

specified pupil. They are nunbered from1l to Kfromleft to right, top to
bottom al though another nunbering schenme could be used. One exanple of a
|l enslet array is a 37-lenslet array in which the lenslets are arranged in
seven rows &RbAncesush acolraoynthe seftwlarsd] hipstbeen desipned tesrebthiat the ingibeedftZengke t he
i mage falling outside the pupil. The lenslets in the array form one

3-lensl et rewdeotieds- | enslet row, three 7-lenslet rows, one 5-lenslet row
and one 3-lenslet row and are nunbered thus: 123 45678 9101112131415

$37 The wavefront sensor 10 and

16171819202122 23‘%@3&@»@@@%&1@%??&%%%%&% Qit rgenstruction method g pecopsiuct ng

the software 13 permt selec fra vari
| ensl et poigts efi‘eCtbvelﬁ“e 0 be within a certain_range on the detector of
the camera 25 VEGHPREromt f”é{@?@ﬂﬁ ¢lrpenirod datenThg methadaisedihy thet softbeare

normalized to a_ smaller pgpi | without discarding data, as wltl be
descri bed b &uebtainitke centroist dase fromh tha Hakteranh{Shadhemt spot ditagvill b3 dadcsibed in
descri bed bel ow. The appropriate wavefront (and ultimately, an ablation

pattern) camoboedetail ielew.e With Gen@id gut£ availabie tlete 68 SHISRNPYE pARESURT | ON
for a 3mmpupil in normal |ighting when the captureé dat a Ps ﬁy\gm alfg%

2L 1 RSP SR 1 ] Ao, bl
from another memory location, the PC 12 is prepared to calculate the wave aberration of the
eye 58. Generally, the wave aberration function is expressed as a linear combination of
selected basis functions. The basis functions used here are called Zemike polynomials.. The
Zernike polynomials are an orthogonal set of two variate polynomials defined 0\'rer the unit-
circle, and allow a simple expression for the residual error in the wavefront after a certain
degree of phase compensation is made. - ST |
To formulate the procedure used in the software 13 for d;etennining the wave

aberration of the eye 58, the wave aberration function, ¢, is first expressed as a linear

combination of Zernike polynomials, namely,

#(r,0) = EN:a,Z,(r,B), r| 1.

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

although the software 13 could be modified to accommodate higher orders and modes. The
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37 2 0 APR 2004 WO 01/28409 PCT/ US00/ 29078 The general procedure Dy Aphigmh
sub-apertures of the lenslets 18 are determned to be within the pupil
radi us of woeinsyeefront sensor 10 is as follows. A priori, Pt‘ﬁﬁ]S%b/éﬁﬂﬁf t he
"pupil' radius or radius of inmage that is necessary to capture all the
centroids is calculated. This is done based on the inter-lenslet spacing
of the lenslets 18 as well as the nunber of lenslets 18 in the inage. An
advant age of thlic‘% is that it elimnates other portions of the captured

i mage from @RlalQIAeuseddenendsipen s umbenaf lendets d8 avithin thecpupdlooser whichrtbe
cal culation of centroids. As illustrated in Fig. 9, there is a circular
area 170 of abervitions &= measiniedh Thksub-dperayresiofthe kmblesel® 4o itghivdllyndeRterddon a
correspondi ng box 172 having a side equal to inter-lenslet spacing 174. It

i's from witbgquard nh&eaﬁ@arﬁggaa 56 @it bOirfing 84 foskidtd mﬁto%fgqégg%{,ﬁﬁpgn%@é’“ H

be descri bed bel ow. The individual centroids are calcu

pupi | radiug l.cHL at: i ar.ed to,a.reference
array of idegwga’g%%?@g té? j(i':&q‘elgﬂ t%g@ é@gga é&opdsai?tf’f)‘g@sn?}'f T pmbering sghieme
whi ch can eit be just a deriv ef erence array or could actually be
created usi ﬁ&“ﬁgi’ﬁr‘%‘i«a%&émﬂ lﬁfe 335“55?5%%3701%5@@%@Wh@eﬂmlétsiamo
account optical aberrations of the optics. Using offset vectors (i.e.,
centroid dRELSdanseHes Fows @nd stean codirons rexeludingahe lankletsZihanvicw puns of ties e
cal cul ated based on that initial pupil radius Ra. In Fig. 9, the centroid

cal cul at i onimagetfalling optsie the papils The lelestéts iothe drragtForky 8ne Bhendlétadlvi B §f
the offset vectors fromthe reference array is-designated as.180, and the

ccal cul at i onlepklet fow, #de-1eRsBDRNE, SRSSIEnSRt B3 drdl FRILRRALSIwADd KL

centroiding is carried out using any of the techniques descri bed above.
Once the cegfysoi ds are known, the wave aberration can be cal cul ated using
the Zernike coefficients as follows. Referring again to the equation for
t he wave aberration given abovg, and taking its derivatives with respect
to the x and y vyields 2K eauati ns. The 2K derivati-ves are eval uated over
the array of subapertures of the lenslets 18. The equations can be
expressed as fol Fows {the gunct?onalsargunents have been suppressed here):

9 10 11 12 13 14 15
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 .selection of a variable “pupil”
radius by limiting lenslet points effectively to be within a certain range on the detector of
the camera 20. Further, the system permits currently stored data to 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) can be calculated, for exa.mplc, 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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38 2 0 APR, 2004 WO 01/28409 PCT/US0O0/29078 ao ay a~ a, az; (1=§,02APR. b
KI ax, ;_ 2 ox ,eNaz, ai (1=1,2,...,KI i-2 ( 0-Y ) | where 01 réprésems

t aki ng aRyg@yghage over sub-aperture 1. Although cal cul ati ve
aberration fromknow edge of the Zerni ke coefficients is \%@frﬁk&é{%\?ﬁ\ﬂa

matrix nethod is used to determ ne the Zerni ke coefficients in accordance
with an enbodi nent of the invention. As already noted, the two equations
just set forth can be rewitten in matrix formas sx & s sy = G Ja = (&a
where ss and s' Thegenerslgrotaduns by whichisubapersiuresraf s lofiles Yoede Heterminbe to

novenent of the centroids of the lenslet spots in the x and y directions

on the detbewithinahe pisi] 2RI thDwavdfRnPSakoVI ¥ as FdloVsh Y px’t/éﬁfé% siz® dfhe

sinply the displacenents dx and dy of the centroids from positions
that they {19+ 06 ks i rration.. O note, the
U SRR s b BN s BBl AR AR eSS
elimnati €0l um of the G matrix. The vector Is the array of unknown
Zer ni ke C(r;glluis i’sc‘?oé"r‘?t : C%WHH’SJ'“%?E'EC@“ SPafiRg Fﬁ%@%ﬁ #hewellan tho aymber ehe
basis functiaons averaged over the sub-aperture of each lenslet 18, in the
x and y dileadets d&dn thhinsageat Anadvantagenelrthis iashat itcliminates otimr portionssstheon
the nunber of lenslets and the | enslet spacing, and is calculated to have
at | east tdaptugeddmege frontie camnéraZ20 ifidne haviigStoobe inbheded Metht Nb&BRt & | N
determ ning and at | east the greatest .

calculation of centroids. As illustrated in Fig. 9, there is a circular area 170 of radius Ry,
which should capture each centroid within its corresponding box 172 having a side equal

to inter-lenslet spécing 174. It is from within this area that centroid calculations are
performed, as will be described below. The individual centroids are calculated within that
pupil radius, and from the calculated centroids as compared to a reference array of ideal
centroids (i.e., centered at positions 176 in Fig.9), which can either be just a derived
reference array or could actually be created using a plane wave input to the wavefront sensor

10 to take into account optical aberrations of the optics. Using offset vectors (i.e., centroid
displacements) from that reference array, the Zernike modes are calculated based on that
initial pupil radius Ry, In Fig. 9, the centroid calculation with the pupil radius is designated

as 178, the creation of the offset vectors from the reference array is designated as 180, and

the calculation of the Zernike modes ba#cd on Ry is designated as 182. Then, centroiding

is carried out using any of the techniques described above.

Once the centroids are known, the wave aberration can be calculated using the
Zemike coefficients as follows. Referring again to the equation for the wave aberration
given above, arid taking its derivatives with respect to the x and y yields 2K equations. The
2K derivatives are evaluated over the array of subapertures of the lenslets 18, The equations

can be expressed as follows (the functional arguments have been suppressed here):
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nunber of lenslets (x2) that one m ght be nonitoring. That G matri x _can be
cal cul ated once based on the physical data. |If square sub- aperturZeQ AP8. 18,
li ke the byodids@f Fig. 9) are 39 20 APR 2004 WO 01/ 28409P ﬁgé@gg@/szgom
assunmed and if b is one-half the sub-aperture side, then an can b
expressed as follows, where j (columm) indexes the Zerni ke node and i
(row) indexes the aperture centers: 1 xi+by, +b aZz Gk=J J 'dydx 4b r,-b
-b (fix y,+b x,+b 3Z G~- z J J dxdy, b ye-b X, -b These two equati ons can
be sinplified by defining the antideri vatives of t he Zerni ke pol ynom al s
with respect to the x and y vari es.- y) JZ1 (x, y)dx and |Z,
(x, y) =3z, (x, y)dy . The soft% tI(leshquﬂé),lons "I ntZx" and
"IntZy" respectively. The above wat r-@n :then be expressed in ternms of
these functions as follows: G 4bz LI Zi (x; +b Rz -t-b) +1Zj (x; -b,

yr -b)-123 (xr +b, vy; -b)-Iij ( =N YT =462 [1Z~ (x + b, vy, +
by +1Z2f (x, - b, yr - -|z~% (&5);3 =1,2,2-jKYx; - b, yr +b)
Not e that G' depends on IZl (x, y)Zandi=¥i rsa. Because the equations set
forth until now provide an overdeterm ned system of equations (N 1<2K), a

| east -squares solution is sought. A procedure called Singular Value

Deconposi t i avhetd Y Repiesas §&n%0éx’dgd SVer bisb-hheteaL AltheRkh dituGRoh Sf B
in this sense. In order to determ ne the Zenke coefficlents, essen |a

| east - squar gbbirtidnSir B doWledgB Of the Zemike coefficients is well-known, a matrix method is

used to determine the Zemike coefficients in accordance with an embodiment of the

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

| s* G~
(F]-[& o

where s™ and s are the vectors of slope estimates obtained from the movement of the

as

centroids of the lenslet spots in the x and y directions on the detector of the camera 20,
respectively. In other wor;is, s is simply the displacements dx and dy of the centroids from
 the positions that they would occupy m the absence of wavefront aberration. Of note, the
number of iernikc modes in the G matrix can be reduced simply by eiiminating columns
of the G matrix. The vector a is the array of unknown Zermnike coefficients, and G* and GY
are matrices of derivatives of the basis functions averaged over the sub;aperture of each
lenslet 18, in the x and y directions. This matrix is figured as a constant matrix based on the .
number of lenslets and the lenslet spacing, and is calculated to have at least the greatest
number of Zernike modes one might be in;erested in determining and at least the greatest
number of lenslets (x2) ﬁ:at one might be monitoring. That G matrix can be calculated once
based on the physical data. If square sub-apertures (e.g., like the box 172 of Fig. 9) are
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coefficients using the SVD of the matrix equation involving the n3F¢§ @ﬂ@
centroid shifts (explained below in each sub-aperture and the ave B f
the Zerni lweopohsgoem al  derivatives over each sub-aperture, %?g%ﬁ?gﬁgrix is
inverted and further processing occurs 40 2 0 APR 2004 WO 8 6

PCT/ US00/ 29078 to yield other matrices fromwhich a can be determ ned and
thus the wave aberration of the eye 58. Applying SVD to the matrix G
matrices U, V and D are obtajned such that G=UDV'. D is a diagonal matrix
of N1 "sinfiiPRFd apdpfieds aprzhelfshesubsapgriurgl side-ther G and GYadanriet eipressed s t he
sanme dinmensions as G and Vis an NI xN-1 orthonormal matrix. Since the
inverse of follows wheenpa(cotmin) desesthetleyniké mddeamnd HOgSwR kb the iR Of
a diagonal matrix is sinply the diagonal matrix of its reciprocals, we have
a=G ' s=( VD cddtgs:where G' is the inverse of the G matrix and the
superscripted t represents the transpose of a matrix. It can be shown that
the wavefront error in this nmethod is proBQrtLonaI to Tr(D''), 1i.e., the
sum of t'he diagonal elenents of D''nr Thé SpPtade 13 sel ects the |enslet
geonetry by asking the operator forié'ﬁﬁﬁif raaaﬁgygﬁor'dianeter) over

whi ch the eye's wave aberration is to be #éastired. The pupil radius for

the eye may be different fromthe wavefront sensor, but ideally they are
the same. Fromthe pupil radius informptPPricaagd, the known center-to-center
di stance of the lenslets 18 as in&b@ﬁ‘gﬂ h dedor of the camera 20,
the program pre-conputes the matrix G ﬁ rnthetr Pargest nunber of |enslets
that can be accommpbdated for that pupil radius for the Zerni ke nodes up
to, for exanple, order ten. (However, the initial order actually used wl|
depend updFhest éwo egjoetionsf canebs kietdifitd Bis definingfthe antid@ivafivds 8f the Zernike
conputation, the operator is allowed to have the conputer 12 (i.e., the

€.,
software 1 | S the slope.,estimates fr selected lepslets 18 as
wel | as ha\:pe(’lﬂ?zl{lglgf \%grre@s]fftctgnﬂﬁt’é %@t?’nﬁ?’é’g’%ofw lli'F’gér"E?(%’ egnd
Zernike order, as will be described in noré detail bel ow. The nunber of
modes can bezqeLyI AL y)y. The software 13 calls these functions "IntZx" and "IntZy"

respectively. The above equations can then be expressed in terms of these functions as

follows:
X 1 X °
Gy = [12; (x, +b, 3, +b)+ 122 (x, b, , ~b)~1Z}(x, +b,y,~b)—~ 122 (x,~ b, y, +b)]
1 X X . X
G =z [sz (%, +b, 3, +b)+ 12} (x, = b, y, ~ b)~ 123 (x, + b, y, ~b)~ 1Z} (x,~ b, y, +b)

Note that G* depends on IZ} (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
Decompbsition (SVD) provides a solution to the equaﬁon, which is optimal in this sense.
In order to determine the Zemnike coefficients, essentially a least-square fit is made to the
coefficients usihg the SVD of the matrix equation involving the measured centroid shifts
(explained below) in each sub-apérture and the a.verage of the Zernike polynomial

derivatives over each sub-aperture. The G matrix is inverted and further processing occurs
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for any given Zerni ke order fromthe expression (order-f 1)(orderjz%)M2R ﬁee
Dai, Gung- M ng (1995), "Theoretical Studies and Conputer Sinulations'o
Post - Det ecii 20 APR 2004 WD 01/28409 PCT/ US00/ 29078 '

Tur bul'encengrir{)zg?logation", Ph.D. thesis, Lund University, ngg%ﬁ
Mahaj an, V.N. (1994), "Zernike Crcle Polynom als and Optical Aberrations
of Systens wth Crcular Pupils", Engineering & Laboratory Notes, August
1994, pp. S21-S24, Southwell, WH. (1980), Journal of the Optical Society
of Anerica, twyield giher patripgsfromydueh a c be detarodried an@thuschepivase aferratiapiof ihe
Optics, Academi c Press, Inc. New York, NY, Wang, J.Y. & Silva, D.E.
(1980), "Waegefssp nApblgﬁ@r PVBL @t the mattik "G Zpiattdée UDOF ¥A@MD akes obtated! du€H that.
Optics, Vol. 19, No. 9, pp. 1510-1518. As a neans of explaining the matrix

equati ons at@vgg_ then f: 0l @i ' ifdRod » he. i f

hypot heti cal 3X Vta'r re%fﬁ@\g% }@@%n{feﬁgpoé?@g%d%@ségqe%ﬁ?g @h%\ﬁ/ﬂlu%
Fig. 8A. Each,box of the array of reference s t;%dl 0, and, boxes 152 are
desi gnat ed BYHORRFMa) matriy With tng Samg AimsnHiens dbaard Veiscan: §-1xNghorthepereal gh
anot her index qrdering schenme could be -used. For each reference spot 150
det er ni ned [AtARSIHes tgmrsw,f an hthegang] matrixds simyilylity Gansposparalcthe inverse ednd
y fromthe corresponding aperture center 156 that also is determ ned by

t he sof t war @ disgonial inatnixdssimphpthe disgonial matvix efiplredipredalbokonaver nore detail .
The software 13 determ nes the x and y di splacenents of each centroid 154,
designated dx; and dy;, respectively,£@'i=piptgyy, Thus, the s vector has
18 conponents, 9 for x and 9 for vy, as shown i.n the matrix equation bel ow.
(The Gmatrix is an 18 centroid (or aperture center) by 5 nodes matrix
(i.e., 18x5 s the ve [ ~Oof _t.he rni ke coeffjcient consi sti ng of
the’s” compotRREGE b Pelmiertiiyft o otdnd M Lbfafiiied Lispreiids mit Famior

pi ston term as .exI?I ai.neq above). The G matrix has the sane form as r

i ndi cat ed aBdWRY; It fanbs @*&waﬂhactéht‘o%‘!q%ﬂnf errordn dhis gedrodiis proppgionat tor gD ™),
boxes. 42 : '

i.e., the sum of th;.e diagonal elements of D,

The soﬂv;re 13 selects the lenslet geometry by asking the operator for a pupil radius
(or diame'ter) over v;/hich the eye’s wave aberration is to be measured. The pupil radius for
the eye may be diﬁ'.er.e.r.xt from the wavefront s;ensor, but ideally they are the same. From the
pupil radius information and the known center-to-center dista_nce of the lenslets 18 as
imaged on the detec.:tor of the camera 20, the prdgram pre-comp.utes the matrix G for the
largest number of ler;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 opera;tor is allowed
to have the computer 12 (i.e., the software 13) ciisregard the slope estimates from selected
lenslets 18 as well as have the software 13 compute estimates for a larger or smaller Zernike
order, as will be described in more detail below. The number of modes can be determined
for any given Zernike order from the expression (order+1)(order+2)/2. See Dai, Gung-

Ming (1995), "Theoretical Studies and Computer Simulations of Post-Detection
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20 APR 2004 WD 01/28409 PCT/US00/ 29078 S[ 18] { 18x5] a[5] dx, dX2 Ugygz@%m
dx5 dX6 rail | la3 dx 9 =1 G]a dy, 4 dye - as dY3 dY4 dy5 d

Once the ywryedsygdes of the Zerni ke coefficients are detern}ef/ﬁsoogﬁ%gmve
aberratidn is found, where the only relevant terns are fromthe sum6 0=l a;

Z;(x,Y) 1-z wwth the matrix elenents of Gfor 18 (j 1 to 18) rows and 5 (i
= 2 to 6) colums.

Atmospheric Turbulence Compensation”, Ph.D. thesis, Lund University, Lund Sweden,
Mahajan, V.N. (1994), "Zemike Circle Polynomials and Optical Aberrations of Systems
with Circular Pupils”, Engineering & Laboratory Notes, August 1994, pp. S21-S24,
Southwell, W.H. (1980), Journal of the Optical Society of America, Vol. 70, p. 998, Tyson,
R.K. (1991), Principles of Adaptive bptics, Academic Press, Inc. New York, NY, Wang,
I.Y. & Silva, D.E. (1980), "Wave-front Interpretation with Zemike 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 spot;c. 150 and boxes 152 are designated by
an index 1-9 from top to bottom and left to right, although another index ordering scheme
could "be-used. For each reference spot 150 determined by the ;oﬁwme 13, there is a
centroid 154 displaced in x and y from the cdrresponding aperfure center 156 that also is
determined By the software 13 within each box, as will be explained bélow in more detail.
The software 13 determines the x and y displacements of eaéh centroid 154, designated dx;
and dy;, respectively fori =1 to 9. Thus, thé s vector has 18 components, 9 for x and 9 for
Y, as shown in the matrix equation beldw. The G matrix is an 18 centroid (or aperture
center) by 5 modes matrix (i.e., 18x5) and a is the vector of the Zernike coefficients
consisting of the 5 components corresponding to first and second order aberrations (no
piston term, as explained above). The G matrix has the same form as indicated above with

b equal to one-half the size of the side of the boxes.
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Focusi ng now on particular nodul es of the software 13, nore deta|I X
provided below. These nodules relate directly to and inplenent t é] PR 2004
1 ust rat YO PRIBCCT5 2N overal | method for the  control | 48 TAAUEETS
acqui sition and analy5|s 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 ans]thﬁlgnsqqqspbject is created and the
val ues of the Pupil Scal e variable and the 43 2 0 APR 2004 WO 01/ 28409
PCT/ US00/ 29078 Wavef r ont 2Pupi | Scal- wFrlabIe are set to default val ues
based on the particular configuraf{lFon; of the wavefront sensor 10. The
val ues of other variables, such asd®, pupil radius variable, an
inter-lenslet distance variable, agg n | enslet focal length variable are
al so set based upon default val ue As an alternative, the variables set
in the Set Paraneters step 202 nm determ ned dynami cally or asked for
and entered by the operator. Cont 8@5 hen proceeds to a Create Lenslets
step 210, which is described in np detail below with respect to Fig. 14.
Next, control proceeds to a Set Pugx}| Radi us step-,215 in which a |ocal
pupi| radius variable is reset tofa rhdius val yé&zdeternmned in step 210.
The value of the local pupil radfus yjariable |% gnpl oyed i n subsequent
steps and is based on the smallesdxplpil ??d ES that can fit around a set
Ff IanIet.?EjecEﬁ cregped igbszeapg%a“{ha s; fpondcé? ? set oI 520
lenslets within e radi us. ntrp en procesq 0 a -l mage step-
in which an image of the retina ip bﬂotured by |t hg wavefront sensor 10 for
processing. As an alternative, th Jjage can H&sdetrieved froma file
stored in the nenory 14 of the cp gg fing system 12 (Figs. 2 and 3) or
Ddy n

ot her nmenory. Followi ng the Get | step 220, control proceeds to a
Generate Reference Array step 23 whi ch a reference object is creat.ed.
The reference object contains a sg lf points that represent aperture
center points (l'i ke those of Figs A and 8B) of each lenslet in the set

_dy 9 J e
Once the magnitudes of the Zemike coefficients are determined, the wave aberratiéﬁ" h

s found, where the only relevant terms are from the sum

¢=Za; Z,(x,y) B
-2 .

with the matrix elements of G fof 1'8 (G=1to 18) rows and 5 (i = 2 to 6) columns.
Focusin-g now on particular modules of the software 13, more details are provided
below. These modules rglate directly to and implement the techniques and procedures
described thus far. A flowchart diagram illustrates in Fig. 13 an overall method for the
controlled data acquisition and analysis software 13 discussed above in more detall in
accordance with an embodiment of an invention. Control begins in a Begin Exam Proccss
step 200 and proceeds immediately to a Set Parameters step 202. In the Set Parameters step

202, the Optics object is created and the values of the Pupil Scale variable and the
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of lenslets created in step 210. The reference array is enployed inABR 2004
Cenerate Valid Zerni ke Modes step 270 described in nore detail below The

use of a e array and the generation of Zernike m)?&s en
descri bedﬁ?l;(g\ylzgmmntrol proceeds to a Locate Centroids s erfug@és'{? whi ch
a centroid is generated for each lenslet of the lenslet array created in
step 210. The Locate Centroids step 250 is described in nore detail bel ow
with respect to Fig. 15. 44 . 2. 0 APR 2004 WD 01/ 28409 PCT/ US00/ 29078

Fol | owi'ng tWevaftsat2PapilSeale viritblestreset Rbdefauttoniues based o gedrrticalad cSei@ebtion
Centroids step 260 in whichthe operator may set, adjust, or elimnate

i ndi vi dual of ¢t wavetto AT} i | t.en. :
nfSR6RL B AThé vl ofleBsd Varise, E&Erpas@ a‘ﬁ'?(’}%é%?n Qéga Ie o

di scussed above. Control then proceeds to the CGenérate

step 270 i ppnWhtkkindef Slkkicd RSS2 e the lenslets 18, the
centroids, and the re{e getf&gcnce arﬁlreaéllgd, g%@é‘?&%ﬁi‘%@%‘ g@%&.ufﬂé‘éséﬁyeﬂe‘?ﬁﬂnke
nodes are nerated, ,then.control proceeds tp Reconstruct Wavefront step
280 i n whi éiﬁﬁ‘%‘ﬁe"a ‘Wév@‘lsr"’ﬂr’i’t“eﬂ?anﬁ’ﬁethg Nﬁ@az’?isasﬁfﬁlr 8 SehParamptersosten 302 may be
reconstructed based on the Zerni ke nbdes calculated in step 270. The

r econst r uc@FigAMied dyaamisally poasked forandentaredby therdperatorodes is  acconpl i shed
once the Zerni ke coefficients are determ ned using the matrix approach

di scussed above Gomtrot tHengproceetiheo b Gteatt Lenslets Gtdp@¥oN &/hidheis RRS@bRHiH Ghore
Wavefront step 280, <control proceeds to a paraneter change process A

whi ch i s des@nivars withdeipaid tolF3h. o Ne, ESHo1 BEddeals 18ialdhs Plught RAGIs 8 2RI Ch
relates to the discussion above. regarding c ntr0|c} elrtm a& on and papi |
radi us cha . Ref ' ' Ei. o .ilncluded.in.the fl art
of the Begiapicha a4 plh AR\ bl frescto a RS 1B S Rined ien 1 O TR,
poi nts B, and .D.enabl e. the Begin Exam, Process 200 to be entered at the
Set Par amet9 alve og%6°‘§’8§f‘p4 ngllge\fage&e éﬁaﬂ??lsy%fgmép quers stsps andyis bagasgmthe

Val id Zerni ke Mdes _step 280, respectively. Entry points B, C, and D are
descri bed FRalest eupidradips that 6op §if areund st of {amsket gbjedts created in step 210 that

correspond to a set of lenslets within the radius. Control then proceeds to a Get-Image step
220 in which an image of the retina is captured by the wavefront sensor 10 for processing.
As an alternative, the image can be retrieved from a file stored in the memory 14 ofthe
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 émployed in a Generate Valid Zernike
Modes step 270 &escribed in more detail below. The use of a reference array and the

' generation of Zernike modes has been described above. Control proceeds to a Locate
Centroids step 250 in which a centroid is generated for each lenslet of the lenslet array
created in step 210. The Locate Centroids step 250 is described in more detail below with

respect to Fig. 15.
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.are'too few lenslets (Ccentroids) to accurately reconstruct t

Turning nowto Fig. 14, a flowhart is illustrated of a Create Le}ﬂgll\%ﬁﬂﬂé
process 300 corresponding to the Create Lenslets step 210 of the Beg

Exam Procee® ?A084doFi g. 13). In the Create Lenslets process@iisonssik' ol
proceeds imediately to a Too Few Lenslets step 212 in which a cal cul ation
Is perforned to determ ne whether information fromoperator input wll
enable a |l ensl et nunber paraneter greater than a pre-determned mninmmto
be generated for_use .in determning the wave aberration of the eye 58. I|f
the answer is "Ndelopingthe Leprie Sspioidgsiep 25 B gaup! prorcedsios Sdetdantreidsstepess
300 conpletes in a step 352 and the Begin Exam nation Process 200 is

term nat ed. 260 imwhadltthe opératoe may spt; adjestsomslinihate individial eshirolls geadrhied iheie
operator to reselect paranmeters so that a sufficient nunber of lenslets

are gener at dthcalelCdnt@iPdigy B30, a8 diE@Bedrdve] Eonty&iShen Cp;r?%*g%qtmm G&f'e?gtg Vafla?

Cal cul ate Nunber of Lenslets step 214, which is des In nore detarl

bel ow with r ' 9. Fol Low. Cal cul at.e Nunbe f Lenglets
atep 210, coAThRE Mddls belard iy whi BRI ATl hpsethdhe BayeRiRech
a ratio between ,.a total] area of all the |lepslets created (e.g.,

cor r espondi f§A¥Sd87 and ¢ pefsrence arrays, R depatbed @bave. 1 Onee the; Femieanodes are
Lenslets step 210 (Fig. 13) and the area of the pupil as determ ned by the
radi us set igsnemgtedReken conirol | prieatids do sa RKecomsbru¢t-Waveft@)t step 80 dnl whieH. the
Control then proceeds to a Too Little Coverage step 217 in which the ratio

cal cul at ed iwavsfrept éflthe imageosnpairedlin step D20 13 recanseeRéEbated 88! tHe ZWrAME nYGdew ©
and a predeterm ned maxi num val ue. For exanple,- the mninmmcould be 75%

I'f the rati QaichilatedSi stepaV00 The Fetdnstrittiol Bf e\ aVéRont BALLLE] thP %gﬁﬁmgév rg}p&gﬁg €

ron

f Zem k . ' Nl e : | bed .ab '
[ the rati ATRRisEd ol VL ZERIRY KERERRS arf dPhermiR ERE! e ReeeB2 Rt
Valid Zem k .I\/bdeg ét ep 27Q. and .t he Re.con?t !ﬂuct vefront step 280 (Fig.
13) are |i k?l'sﬁufsﬁ BRoveRseqrding to theapyention,  Follgwing the Kegensiract Wayedionisjep 280,

Varning step 218 In step 218, an appropriate warni ng nessage is_displayed

~on the vi de(%on’%%lrll?@ﬁeesli tq ripgeamegerghgngy progessiHd whiek i describgdrin detailtbedow in

proceeds to a Return step 219 in
conjunction with Fig. 16, and which relates to the discussion above regarding centroid

elimination and pupil radius change.

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

Turning now to Fig. 14, a flowchart is illustrated of a Create Lenslets process 300
corresponding to the Create Lenslets step 210 of the Begin Exam Process 200 (Fig. 13). In
the Create Lenslets process 300, control proceeds immediately to a Too Few Lenslets step
212 in which a calculation is performed to determine whether information from operator
input will enable a lenslet number parameter greater than a pre-determined minimum to be
generated for use in determining the wave aberration of the eye 58. If the answer is “No,”
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which control is returned to the Begin Exam nation Process 200 and; pppoggeds
to the Reset Pupil Radius step 215 (Fig. 13). As an alternative, a process
may be i nWO elymdost 0 enabl e the operator to adjust paranetgepyseydogat the
ratio is within appropriate limts. If, in step 217, the ratio is greater
than the mnimumor |less than or equal to the maxi num then control
proceeds immediately to the Return step 219, and control proceeds as

descri bed above. 46 20 APR 2004 WD 01/28409 PCT/ US00/29078 Turning now to
Fig. 15, a PFJWessss 800 complefes immetiepBS3 and| thalBagin NMxaindnatioh Prooedse2(0 is
process 310 corresponding to the Cal cul ate Nunber of Lenslets step 214 of
the Creat e teiminsteét Aspnaltesatid)Q frétegs mbgbe infiated &) eDbROBE BerafBFRsltALREY t O
a Create Maxgrid step 312 in which a matrix of points (grid) is generated

corr espondipagarhéter o Mat @%ufilcicr biBEPofehdleRarellfeBARIAT TF AR InIRX! TR HIPC!

of rows an ums, for exanple, mim 1S a e

conveni ence. & % S - f t,he [ t le et array likely
fo 'be encatint B ecPHuR! BLiSERE I8 e BT oL Bt eehaTh won Shiseotibegr | o
correspondi.ng to, the lens]ets that_are _actual]y used. In addition, a count
variabl e arlfl 9‘&"’%&?&3‘&1 gslpa'n\*ﬂéh Vaspect e E18. 45 o Fpllawing the CalbulatedNurnbertof Leables V.
Control then proceeds to a step 314 in which it is determ ned whether there
are poi nt s ste 1Aecontrebprioceeds taay Determine Phipil Toeerhpecstey 21k insvhiGesrado Warwashi mum
boundary within which the |ocations of boxes and box centers that

cor r espond attotat ivea bealsthetlensleds evichtdil (e.%b@orrdab&iding” @Cgﬂénﬂ{tﬁugéﬁtﬁrtﬂé iflets"
u e

the software 13 The first time through the process 310, answer 1S

Lyplcal ]y Tapin the enionaiaal s 986613 19 ofa BRnERl e fufiPhedh At S D s) ce

From Center step 315. Process 310 p sses pol nt's ft
to right apgto : rg'n design chqgice. (thers directions -
and seQuencesl a#éin&(})xg ;k ?%)‘%‘g%’é?%ﬁ&s E"P%%E?E‘gaii)ﬂﬁﬁaﬁmﬁaeﬁeCan %‘rf‘ﬁ%’? Prgceedspox
with sides,egual .ta the inter- slet. distance and the distance fromthe
center of t“h%"@? r[‘ﬂfﬁf %C%%@&ﬁgt‘% @’&’ffg‘%ﬁﬁ Fatio Galculated inestep 2 Voimcomparsdrio er
of the gr 'bd is calculated and retained. If the calculated distance is |ess
than or eqB8th aRredstermingd minirum value andgi pradstennin¢dmatimane valive.eFawoexample,
corresponding to a lenslet is within the pupil, then the
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 (e.g., as described above), or if the ratio is greater than the
maximum, indicating that the Generate Valid Zerike Modes step 270 and the Reconstruct
Wavefront step 280 (Fig. 13) are likely to be inaccurate, then control proceeds to a Display
Warning step 218. In step 218, an appropriate warning message is displayed on the video
screen 52 (Figs. 2 and 3) to the operator. Control then proceeds to a Return step 219 in
* which control is retumed to the Begin Examination Process 200 and proceeds to the Reset
Pupil Radius step 215 (Fig. 13). As an alternative, a process may be initiated to enable the
operator to adjust parameters so that the ratio is within appropriate limits. If, in step i17,

the ratio is greater than the minimum or less than or equal to the maximum, then control

proceeds immediately to the Return step 219, and control procéeds as described above.

46



count variable is increnented by '1'" and the coordinates of that box's
center are stored in a first available spot in the Maxgrid array]( @&pnye!
proceeds twooilissmance > Max di stance step 318 in which thempuswases310
det erm nes whether the calculated distance is greater than the previously
stored val ue of the max distance variable. If the value of the cal cul ated
47 2 0 APR 2004 WD 01/28409 PCT/ US00/ 29078 di stance is greater than the

previ ously storedy,val ue of e Xx-di st ance, vari gbl.e, control proceeds to
a Store New Max DTW‘”S‘P;FS&%E‘ rﬂ(r'??“ﬂﬁhﬁ“’&ﬁ “(hl‘r“'éra?rf:al"é GI%E%’éPt‘éiNgﬂ@ﬁ"c‘éf Liepslets
stored in the max-distance variable, over-witing the previously stored
val ue. Cont rBocess i Oooespondingatopbe Kiadcuiae Nusdier 9? &ondéts srdpedl 4 bthee@reurl ue
of the max-distance variable is stored in step 319, when it is determ ned

that the calkedsktsysfoceds S000FOE 14} Castfol phuzBedsima@tiately B 4@&&%&@1&%‘@ 312
stored value in step 318, or when the calculated distance is greater than

Lhe. PUDL 1 1 slch BuPo e (RS2 BB B BBy i,
S T ST R T AT

grid point in the 19x 19 array is processed in turn to determ ne whether

it is to -bdSPRRatigHelcanyenenceiand zeserves sprp memornior thelargast legsletpaiay likelystbep
314;;if the process 310 determnes that there are no nore points to check, -
then cont r olbegngewndersds & sibsgs of @fat imemviry can benseddd create the wridaedriespardgass
300. When control is returned to process 300, the count variable contains

‘the val ue ofthé heesletinioare 0fuallPuesd. [8addiGNS aotnt VaHAIIB ahd b mdkt J_ﬁ'gﬂanéeh&riatfﬂei |
radi us and the max distance variable contains the value of distance of the

farthest corfgbotfinighlizdds thoxsse Pat fit within the pupil radius. In
d

addition, the Maxgrid array contai ns coordi nates for each box, or |enslet,

which fits withi ' Lus.. . Tukd N 10 Fiqg. .16, | onchart is
illustrated of a (E%r%t%? é}pe r{{’?%—?g? ars_ eé’eéslsrll ’fg‘ﬁﬂl%iévﬁta{s ‘@679?%%%0W8§L?r0t\‘${fear e
Locate Cent rp%'irﬂss inS ee R/Iagcggd gxl;'ayﬁ trc])echlgglgl 'Phel;lél%)rcngx?cﬁits |ug)era azrapég)?ifnmznogoundary within

which the locations of boxes and box centers that correspond to the lenslets 18 within the
pupil radius are deterxﬁined 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 proce.sses points in the grid from left to right and top to
bottom, according to design choice. Others direct.ions 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 corfesponding to a lenslet is within the pupil, then the
count variable is incremented by ‘1’ and the coordinates of that box’s center are stored in
a first available spot in the Maxgrid array. éontrol 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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(Fig. 13). The Locate Centroids Process 400 determ nes the Io-caticmggprtzﬂmg
centroids as described above using the nethod of Figs. 10-12. Contr ol
proceeds Wonads#wely to a Lenslet To Process step 221 in pdi/ghddasgPr ocess
400 determ nes whether there is a lenslet to process that corresponds to
the lenslets created in the Create Lenslet step 210 of the Begin 48 20 APR
2004 WO 01/28409 . / PCT/USO0/ 29078 Exam Process 200. The first tinme

t hrough, t answer is typically."yes" and control proceeds to a Get

Lensl et st eprd%s 15 ﬁ?@‘%@té%@%‘fl?‘iﬁ?ﬂgomﬂo%%oﬁm reaxadistaneé varizbibe coopol

left lenslet in the |enslet array and processes the array fromleft to

right and tPépreeds tock Storm Newddex Diistgncestepediiogn wiitihee calichiadd diitnc@iéstored
e

sequences are possible. After a lenslet is selected in step 222, th

process 400n firranee distimeaarihble] bvarivaRingRAE BF&foul] r step 223. In
step 223, a "search box" is defined ingtaﬁeﬁi mage )Bér%grte??g@lgd in step 220 of

t he process 200 ' [ cent of, the.sel ected

| ensl et as the ggﬁ%rg?ﬂ%?e?r%g%dgég?ﬁ %)?coaér%g&\%i §?P ?’ﬁu‘é “fhgﬂgfﬁ?ln‘c’)‘fv vaiie of thes
equal to t [ - |l ensl.et. djstance defined in step 202 of process 200.
The sear chgﬁéxaté%??eegﬁ%ﬁﬂg 13 Stqufg“bB'fléglgsW 1} is detereninad) thap therpalowetetr oi d
for each sgot within the search box is calculated as described above.
Control t hBﬁta&F%éseEés than ar pawal 3p the praviousiyu stosece palfe n istepviliss for WHeACEHS S
400 determ nes whether the search box is smaller than or equal to a

pr edef i nedcalgiinteddistanak iegrediee thah thepupiMabiue ing¥p bes, ihAEatREINR e bdx Wpesi 2€
of the diffraction limted spot corresponding to an idealized reference

pl ane wavenotnfi angelg withia i pasiLRths. 1Y sidhes BERR: hRAL 30 d%:?eg)ﬂ’inge% Whether:

appreciated by those skilled i'n the art. I'f the sear box t han
t he predef ingadis ZhothErHdiK ) I 0 Fi nd ntrqQid & Reset
Box Center step 227. %eﬂggﬁfrl\gl Sgﬁaﬁégi’g%%g#%?%r%é ﬂ’(‘é‘ $ieps He
center of gPé%lﬂfBl%%a 3?6,aa{sC£scpn%)éd above. Each grid point in the 19x19 array is processed

in turn to determine whether it is to-be included in the final centroid array.

Referring again to step 314;7if the process 310 determines that there are no more
points to check, then control proceeds to step 362 in which control is returned to process
300. When control is returned to process 300, the count variable contains the value of the
number of boxes, or lenslets, which fit within the pupil radius and the max_distance variablé
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 i)ox, or lenslet, which
fits within the pupil radius.

Tuming now to Fig. 16, a flowchart is il]vllstrate_d of a. Locate Centroids Process 400
that corresponds to the Locate Centroids step 250 of the Begin Examination Process 200
(Fig. 13). The Locate Centroids Process 400 determines the location of the centroids as
described above using the method of Figs. 10-12. Control proceeds immediately to a
Lenslet To Process step 221 in which the process 400 determines whether there is a lenslet
to process that corresponds to the lenslets created in the Create Lenslet step 210 of the Begin
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In other words, the process 400 wei ghts each pixel in the searchzt{ngp;pmg he
intensity of that pixel and defines the centroid. Qther paraneters nmay

al so be use omgl@ad of, or in addition to, the average irﬁ‘@ﬂﬁédﬂ)ﬁ%‘fﬁ
determ ne the centroi'd | ocation. For exanple, m ninmmand maxi nmum pi xel
intensity threshold values nmay be defined with only pixel values within the
threshol ds used to calculate the centroid. In step 227, once the centroid
of the sear;éu bo is determ ned the center of the search box is reset to
the coordin ’@é”?foqeﬁfeze‘ént% Hrshsignesthroughptive aurwer iptypi¢adg4@s” and control
PCT/ US00/ 29078 control proceeds to a Determne Centroid Validity step 229.
In the di sclpeestdettbnetbentslet stap 222e TH2dM®cafe Cditropdsqresss Z@Iﬁstaﬂmitﬁlﬂ%t@igm
determ nes centroid validity. The nost common reason for the operator to

move a cent rieft dendROHAE Yerisfet taha% a%@srloe@éa&sf Bk Arrhf §3h R et9 gg;ﬁ]tta{rﬁgitt% gﬂ&%&nt o

be centered on the captured spo ight that 1s to

an alternati i , tf. Qi li.dity may be determ ned

aut onat i cal Ia;ée?rﬁ{@tqgggg%ﬂ %ér} &rg&@c&ﬁéfaggggq%egﬁ?sygf BOBHA% i s outside the
borders of the injtial, search hox defined in step 223 may be consi dered
invalid. After st efzazb‘iﬂslghlﬁf ¢cied oster A2 othginsecess 46@ procaedsde sy Infténtize
above is perforned. That is, control proceeds to a Reset Box Size step 231
in whi ch botBPXsize & diax GentaristepB23. bif steth323,ea“seardhoboxdrie definkdirdtheyinmppe
(or nmore) pixel. Control then returns to step 225 in which the process-400
det er mi nes wkieiehet intshep 28000 fth¥ process 200 Uskipthe bedrdinates @8 tHe defitet Hthe TbIREEY M
box: size again. As described above, a variety of iterative centroid

[locating presesasmhe@ule ofehd'sarkh baxeinarvéith he lreﬁ'g’th%g{tﬁefﬁcé&fegh%\ftgﬁge\slﬁx&%rom

‘'sensor 10 are of sufficient quality to guarantee’t C [l
be located QiR A L. e bax. f ea iteration. |If the
sear ch box ZI ze%g{ag%%c?ﬂa‘?ga%é&ﬁ‘?rﬁ%%%%%%ﬁ?ﬁ@f ,CQFSY‘P(OP@% t°"‘|[5‘?méds
to step 227 explai n bave. If the search bgx, size is |ess than the
mnimum th ‘?1‘”’&8?3#%%1 ﬁg'rlgcg'ﬁ&s“f‘{sm&fgbe ROk WA theisearch bexis eplcwlated pe
centroid is st%eﬁii [n the centroid arragl and the validity of the centroid
is stored i G°SFTPE P%%%n@ioﬁﬁol tentreseedsnioga Box Size < Minimum step 225 in which

process 400 determines whether the search box is smaller than or equal to a predefined
minimum value. The minimum value may be, for example, the size of the diffrac;tion
limited spot corresponding to an idealized reference plane wave impinging on and focused
by the same lenslet, as will be appreciat'ed 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 pixcl_ in the search box by the intensity of that
pixel and defines the centroid. Other parameters may also be used instead of, or in addition
to, the average intensity to determine the centroid location. For example, minimum and
maximum pixel intensity threshold values n.aay be defined with only pixel values within the
thresholds used to calculate _the centroid. In ste;p 227, once the centroid of the search box
is determined the center of the search box is reset to the coordinates of the centroid and
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validity array. Control then proceeds to a Centroid Valid step 235 ;U \pgizm
the appropriate entry in the centroid validity array is checked. | tAh
centroid wmOwUpkssdh then control proceeds to step 237 in ' ntroid
is drawn in a centroid inage or displayed on the display ‘g’gt‘f)ngh&g%ogfed
(e.g., in the nmenory 14). Control then proceeds to step 221 in which the
process 400 determ nes whether there are additional lenslets to process as
expl ai ned above. 1f, in 50 2 0 APR 2004 WD 01/28409 PCT/ US00/ 29078 step
235, the cefAM! aracsedsde alnteraning Gemeoid Makiityistep 329.r lnlthep disclessierhbodigheat, el y
to step 221. Finally, in step 221, if the process 400 determ nes that

there are nd siepr260aeithe prockss 200, the opeestsr demﬁﬁxﬂ@ceﬂitﬁii&lbﬂ?diﬁbmé‘%s%hﬁi? ate
Centroids step 272 to step 250 of the process 200 of Fig. 13. Wth valid

centroi ds ardsofefol tHeSoptPSSto thife Y BURrdPRahA1YA0 that 1lSl Tl 8 &S
described above. After the wave aberration ﬁéa{!gggggrii e‘{"g?’m%‘d?“%%“s not
operator, i ' t can either re.profile the software 13 from

t he progr.amdhggg!?tr?ﬁtlgn)g %?§° nltg? cgl?tgf)edﬂ?& OF BE@H’&@ 1540 d§rcapirpidpdt Butagul r e
and anal yze data% ag&Ln_ whi l e in_another enbodi nent, program inputs can be
changed on LIEIVe Empediment, centioid validity maydhe dstermined putpmaticallyen stepr228n Fog
that a new -matrix is conputed. .! , The validity of the Zem ke nodes can
be assessedanwple, heeptugid that dsiowsside dre ineders hathg ditial sefrich 80x idefihédin #GYE23
aberration construction or reconstruction, as described above. Such
changes varmaypbecsmidetédinwvalid.t he software 13 in reconstructing the wave
aberration. For exanple, the pupil of the eye 58 may initially be dilated

0, RS, Capt a3 b LSOO 00 AR U B BB RL

deci des that the wave aberration shou

central pory b Ladius. | er s,. the radius nerely
is truncated ag{r.]gfj@%r} i ﬁkdggé%%% I%ieasf; @8’6?1285{%82589%9'%%“ therdenpgth aad widigai n’
However, if..the punil radid.ls éﬁ i ncreased, then new information is needed

that was néf ﬂbeaqu.;ﬁ'fn@lpx are reduced by one (or more) pixel. Control then retumns to step 225 in

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

Control theﬂ 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 centroid image or displayed on the display 52
and stored (e.g., in the memory 14). Control then proceeds to step 221 in which the process
400 determines whether there are additional lenslets to process as explained above. If, in
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previously. A new nunber of lenslets in the lenslet array 18 may bézgégaéW4
to cover the |larger pupil radius as well as a correspondi ng new nunber of
centroi ds wuolowmjigr ence points used for wave aberration I 85E@PBES %@&hon
Whet her to change radius can be included for autonatic execution in the
software 13 in certain enbodi nents, depending on conditions of the
nmeasurenents and the desired result I n other enbodi nents, the operator
deci des at deci sjon points or the operator decides 51 20 APR 2001, WO

01/ 28409 PCHeBSHY/ thegrgraid isdetsrmineddo bh invebid.tonatrel ptaetdsimnduitatblydo sepg1. | n
reducing pupil radius, the operator may or may not want to use the sane

Zer ni ke pol \Hinatlyalin Qte#eZZIQIif therprecess 1408 aletintnedMBR Shere HRE nBRALAL Sntidfi Mant
to |l ower one or both of these. |If the sane order and npdes are desi redt

the wave abgirbeki, @Bnirs] BRI thrd 'B?xdrl?dch rtdidsife rﬁ%g ggpﬂf#ﬁheaproccss

using a new set of Zernike COE,‘ ICI ents. urni ng OW to

flowchart i I t of the han process, A firs

i ntroduced %gyggléﬁlg W&h‘&lﬁ ‘“fﬂ[g ‘ﬁ’gf"&i%‘(ﬁsabsaﬁfa%ﬁée&er@meﬂhe
wavefront se sor 1& and data acquisition and analysis to be changed, as
di scussed af$8 ESC £bey proceeds i medi ately to a Change Paraneters step
290. |If the operator does not want to. change paraneters, the process A
and the Begin Exafierabé wavéabarstion 230bédm drterifided, deopernofpieé s embodinteane
step 291. If the operator chooses to nodify paraneters in step 290, then

control proceeeéither fe-profife R 2oftwaréhB o thei gﬂﬂh@ééihﬂﬁ%gﬁ? %6) %ﬁ%e‘j

nodi fication 1is an. increase in the pupi radlu cat on7Tn

dnter-lenslg #ﬁﬁtlﬁﬁ'ﬁiﬁiac Qﬁe aﬁg?giéc dzﬁé‘%ﬁﬁﬁ',e\'v i1d fhearlo?lpélegib Iﬂ?cal bl SR

O her m)dlflca i ons can in certai odinent's

apparent to; | t ase ontrol proceeds
step 292 i nlﬁv}ﬁ" ‘g‘“ﬁ)rlﬁla es‘,iloé’tthf)@jy {.ho Lé’é’f’ga 2HoR pLofher prareters, E’reé‘i“éﬁélitﬁt
object created::in-. ste 230 and t he Zerni ke nodes created in step 270 can

be destroyeantcd”f‘?té‘é‘ﬁﬁ Control then procéeds to the B entry point

of the Beg| n Exam nation Pr ocess 200 or the Set
. The validity of the Zernike modes can be assessed and the pupil radius can be

- changed after an initial wave aberration construction or rcconstmction, as described above,
Such changes vary program flow in the software 13 in reconstructing the wave aberration.
For example, thel pupil of the eye 58 may initially be dilated for image capture and wave
aberration construction and then the operator decides that the wave aberration should be
reconstructed over only a central portion at smaller pupil radius. In other words, the radius
merely is truncated and all the valid data collected previously can be used again. However,
if the pupil radius is increased, then new information is needed that was not gathered

" previously. A new number of lenslets in the lenslet array 18 may be needed to cover the
larger pupil radius as well as a corresponding new munbér of centroids and reference points
used for wave aberration reconstruction.

Whether to change radius can be included for automatic execution in the software
13 in certain embodiments, depending on cdnditions of the measurements and the desired
result. In other embodiments, the operator decides at decision points or the operator decides
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Paraneters step 202. It should be understood that if any of the cgr@dApRi@@s
that initiate this control sequence are true, then other paraneters, such
as t he nuwoesi/8fo9Zenke nodes, may al so be nodified Wtho%CﬁBWﬂﬂ t he
sequence. Referring again to step 292, if the answer is "No, en contr ol
proceeds to step 294 in which it is determ ned whether the desired
nodi fication is a decrease in the pupil radius or a nodification of the
centroid data. If the answer is "Yes," then control proceeds to a 52 20 APR
2004 WO 01p pesxeryterthy sefbpare 180en thel begiemingnili eeduitiap pASiBradiusydhi operafoe may
Zerni ke nodes created in step 270 are destroyed. Control then proceeds to
the C ent ryormmyniot efant teeusdage @mﬁﬁiﬁ‘hﬂlﬁi%&w@ﬁﬁﬁﬁﬁﬁr SPRuRber dTZ ermiké Bfoles,

a

Centroids step 260. If the conditions that initiate this control sequence
are true, thRhpeialf MWRAE: F Bk 0 Gchanged; wthout
changi ng the sgquence. Re efrbilloﬁg aga?%%eo;tg%s%zglﬁ}’ﬁ gq%%r%gﬁgqﬂapoﬁgs Ro, "
t hen contrqgl .proceeds to an. Al.ter  Zernike.Mbdes step 296 _in which the
nunber of \?lg?lfeg, '%‘éﬁﬁvﬁégﬁlé’e is mergly Frngymalized tothe rediced radiys sizousing:a newent ry
poi nt of the BeZgi n. Exaninati on Process 200 or the Generate Valid Zernike
Modes st ep Soiat Zemyike gnedfigignist | t he description of Fig. 13 is conplete for
the software 13. Applications and Experinental Data The present invention
has appl i cati onJuiningnow taFizns 7as fiosicharals illustgited of tha akatithér@Rangd prb&fls €S
such as contact |enses and intraocul ar |enses, and |aser refractive
surgery. T Sispitrodueed Hbdveiih Yoffimétion VAREBIBNE3 thit' SUows BrareIT o B Gl LFFIR al
-trme

results will be set forth: One useful application of e rea

s hi's FERBEL0 i AR BERTA e N DS b chhect B AR BRA R Sl one

eye. This is inportant becCause t ectrvene ens
used t.o co L ghet .arder aberrations depe the stability' of the
eye's mvé;oggéedrs%@'egﬁﬁtaygo ?@%92%&’%&5ﬁgéhzﬁﬁéé’l’ﬁﬁa{%@f’%v@rwﬁm d® or
due to changes in view ng conditions, these.changes will limt the ability
of any st a?g@gglgﬂagggtcry the Precess) A and the Begin Examination Process 220 (Fig. 13). are-

ccfnpleted 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 modification
is an increase in the pupil radius, a modification in the inter-lenslet distance,-or- al :
modification in the lenslet focal length. Other modifications can be made in certain -
embodiments, as will be apparent to those skilled in the art. In that case, control proceeds
to step 292 in which the lenslet object created in step 210, the reference object created:in-
step 230, and the Zernike modes created in step 270 can be destroyed to free up memory.
Control then proceeds to the B entry point of the Begin Examination Process 200 or the Set
Parameters step 202. It should be understood that if any of the conditions that initiate this
control sequence are true, then other parameters, such as the number of 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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provi de sharp vision. Experinments were perforned that address thi ZW@QW
and the results are provided in the follow ng sections. Fig. 4 s , r
three subjwelsrssmé HH and PA a neasurenment of the amunty Gy
astigmati sm and spherical. aberrati on when the subject changecfiusm s/ her
acconmmodation snoothly fromone state to another. Pupil size was 4.7 nm
The accommodative state is expressed as Zerni ke defocus in mcrons, where
1 mcronis 53 20 APR 2004 WO 01/28409 PCT/ US00/ 29078 equi valent to 1.26
di opt er s. of Ditbdte ZemikeTieys @98ldh avlrtip thet Derhike hesdes icseatai dley atd erel dagiryyedual
variability between subjects in exactly how the aberrati ons change.

Nonet hel ess Cohirof theft iRRkedd 8 HETefHPhERL of BRBRfIPE By BRBA0Blor he

systenmati c changes 1h the aberrati at are epend accomr

state. The | | | on of | S0hS that. a static optical element or refined
surgi cal pr §g%%ﬂtu¢%krt°#§t59%ais@dzgﬁ’§ﬁ88$%‘8?s %ﬁtem*}ﬁag\/\‘)ﬁﬁémﬂﬁ o seARRCE G FueHBen ess
effective fqQr other distances, Fig. 5 illustrates this point wth the

modul ati on ﬁ}“d'ﬁ'éff F of Zeraikegrades\atinsmay beshanggd withgut Ghanging dssequense. t hr ee
subj ect's' wave aberrations. The Curve 1 for each subject. shows the MIF
that woul d be obRefeneng agaimto stepe294, fithe answepis N, T thgn ebtrad proceedseo ph Adted i n
front of the eye when it is focused at infinity. The pupil size for this

cal cul at i onZemskeAMbdeFBtep 2965 in WhichIhOwembér® re/hfi@ Zemild mdhéd i antied il RAE-
The Curve 2 shows the F when all the higher order aberrations (that 1s,

been accomBiariag ST SHEnPY e OFR B ek kA RIS 2008 el Rl UEN g

been aCCOI'TTTB ating at was accolr

Tespons! bi c2PBe MothSeP ;A RE POREL e IeBrRiey ek Bt i cameiclnion t |

aberrati Onsi‘%}h‘? corrected, shown here. In fact, the anmpbunt of defocus has
been optim #8l3t hi s curve under the assunption that the subject's
accommodation was perfect. For conparison purposes, also shown is the

subj ect's Mpplicationsang)ExperimentadDsta t he .hi gher order aberrations have
been corrected for the sane

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

Fig. 4 shows, for three subjects, SC, HH, and PA, a measurement of the amount of
coma, astigmatism, and spherical aberration when the subject changed his/her
accommodation smoothly from one state to another. Pupil size was 4.7 mm. The

accommodative state is expressed as Zernike defocus in microns, where 1 micron is
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accommodat i ve state. Wiat this shows is that a static contact Ien§ cxstom
designed to <correct perfectly all the higher order aberrations a BARR 2004
acconmodaiygy/gysligt € does little or no good at correcting gy ers
when t he accor/n*rg%ative state is changed by two diopters. %%g@/z%ﬂ
changes of the wave aberration with accommopdation limts the conditions
under which a supercorrecting | ens would provide a benefit in young people
who can stil] acconmpdate, it does not inply that such a |ens would have
no use. Thiegquivaieht tatli2idisgtez®f Apfaca) Phesa/datDsho2BAMIhET donsiférasio Titdivigusot
particularly severe because it does not apply to presbyopes and, even in
younger  peaghisility Bedweer/fubjedtsin exadtlyhowthe a5éritiongcHalge.| BBSethi ek Ot bt arl OF
di stance vision. Rapid tenporal fluctuations in the ve aberration mn ght
reduce the; : | 4 X tw.. Thou i t _has been known
for sone ti%hﬁ%@%ﬂéﬁ get%érg %%? P‘%:SS&%F gr}ngﬁg@{]ﬁ%ﬂngesowg @‘ﬁ@ﬁ’?"?‘r‘% BLRTEs,
apart fromdthe m crof |l uctuati.ons of ,acconmodatiqn, this instability has
never been 9ERFIISRL QN acropumagative state, @P%“PPP&%‘F Isthat asiaticoptipalelemensns
will affect other types of wavefront correction besides a static el enent.
For exanpl @r refinsdesyrgioal pragadare that wae designedafor bee yiewinge distance wiald banddse
mrror (see the aforenentioned U S. patent 5,777,719, to correct nobst of
the eye's affectinetfonather disthncesd provi de unprecedented retinal image
quality, but its performance is fundanentally limted because the

correction it alm% iSQHustiﬂesQEﬁ%B}dtWi&%@ﬁ%&ﬁl%oﬁﬁéﬁ?%ﬁ&ﬁ%@ﬁ%xjnﬁgl:eg of

per formance cou be achieved™wth a dynamc, real-tine s cap

(tracking t ' ' ' L at i-Qn L gni such a
syatom PequrTeo LA dede st Y BROR, 1R TR b Sechybiciidons

t hese dynam GS.l.f1.accordance. w,t h. .an_enbodi ment of the invention, the
real -tine Mﬂ: dﬂﬁt %ﬁég? g'itﬁ"\ﬁgé‘h at?s‘&'ﬂ’:l statie.CTERFERg elgmentarare placed infrontiofo be
coupled to_  a defornmable mrror, like that in US, patent 5, 777,719, to
provi de sufférayemdienitis fosusedat infinny.t The pupihsizel fontisgaloutationwad 47mtrh CEleis
skilled in-the art. The bandw dth a perfect adaptive opti'cs system woul d
need to beMibF shaws theegffegts of diffraction alone. The Curve 2 shows the MTF when all the

higher order aberrations (that is, those other than defocus) have been perfectly corrected had
the subject been accommodating at infinity, when in fact the subject was accommodating
at two diopters. It is important to keep in mind that defocus is not responsible for the fact
that this curve lies way below the MTF when all aberrations are corrected, shown here. In
fact, the amount of defocus has been optimized for this curve under the assumption that the
subject’s accommodation was perfect. For comparison purposes, also shown is the subject’s
MTF (Curve 3) when none of the higher order aberrations have been corrected for the same
accommodative state, What this shows is that a static contact lens custom designed to
correct perfectly all the higher order aberrations at one accommodative state does little or
no good at correcting higher orders when the .acc‘ommodativc state is changed by two
diopters. Though the changes of the wave abeﬁatidn with accommodation limits the
conditions under which a supercorrecting lens would provide a benefit in young people who
can still accommodate, it does not imply that such a lens would have no use. This limitation
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with these tenporal fluctuations in the higher-order wave aberra iﬂm ?ﬁﬁs
I nvestigated. How fast it would need to go so that to really achi

di ffracti owdoumisoed perfornmance was addressed. To do thi s, pcirgsdol2b®s
averaged Strehl 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 would be obtained after correction by a
perfect adaptive optics system of various bandw dths was conputed. The
Strehl ratié& net parfeulanly seere heqayiadit doesBeleapply tmpresihBpes 201, APEN 20 Founr

01/ 28409 PCT/ US00/ 29078 quality. The curves for two subjects are shown in
Fig. 18 f or peofie3hemvpipd be aslde Madesigiing the dasrodaire@or diftenceWisien.bei ng t he
average. A Strehl ratio of 0.8 or above is considered to be diffraction

limted. Also sheugid tﬁmgbxgs% %g?ﬁlonﬁ & thO who& aﬁé?ﬁtigﬁﬁﬁ%l'g ?{dﬁi‘gg%’gg?ﬁl@%??isg% ng

fromthe best correctio ocus and astigmatism sta

correction th chropati,c_aperrations (which corresponds to zero
bandwi dt h) 8%%%“&%@3?“2?? Q‘%‘Wi’ ‘ggi? b°F'bE'a‘f‘?”? ?%{cﬁof”c?ﬁ"?? fchai @8 ¥ SOBP R AEdot
This is an inportanf result hecause jt inplies that the error introduced
by t enpor al sn&?a?ﬁ‘ Shortime, scalgs apart figm dhe snisroflustuations of aeseanraedationh thise
errors that can be corrected with a static correcting elenment. In other

wor ds, t her istabilitp hahadyley bern ahemdtetizedBhoyt-temm ynstabdity bhitht eydle abyrraiohs svilpf
the wave aberration will obscure attenpts to achieve better visual

per f or manceaffed: bier Hipat bE waRdfFoRE Edrregtion BetRits a sttic BleAfenf F&Eﬁﬁ:ﬁ?ﬂb' ZEFreGis act
l ens, or with refi nggﬁsu'rgi cal nmethods. In order to go the res b?&tehe \E/vay

fro i | ' | il g i '
B G SR St A Bl IO e Y BR, fen

optics (AO systemw th o t I'S nee

not nean th e xhihit fluctuatjons beyond a fregyency, of
1 Hz. It hagh7%’lgg?1’e%’gcg gggtergo{]%g{h eesﬁyalr%i#'lz%%tmnsf ?'bdq(ifélr%?/w %Pﬁ%ﬁ‘iﬁqf’ét%g{?t Lat
| east out of 6 Hz or so.. Thi si npl ans that, for this pupil,size and
this condi H%?S%%%ﬁ%ﬂ%&ﬁ?%%@ %ng??q“{ﬁ!]ﬂfﬂg?‘?%“aqsﬁﬂﬁ@ﬁ'ﬁ‘é}%‘i ibapphissv e
1 Hz is just too small to significantly inpact inmage quality, which is
advant ageou essentiplby eatiq. donsatarsaing inopti¢ab perfarmaneeeowld buachlevedywithaadynamiceast

10-20 times ] .
real-time system capable of tracking the fluctuations'in the eye’s aberrations. Designing

such a system requires knowledge of the wave aberration dynamics.

. To measure these dynamics, in accordance with-an embodiment of the invention, the
real-time wavefront sensor 10 was used. The wavefrorit sensor 10 can also be coupled to
a deformable mirror, like that in U.S. patent 5,777,719, t() pro;zide superb retinal image
quality, as will be appreciated by those skilled in the art.

The bandwidth a perfect adaptive optics system would need to be able to keep up
with these temporal fluctuations in the higher-order wave aberrations was investigated. -
How fast it would need to go so that to really achieve diffraction limited performance was
addressed. To do this, the time averaged Strehl ratio, defined as the time averaged ratio of
the peak height of the actual point spread function to the height of a diffraction limited point
spread function that would be obtained after correction by a perfect adaptive optics system
of various bandwidths was computed. The Strehl ratio is a metric often used to assess image
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2.0 APR 04
t he bandwi dth of the fluctuations that are to be corrected, inplying that
an AO system operating at 10-20 Hz would be able to track all the
si gni fi caNYOPIR#0%Uations in the eye's optics for the 518 peralspiboeSs Z€-
This is encouragi ng because the technology to do this is available and the
present invention achieves the first real-tine AO correction for the eye In
summary, the first neasurenents of the tenporal properties of the eye's
wave aberratian have been denonstrated., These. tenporal fluctuations are
snal | corrpaé“e%% ?ﬁe éég%&)&gﬁ’ é@@ﬁcwfoﬂ’f”z@deg’l&  fose §/mgy Bunihandsnatyrak
hi gher order aberrations of the eye, inplying that they will not interfere
si gni fi cant #4FORHMORati¢N: ope aevetbsingfthe avarage. A Streblantia efi).8 ot bate is censdHred
While a preferred enbodi nent and variations thereon have been set forth in
detai|  abowee diffastorslimitee.d Allso shoemds theStteh Ao BEINS LestBRhctod BAE. Goin
enbodi nents can be realized within the scope of the invention. For &
exanpl e, Whird8 thdlses | Lo t.er of an.lntel-hased
PC, anot her type of hg%rﬁé%ﬁ? gro ?ggﬁpg§§é@%s§%h@§§g ‘%@%ﬁ%ﬁ%‘&?%ﬁ‘&ﬁnage@&
Al so, the [ ed according to .any suitable progranmm ng
t echni ques,slﬁé{ljc oﬂ'gagﬁ%&?xg%[%p g?@%ﬁﬂ&&"ﬁﬁl’%‘i’%‘ﬁﬁm&m itk goes almastal theeway on
shoul d be c¢o rued as.limted only by the appended clains. 57 20 APR 2004
What is cl JP%F%QH@?“@ RefforRRAnGE- ?i’k—aéaan Hopertanh veshlt bacausb érimglies thao thean
eye, the method conprising: (a) taking inmage data fromthe eye, the inage
data conpr iS5ToR tdpgediby temporef dysjactics df8BY eyelsviberratiiRaid sreAlBcEHBEREIWIE thedy
the wavefront aberration; (b) defining a plurality of search boxes (86) in

the image catoss thaf cin Betcorratted veith BeastpRSédricetifg €RMenpf 1h %&R%xﬁ'ﬁ,i %ﬁ% ,%]9)

cal'cul ating the wavefront aberration in accordance with the posi
the spots; probably no need to worry very much that the dynamics of the wave aberration will obscure

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

In order to go the rest of the way ‘from pex.'fcct static correction to the diffraciion
limit, an adaptive optics (AO) system with-a bandwidth of less than 1 Hz is needed. This
does not mean that the eyedoes not exhibit fluctuations beyond a frequency of 1 Hz. It has
been observed that significant frequency comp‘onents exist at least out of 6 Hz or so. This
simply means that for this pupil size and thiS'conldition the power carried by the fluctuations '
in frequencies above 1 Hz is just too sﬁall to significantly impact image quality, which is
advantageous. A closed-loop AO correction requires a sampling rate at least 10-20 times
the bandwidth of the fluctuations that are to be corrected, implying that an AO system
operating at 10-20 Hz would be able to track all the significant fluctuations in the eye’s
opticg for the 518 mm pupil size. This is encouraging because the technology to do this is
available and the present invention achieves the first real-time AO correction for the eye

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

aberration have been demonstrated. These temporal fluctuations are small compared with
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characterized in that.step (c) conprises: (1) locating a centroid @90APrOHg;
96) in each of the search boxes (86); (ii) replacing each of the search
boxes (86)wwlioiBssae search box (92, 98) of reduced physical P‘ijﬁ@soo&!mh)

| ocating the centroid (94, 96) in each of the search boxes (92, 98) of
reduced physical size; and (iv) repeating steps (ii) and (iii) unt|I each
of the search boxes of reduced physical size (92, 98) reaches a m ni num
size. 2. The method of claim1, further characterized in that: step (a) is
per f or med withe Statieidrighes nerden abrratians cefothe ®) 1mabing thatpthay awilk pot m‘terfere

l enslets (18); and the plurality of lenslets (18) forma plurality of spots
(88). 3. Tls'@niﬁmhtbydwwl thé¢ Berrefids off aistathecustdmaized dbpticak €lémient. t hat : step (d) is
performed using a matrix having rows corresponding to the lenslets (18);

and step (d) CoONPEileS£srefdriod &%&rummﬂﬂ%hﬁ&s'tﬁ&ééﬁme(&%ﬁ s&pAfin p&?\" de

data that are usable in accurately determning the wavefron erra

ot provi de Dotk oprak e th o A B A RRP G St e e”ﬁ%ﬁe%ﬁyae%%m

aberration. 4. The thod of cFalml further characterlzed in that the
mi ni mum si z 8esope ofthe inyextion, Far exampplg, whijethe hardwae hastbsenidiselogaddin tarms of

further characterlzed in that step (c)(ii) conprises reducing a size of
each sear chabdnteltbasbdPCe photbenttyp8®f 9amphigr ood biexetd, ian cerldha dédientdd device58
20 APR 2004 6. The nethod of claim1, further characterized in that steps

(c) (i) and @Adgof iheispfware cag bé prepard a@@drhlmlgflo a@)camdae@a:%\mmm@ tSlhriques, sube
i mge data whose intensities |lie between a | ower threshold and an
as object-oriented programming. Therefore, the invention should be construed as limited

only by the appended claims.
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upper threshold. 7. The nmethod of claim®6, further characterized Ih? tE@tI !
the net hod conprises pronpting an operator to select the |ower t %é\ qu
and the upper threshold. 8. The nethod of claim1, further characterized In
that each of the plurality of search boxes (86) defined in step (b) is
centered on a position (156) which one of the spots (88) would occupy in an
absence of the wavefront aberration. 9. The nmethod of claim@8, further
characterized in that each of the plurality of search (86) boxes defined
in step &QgtiSQ%%egisdi mensi on equal to a spacing between the positions (156)
whi ch the spo{s woul d occupy in'the absence of the wavefront aberration.
14. The met hod sQfeieh 84 s fuind dhbdvETRN BHAGRGE BT dyg & nietholl Bidpriameh of t he
plurality of search boxes (86) defined in step (b) has a di nension which
ts scal ed dowg) hKigpTinegeIma Gbm the ¥e, the imape daicwepiing heluptivyiof $pov ¢88) 128IBY whi ch
the spots would occupy:in the absence of the wavefront aberration by a
factor pemanstiieminedisy. thelaveffnmberatitnod of cl ai m 10, further characterized in
that step (b) conprises pronpting an operator for the factor. 12. The
met hod of cl a{thdefining aplwpldy ofstrsth Reteeidf)intie Mg B step (c)(ii) conprises
reduci ng a size, of each s_e_arcp % to be replaced (86, 92) by a fraction
of a pixel al EhepEupine BF R4S ¥ReRUF A8 of claim 12, further
charact et zed b by ity sV hudfoeblsAARon ] acforibdiShion i pBfimNGle s 8 P1Txel . Lk
alm IZ, turther c

The net hod of haracterized in‘that, for each search box
of reduced pRySikEikd Rithesd 98 coBilesiVhi ch includes at | east one fractional
pi xel, step (c)(1H conprises assigning to each of said at |east one
‘fractional pixel a(ylotdisgddehttodd (90, 04, bé)dn @dniif the sdrehhdxeh(86)s equal to a
corresponding fraction of an intensity detected in the fractional pixel
centered in the fr&Dtreriasiak cishpbihe sepgh bpieeBREMHOR SEa¥ch &ppi9En 9B) ofredurier
characterized in that step (c) further conprises: (v) allow ng an operator
to drag one ofP¥s%ntroids to a new | ocation; and (vi) recalcul ating the

centroi d whi ch has ﬁ)gnliﬁ%%gggn%oi?.?%t 565 1 Gth bPKALeN boHS {9908 of el

di stribution around” W l'ocat ivoh:
physical size; and :

. (iv) repeating steps (ii) and (iii) until each of the search boxes of reduced physical
size (92, 98) reaches a minimum size.
2. The method of claim 1, Mer characterjzed in that:
step (a) is performed with a Hartmann-Shack detector (20) having a plurality. of lenslets (18);
and
the plurality of lenslets (18) form a plurality of spots (88).
3. The method of claim 2, further characterized in that:
step (d) is performed using a matrix having rows corresponding to the lenslets (18); and
step (d) comprises:
(1) detenmining which lenslets (18) do not provide data that are usable in accurately
determining the wavefront aberration; and |
| (i) eliminating ()86) the rows corresponding to the Jenslets which do not provide
Aam that are usable in accurately determining the wavefront aberration.
4, The method of claim 1, further characterized in that the minimum size is a diffraction
limited size. |
5. The method of claim 3, further characterized in that step (c)(i7) comprises reducing a size of

each search box 1o be replaced (86, 92) by one pixel in each direction.
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_ _ _ 2.0 APR 2004
16. The method of claim1, further characterized in that step (c) further

conprises: 59 20 APR 2004 (v) allowing an operator to drag a central one of
the centroids to a new location; and (vi) recalculating all of the
centroids around the new | ocation. 17. The nethod of claim11, further
characterized in that step (c)(iii) is perforned without reference to a

| ocation of a previously located centroid. 18. The nethod of claim1,
further characterized in that step (c)(iii) is perfornmed usi ng} a |ocation
of a previ ousbyrht oehtdd cliont.fother hwaqerisaddn Haesteps (i and (PO aaReIpFEethod of

claim1, further characterized in that $tep_,(c,%j(i i i%] i S per q‘&g@d usi ng, as
a start - edy preodancewitorsssimie HRTIEHeSs FLeodi FHv el by SR &hce of the
wavefront aberration. 20. The nethod of claim 3, further characterized in
that st epPPEde9'dconpri ses all owing an operator to select the lenslets

whi ch do not pr \éitn}%glféjgfcz%%égﬁ%ﬁ' cfpbicter 08 in Tk 0 Chefibs &Jug}i&}i Fromfede e

characterized’i conprises determnin ically
which lenslets do no rovi.de usab 4. 22. The nethod of claim 21,
further 8?1?1"52"[%';@?‘%5@?“{2’6 teﬂ’gll?ag‘ﬁ%ptlp%cri%?déonpri ses det ernining _
automatical ly swe%mbgﬂﬁéxﬁﬁﬁ, £hheh OlfaraRtEr@¥d Behatl Gl bRnSirdin b sasGogkance Wit h

standard devi ations o Intensity around the corresponding centroids. 23.
The net hegh) admmed iRbp @)lis cdotefedBRE pitian @56) bick e of e tpba B8 va deaipy injanconpr i ses
determining automatically which Ienslets do not provide usable data in
accor dangbseste bfthowveaefadnt abergiensi ty | evel s of the correspondi ng centrol ds.
24. The nmethod of claim3, further characterize i X has

two rows corr &spunankeg of gl2Ent Huger PprRFtgrizdJp é*la_%",ac #Sh%é]‘gé’% é{%’%ﬂlg onpri ses
i ch'do e B e Qudet & At 9606 SRRAR MM U JEPE: B39 ARR TS ©1
char act eri zed. iifbobdidh deiBsch s oW AAI bEMRANDI Ng to each of the lenslets
are a row corresponding to an x coordinate and a row corresponding to a vy
coordi nate, 10, The method of claim 8, further characterized in that each of the plurality of search boxes
(36) defined in step (b) has a2 dimension wbich is scaled down from a spacing (x;, y1) between the
positions (156) which the spots would occupy in the absence of the wavefront aberration by a factor
less than one.
1. The method of claim 10, further characterized in that step (b) comprises prompting an
operatar for the factor. .
12. The method of claim 1, further characterized in that step (¢)(ii) cornprises reducing 2 size
of each search box to be replaced (86, 92) by a fraction of a pixel aloix_g each side. |
13. The method of claim 12, further characterized in that the fraction of a pixel is one-half of a
pixel.
14. The method of claim 12, further characterized in that, for each search box of refluced
physical size (92, 98) which includes at least one fractional pixel, step (c)(jii) comprises assigning to
each of said at least one fractional pixel a contribution to the centroid which Is equal to a corresponding
fraction of an intensity detected in the fractional pixel centered in the fractional pixel.
15. The method of claim ], further characterized in that step (c) further comprises:
(v) allowing an operator to drag'qne of the cemqoids to a new location; and
(vi) recalculating the centroid which has been dragged_to the new location, using a

light distribution around the new Jocation,

16. The method of claim 1, further characterized in that step (c) further comprises:
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26. The nethod of claim 1, further characterized in that step (d) ?9’]&?\;\%?@?5
cal cul ating a nunber of Zerni ke nodes by using a nunber of centroids ich
is at least twi ce the nunber of Zem ke nopdes. 27. The nmethod of claim1,
further characterized in that step (d) 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 < Ito. 60 2 0 APR 2004 28, The

met hod of claim 27, further characterized in that the wavefront aberration
is calcul ated forwRilokyg socpeasomd iz gnttdhene witrednioirs walbrew iattioprrot al cul at ed
for RO 29. The method of claim27, further characterized in that step (d)
further conprises (i) crytuarig allafthograradsgroutdshe iRy joc8@n. The et hod of claim
29, further characterized in that step (dg,further conprises . pr. ting an
operator for H.dhnmetes Fekeim kuhstehasqengd st FEpp "R"éﬂs”ﬂ%g“‘g use in
cal cul ating the wavefront aberratjon fdor R 31. The nethod of claim 3.
further ERERER iCFRRPlp FeYRsY 'SHEF 1™ i s performed using singular val ue

deconposi ! Onye 5 éhédyatcgam,lmmm JRASHI 8 Ry WONSHE AtorARREAER On Of an

eye, the syst mcoﬁ‘prlsm ;1 nmage data taking ans (20) for taking i mge

data fromdibeo@yRvictsiBodiBERrdifdsa saoBmiesi ng a plurality of spots (88)
havi ng positions determ ned by the wavefront aberration; and conputation

means (12), r eg iy nebodtdfelaingGethaabayctefized in tha ptepl @)(iiih ispgrfampd wingl 4 ey  of
search boxes (86) In the inmage data; (b) determ ning the positions (96) of
t he spot starf 88ipate,adngetion Whickd spetivarld aepuptivan gheratecbie w FabER B n accor dance

LD e DOst LS e Pl R Byl if B FSLEH SRR o)
- each of the sealfll iRXGSs (&) pbtiptovidk BRMAGENY each of the search boxes (86)
with a s€&fc %sox f‘gg é%‘% g\; r ei?uced

21. The method of claim 3, further characterized in that step (d)(i) comprises determining
automatically which lenslets do not provide usable data.

22. The method of claim 2], fLﬁthCr characterized in that step (d)(i) comprises detenmining

~ automatically which lenslets do not provide usable data in accordance with standard deviations of
intensity around the corresponding centroids.

23. The method of claim 21, further characterized in that step (d)(i) comprises determining
automatically which lenslets do not provide usable data in accordance with overall intensity levels of
the corresponding centroids. -

24, The &xe!hod of claim 3, further characterized in that:

the matrix has two rows corresponding to each of the lenslets; and

step (d)(if) comprises eliminating (1 86) both of the rows corresponding to sach of the lenslets
which do not provide usable data.

25. The method of clair 24, further characterized in that the tw6 rows corresponding to each
of the lenslets are a oW conespoﬁding 10 an x coordinate and 2 row corresponding to a y coordinate.

26. The method of claim 1, further characterized in that step (d) comprises calculating a
pumber of Zemike modes by using a number of centroids which is st least twice the number of Zernike
-modes.

27. The fnethod of claim 1, further characterized in that step (d) comprises calculating the

wavefront aberration for a first pupil radius R, of the eye and also for a second pupil radius R, of the -

eye, wherein R, < Rg.
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physical size; (iii) locating the centroid (94, 96) in each of the pgap W%4
boxes (92, 98) of reduced. physical size; and (iv) repeating steps ?il?
and (iii) until each of the search boxes of reduced physical size (98)
reaches a mnimumsize. 33. The systemof claim 32, further characterized
~in that: the inmage data taking neans conprises a Hartmann- Shack detector
(20) having a plurality of lenslets (18); and' the plurality of lenslets
(18) formthe plurality of spots. 34. The systemof claim 33, further

char act eri zedyj Ryt hadhod &F 2fn APRAAAG Anirkerie@MaULL IhdTB@RS ot k8rap@r &0r N5 st ep
(c) using a matrix having rows corresponding to the Ilenslets; and step (c)

conpr i segzlculatkd fof R BréHoMaginyhé wdvefra@nabbiedtisn ¢alkBhtedlfor ot provi de data that are
usable in accurately determ ning the wavefront aberration; and (ii)

el i m nating (286he hhiwdoorsm@d gdspdarditaniged iothersiep (@ fughes campigg prompt™@h do not
provi de data usable in accurately determ ning the wavefront aberration. 35.
The syst emvpsfatopforRim 32, further characterized in that the minimumsize is a

diffraction limted size. 36. The systemof claim32, further
char act er i zed 3P-The Rethodf glgin23) fagthey °h&'6ﬁ’iﬂz?35‘é thay siep @] if“ﬁéerém%’i“ieé PrOgPMEach

h b 86, .92) to b I d [ ' i ' 37. Th
Syet om oft BIRHIT 2 PP A PR SYEY PR £° Pharoaaole HoBikdbe O )

are perforned rllllap(onif&@ccordance with pixels in the i mage data whose

i ntensitias T re between a | ower threshold and an upper threshold, 38. The

system of cl aigf) Bl mefhbld b \Him 8NRHIRF LiRFaki@ AU inthat Ae(d) it p@RARE hEMSsigMker f ace
means (54, 56) :
i value decomposition.
32. A system (10) for measuring a wavefront aberration of an eye, the system comprising!
image data taking means (20) for taking imege data from the eye, the image data comprising a
plurality of spots (88) having positions determined by the wavefront aberration; and
computation means (12), réceiving the image data, for:
() defining a plurality of search boxes (86) In the image data;
(b) determining the positions (96) of the spots (88); and
(<) calculating the wavefront aberration in accordance with the positions (96? of the spots {88);
characterized in that the computer means (12) performs step (b) by:
(i) Jocating a centroid (90) in each of the search _boxes (86);
(i5) replacing each of the search boxes (86) with a search box (92, 98) of reduced
physical size;
(iif) locating the centroid (94, 96) in each of the search boxes (92, 98) of reduced.
physical size; and
(iv) repeating steps (if) and (iii) wntil 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 8 Hartmann-Shack detector (20) having a plurality of
lenslets (18); and
the plurality of lenslets (18) form the plurality of spots.

34, The system of claim 33, further characterized in that:
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for pronpting an operator to select the |lower threshold and the upper
threshol d. 39. The systemof claim32, further characterized in th
of the plurality of search boxes (86) defined in step (a) is centere on a
posi tion. (156) which one of the spots (88) would occupy In an absence of
t he wavefront aberration 40. The systemof claim 39, further characterized
in that each of the plurality of search boxes .(86) defined in step (a) has
a di mension equal to a spacing between the positions (156) which the spots
(88) woul d octegmnpiter meae (8 peafoces odp (Oheingmmetfix baving atysreoagspooding wibe The
system of claim 39, further characterized in that each of the plurality of
search (IB8kts;dpoxes defined in step (a) has a dinension which is scaled down
froma spacing (xi, yr) between the positions which the spots (88) would
occupy- in theﬂwﬁééﬁvﬁﬂéf t he wavefront aberration by a factor less than
one. 42. The systen1of ¢l ai r characterjzed | that it conprises
interface nmeans (5W desgyning Ché?"é‘ﬁif)pitaﬂg"’??ﬁp'?)ﬁ%‘%F(S}Fat?f)f“ R ALY . 43, The

system of cl ai naz har.acterized in that step (b)(ii) conprises
reducing a SI% %‘Fg%acﬁe%’e“é‘?bcﬁauﬁ dr86 92) to be replaced by a fraction

of a pixel along eaehyshe %(1% mZQovéPBn&Q%m 4 :ﬂh&mits@mﬁ aalrm m 43

Further characterized in that the fraction of a pixel is one-half

pi xel . 45. ThenGisde Rapt nGtatattlyidemlitiaieravaidaradefatinl zed in that, for each
search box of reduced physical size (92, 98) which includes at | east one
fractional pi 32[The gttep of B3ifii2] furtieo Aipracsiizsd makat grinigmbm size mehliffhctioni d at

| east one fractional pixel a contribution to the centroid which is equal to
‘a correspomdis#y fraction of an intensity detected in the tractional pixel

centered in t ractlo 46. T f. clal further
charact eri zedggr:ﬁ1 e P ﬁﬁ%ﬁr"’p?’&e&h”“’f'@? Ey a§srn§’g‘r’?§’)fg9fm%é‘§ém%or al | owi ng
an opera ar, R giecttgW | ocation, and in that
step (b) B?%?‘{ﬁ &Vbﬁﬂg%%tgféeséé%gﬁ@%{ﬁe?ﬁge ct ﬁeccent roi d whi ch has been

dragged to thg7mevshies ofclaii 32, it ghatecterigh in thatlitgs (H)Mwhd (mnmadcre)puﬂidmtehe new
| ocati on.

only in accordance with pixels in the image data whose intensities lie between » lower threshold and an

upper threshold.
38, The system of claim 37, further charat;wrized in that it comprises interface means (54, 56)
for prompting an operator to select the lower threshold and the upper threshold.

39. The system of claim 32, further characterized in that each of the plurality of search boxes

(86) defined in step (a) is centered on a position (156) which one of the spots (88) would occupy in an
absence of the wavefront aberration

40, The system of claim 39, further characterized in that each of the plurality of search boxes
(86) defined in step (a) has a dimension equal to a spacing between the positions (156) which the spots
(88) wonld occupy in the absence of the wavefro'n.t aberration.

4]. The system of claim 39, further characterized in that each of the pluraliry of search (86)
boxes defined in step (=) has a dimension which is scaled down from a spacing (%), y;) between the
positions which the spots (88) Qould occupy in the absence of the wavefront aberration by 2 factlor less
than one. -

42. ;]'he system of claim 41, further characterized in that it comprises interface means (54, 56)
for prompting an operazor for the factor. .

43 The system of claim 32, further characterm.d in that step (b)(ii) comprises reducing a size

of each scarch box (86, 92) to be replaced by a fraction of a pixel along each side.
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47. The system of claim 32, further characterized in that it conprises

i nterface neans (54, 56) for al  owi ng an operat or to drag a cent ral APReyRf
the centroids to a new location, and in that step (b) further conprises
recal culating all of the centroids around the new | ocation. 48. The system
,of claim32, further characterized in that step (b)(iii) is performnmed
without reference to a |ocation of a previously located centroid. 49. The
system of claim 32, further characterized in that step (b)(iii) is

per f or med u5| g C n,.0 I C start
ot mat e, 50, 2R xR Ll P GUbRRE b AERIRR F AR B B o S e
(b)(iii) &é; perforrred using, as a start estimate, a | ocation which a spot
woul d occupy in an absence of the wavefront aberration. 57. The system of
claim 34, furifenhe shehaticBin 28 erhe dhitaderizéd i Qmpriorseach demtiebdkat eedneans (54,
56) for allow ng an operator to select the lenslets whi'ch do not provide
usabl e dgtiyical §2. (97,198) whiditindades at trhsaibwn Budtiontlipigel etep ®)ii) eooposet seighidgiot hat step
(c)(i) conprises determning automatically which |Ienslets do ngt provide
‘usabl e depelaof s5dat lepp enesfpsicappie! %PﬁﬁWWOmFﬁ?ﬂFPféW&WéF%ﬂé‘t‘%ﬁ%sa”i Bet hat step

(c)(i) conprises deter m uto i.cal l n ts do not provide

usabl e dZPcHoR 9 L PIEREY ¢ %”“H%‘rf??f" 15“55(5 |V\{}]’| P EHaoR glfps)! Fnten5| ty around the
correspondi ng f i cterized
o that ot ep (ot %y*“*%fc'éfifaéﬂééﬁéﬁﬁﬁ%ﬁ o e b R 500 et o
not provigd endbiabinCoptiathAtol dagBRE OH tHEARGE 1M tb B nOW Rfcatioh, andM it isely (W) Birdrs of  the
correspondi ng centroids. g The system of claim 34, further characterized
in that: cédpricesCrecbfcRatigQre tdaoidrahich hashbezn toveasadowsheCw lesgpion aising) a tlighteach  of

the lenslets; and step (c)(ii) conprises elimnating (186) both of the rows

correspommglonaow@nne\ﬂlmnl enslets which do not provide usable data
56. The system of claim55, further char énglrlzed L n .that

cor r espondi ng 4o P& SK™ ohFlatm e, fl“@’ﬁ's‘ih%‘f"ée"é SRR R, 8?1’87aﬂsg(r5¥\g an X

coor di nat e a?lg\ging anr %Vc\'{'at(i:)lg {ord?'as RY cen Ialn(gxe op théfjl Xmg(?x&)srtg Ia Q@\L ﬁ)banon, and in that sxgp (_b)

further comprises recalculating all of the centroids around the new Jocation.

48. The system of claim 32, further characterized in that step (b)(iii) is performed without
reference to a location of a previously located centroid.
49, The system of claim 32, further characterized in that step (b)(ifi) is performed using a

location of a previously located centroid as a start estimate.
50. The system of claim 32, further characterized in that step (b)(iii) is performed vsing, as a
start estimate, a Jocation which a spot weould occupy in an absence of the wavefront aberration.

51. The system of claim 34, further characterized in that it compﬁses interface means (54, 56)
for allowing an operator 1o select the lenslets which do not provide usable data. |

52. The system of claim 34, futther charaﬁeﬁzed in that step (c)(i) comprises determining
automatically which lenslets do not provide usable data.

53. The system of claim 52, further characterized in that step (¢)(i) comprises detennining
automatically which lenslets do not provide usable data in accofdance with standard deviations of
intensity around the corresponding centroids.

54. The system of claim 52, further characterized in that step (c)(i) comprises determining
automatically which lenslets do not provide usable data jn accordance with overall intensity Jevels of
the corresponding centroids.

55. The system of claim 34, further characterized in that:
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57. The system of claim 32, further characterized in that step (C)ZDfI\PR 2004
conprises calculating a nunber of Zerni ke nbdes by using a nunber o
centroids which is at |east twi ce the nunber of Zerni ke nodes. 58. The
system of claim 32, further characterized in that step (c) conprises
calculating the wavefront aberration for a first pupil radius Ra of the
eye and also for a second pupil radius R of the eye, wherein Rt < Ro. 59.
The system of claimb58, further characterized in that the wavefront
aberration i smegiumthaatvedows @irespindibgo peemefithrénslpdiied t he wavefront aberration
calcul ated for Ro. 60. The systemof claim58, further characterized in
that it conpr iids)(ii) atngprifes cbminsianid 86) Bath of5en rows (WresprNgip Lo AY AR 5p¥™at or for
Rl. 61. The systemof claim60, further characterized in that it conprises
i nt er f acehigedomet proyige w3y datk-or  pronpting an operator for a mini mum Zer ni ke

mode and a maxi pum Zernj ke e.for use Ir ' i gty ont
aberration for® Rhe %’??"”T}n aig &'@T’Woc T ea?eﬁ{&btﬂ% e(l}‘lr’”t) ﬁ"é‘)ﬁ E%ﬁ%?’gg}té@li zed in that
step (d) } erfornmed i i RV g[@g&gggg@in tdW-cof@Bratd Net hod of
measur i n&hgelg%{?té Féﬁwcgﬁkes?%gﬁkgﬁy% rzglhrllﬁ(teye, rt he met ho cg’r‘r;gri s? ng: (a)

taking i mage datge {yQm MGk ¥e; furltrCchriR@iBeddia ture GORY bdiprigss dupllatingb i ty of
spots (88) having positions determ ned by the wavefront aberration; (b)

def i ni NG @it Bzhikb Yo @S by @i Rurkt@xXd Sentrdi@0)hichnis o feast iwim e natatienot Zefiky

determ ning the positions (116) of the spots (88); and (d) calculating the
wavef r ontmeaderrati on in accordance with the positions (116) of the spots
(88); characterized in that step (c) conprises: (i centroid

pri, i) locati a
(102, 114, 116p- The seetofcieinm A Mebererrosoxdd %‘1‘(3’6?}’;(562’“%"5/&5?8132’66 ®(ii)
replacing each O i or kGt &R, bhROdve thd dko ForSGRLE puBPKatlsl R s k12, 118)

of
eye, wherein R; < Ro.

59. The system of claim $8, further characterized in that the wavefront aberration is calculated
for R, by renormalizing the wavefront aberration calculated for Ro.
60. The system of claim 58, further characterized ip that it comprises interface means (54, 56)

for prompilng an operator for R,.

6]. The system of claim 60, further characterized in that it comprises interface means (34, 56)
for proxopting an operator for a minimum Zemike mode and 2 maximum Zernike mode for use in
calculating the wavefront aberration for R;.

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

63. A metbod of measuring a wavefront aberration of an eye, the method comprising:
(2) taking image data from the eye, the in;age data comprising a plurality of spots (38) having
positicns determined by the wavefront aberration; _
(b) defining a plurality of search boxes (100) In the image data;
(c) determining the positions (116) of the spots (88); and
(d) calculating the wavefront aberration in 2ccordance with the positions (116) of the spots
(88),
characterized in that step (¢) comprises:

4] Jocating a centroid (102, 114, 116) in each of the search boxes (100);



reduced physical size, the search box of reduced physical size (106, 112,
118) being clipped to fit entirely within the search box (100) WHi AR 0B
replaced; (iii) locating the centroid (102, 114, 116) in each of the search
-boxes (106, 112, 118) of reduced physical size; and (iv) repeating steps
(i1) and (iii) until each of the search boxes (106, 112, 118) of reduced
physi cal size reaches a m ninumsize (118). 64. The nethod of claim 63,

further characterized in that step (c)(ij) . conprises faorm h search
box (106, 112, (i8) @pla¢iw§6@&m|sﬁv§§‘élaﬂ(“@%°2¥“*g&eaﬁﬁ °XE-®8m£2853Fsize of the
search box (100, 106, 112) to be repl aced one. pi xel | di rection
to forma pixel - r eduéstred paypiga) sighptpe %i’&?‘”‘f?%ﬂ‘f”d(pé%m%esﬁf Qre?’r%gf’l? ﬁ% |

pi xel -reduced search box (104, 110) on.the centrai re ated in step
(c)(i); and (O cli pﬁf%“gﬁeét%?‘i%‘l’%"f‘e” a%%ed‘ s§‘§+°%ﬁ°§6‘(>?g‘?%zf{“g§°?0) to the

boundari es of the, search I 3 168) ko1 6y t
entirely wthi n%fq'ue g%gnrnéﬁhlgg%c}@@éﬁg’élgpg%ﬁgeggg;?g’%g}p%gg% 1)1121). 16)5. The

nethod of claim 63, fuehhespmeharactsai zed in that the mninmumsize in step
(c)(lv) is a diffraction Iimted size. 66. The method of claim®63, further
charact eri zed i Rivj hatrefeitRpSefsC)) @hd (i ndil g5 ¢fithe)seazshdopefipoaetl®) efnly in
accordance with pixels in the inage data whose intensities |ie between a

| ower threshol d and reducadypbysicaltsize teadhes| agninigyn siz{d18et hod of cl ai m 66,

further characterized in that it conprises Erog)gi.t}%g?n. operatar to sel ect
the | ower thr &/ABt Betpdar 9@ i fiyler FRrETRS 2 g8 R RpPRSS *IP RS suri ng a

wavef r ont abererg%ging&r}%@t}lgglglgyogéetdgcigg%,{%r%wggbgowpri sing: (a) taking inmage

._dat_fafromt_he_’l | ac rising a plurality of spots (88)
having positions ¢gf &G dzdb tHe RErNBAERG0OTVE, 13RS BedtpiREE by 0B pitEthi Ni NG a

plurality of search boxes (70,74,80, 82) in the inmage data; (c)
determ ning the positiaNretRa o im 4 frel-Spbdseqr@psz (104, 110);
®) cént_ering the pixel-reduced search box (104, 110) on the centroid (102) located
in step (¢)(i); and
(C) clipping the pixel-reduced search box (104, 1 10) 10 the boundaries of the search
box to be replaced (100, 106, 112) to fit entircly within the search box to be
replaced (100, 106, 112). | '
65. The method.of claim 63, further characterized in that the minimum size in step (c)(iv) isa
diffraction Jinited size. | |
66. The method of claim 63, further characterized in that steps (€)(i) .m_nd (c){iii) are performed
only in accordance with pixels in the image data whose intensities lie between a lower
threshold and an upper threshold. |
67. The method of claim 66, further characterized in that it comprises prompting an operator
to select the lower threshold and the upper threshold.
68. A method of measuring a wavefront aberration of an eye, the method comprising:
(a) taking imagc;, data from the eye, the image data comprising a plurality of spots (88) having
positions determined by the wavefront aberration;
(b) defining a phurality of search boxes (70, 74, 80, 82) in the image data;
| (c) determining the positions (96) of the spots (83); ‘
(d) calculating the wavefront aberration in accordance with the positions (96) of the spots

(88);
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(d) calculating the wavefront aberration in accordance with the positions
(96) of the spots (8gk 65 20 APR 2001, characterized in that step? QPR 2004
conprises: (i) defining a central search box (70); (ii) defining a first
set of search boxes (74, 78, 82) relative to the central search box (70);
(iii) locating centroids (84, 86) in the first set of search boxes; and
(iv) defining successive sets of search boxes (74, 78, 82), each successive
set defined in accordance with |ocations of centrolds (84, 86) in a

previous set; .andediRy hal adlBRodSkescOMpri ses: (i) locating a centroid (90)
in each of the search boxes; (ii) replacing each of the search boxes (86)
with a search bog (92 wiral Rati0ed (70physi cal size; (iii) locating the
centroid (94, 96) in each of the search boxes (92, 98) of reduced physical
si ze; and (ivV) ‘r@peatdefigngs fepset 0 sejrchehones (T4 18) 82 retative tetheteninl sepmligboxear ch
boxes (92, 98) of reduced -‘physical size reaches a m ninmum size. 69. The
met hod of claim68, fl#kher characterized in that the central search box

(70) is defined _about a center point (7 ich (s a position which one of
the spots (88) afila cleregcepjoids ,ssymﬁ%ﬁ@s%hm% upy in an absence of
the wavefront abgrratian. 70. The t hod, of i 06 e acterized
in that step (a) gf@orrpée’?lg’@%wf%f'sﬁf f’eltsgc’gsq[aﬁebosxﬁso@ls%’ ?@8‘?"@&%‘&‘%‘1 slrﬁtrdg_ I ?y of
ens| ets (18) having g abehisdehinPiaib O fmoldh (4 TiePin Apl0d s claim 70,
further characterized in that at |east sone of the plurality of search
boxes have | i ngain it #BNscatipisecal ed from C by a factor of less than one.

72. The nethod of claim 71, further characterized in that it conprises
pr O_Iert i ng an opegn! Ofocating a centroid (90) in each of the search boxes;
(i) replacing each of the search boxes (86) with a search box (92, 98) of reduced
physical size;
(i) Jocating the centroid (94, 96) in each of the search boxes (92, 98) of reduced
physical size; and
Gv) repeating steps (i) and (iii) until each of the scarch boxes (92, 98) ot: reduced
physical Size reaches a minimum size.
69. The method of claim 68, further characterized in that the central search box (70) is defined
about a center point (72) which Is a position which one of the spots (88) at a center of the
image data would occupy in an absence of the wavefront aberration.
70. The methed of claim 68, fuxther characterized in that step (a) comprises forming the spots
(88) by a phurality of lenslets (18) having a lenslet spacing C.
71. The method of claim 70, further characterized in that at Jeast some of the plurality of
search boxes have linear dimensions scaled from C by a factor of less than one.
72. The method of claim 71, further characterized in that it comprises prompting an operaior
for the factor.
73. The method of claim 70, further characterized in that the central search box (70) is defined
- sbout a center point (72) which is a position which one of the spots (88) at a center of the
image would occupy in an absence of the wavefront aberration.
74. Thc;. method of claim 73, further characterized in that:
the first set of search boxes (74, 78, 82) defined in step (b)gii) have centers spaced

from the center point (72) of the central search box (70) by C; and
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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)%@%65
a position which one of the spots (88) at a center of the inage 4

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 fromthe center point (72)
of the central search box (70) by C, and 66 20 APR 2004 each successive set
of search boxes (74ach mcessa@)serd@ﬁarﬁ@@xqsh74s?8e§;)eftfy!(qlxy)*evrlax%)*@@rfﬁ'é% spaced
fromthe centroids (84, 86) in the previous set by C. 75. The nethod of

cl ai m 68, fur!Ph‘éﬁf’%@Fﬁ@t"éﬁ*%(%ﬂ‘sMW’cma‘t‘m %t ep (c)(ii), the search box of

reduced physical size (106) clipped.to fit enti in the search
box which is Fepreredad ofckpnss. ‘s‘”?%e ‘E‘P"Fﬁé i %eﬁéﬂ&b “&"’%% ront
aberration of r|5|n K ta fromthe
eye, the i nag@%‘ff&féy%cﬁ{ﬁﬁ”pg?)ﬁbc §W%l¥/9'6)fu§ hOL'S b8 %oggﬁhlcﬂﬁv%ﬁge% posi tions
det erm ned by(li0 e wavefront aberratl on; (b) defl ning a plurality of search

boxes (86) in e image data; (c) det er mi ni ng the positions (96) of the

spots (88); a‘?@%@&m@@é;&éﬂlﬁé%ﬁéﬁmﬂaﬁ%ﬁameﬁh&rm@{ou%ﬂngaccor dance with
the positions (96) of the spots (88); characterized in that step (a)

conpri ses cor [fchiingGmégt @sta H&) tht &, the impgldaa konpmkiogayeslisy ¢fypots{8&) havingt | na of
the eye and in that step (c) conprises: (i) locating a centroid (90) in
each of the searmpbitimmgm'(n%t)ythe(ﬂwt}fron@p#raé%hg each of the search boxes (86)
Wi th a search hox (92 of reduced  .physical size; (iii) locating the

centroid (94, §g)d @flﬂn%%ﬁ‘ﬁ“l@f“ts%hg@‘é’f@ﬁ”bﬁgé@gi » 98) of reduced

(c) determining the positions (96) of the spots (88); and
(d) calculating the wavefront aberration in accordance with the po;zitions (96) of the spots
(88);
characterized in that step (2) comprises correcting (16, 60) for a spatial inhomogeneity in a
retina of the eye and in that step (c) comprises:
() locating a centroid (90) in each of the search boxes (86);
(ii) replacing each of the search boxes (86) with 2 search box (92, 98) of reduced
physical size;
(iif) locating the centroid (94, 96) in each of the search boxes (92, 98) of reduced
physicall size; and
Gv) repeating steps (ii) and (iii) until each of the search boxes (92,98) of reduced
physical size reaches 2 minimum size.
77. The method of clai‘m 76, further characterized in that step (a) comprises illuminating (16)
* the eye with near infrared light.
78. The method of claim 76, further characterized in that said step of correﬁting for the spatial
inhomogeneity oi“ the retina of the eye comprises illuminating (16) the eye with light of 8
coherence length selected such that the spatial inhomogeneity does not appear in the image
data,
79. The method of claim 78, further characteyized in that the coherence length is 30 microns. ‘
80. The method of claim 78, further characterized in that said step of commecting for the spatial

inhomogeneity of the sctina of the eye comprises:
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physi cal size; and (iv) repeating steps (ii) and(iii) until each b;&ﬁg |
search boxes (92,98) of reduced physical size reaches a m ninmum Size. 99.
The nethod of claim 76, further characterized in that step (a) conprises
illumnating (16) the eye with near infrared light 78. The method of claim
76, further characterized in that said step of correcting for the spati al

i nhonogeneity of the retina of the eye conprises illumnating (16) the eye
with light of a coherence length selected such that the spati al

i nhonogenei ty, does not . appear. i,n._t he . . data. ?9. The nethod of claim
78, further ghar act é’rr?"%dz'%af‘ﬁpntcﬂéctm 'ﬁgt\g‘g Mence length is 30 nmicrons. 80.

The method ofycl al miéﬁnimftiﬁﬁ&xp%’é R A EAREh dthnbd 3 hespicd sty Of

correcting f the spatia I nthonogeneity of the retina of the eye
conprises: 67 20 ARR:%¥)kna provi ding an optical scanning device (60); -
illTumnating the eye with Iight which has been scanned by the optical
scanni ng devyiiige ( 60Jaisisgnkk lghticin}rgio@inei theeye kebelsiaghed againdydiewgictlr om t he eye to
be scanned again by the optical scanning device (60) and subseguent|ly made
i nci dent on a det echung 4e2ies (sBwadsubskayently made ingidgniron  detector (2PNt 8ie ¢ e | i ght
i's made incident on the detector (20) ,8%% Thﬁ gg%@pg Pf clai m 80, further
characterized in tighits satpreneibe lighhis mpdsdeidens p e 88eetoR 0% o 3 (20) having a
frame tine; andg%he opti cal . scannir Vil (60) performs a plurality of
o 8 i Hat! _
scans wit hi n % SeREPe CLIEED sé’fc&m?crwg&rree iy 82. The nethod of claim 81,
further characterigged b bQmiliea ORletaQR) hvE@ B MbBGiREMdCEe (60) has a
scanni ng frequency of 400-600 Hz. 83. The nethod of claim81, further
characterized in thaépitdSatRigidemt ((BTpRTorms gpidelity obsc4nd Bithin a single one of
said frame time. |
82. The method of claim 81, further characterized in that the optical scanning device (60) has
s scanning frequency of 400-600 Hz,
83. The method of claim 81, further characterized i that the optical scanning device (60)
scans with an angular extent of less than 0.5 degrees.
84. The method of claim 80, further characterized in that the optical scanning device
romprises a single scanning/de-scanning mirror (§0) which scans both the Jight which
illuminates the eye and the light emerging from the eye.
85. A method of measuring a wavefront aberration of an eye, the method comprising:
(a) taking image data from the eye, the image data compriﬁing a plurality of spots (88) having
-positions determined by the wavefront abemtion;_
() defining a plurality of search boxes (100) in the image data;
(c) determining the positions (116) of the spots (88); and
(@) calculating the wavefront aberration in accordance with the positions (116) of the spots
(88);
characterized in that step (a) comprises taking image data from a plurality of locations in the
eye, the image data comprising & phurality of spots (88) corresponding to the plurality of
locations and having positions determined by the wavefront aberration, the data from the
plurality of locations in the eye being taken by scanning light into the eye such that the

phurality of spots are separated in time, and in that step (¢) comprises:

) locating a centroid (102) in each of the search boxes (100);
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scans with an angul ar extent of |less than 0.5 degrees. 84. The nethod of
claim 80, further characterized in that the optical scanning devicg APEI 2004
conprises a single scanning/de-scanning mrror (60) which scans both t

light which illumnates the eye and the |ight energing fromthe eye. 85. A
met hod of nmeasuring a wavefront aberration of an eye, -the nethod
conprising: (a) taking inmge data fromthe eye, the inage data conprising a
plurality of spots (88) having positions determ ned by the wavefront
aberration; (b) ghefi niggingeqoh vl skarap bg*ﬂS@é@Mi}haWbéox(({%o‘)mﬂr’ag)wﬁe i mage
data; (c) determning the positions (116) of the s? Fp(p%% and (d)
calcul ating the wavefreived phisistsias s search Roxd Q8o Haa B! GAer! RMECel54Ei ¢ i ons

116) of th t 88 h t d i t aki
(hioe data T om -l GRRbPEY0r iagab G b e ERle A i reﬁ%“g'esﬁit a

I I t f t f
ocAt i ons and hadbn %@&ﬁﬁ%ﬁ%@%@?@lﬂ@ﬁa PR IPNENLY 0 the

data fromthe pl urall Q in the eye being taken by scanning
light into the eye sut fkydt“ Flhys’lguaefglk Fmrallty of spots are separated in tine,

and in that steps{c) & s§: (i) &aglglmaimammﬁamom(me(uﬂz)s)m each of
t he search boxes ()100 APR 2004 (ii) replacing each of the search

boxes (100) with a Seﬁﬂ&@dﬁ@%ﬁca(sm&ac}ﬁsﬂﬁmmﬁ:ﬁx&izedﬂ!i) reduced physical size,
the search box (106, 112, 118) of reduced physical sjze being clipped to
fit entirely vsﬁAmav:chemmhwbaﬁm(t f@Gitiond] 2 ke We dexiot eEEESIng i i) | ocati ng
the centroid (102, 114, 116) in each of the search boxes 1‘106 112, 118) of
reduced physi cal issigydst teking Hicays)(20) ©pkipg ingecdea fam feieye, ?ﬂﬁ"a% %™ “until each

i mam <1 zo. (BEapsaet Lo B by R ARSI ERRSBETTS O an
eye, the deV|ce conpr|5|ng.
data processing means (12), receiving the image data, for:
(8) defining 2 plurality of search boxes (100) in the image data;
() determining the positions (116) of the spots (88); and
(¢) calcnlating the wavefront aberration in accordance with the positions (116) of the spots
(88); _
characterized in that the data processing means (12) performs step (b) by:

G) locating a centroid (102) in each of the search boxes (100);

(i) replacing each of the search boxes (100) with a search box (106, 112, 118) of
reduced physical size, the search box (106, 112, 1 18) of reduced physical size
being clipped to fn entirely within the search box (100) which is réplaced;

(iii) Jocating the centroid (114, 116) in each of the search boxes (106, 112, 118) of
reduced physical size; and

Gv) repeating steps (ii) and (iii) until each of the search boxes (106, 112, 118) of
reduced physical size reaches a minimum size (118). -
87. The device bf claim 86, forther characterized in that the data processing means performs
step (b)(ii) by forming the search box (106, 112, 1 18) of reduced physical size by:
(A) reducing a size of the éearch box (100) to be replaced by one pixel in each

direction to form a pixel-reduced search box (104);
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repl aced (100)™E

data conprising a plurality of spots (88) having positions deter

t he wavefront aberration; and data processing neans (12), receiving the

i mge data, for: (a) defining a plurality of search boxes (100) in the

i mge data; (b) determning the positions (116) of the spots (88); and (c)
cal cul ating the wavefront aberration In accordance wth the positions (116)
of the spots (BB); characterized in that the data prﬁz%gging means (12)
perforns step (b) @y centefing tht piecradpsd searsh b PAPRrEGOYOY Y U2HRR™GF t he search
boxes (100); (ii) replacing each of the search boxes (100) wth a search
box (106, 112, 118) d&krrNBcited physical size, the search box (106, 112,

118) of reduced physical size being cli 0, fil La.gl itpin the
search box (100) V\i%i) CHpRing “f"'é’meléfé‘gﬁ?dgsﬁr?‘ﬁ @Pﬁg@g{’t‘%mnb@&?d%g %%‘%t%{%%’ (114, 116)
in each of the search poxes 1 h.cal size; and
(iv) repeating steps t??”l‘)"'ﬁ%fﬁ%&%?lmlfjlte’éﬁ?lﬁﬁ%nargl{lsegﬁ%gﬁgsgé&;‘}lgﬁhboxes (1086,
112, 118) of uced, phys | 6 ralBRENE raBhd HiRindh RS 46p GfBa 87. The
devi ce of cl a|8£n'1 %‘gév’feuogtc%@?&%g?egétﬁgrti Zed in that the dattgp processi ng means
perforns st epsdidnliimitedyzef Orm ng the search box (106, 112, 118) of reduced
physical size by: (A) reducing a size of the search box (100) to be
repl aced by orse. Tné deice ofitlaaate furthir cloaciedasd inahaf LrpnioXl) prdReEdEEEHe S ear ch box
(104); 69 20 APR 2004 (13) centering the pixel-red cgd sea%gﬂrbox (104) on
the centroid (chyIaceoiapgeah pixels @f‘@;&m@ei‘i‘i‘?‘}°“a’%r‘5’(’ﬁf) ERFPEBE TGt he
pi xel -reduced se nghdboxpg%gﬂ%d%o t he boundaries of the search box to be
IEROIF FRY =R HRATYBFYOWi t hin the search box (100) to be replaced.
90. The device of claim 89, further characterized in that the data processing means (12)

i mge data taking neans (20) for taking inmage data fromthe eye, L?ﬁé%ﬁg@?

comprises interface means (54, 56) for prompting an operator to select the lower threshold and
the upper threshold.
91. A device for measuring a wavefront aberration of an eye, the device comprising:
image data taking means (20) for taking image data from the eye, the image data
comprising a plurality of spots (38) having positions determined by the wavefront aberration;
and |
data .process'mg means (12), receiving the image data, for;
(2) defining a plurality of search boxes (70, 74, 78, 82) in the image data;
(b) detexmining the positions (116) of the spots (88); and
(c) calculating the wavefront aberration in ac;:prdance with the positions (116) of the spots
(38);
characterized jn that the data processing means (12) performs step (=) by:
) defining a ce;nu'al search box (70);
Gi) - | defining a first set of search boxes (74, 78, 82) relative to the central search box
(70); |
(i) locating centroids (84, 86) in the first set of search boxes (74, 78, 82); and
@iv) defining successive sets Of search boxes (74, 78, 82), each successive set defined
in accordance with -locati'ons of cenmroids (84, 86)in a previous aet;
.and in that the data processing means (12) performs step (b) by:

() locating a centroid (90) in each of the search boxes (74, 78, 82, 86);
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88. The device of claim86, further characterized in that the nlguﬂxg?ﬁi
in step (b)(iv) is a diffraction limted size. 89. The device o

further characterized in that steps (b)(i) and (b)(iii) are perforned onIy
in accordance with pixels in the i mage data whose intensities |lie between a
| ower threshold and an upper threshold. 90. The device of claim 89,

further characterized in that the data processing neans (12) conprises
interface nmeans (54, 56) for pronpting an operator to select the | ower
threshold and the u : [ wavef r ont
aberration of a&‘h %Fl Emgt %Eeh\%? @ggéé%%%ﬁ“sﬁ%ﬁ)g% asﬁrrgflg&csﬁ%%gﬂlg?%@neans (20)
for taking i mge dat hﬁﬁgg&éhe eye, the inmage data conprising a plurality
of spots (88) haV|ng positions determ ned by the wavefront aberration; and
data processi ng (ipansocktihg Jhe cdn€ie (M| I8 inte o of ragecickaka (92 ¥7) of s¢aeddef i ni ng a
plurality of search boxes (70, 74, 78, 82) in the inmage data; (b)

determ ning the posi tphpkalsddf) of the spots (88); and (c) calculating t he
wavef ront aberration in accordance with the positions 5116) of the spots
(88): char act erlivzed rénsatinpigeps {ih anddii W*ﬂ)?%‘t@é‘?ls?\”‘&h BEEHE2 PR  refesed or s st ep
(a) by. (i) defining a central search box (70); (ii) - defining a first set
of search boxes (74, P?@‘caléf‘}'e?céfsé‘t"i“@‘g’“‘m‘zf he central search box (70);

(i) locatin n n s (74, 78:
82): " and (iv) g%ig?e r%wce oqslaxg-l%i fur%g\) chhm &Q@ x“hgﬁﬁec iy S%Ch%?%‘gﬁﬂsjg&é@z)

EfCces s Ve set searc boxes each
successi ve Sefabo%fcm&gomaﬁh)@ﬁ,@mglg&ﬁiﬁn%&mkeﬁ@ésb&p@s)qta&%tcrfg,eds (84, 86)
in a previous set; and in that the data processing neans (12) perforns step

(b) by: (i) |%@Eﬂa‘wwo%ldfbedﬂp)hﬂhﬂhbéa‘a&)oﬂ}@w@%bm@tﬁcrrhth& search boxes (74, 78,
82, 86); 70

93, The device of claim 9], further characterized in that the image data taking means (20) _
comprises a plurality of lenslets (18) having a lenslet spacing C for forming the spots.
94. The device of claim 93, further characterized in that at least some of the plurality of search
boxes (70, 74, 78, 82) have linear dimensions scaled from C by a factor of less than one.
05. The device of claim 94, further characterized in that the data processing means (12)
comprises interface means (54, 56) for prompting an operator for the factor.
96. The device of claim 93, further characterized in that the centra) search box (70) is defined
about a center point (72) which is a positio;l which one of the spots (88) at a center of the
image would occupy in an absence of the wavefront aberration.
97. The device of claim 96, further characterized in that:
the first set of search boxes (74, 78, 82) defined in step (2)(ii) have centers spaced
from the center point (72) of the central search box (70) by C; and
each successive set of search boxes (74, 78, 82) defined in step (b)(iv) have centers
spaced fr;)m the centroids (84, 86) in the previous set by C.
98. The device of claim 91, further characterized in that, in step (b)(ii), the search box (106} of
reduced physical size is clippeﬁ to fit entirely within the search box (100) which is replaced.
99. A dévice for measuring a wavefront aberration of an eye, the device comprising;
image data taking means (20) for taking image data from the eye, the image data
comprising a plurality of spots (88) having positions (96) determined by the wavefront
aberration; and

- data processing means (12), receiving the image data, for:
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2. 0 APR 2004 (ii) replacing each of the search boxes (86) wth a search
box (92, 98) of reduced physical size; (ill) locating the centrozglA@WW
96) in each of the search boxes (92, 98) of reduced physical size;

(iv) repeating steps (ii) and (iii) until each of the search boxes (92, 98)
of reduced physical size reaches a m ninmum size. 92. The device of claim
91, further characterized in that the central search box (70) is defined
about a center point (72) which is a position which one of the spots (88)
at a center ¢ defwingdprajey efatarh horisf @6)de bRt 9%an absence of the wavefront
aberration. 93. The device of claim9l, further characterized in that the

i mage data t AR deTREIARME POPIS ($6)AiThG sEb(8); iﬂdural ity of lenslets (18) having
a lenslet spacing Cfor formng the s The .devij f cl ai m 93,
further char 40t EP‘%’éﬁier\”at’W&t“a fraligedy °“§%r‘?’é° Vg terpgsits s<9§ VPGP sear ch
boxes (70, 74, é% 82) have linear dinensions scaled from C by a factor of
| ess than one. The device of claim94, further characterized in that
the data processi 12 r for
pronpting an g a 81‘"“?%?’ s’ﬁaélFaéac%'ﬁ%%%d}E&%zee\%ﬁgaeﬁg 4 g?ﬁ"@%@furt her
characterize [ L1400 (b &0 g;egned about a
center point dff}f%féug%oﬁgﬁn&@m%gnta?gﬂb@m@r@gﬁ(tgne %%br)t#eg spots (88) at a
center of the (x{ltﬂgelo‘éﬁﬂéﬂjcéﬂﬁéi&@mlhEhcliintEellseeﬂCbexe@iSGI he wavefront
aberration, he device of claim96, further characterized in that: the
first set of se.m)ch lmplaesg(amqfthisqarcszyxed@ﬁ)médS?anché’%@ CB)of efideehave centers
spaced fromthe center point (72) of the central search box (70) by C and
each successive set ®bYs8d4REh boxes (74, 78, 82) defined in step (b)(iv)
have centers spaced.from.the & r s set by C.
98. The devi ce \"Dcla\°FH“§1h°°f‘lH‘P’§R§é‘r&"léﬁ‘aeF‘°g‘§?%‘rg%’bi"%}% (ﬁg%ﬁur‘fgés‘f’t ep (b)(ii),
t he search box (106) gwca,r %@d physical size is clipped to fit entirely
within the search bo>? 100) which is replaced. 99. A déevice for neasuring
a wavefront abergpti QEbcﬂfng&&:sQiY)Qnd (it @ntil each cfaheceangirbioses (99, 98) of reduced

G

physical size reaches a minimum size.
100, The device of claim 99, further characterized in that the irnage data taking means (20)
comprises meaus (16) for illuminating the eye with near infrared light,
101. The device of claim 99, further characterized in that the image data taking means (20)
comprises means (16) for illuminating mé eye with light of a coherence length selected such
that the spatial inhomogeneity does not appear in the image data.
102. The device of claim 101, further characterized in that the coherence length is 30 microns.
103. The device of claim 101, further characterized in that the image data taking means (20)
comprises:
a detector (20); and
an optical scanning device (60) for illuminating the eye with light which has been
scanned by the optical scanning device (60) and scanning again the iight emerging from the
eye, the light emerging from the_eye and scanned again being subsequéntly made incidgnt 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 i03, further characterized in that:

the detector (20) comprises a camera (20) having a frame time; and
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i mge data taking neans (20) for taking inmage data fromthe eye, thqa Fﬂ?ﬂﬁﬁ
data conprising a plurality of spots (88) having positions (96) c; é d
by the wavefront aberration; and data processing neans (12), receiving the
i mge data, for. 7 20 APR 2004 (a) defining a plurality of search boxes
(86) in the image data; (b) determ ning the positions (96) of the spots
(88); and (c) calculating the wavefront aberration in accordance with the
positions (96) of the spots (88); characterized in that the i nage data

t aki ng nmeans (20) thospptal Semingeeis ((0LEfot k plielily obrueeithingsingdeome of spat i al

i nhonogeneity in a retina of the eye and in that step (b) conprises: (1)

| ocati ng a cesnldfemetift®0) in each of the search boxes (86); (ii) replacing
each of the search boxes (86) with a search box (92, 98) of reduced

physi cal si zel05(Thp Hovicp ehedetd Y, fuatfer Yf‘éfﬁit?’ti?dd“(}@%he S ! ﬁ%?“@&éﬂ“&fﬁoﬂ?é sear ch

boxes (92, 98 duced size; and (iv) repeating steps (ii) and
(iii) until %ﬁfﬁmﬁﬁ P%é“‘%%@f)%ﬁ ﬁ%xes (92, 98) of reduced physical size

reaches a mn Vi ce. 0 I racterized
nthat the 1 Mgt atEetshur ioy e S4paeR 1 Galhl bl sk B (0

i 11 uninating Lc@ﬁmwmemsmsmhm%g,usght 101. The device of cf aim 99,
further characteri zed hat the i'mage data taking neans (20) conprises.
means (16) fOIlO'll.'i'Hcldlmldé%fdm@ 103 Rirkey Enathttbriked ingifat thodprieal eaining dode (dogngt h
selected such that the spatial inhonbogeneity does not appear in the inmage
data 102. The cohipviies @ siggdle scinaingicl@dnning mirtoh ) Jicarserns el thedithi whidhhat t he
coherence length is 30 mcrons. 103. The device of claim 101, further
characteri zed? Juppinegsthe avp ndithedight emereing ¥Rk PR eneans (20) conpri ses:

. 108. A device for measuring a wavefront aberration of an eye, the device comprising;

image data taking means (20) for 1aking image data from & plurality of locations in the
eye, the image data comprising a plurality of spots (88) comesponding to the plurality of
locations and having positions (116) determined by the wavefront aberration; and
data procgssing means (12), receiving the image data, for:
(a) defining a plurality of search boxes (100) in the image data;
(b) determining the positions (116) of ﬁ\e spots (88); and
(¢) calculating the wavefront aberration In accordance with the positions (116) of the
spots (118); J
characterized in that the image data taking means (20) comprises & scanner, the data from the plurality
of locations in the eye being taken by séanning light into the eye with the scanner such that the plurality
of spots are separated in time, and in that step (b) comprises:

D) locating a centroid (102) in each of the search boxes (100;

(1) replacing each of the search boxes {100) with a search box (106, 112, 118) of
reduced physical size, the search box (106, 112, 118) of reduced physical size
being clipped to fit entirely within the search box (100) which is replaced;

(i) locating the centroid (114, 116) in each of: the search boxes (106, 112, 118) of
reduced physical size; and

(i-v) repeating steps (ii) and (iii) until each of the search boxes (106, 112, 118) of

reduced physical size reaches a minimum size (118).
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a detector (20); and an optical scanning device (60) for illumnating the
eye with light which has been scanned by the optical scanning deygaep Q@Q)
and scanning again the light energing fromthe eye, the |light emerging
fromthe eye and scanned agai n bei ng subsequently made incident on the
detector (20) such that the light is stationary as the light is nade

i ncident on the detector (60). 104. The device of claim 103, further
characterized in that: the detector (20) conprises a canera (20) having a
frame tinme; and 72 20 APR 2004 the optical scanning device (60) perfornms a
plurality of scans within a single one of said frane tine. 105. The device
of claim 104, further characterized in, that the optical scanning device
(60) has a scanning frequency of 400-600 Hz. 106. The device of claim 104,
further characterized in that the optical scanning device (60) scans with
an angul gpo extent of . he device pof cl.ai,m 103,
further 2 aracteri ze(JtJAk ]?%ﬁ]toﬁg)? ﬂ%e(r%seé}) eﬁgﬁlgfazoggg%?lﬁ%m&e@i%ggyf’égﬁ me rises a
si ngl e_scanni ng/ de-scanning mrror (60) which scans both the |ight which

i |1 ufioN8 € &% he eye and the light emerging fromthe eye. . 108. A device
for measuring a wavefront aberration of an eye, the device conprising:

i mage dat a(a) tekingimagseta 2oy thoeys, ticiingge daghadiaga flnalitgofiomels ty of

|l ocations in the eye, the inmage data conprising a plurality of spots (88)

cor r espondib glitndndting, fbir Ak phitalal; of hegRhE 8PthedRPob 8Nk i 16)
determ ned by the wavefront Ipaber%at#Jon; and glat agpr oc’g‘ggﬁﬁg‘!‘%‘%ﬂg% 2),

( 00y G QRich oAt BRhAae pible dflalitb N ndeRutd Ehplteit oEFSigens BB Spor <
|(o§§|) tl?rgﬁgeé’%%gﬁlﬁ‘%ylﬁ‘%g ng the wavefront Iaber ration I n accordance with the
(c) calculating the wavefront aberration in accordance with the second subplurality of
portions.
110 The method of claim0wherein the image data comprise a plurality of
spots having positions determined by the wavefront aberration, and wherein step (b) compx'ises
eliminating at least one spot which does not provide usable data.
111 - The method of claim!\0,wherein step (c) comprises
(1) determining the positions of the spots; and
(ii) calculating the wavefront aberration in accordance with the positions of the spots,
using a matrix having rows corresponding to the portions of the image data, wherein said step of
calculating comprises eliminating the rows corresponding to the portions of the image data which

do not provide usable data.

112 The method of claim Il wherein step (b) comprises allowing an operator to
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spots (118); charact erized in that the image data taking neans (20)
conprises a scanner, the data fromthe plurality of |ocations in AR &ge
bei ng taken by scanni ng light into the eye with the scanner such that the
plurality of spots are separated in tine, and in that step (b) conprises:
(1) locating a centroid (102) in each of the search boxes (100; (ii)

repI 35% déEch%%%H]&ics of g e Rt LINRE d@%gg%m‘(‘%&fglésﬁb%‘%%{é:h box (106, 112, 118)

uced physical size, the search 118) of reduced

phyS|caI sj.ze belng f.it, e tlrel thin the search box (100)
whi ch is tepl aced; ?’ qplﬁf@a?f%ﬂn'twé”?éﬂprszﬁp% { SABPISCESCIGTIEAG h of ¢ he
search boxes (106, 112_ 118) of reduced physical size; and (iv) repeating
st epsautémiticatipt wliich portions bf aciagd dathdo setproideaseble(d06, 112, 118) of
reduced physical size reaches a mninmmsize (118). 73 20 APR 2004 109 A
met hod of ypeasuring ?h\é’?iﬂ’ﬁ%é@ﬁc]ﬁgﬁwv@ﬁéraﬂ edfh Qf‘th@ééﬁotsthla?aggﬁtp&ﬁ in the

conprising: (a) taking inmage data f rom t he eye, I mage aV| ng a

pluralit 0 ons elimnatin the rall i ons of
Phe. sk it B ihPRRLe bt o Phies G aimipg mulcaally ShCpRBOR AR e
usable data so as to | eave a_second subplurality of portlons mhlch provi de
usabl Bnagstdata doept(pegvideheableaditain adserdanvewithstandirdrdeaiations phindasiy deund
with the second subplurality of portions. 110 The nmethod of claim 101,

wher eih@ cohespomdiag cdatraideonpri se a plurality of spots having positions
determ ned by the wavefront aberration, and wherein step (b) corrpri ses

el i m natingsat | east ] i I The
nmet hod of cI aim 110, %glr]c;tl ﬁ&g{@%ﬁ?ﬂﬂ?ﬁ%ﬁ%ﬁaﬁéﬂﬂf@? %ﬁﬁgra%e%gj
positions

1mage (Pata tagg w%%?etiﬁ step ?l% comprises determining automatically which portions of the

image data do not provide usable data in accordance with overall intensity levels of the

116 The method of claim I, wherein:
the matrix has two rows corresponding to each of the portions of the image data; and
step (c)(ii) comprises eliminating both of the rows corresponding to each of the portions
of the image data which do not provide usable data.
117 . The method of claim |16, wherein the two rows corresponding to each of
the portions of the image data are a row corresponding to an x coordinate and a row

- corresponding to a y coordinate.

118 The method of claim |}, wherein step (c) is performed using singular value
decomposition.
119 The method of claim |0lwherein step (a) is performed with a Hartmann-
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(i1) calculating the wavefront aberration in accordance with the positions

of the spots, wusing a matrix having rows corresponding to the FZOUM’FP 4of

the image data, wherein said step of calculating conprises elininating the
rows corresponding to the portions of the imge data which do not provide

usabl e data. 112 The nethod of claimll (;wherein step (b) conprises

al | ovihgk dbteeRehaviap alfurdhty20r 16RR12004 vﬁl@ér@iﬁtﬁaéﬂ"@f tﬁ@ gbhgﬂé lo@ihetilhﬁlgle age

data which do not provide usable data. 113 The nethod of claim

(, wherein st b ri .ses determning automatically which portions of
t he i%ﬁép%ﬁ3°§8%ﬂﬁﬁ“%%%}§&e usabl e data. 114 The nethod of claim

113, wherei n each of the spots has a centroid in the inage data, and
wher ei n stigp (b) conpAi systend dormmdasinmg auvavedtont abéryatismi ch apayt; thessyefent he
i mge data do not provide usable data in accordance with standard

devi ador@itfsid: i ntensity around the corresponding centroids. 115 The.nethod
of clainl 13 wherein each of the spots has a centroid in the inmge data,

the i mageanR R nBePls, PR Rt LG Rt PHed M fidee deWPeinebBhuspisr *

intensity levels of the corresponding centroids. 116 The nmethod of claim
111, PRIFENSialhe natrix has two rows corresponding to each of the portions
‘of the inmage data; and step (c)(ii) conprises elimnating both of the rows
cor r esponda egmpotieadéviof, redeévipgtiid iarege dafa, fdpe | nage data which do not

provi de usable data. 117 The nethod of claiml i6, wherein the two rows

cor r espond{N)@ihAn8af) £ tHeBuBBRIdrYasRs Jfitke infBeRadak ﬁr&rsgb@u{?ﬂw’ of

corresponding to an x coordinate“and a row corr spondi ng t (
ﬁgfagﬁgﬁgg% I %c%vcg hlgoetrf)eré\g g Hg{pg% lgﬁ%%% Ias {o lga\\l’\éh % second su %Purgl(fl)y olf?)optleornfs%hq&d
provide usable data; and
(b) caiculating the wavefront aberration in accordance with the second subplurality of
portions.
121 . The systém of claim |2C wherein the image data comprise a plurality of
spots having positions determined by the wavefront aberration, and wherein the computing

device eliminates at least one spot which does not provide usable data.

122 The system of claim (2], wherein the computing device calculates the

wavefront aberrations by:

(i) 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

operation of calculating comprises eliminating the rows corresponding to the portions of the
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119 The method of claim 109, wherein step (a) is performed with a mwn
75 20 APR 2004 Shack detector having a plurality of |enslets, ancz h
each of the portions of the inmage data corresponds to one of the |enslets.
120 A system for nmeasuring a wavefront aberration of an eye, the system
conprising: an optical instrument for taking inmage data fromthe eye, the
i maganmdgt dath avhiicigdang proale hyabdé datpor t i ons; and a conputi ng devi ce,
receiving the image data, for: (a) elimnating, fromthe plurality of

portions g@iythe imageydatan, 8{élhi‘h?l‘ZZ?Pdﬂﬂéﬂféﬂsﬂgtsié?g‘ﬁnaiﬂ]?e?@c% ?&g%l\re!taghggaﬁo not

provi de usable data so d@s to | eave a secon S whi ch
provi de usabl e daha; and (Pé cal cul ating .the wavefront aberration in

accor S WQistickthe Perons AT hsapRgs data pPicl do peRTPwidE usabja dathe syst em of
claim1201 ,,wherein the inmage data conprise a plurality of spots having
posi ti ons 18t er m nedThy systeen whsilein At widreinrtat canputingdeviver dstemtiies conput i ng
device elimnates at |east one spot which does not provide usable data. 122

The SASAMADy A IAbaRel o e ATRU Gl Bl sgal oul at es the

wavefront abefratio ermning the positions of the spots; and |
O the spdes, usi ng HE RER R R -V ERETLGFh L 6 saPHGeF & PHEO Bk Bions. o
the i mage data, wherein said operation of cal culating conprises
el i miimease datas ard Whevsinctbe cerppuling dryicesletdrmipesraui onaticetly whechngortogs eftRe 2004
image data do not provide usable data in accordance with standard deviations of intensity around
the corresponding centroids.
126 The system of claim 2% wherein each of the spots has a centroid in the
image data, and wherein the computing device determines automatically which portions of the
image data do not provide usable data in accordance with overall intensity levels of the
corresponding centroids.
127 The system of claim i22,wherein:
the matrix has two rows corresponding to each of the portions of the image data; and
the computing device eliminates both of the rows corresponding to eacil of the portions of
the image data which do not provide usable data. |
128 The system of claim | 27, wherein the two rows corresponding to each of

the portions of the image data are a row corresponding to an x coordinate and a row

corresponding to a y coordinate.

129 The system of claim 122, wherein the computing device calculates the
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i mge data which do not provide usable data 123" The system of C|§l'@ r&l’%étﬁh
further conprising an interface for allowng an operator to selectt’
portions of the i mage data which do not provide usable data. 124 The system
of claim 122, wherein the conputing device determ nes automatically which
portions of the inmage data do not provide usable data. 125 The system of

cl ai nvaRfronniissreition @Rifp gl dreyahpicsompssiliogentroid in the inmage data, and
wherein the conputing device determ nes automatically which portions of the
i mage dat 0 not prayide . usabl e.dat@ Ln accordance wth standard

devi at i ong3§f i nt ens%%?%ﬁr?g C?alnﬂgﬁ@g’rhf’@gbﬁjﬁd%p GRloBslr e LOmPPgESThe syst em
of claiml24;. wherein each of the spots has a centroid in the inmge data,
and wiatBp-Bheckedntgnion h‘ﬁg’lmphléaldbpgkmln‘esambwbmiﬂ exhlof thdpartiomosfithens or
the inmage data do not provide usable data in accordance with overall

i nt engidgy deRuBnesinds e ogObf BNttt centroids. 127 The system of claim

i 22, wherein: the matrix has two rows corresponding to each of the portions

of the imgg data; and._t C I, I ' | {m nates. both of the rows
correspond'énalg to each' of deo%%?%9§¥b§§%§ a%’%%éorﬂ%qaé’ i @‘ﬁnhegh‘?f{)t
provi de usabl e data. 128 The systemof claim12-7, wherein the two rows
corr eSPONdi™y to each of the portions of the image data are a row
corresponding to an x coordinate and a row corresponding to ay

coor di nat e(a) 189ng heageycdete fromf the kgd; omd 22- , wherei n the conputing devi ce
calculates the 77 2 0 APR 2004 wavefront aberration using singular value

deconposi t (YRalchRbing Age Wi Herztish A 4£0rda i g'faltip‘%gg?&}a,g\g%?réi?ésﬁé’pan nt

.conprises a Hartmann-Shack detector having a plur

wher ei:&nﬁ@&@ cglfcufatﬁﬁg it &59£§on?fabé§a?ionifgxag %rs(ti %%Sﬂ‘%%iﬁse i%%? ﬂuse etyg aggl] glsgffort ab ©

| ensl et's

second pupil radius R; of the eye, wherein R; <Ry.

132 he methed of claim I3}, wherein the wavefront aberration is calculated for R
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 Zernike coefficients b;;
the wavefront aberration for R; is calculated using a second set of Zernike coefficients c;; and
each ¢;is a weighted sum of a plurality of b;. |
134 The method of claim 133, wherein:
A=Ry/Rp<1; and
each weighted sum has weights which are polynomials in A.
135 . The method of claim 134 wherein N is a hi ghest mode which is measured in

wavefront reconstruction, and wherein
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131 A method of neasuring a wavefront aberration of an eye, the 2004
conprising: (a) taking inmage data. fromthe eye; and (b) calculating th
wavef ront aberration in accordance with the i mage data, wherein step (b)
conprises cal culating the wavefront aberration for a first pupil radius Ro
of the eye and also for a second pupil radius Rr of the eye, wherein Rl <
RO. 13L he me%a/od]ou laimt.~l ~-herv einthe /, nt aber ati r | a--, .,
lie ~r u vGl=N011 CIZ}-WLG)ZSUGQ)?@J@(:LL for 1V1 1\r by renormalizing the
wavefront abef?at{on cal culated for RO. 133 The nethod of claim

J31, wherein: the wavefront aberration for Ra is calculated using a first
set of Zenséke coef fTheamdthod¥f cluiie! Wbk e RS AL ISt

cal cul ated using a second set of Zerni ke coef f}?g?ents C; ;ﬁﬁgﬁg%redg?pﬁmg’,ani s a
wei g t&“f&% a plurality of bb. 134 The nethod of claim 133, wherein:
A=Rr / Ro<I; and éach wei ghted sum has wei ghts which are polynomals in A 135
The method of claim 13 | wherein Nis a highest node which is neasured in
wavef r ont 1Béconst r uct Pemetkatiolmamdidh wigran sisprb piother¢ornprises pidnptingsan-

] Z1(rA, 8)Z1(r,B)rdrd0. j=2 7L 136 The net hod of claim 131, wherein step (b)
f ur t heperatonfor iasemirpumphétivg aud a2 mpehan furcton Rir.use in calculating the wavefront

aberration for R;.

138 The method of claim 137, wherein the minimum function is a minimum

Zernike mode, and wherein the maximum function is a maximum Zemike mode.

139 The method of claim I3}, wherein Rg and R, are radii of concentric pupils
of the eye.

140 A system for measuring a wavefront aberration of an eye, the system
comprising:

an optical instrument for taking image data from the eye; and

a com\puting device, receiving_the image data, for calculating the wavefront aberration in
accordance with the image data, wherein the computing device calculates the wavefront aberration
for a first pupil radius Ry of the eye and also for a second pupil radius R, of the eye, wherein R; <Ry.

141 The system of claim 140, wherein the computing device calculates the
wavefront aberration for R; by renormalizing the wavefront aberration calculated for Ry.

142 The system of claim 41, wherein:

the wavefront aberration for Ry is calculated using a first set of Zernike coefficients bj;
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137 The method of claim1,36; wherein step (b) further conpri seS'pﬁcﬁ%iqﬂ@

an operator for a mninmumfunction and a maxi nrum function for use®i Lot

cal culating the wavefront aberration for RI. 138 The net hod of claim 137,

wherein the mninmumfunction is a mninmm Zerni ke node, and wherein the

maxi mum function is a maxi rum Zerni ke node. 139 The nethod of claiml 31,

wher ei n RaheidvErorhBerrathn foPR , RRAREMdd iR eksnd Qf of‘iégmﬁé’ EoetAddni Syt em
f “ tdhe syste npree

for neasuring a wavefront aberration of an “eye, m CO g an
optical instyunent f.or, taking inmage data fromthe eye; and a conputing
devi ce, r&BGiRg ‘Y%%nﬁ&rﬁ’ﬂ'@ Ogﬁtpall‘,”gﬁﬁ’roa}lcbal cul ating the wavefront aberration
in accordance with the inage data, wherein the conputing device cal cul ates
t he wavef Atht aber r alhesystdmof elafii 54 whengin: radi us Ro of the eye and al so
for a second pupil radius R of the eye, wherein RL < Ro. 141 The system of
cl ai m 140, 4 wrey &1t Bgd conput i ng device cal cul ates the wavefront
aberration for RI by renormalizing the wavefront aberration cal cul ated for
Ro. 142 T : claimdd-1 . wherein: the wavefront aberration for Ro
i s calcul a%gg}(ieég %‘P%unf]?]rss}”e]sggfs %]?l\égélfeﬂ?qg@md%]fsflpéi-ents bj; 79 20 APR 2004
the wavefront aberration for Rl is calculated using a second set of Zernike
coefficientd c1l. andIbegysiere of clim e whbneauNss arhighest mode whichyis nieadited 143
The systemof claiml't2, wherein: A=Rl/Ro<l|;and each wei ghted sum has
wei ghvavefontiecangnptby odiveieseinn A. 144 The system of claim 143; wherein
Ni s a highest node which is neasured in wavefront reconstruction, and
wherein c; = |4dbjql f" £Z1(1 A B)Z, (r, 6)rdrdB.

¢, = ﬁjb, = [ [2,04,6)Z,(r,6)rdrds.

=2 7

145 The system of claim!39 further comprising an interface for prompting an
operator for R;.

146 The system of claim {#5, wherein the interface further prompts the operator

for a minimum function and 2 maximum function for use in calculating the wavefront aberration
for R] .

147 The system of claim/46, wherein the minimum function is a minimum

Zernike mode, and wherein the maximum function is a maximum Zernike mode.

148 The system of claim 140, wherein R and R, are radii of concentric pupils
of the eye.

149 A method of measuring a wavefront aberration of an eye, the method
comprising:

(a) taking image data from the eye, the image data comprisin g a plurality of spots having
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j-2 145 The systemof claim'.3qg, further conprising an interface for
pronpting an operator for RlL. 146 The system of claim 45, wherel i APRQN
interface further pronpts the operator for a mninmumfunction and a

maxi mum function for use in calculating the wavefront aberration for RI.
147 The system of claim 14+6, wherein the m ninmumfunction is a mninmm

Zer ni pesiﬁ@gbedei@ﬂﬂnwwmemgﬁﬁome%ﬁ%ﬁ.uncti on i s a nmaxi num Zerni ke node.
The systemof claim1 CFO wherein Ro and Rl are radii of concentric pupils

149 A meth f _nmeasurin .wavefront aberration of an_eye, the nethod
conpri si ng: ((ge}el?]é%nﬁ ?ﬁ%%éondéf herspgts tpﬁfgngg,é,ve@t%s Pheigelacripenizonibei si ng a
plurality of spots having 80 2 0 APR 2004 positions determ ned by the

wavef pesitionpefrithaspais frophposieims miiich thg spois wmdd beomy ivbn thenspef et 0 derive
a vector s of displacenents of the positions of the spots from positions
whi chyiaRefrsiaheri@ed:dn@ccupy in an absence of the wavefront aberration;
and (c) calculating the wavefront aberration in accordance with the vector

s by deter i . trix G ich satisfies a = G'ls, where ais. a
vector of ?@r%ﬂ%&ﬁwgg? i‘”@i"%ﬁfé 20GIEHIORAR aferAFFe fithethsivastons by dpiermamings ep
(c) conprises calculating G, wherein s = Ga, and inverting Gto calculate
G 1. winyke whichogtigiesd alms18ire atiea aeetof ZerhikeeotFidnty. ough si ngul ar
val ue deconposition. 152 The nethod of claim 511, wherein the inmage data
conprise aljfl urality Die melodReelith B, wBORIWIEG @) Boiphisescal Giidk s bY
integrating partial derivatives of Zernike

wherein s = Ga, and inverting G to calculate G™.

151 The method of claim I5Q wherein G is inverted through singular value
~ decomposition.
152 Th

The method of claim 5!, wherein the image data comprise a plurality o
sub-apertures, and wherein G is calculated by integrating partial derivatives of Zernike -
polynomials within each of the sub-apertures.

153 The method of claim JSZ,Wherein:

there are K sub-apertures, each measuring 2b x 2b;

the vector s has 2K elements comprising X elements representing x displacements and K

elements representing y displacements; and

for each sub-aperture i and each Zemike mode J> 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
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pol ynom al s within each of. the sub-apertures. 153 The nethod of claim

152, wherein: there are K sub-apertures, each neasuring 2b x 2b; 7 lye\pregior
s has 2K el enents conprising K el enents representing x displacenents and K
el enents representing y displacenents; and for each sub-aperture i and each
Zerni ke node j, G has an elenent GU corresponding to one of the elenents
of s representing x.dispgacenents and an el enent G corresponding to one of
the el enent’ 6f—s ﬁl;§ tyargayd di spl acenent's, wherein 81 20 APR 2004 +b
r+b az . G= 1% —?f e X, and 4b -b ~,-b ax _ | +b .;+baZ. G' 4bZzZb.;

- b~, dxdy. A THe @ ma@ZQf laim 153, wherein ICis selected to be a

maxi mum nu "r’I{o’f Lhe, S -%i%ertures which can fit into a pupil radius.
155The nethod of claim1% t,wherein an operator is pronpted for the pupil
radius. A systemfor neasuring a wavefront aberration of an eye, the system
156 conpri $¥4ng: an opfthesatthpdsf clane i3 Wwhereinak igldomroe téat dafinim Hiebey e,
the inmage data conprising a plurality of spots having positions determ ned

by t hef ie\eabrag8ttur@bemni@t d=aTit ified: }ﬁlpq:lqmggj ng devi ce, receiving the inage
data, for: (a) determning the positions of the spots to derive a vectors

of displac nts the S|.thORS f ofs frompositions which the spots
woul d occugéﬁ‘,3 i'n an ab@%ncéﬂ%? of ﬁ@"ﬁgb\k}g\wg%ﬁ’c" WF%&J&P{Ompm for the pupil
radius.

156 A system for measuring a wavefront aberration of an eye, the system

comprising:

an-optical instrument for taking image data from the eye, the image data comprising a
plurality of spots having positions determined by the wavefront aberraii on; and

a c‘ofnputillg device, receiving the image data, for:

(a) 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 Zernike coefficients.

157 The system of claim 156, wherein the computing device determines G by
calculating G, wherein s = Ga, and inverting G to calculate G™.

158 The system of claim |57 wherein G is inverted through singular value

decomposition.
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and (b) calculating the wavefront aberration in accordance with the vector
s by determining a matrix *G 1 which satisfies a = Gs, where a is’%,, ,
vect or of Zernike coefficients. 157 The system of clai mwherein le}eA Lus
conputing device determnes G by calculating G wherein s = Ga, and
inverting Gto calculate G. 158 The systemof claimI57;wherein Gis

i nverted ough sin r I I BFONR ithion. 82 .20 APR.'41 59 The
system ofi?l ai m 158, q%gﬁé‘%{ﬁo?g%“ﬂnage %% hE ghass daia gompHiscd M‘V gy of
sub-apertures, and wherein Gis calculated by integrating parti al

der i RPTaPERLISH, andrmharein (pés galonated By witedrpingpartialoderivatvesuti-Zapeike ur es. 160
The system of claimi59;wherein: there are K sub-apertures, each neasuring
2b x Riynontielsweithinash dfake 2b-gheefiat S conprising K clenents representing x
di spl acenents and K elenents representing y displacenents; and for each
sub-apertugg i and e ni no ... G has an el enment GU corresponding
to one 0.136'?he el em?ﬁgsg‘?ngor%glﬁ}nég%n{vp?ﬁ"k di spl acenents and an el enent G
corresponding to _one of the elenents of s representing y displacenents,
wher ei n +nhetRprg X subepgrtures each pessuing2io 28p -b 1 +b f.; +b 6Z . QU :-j
f-b ~, dxdy. 161 The system of claim 156, wherein the conputing device

sel ects K the veetons ha@Xk elementsdogiprizingt K1 Q) coithtPRBFsetifS ML Rc &R dda knto a
pupi |l radius. 162 The system of claim 161, further conmprising an I nterface

for paiamBits Rprénting y displacements; and :

for each sub-aperture i/ and each Zemnike mode j, 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

x _ 1 m+b b GZJ
G,-J- = z‘b—Q b Bi=b B dydx,and
1 -+ b oz .
y J
% = fb g TV
161 The system of claim |56, wherein the computing device selects 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 plllpil radius.

163 A method for measuring a wavefront aberration of an eye by use of a
computing device and an optical instrument having a plurality of lenslets, the method
comprising:

(a) creating an optics object in the computing device, the optics object comprising at least
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- ' . . . . 1
operator- for the pupil radius. 163 A nethod for neasuring a wavefront
aberration of an eye by use of a conputing device and an optical? § APR 200
instrument having a plurality of lenslets, the method conprising: (a)
creating an optics object in the conputing device, the optics object
conprising at least 83 1 20 APR 2004 one paraneter to be used in measuring

the vwaypiameter &aDBE 1d i MesMindBE Ve RbMNGRNEHEN;0f the lenslets to be used
i n neasuring the wavefront aberration; (c) setting a local pupil radius

{he. ot o RErPBREErORBE enkBls ko B Ter LG A MR hoioncipor s

havi ng positions determ ned by the wavefront aberration; (e) generating a
r ef er ence (Qrsetipgdfloagarpilnedige naréablepini the somputérdevade;t he | enslets in the
set determned in step (b); (f) locating centroids of the spots in the

i mge dat 4d) talhgnapPEAedroa 1RRSE atia tﬁ@op%ﬁlageﬁlgmﬁ@wﬁ%eimgeﬁbﬂam nat e
centroids fromanong the centroids located in step (f); (H~ generating

Zeniik-e . L M W th the.at |ea ne paraneter, the set of
fho cPERnrBRE P bR RT Tl ey bR 4 BB by P wETeLERG oboietagt r i i ng

t he wavefront aberration fromthe Zerni ke nodes generated in step (h). 164
The met hode)ogengraiingateisrengparay Al ansaurs congga poingnef eashaftheensem fheesst at

| east one paraneter based on a configuration of the optical instrunent. 165
The nmietdnoihedfin slepi(); 161-, wherein step (a) conprises using a default val ue
for the at | east one paraneter. 166 The nmethod of claimlI6 t wherein step

(@) conpripascAparheaids ¥f tHabsisTh Helthabb@a@t | east one paraneter.

(g) prompting an operator to select, adjust and eliminate centroids from among the
centroids located in step (f);

(1) generating Zemmike modes in accordance with the at least one parameter, the sei of the
lenslets, the reference array and the centroids; and

(1) determining the wavefront 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 on a configuration of the optical instrument.

165 The method of claim |6%, wherein step (2) comprises using a default value

for the at Jeast one parameter.
166 The method of claim !8% wherein step (2) comprises dynamically

determining the at least one parameter.

167 The method of claim 16%, wherein step (a) comprises prompting the

operator for the at least one parameter.
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167 The method of claim19 wherein step (a) conprises pronpting the
operator for the at |east one paraneter. 84 2 0 APR 2004 168 The heWRROT
claim 163 wherein step (b) conprises determ ni ng whether the set of the

|l enslets is sufficient to neasure the wavefront aberration. 169 The net hod
of claim 63, whether step (b) conprises determ ning whether the inmage

data fromseach of th 1 e fal ligzwi,t hi.n jrcle defined by th upi |
radi us. 1%§§A syst emqglh (%r%?eﬁrllé%&s%frﬁlﬁal I?’MV@?? 8%? ?ié)omﬂ?qeéﬂe@m%’ﬂg ‘é(sét,%ert he
system conprising: .an optical instrunment, having a plurality of |enslets,
for ttBksFPlithalsasigstiaseificienbteopeasuzeiic wavehogubenstiatevi ce for: (a) creating
an optics object in the conputing device, the optics object conprising at

| east ongepar anet er The thehatBeLLlim B At Gteh NE) WS 0 BEteﬂx{e}ﬁm;@gﬁrt (b)

determning a set of the lensiets to be used in neasuring t

Govi cae e S84 2061 ol e RAGhs AR TR R 0L S b st ol

instrunment, the image data conprising a plurality of spots having

posi ti ons 'd8t er mi ned %b§ysteie foranesweng 2 weeelront iaberratios) ofgereye ahe nystem
reference array of aperture center points of each of the lenslets in the
set chemmrsmgied in step (b); (f) locating centroids of the spots in the
i mge data; (g) pronpting an operator to select, adjust and elimnate

Zerni ke mofioer T o Badukitht MO W PRI ST TR T e Rgbinhas 4 oP AR SR (e

/I ensl ets, grégm%%&ggr gOce array and the centroids; and 85

(a) creating an optics object in the computing device, the optics object comprising at least
one parameter to be used in measuring the §vavefront aberration;

(b) determining a set of the lenslets to be used in meusuring the wavefront aberration;

(c) setting a local pupil radius variable in the computing device;

(d) receiving image data taken from the eye using the optical instrument, the image data
comprising a plurality of spots having p'ositions determined by the wavefront aberration;

() generating a reference array c_)f aperture center points of each of the lenslets in the set
determined in step (b);

(f) locating centroids of the spots in the image data;

(8) prompting an operator to select, adjust and eliminate centroids from among the

centroids located in step (f);

(h) generating Zernike modes in accordance with the at least one parameter, the set of the

lenslets, the reference array and the centroids; and
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20 APR 2004 (i) determ ning the wavefront aberration fromthe Zerni ke nodes
generated in step (h). 171 The systemof claim 170, wherein the zﬁté’f e@ﬁt
one paraneter conprises at |east one paraneter based on a configur tRi of
the optical instrunent. 172 The systemof claim 171, wherein the conputing
device perfornms step (a) wusing a default value for the at |east one
par anet er .(; b i ein t onputing devi ce
Dor o e, e g (e o AT S theAaRE hdddF s b e e e
174 The system of clﬁlm 171,9{%L1r,th b conprising an interface, and wherein
the conputing devi ceMpdiiH} pkclaim '("él)erﬁliﬂﬂb‘?%iﬁﬁﬁtﬁgepﬁén@ﬁélcamm@sm’tough
the interface for the at |east one paraneter. 175 The system of clains 10,
wher é¢ast ofreparampiet basgd de i cafigeration ok thetappic{linsthynert er m ni ng whet her the
set of the lenslets is sufficient to nmeasure the wavefront aberration. 176

det e ni G whet her The T Rag dare T o ened SR B P bR O

det erm ni ng whet her the i nage rom eac ens hin a

circle. defined, b h upi | .radius. 177- A nethod of measuring a wavefront
aber ruéP]igc?n&eg?qu}ﬁaﬁB?/to,r%?fﬁ%tqﬁae“f ARTPEBASFi sing: (a) taking i mage data from

the eye, the inmage data conprising a plurality of spots having positions
det er mi net’3y the waVbs system aberinakllonber¢in)thaedrhpiting devidereafoihy sep ($ear ch
areas in the inage data; (c) determning the positions of the spots by 86

20 ARRy Gfadidally derpatiingthe.at kRN dRigdrdnfet@ach of the search areas; (ii)
repl aci ng each of the search areas with a search area of reduced size;

(ii1) locpid ng the cepfratd, chlgﬁﬁfvl,%nﬁgfecoﬁﬁn?{s?n% a%ri%%%agg, B e

sand

computing device performs step (a) by prompting the operator through the interface for the at
least one parameter.

3 o g - ’ y -
175 _lh ”t moic}alm 'I)“v

»wherein the computing device performs step (b)
by determining whether the set of the lenslets is sufﬁci.ent to measure the wavefront aberration.
176 The system of claim | 70, whether the computing device performs step (b)

by determining whether the image data from each of the lenslets falls within a circle defined by
the pupil radius.

177- A method of measuring a wavefront aberration of an eye, the method
comprising:

(a) taking image data from the eye, the image data comprising a plurality of spots having
positions determined by the wavefront aberration;

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

(c) determining the positions of the spots by
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(iv) repeating steps (ii) and (iii) until each of the search areas_of
reduced size reaches a mninumsize; and (d) cal cul ating t he wavet £ R 2004
aberration in accordance with the positions of the spots. 178 A systemfor
measuring a wavefront aberration of an eye, the system conprising: an
i mge data taking device for taking i mage data fromthe eye, the inmage data
conprising a pl it f oLs_ hayi ositions determ ned by the
wavef ront aberr p?Aoér%?ﬁ{%%&e&gm@6%%%&’??16%6& i %8AS: r ecei vi ng the i mage data,
for: (a) defining a plurality of search areas in the imge data; (Db)
det er ni ni ng the(&ﬁp arpasagh of the seppdt arebywith)a searchiraagfacdiesd sokd i n each
of the search areas; (ii) replacing each of the search areas with a search
area of reduced (i) 2eating tid denlr6idah e dMGe SERLY 8%93 %ﬂe ?.s e)rEu'Ybe sear ch

i) an i

areas of reduced size; and (iv) repeating steps until each

f th h . i Ze.. h i ni ize; d
Cal culati g e uaBErNt S bar) ed Bib PR o R seap Fieet AL goE AT ohs of

the spots. 179 A nethod of neasuring a wavefront aberration of an eye while
corr ect i ngTe2fRFS AMYRBUPKAZE MR@nDgeneity in a retina of the eye, the nethod
conprising: 87 2 0 APR 2004 (a) providing an optical scanning device and a

det ect or; (d)calculatimgrihg imageﬁdmaBgtﬁchtiﬂa&do@cﬁﬁnc@’ﬂlﬁﬁﬂh@%siﬁ&%bﬁﬁﬁ%}ﬁg by the
optical scanning device; (c) causing the light energing fromthe eye to be

scanned ag# n by the Qptd&AkorSH i i nd..subsequent de
i nci dent on the det ectgi such t-%ﬁﬁlﬁ%“ﬁﬁéﬁﬁrﬁi%e&g&q%ﬁ regye’a‘i‘gts “Pight is
made g&g*}ﬁgﬂ% on the detector; (d) taking inmage data fromthe |ight which
.i's made Tncident on the detector; and (e) calculating the wavefront

aberration in accordance with the inage data. :
an 1mage data taking device for taking image data from the eye, the image data

comprising a plurality of spots having positions determined by the wavefront aberration; and
& computation device, receiving the image data, for:
(a) defining a plurality of search areas in the image data;
(b) determining the positions of the spots by
(1) Jocating a centroid in each of thé search areés;
(11) replacing each of the search areas with a search area of reduced size;
(i11) locating the centroid in each of the search areas of reduced size; and
(iv) repeating steps (ii) and (iii) until each of the search areas of reduced size

reaches a minimum size; and

(c) calculating the wavefront aberration in accordance with the positions of the spots.

179 A method of measuring a wavefront aberration of an eye while correcting

for a spatial inhomogeneity in a retina of the eye, the method comprising:
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180 The nethod of claim 17q; wherein: the detector conprises a %qrgﬁgﬂ
having a franme time; and the optical scanning device perforns a“plUr fpky
of scans within a single one of said franme tulle. 181 The nethod of claim
179, wherein the optical scanning device has a scanning frequency of
400- 600 Hz. 182 The nethod of claim 179; wherein the optical scanning

devi ce sc .14 g t f .l han 0.5 degrees. 183 The
nmet hod of %?%W%?ﬁomﬁerg%%ﬁlﬁg ‘%Biﬁe%é% a;%(s?%ﬁﬁﬂlhg devi ce conprises a

si ngl e scannipg/.de-scanni ng mrror which scans both the Iight which
i 11 umi nat €8) Hi@iayangihg eymavith ljghnwhighdragibagn soanned by theymticdlstamisy deden; f or -
measuring a wavefront aberration of an eye while correcting for a spatial

i nhonpgene(c) yavisimgahe Behian abingRog Yie eyele b8 ¥&iRe 6oAR by Fhdehti AN @Rkihs al
instrunent for taking inmage data from'the eye, the optical | nstrunment

For 14 FRenary e A PR, GTbE Gk Rk lse Bhie BB BtioBy Vend ol cal

scanni ng .devi.¢ce, scanni ng{ again the light enmerging fromthe eye and
subséﬁﬂ@ﬁﬂ“}c@eé‘lipﬂéh‘i%eq Pght incident on a detector such that the light is
stationary as the light is made incident on the detector; and a. conputing
devi ce, redgtakingimaze datrijemdat Bghtfudricie Bl madedhtident diethedvetto@nindaber r at i on
in accordance with the inmge data. 185 The system of claim 184 wherein:

the det ect@) cABMEHS R WaehBR! kbt Achiddi Miflthe bl optical |
scanni ng device perfornms a plurality of scans wthin a ngl'e one of said

L;gm:‘ timgggl86 the %;(lgtmeer@“% gf]c gim_lb‘[ﬁnh\'e\@e%:ei n the optical scanning device
{

the detector comprises a camera having a frame time; and

the optical scanning device performs a plurality of scans within a sinéle one of said frame
tine.

181 - The method of claim| 79, wherein the optical scanning device has a
scanning frequency of 400-600 Hz.

182 The method of claim | 79 wherein the optical scamﬁng device scans with
an angular extex'}t of less than 0.5 degrees.

183 The method of claim 179, wherein the optical scanning device comprises a
single scanming/de-scanning mirror which scans both the light which illurhinates the eye and the
light emerging from the eye.

184 |

A system for measuring a wavefront aberration of an eye while correcting for

a spatial inhomogeneity in a retina of the eye, the system comprising;

an optical instrument for taking image data from the eye, the optical instrument comprising
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" scanni ng frequency of 400-600 Hz. 187 The system of claim IS % wiel drh)phe
optical scanning device scans with an angul ar extent of |less than 0.5
degrees. 188 The system of claim 184 wherein the optical scanning device
conprises a single scanning/de-scanning mrror which scans both the |ight
which illum nates the eye and the |ight energing fromthe eye. 189 A

met h i rration of an e, the ngethod
conp?%sﬁeéé& a dt(gg ?‘ﬁaﬁiﬁé’r?%%a%gg%ggd%f%ﬁﬁ‘t ﬁlgn %{ngttﬁ%eyerfﬁ@éhggtt‘éihléb%srb@ﬂng a
plurality %f pots, having, positions determ ned by the wavefront

aber SSAR0EH: y8§‘62@3tmﬂh59‘i§@m&( Byvigef jcanming sgpinuthal lighy cofergiegr fbmatheaseiandt he

i mge data,.each of the plurality of search areas being of a diffraction

RS o ek e Se: ~as ! '
i m telkegianly helingdchelightihdgeitha aomwdnogﬁ%hg{at gg’ﬁé%?% ﬁall?éﬂlah)%@tth'er?%h?ls

centroid in each of the search areas; and (d) ating the wavefront
aber b adde QR M 3GGRL dBREQ W ih the positions of the spots. 190 . The nethod

of claim1'9, wherein each of the search areas is a search box. 191 A
device for neasuring a wavefront aberration of an eye, the device

conpri si ng: “ERPY VifSs EECEIG e dnege Arthofor calkilating treyeavidtant hbematidneneye,
the image data conprising a plurality of spots having positions determned
by t lecardareervoith thelieregatiaten; and data sysi ec ~,i..b ng i imn a-processing
yerr,, r .ei the ,.,age data, for: (a) defining a plurality of search areas

in the imge data, egpbsyferh BECREAIBNVALERS being of a diffraction limted
si ze;

the detector comprises a camera having a frame time; and
the optical scanning device performs a plurality of scans within a single one of said frame

time.

1Tor [
180 1'he ovun
110 5YyS5

claim 12% wherein the optical scanning device has a
scanning frequency of 400-600 Hz.

187 The system of claim |84 wherein the optical scanning device scans with an

angular extent of less than 0.5 degrees.

188 The system of claim 3% wherein the optical scanning device comprises a

single scanning/de-scanning mirror which scans both the i ght which illuminates the eye and the
light emerging from the eye.

189 A method of measuring a wavefront aberration of an eye, the method
comprising:

(a) taking image data from the eye, the image data comprising a plurality of spots having

positions determined by the wavefront aberration;
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(b) determining the positions of the spots by |ocating a centroidZ {mPRagl
of the search areas; and (c) cal culating the wavefront aberration in
accordance with the positions of the spots. The device of claim 191,
wherein each of the search areas is a search box.' 193 A nethod of
measuring a wavefront aberration of an eye, the nethod conprising: (a)

taki ng i Me@§ defkid gl iRaliffo B8 "ﬂ'ﬁ% O, o3 iy of
spot s havi ng p05|gt iI:Sgilr:i]s1 etermcneg‘ﬁg; t gnl‘\%g%/g?t%b%t%g%@%&éﬁaﬁ#&%@gﬁg APR
2004 (b) .definin )l urality .of search areas in the inmage data; (c)

det er"?\({’?%fibﬁ'bngt#ea%5@?‘{{1084@’5?3%%% spots by locating a centroid in each of
the search areas, the centroid being |located only in accordance with

pi xel s in ¢chédetermigengithepovitioseof thatspots by ileztihi @ ceetra@en egchl cTwBE sdafareshol d
and an upper threshold; and (d) calculating the wavefront aberration in

accorgancenav th the positions of the spots. 194 The nmethod of claim 19
).further conprising pronpting an operator to select the |ower threshold

and- t he uppgr fgh%(tashgl d. %%5 Ih@ nmet hod of claim 193, wherein each of the
search ar egd P EHTIDB NGOt AGBRALAT R ECOEIangs Widdhe ppstons efdhesnasnt

aberratio 98f an eye, the device conprising: an inmage data taking system
for taki ngl Image dat dhemasthedel dyim |68 veherein gacidaf the sevcipariess 3@ seaneh bbal ity
of spots having positions determ ned by the wavefront aberration; and a

data processing syst eleviecRir idaguridpen WERGR A @b@ratiolof 2h @)e, 488 BOAD 2
plurality of search area in the inmage data; (b) determ nihg the positions
of th@orﬁ;ﬁ‘i’éiﬁg:by | ocating a centroid in each of the search areas, the
.centroi d beihg | ocated only in accordance with pixels in the inage data

‘whose intensities.lje.between.a Lower threshold and an upper t hr eshol d;
and an image Fata {aﬁmg sy\é\gm fort (mgweimage data from the eye, the i1%gge data

comprising a plurality of spots having positions determined by the wavefront aberration; and
a data processing system, receiving the image data, for:
(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 aberration in accordance with the positions of the spots.
The device of claim |91, wherein each of the search areas is a search box.
193 A method of measuring a wavefront aberration of an eye, th.e method
comprising:
(a) taking image data from the eye, the image data comprising a plurality of spots having

positions determined by the wavefront aberration;
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I ng the wavefront aberration in accordance with the Bﬁ s -
'g?)tﬁglgggﬁg. g1'97 The device of claiml|%herein the data proceggfz g@@tem
conprises an interface for pronpting an operator to select the |ower
.threshold and the upper threshold. 198 The device of claim 196, wherein

each of the search areas is a search box. 91

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

(c) determining the positions of the spots by locating a centroid in each of the search
areas, the centroid being located only in accordance with pixels in the image data whose

intensities lie between a lower threshold and an upper threshold; and

(d) calculating the wavefront aberration in accordance with the positions of the spots.

194 The method of claim |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 eye, the device
comprising:

an image data taking system for taking image data from the eye, the 1mage data
comprising & plurality of spots having positions determined by the wavefront abei'ration; and
a data processing system, receiving the image data, for:

(a) _defming a plurality of search area in the image data;

(b) determining the positions of the spots by locating a centroid in each of the search
areas, the centroid being located only in accordance with pixels in the image data whose
intensities lie Between a ]oWer threshold and an upper threshold; and

(c) 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.
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