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Rel ated Art Various objective techniques (retinoscopy, autorefraction,
photorefraction) can be to used to neasure the spherical and cylindrical
refractive errors ofthe human eye. They are fast and constitute an
attractive alternative to performng a subjective refraction. Objective
refraction is not only useful but often essential, for exanple, when

exani ni ng pryHmgRIhit | g emmiarREFaheENt Fro tWavaeal rearrdranguage difficul ties.
" However, one jor concernis the ability to properly determ ne objectively
the refracti on of the observer. 15 Since all those objective nethods are
~based on the light reflected fromthe retina and enmerging fromthe eye, the
ocul ar aberr fef@Bfets Wefted AppRGELHACY Of "t he measurenent. The eye suffers
from many hi gher-order aberrations beyond defocus and astigmatism which

| ntroducesdef ect stag GcARh! @kl haRlit detes! etovidhine, apiphaLeiyaCt i ve
I I I and 1t ha een S

nmet hods are based on paraxi al optical analysis, own t hat
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al so influence.the retingseopic geasure. Al though autorefractors provide
reliable maé%?%??&‘ﬁ?@m&? I‘I’éé)Sanfdllsﬁglf‘i“\E/"e state of the eye, their linitations
in accuracy and repeatability are well known. For exanple, there are

di scr epanci eV iR PIRAYEEAIBCct i ve and subj ective neasurements, especially

with 25 astigmati sm, orwheu the degree of ametropia is_|arge. Such
di scr epanci es ar eV@.@@éﬁrquettquBS (rehnoscopy, autorefraction, 'phOtOI’G aGtIOIl) canbe

10 uvsed to measure the sphericat and cylindrical refractive errors of the human eye. They are
fast and constituie an e;ttractive alternative to performing a subjective refraction.
Objective refraction is not only useful but ofien essential, for example, when examining
young children and patients with mental or langnage difficulties. However, one major
concern is the ability to properly determine objectively the refraction of the observer.

15  Since all those objective methods are based on the light reflected from the retina and
emerging from the eye, the ocular aberrations reduce the accuracy of the measurement.
The eye suffers from many higher-order aberrations beyond defocus and astigmatism,
which introduce defects on the pattern of light detected. Thus, photorefractive methods
afe based on paraxial optical analysis, and it has been Ishown that there can be a

20  significant degree of measurement uncertainty when the spherical aberration of _the
normal lnunan eye is considered. Aberrations also infiuence the retinoscopic measﬁe.
Although autorefractors provide reliable measurements of the refractive state of the eye,
their imitations in accuracy and repeatability are well known. For example, there are
discrepancies between autorefrgcﬁve and subjective measurements, especially with

25  astigmatism, or when the degree of ametropia is large. Such discrepancies are described
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Thonpson et al, 5 Accuracy and precision of the Toney Vi VA infrared
photorefractor," Optom Vis. Sci. 73,644-652,1996. Al so, retinoscopy and
autorefraction usually disagree to sone extent, as described in B. M
Harvey et al mNMMEHotireneiepertabaity ant doveraerafentomatadatiactiovin comparison of
preschoolers: Validity and reproducibility of autorefraction," Optorn. Vis
Sci. 77, 140-+heIMioi?NBE-3000, fBaMNiddkt/SR-1 000 bt abiretive tefractiost dprbm Vis. Sei.
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Trial," Visual Science and its Applications, 1996 Technical Di gest Series,
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M A Bullinore et al, "The Repedtability of Automated and i ni ci an
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pp. 617-6 ose art es show t atients efe I'nician's

refraction; | e.St t the orefractor
has a rej ectr ‘ﬁ@paﬁguﬁ%o If%%qe%e by Iﬁgrﬁﬁ?ﬁl%gl%? v ¢l aﬁeet?ﬁ ?’ft?rg’r ence in
rejection rate at _au raction s Iess accu han t he
clinician's p”‘P %[ bﬁﬂt Qm&ye W%?%‘f%ne&‘it I fraclive et”ﬂ“&f’ﬁ&?’% f3%n
provides room for inprovement. 20 In that context, the deyvel oprrent of an

obj ecti ve metBieghedkert: VRbKEY %@W@‘h’é‘ﬂh‘?f@l‘@@%@a SBEPE-Ki §6is76fl4Phe eye

and provides accurate estimtes of the subjective refraction is an
i mportant chal#Pe#¥¥8. Such a method woul d be extrenely useful, for exanple,
to refine refractive surgery. As nore patients inquire about refractive
sur gi cal 1pr ocedufeti¢nts’ pecfarcmematieegrdivunsndrctiof is déscrbed i dl. ér Bullisropy i or to
sur ger ybecones nore

et al, “Patient Acceptance of Auto-Refractor and Clinician Prescriptions: A Randomized

Clinical Trial,” Visual Science and its Applications, 1996 Technical Digest Series, Vol. 1,

Optical Society of America, Washingion, D.C_, pp. 194-197, and in M. A. Bullimore et

al, “The Repeatability of Automated and Clinician Refraction,” Optomeiry and Vision

15 Science, Vol 75, No. 8, August, 1998, pp. 617-622. Those articles show that patients
prefer the clinician’s refraction; for example, the former- article states that the
autorefractor has a rejection rate around 11% higher than the clinician, The differencein
rejection rates suggests that autorefraction is less accurate than the clinician’s
prescription. Thus, the stats of the art in autorefraction provides room for improvement.

20 In that comnfext, the development of an objective method that makes vse of the
higher-order aberrations of the eye and provides accurate estimates of the subjective
refraction is an important challenge. Such a method would be extremely useful, for
example, to refine refractive surgery. As more patients inquire about refractive surgical

procedures, the accurate measurement of refractive errors prior to surgery becomes more

25  mmportant in assessing refractive outcome. Another important issue regards the aging of




25 inportant in assessing refractive outcone. Another inportant issue
regards the aging of 2 0 7 APR 2005 WO 02/ 30273 PCT/ 1] 8011310@ b@f @Ke. A
di fference has been f‘ound between subjective refraction and aut’o 12 tion
for diywbargeizzage groups. That difference probably comescfpanhhg fact that
the ocular aberrations increase with age. The age dependency Is descri bed
in L. Joubert et al, @ "Excess of autorefraction over subjective refraction:
Dependence on age," Optont. Vis. 5 Sci. 74, 439-444, 1997, and in A Qirao

et al, "Average opticgal r f.or manc f the . human eye as a fuynction of age
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" method that considers the parti.cular aberration pattem ofthe subject would
provide rel | HHFELCAEE] HEIRSs %ﬁrd@wmqwoaw GPEep&omstierfag hatthedcelaul d al so
automatically give a value of refraction custom zed for every pupil size and
|i ght | evel ,3begaiigosdecrepse Witineer dive ¢ge depradesyds dewcrbpdipl L. ubwt ghel, vi sual

- acuity depends on |lum nance conditions. The higher-order aberrations of the
eye can be nGmcasasamreciigtionlover subjectiveatEhopondichendqet bt agel Ppiofo¥isi nst ance,
wi th a Shack -Hartmann sensor. A nethod and apparatus for doing so are

t aught i ns U. Si Paamdddo.99%, ahd in Al Trtiao \M b, FAneragd optical périemens dfhien al nost
15 mandatory to optim ze the use of this riewinfornmation in a nore accurate
instrunent. ke SkRPbgsictiRetagefin ¥ n6inRl pERIIARE]T Ophth.SFis.BWWR0] Fo3ERIGUr e | A,
in which the only error is of focus. That is, the rays. R passing through

the edge of &® M%iecﬂ%&ﬁoéﬂi@cc@ﬂs@dersjiﬁgpﬁ{i&ﬂﬁ%bﬁﬁﬂm Bﬁ&ng%@_ﬁkﬁéd pl ane
110 which is spatially separated fromthe plane 112 of the retina

Accordi ngly, .4, W‘?@ (bRl A B 48 ér%tp%hkﬁé{ll% DegRlPRIP b OcuS

from 20 t he paraxi ane to the reti ane e |1 nmages before,

at and after _the .paraxial pla 110 are sho s 124 .126 a 8
respectivel y? tcf’ﬂ%m%ﬁ%g]rvg%vﬁﬁﬁ E?%&Fl éhojx_llgugtﬁrou\zl\%e}ﬁg 4 2 rlr)f)lplé SI(%? a?‘{;ﬁd’i%lr??gs]e
formati °No by si%cer%/o%?l’abcerraﬁons increase with pupil size and visual acuity depends on luminance

conditions.

The higher-order aberrations of the eye can be now measnred quickly, accurately
and repetitively, for instance, with a Shack-Hartmann sensor. A method and apparatus for
doing so are taught in U.S, Patent No. 5,777,719 to Williams et al. Tt seems then almost

15 mandatory to optimize the use of this new information in amore accurate mstrument.

The simplest case of vision correction is shown in Figure 1A, in which the only
error is of focus. That is, the rays R passing through the edge of the pupii 103 of the eye
102 are focused on a paraxial plane 110 which is spatially separated from the plane 112
ofthe retina. Accordingly, the only cotrection required is to shift the plane of focus from

20  the paraxial plane 110 to the retinal plane 112. The images before, -at and after the
paraxial plane 110 are shown as 124, 126 and 128, respectively. |

The diagram in Figure 1B shows an example of the image forrnation by a myopic
eye 102’ with neéative spherical aberration. Without spherical aberration, all the rays R’
would focus on the paraxial plane 110, and then the refiaction of the eye would be

25  caleulated from the spherical negative iens required to displace the focus plane to the




eye 102' with negative spherical aberration. Wthout spherical aberration,
all the rays R would focus on the paraxial plane 110, and then the
refraction of the eye would be 25 cal cul ated fromthe spherical (ife4RR 200%

| ens regiy ;8240 displace the focus plane to the 3 WO 0263Pgiés/ 3625 APR 2. 005
PCTI USO / 31025 plane 112 lying on the retina. However, due to spheri cal
aberration, the rays R passing through the: edge of the pupil 103 converge
at a plane 104 closer to the eye (marginal plane), That sinple exanple
shows how the distribution O rays in difflerent planes _prodyces .i mages
114- 122 wi t hPiaRs HerERe og don 1PHs: H"&V‘?reg‘feaffft“ﬁﬁt? c%}fag?rﬁaér't‘me%mé’ﬁgiﬂaﬁ?% the 5
one required for_ displacing a plane of "best image" to the retina, A simlar
phenonenon otEel thedge 28 thegpvat il Fcpiersesé 2 pbme ég‘? lgserrip HierfF AGArsHAt t he

hi ghor-order aberrations of the eye, to nmaxinze the imge quality, the
anount of aBeignBbitsinple csgrplechovs by the digirfonber af TayBay e @lamas axi al
zone, fromthat corresponding to the Sturm s interval (distance between the
two focal pl amdscedanenesi Ketl2 with djferent qughiyt Thapira@ioolof thasiye statuidbe the shown -~
in Figure I1C. The rays R* and R'"' fromdifferent Ilocations in the pupil 103
of the eye 16@'retpdwd fhodisylaghey aplanavin “Bbst anspenad theodtimal dent or  even coaxi al .
Thus, the inages taken at various |ocations are shown as 130,132 and 134~

In cases in whi chaRGhiiR bhalelched bt v B e@iemesistts cofeciel. Wpesding! |
aberrations can be 15 only partially corrected, it is necessary to determ ne

whi ch of the g}, [ReGHhelddedabritiths of B el 1 B8RS thd iFBPEquaiiOthB G RbudtBRIE. 1S

not, or at |least not necessarily, achieve d by correcting the defocus and

y
astigmati sm QQFEFE [ P SR PRraesd A% gﬁ&' ] I.C 0 not
consi der the e eggﬁg@ ﬁ%@eﬁercg%lrﬁder a er%t’at%%ls. eﬁﬁgs%}%’n@? eﬁﬁfs what
Is such a b%é%responding to the Sturm's interval (distance between the two focal planes determined

10 by astigmatism}).
Such a situation is shown in Figure 1C. The rays R"” and R" from different
locations in the pupil 103 of the eye 102" have focal points which are not coincident or
even coaxial. Thus, the images taken at various locations are shown as 130, 132 and 134.
Tn cases in which not all aberrations can be cotrected, or in which all aberrations canbe
15  only partially correcied, it is necessaryrto determine which of the images 130, 132 and
134 is the best image. | L ~
The best image is not, or at least not necessarily, achieved by correcting the
defocus and astigmatism corresponding to the paraxial approximation, which does not
consider the effect of igher order aberrations. The question then is what is such a “best
20  image.” By a geometrical ray tracing the answer is that the best image would correspopd
to a plane whexe the size of the spot is minimum. That plane, shown in Figure 1B ag 106,
is called the plane of least confusion (L.C) and, for example, for a system aberrated with
spherical aberration lies at 3/4 of the distance between the paraxial and marginal planes.
Another candidate is the plane 108 where the root-mean-square (RMS) radivs ofthe spot

25 ismimmum. In the example of Figure 1B, that plane lies midway between the marginal




20 image." By a geonetrical ray tracing the answer is that the best inmage
woul d correspond to a plane where the size of the spot is mni nwn E%ﬁ@

- plane, shown in Figure'lB as 106, is called the plant; of |eas (&E f7usi on
(LC and,wbebiexanpl e, for a system aberrated with spherigalyaqgisati on.
lies at 314 of the distance between the paraxial and marginal planes.

Anot her caudidate is the plane 108 where the root-nean-square(RVS) radius of
the spot 25 is mninum In the exanple of Figure 1B, that plane |lies m dway

bet th i nal 4. WD Q2/ 30273 0 7 R 200 PCT/.US01131025 Xi al

ol ance. Houe VB Pt BIE HHaRern T ROR A RER PR G TYF A GE KOGTParEry - -
fl-ect th i.nt d f ti. F)... whi.ch is t .cqnput ed tinal i

based on t he TPHES AR oM HERHGR FO. "Lisido e AHEP Y AT Bt d58 o el at od

based on the diffraction of the light at the exit pupil. The distribution
of 1ight in areap rageeiist somprd ek sholdtesrenttedbarm ndshonel
predicted geonetrically with ray tracing. Any consideration about ira age
qual i ty shoul e Behtabihe cxitpupy. Hicidistaution al lightbrayeal Mhagefs whealty wrodfierent
aberrations are conbined with | ower-order aberrations, which is known as
"bal anci ngs " e tiefimabeprrdicind groopiantly web rafirating. Acopohsderammbie ipagey nomi al s
is that they represent bal anced aberrations. Second-order polynomals, Z2',
represent 10 gefigcdsuldnd dasd wshipptifisotontheoriynst ance, spherical aberration is
bal anced with defocus in the term Zo; the terns ZQ are bal anced with

astigmatism etc. fikeigRebidet deniinghechtbintdwigloRbl Gra&labdeatioN)GaRhid N the
sense that a m ni num of the aberrated wavefront suggests the

achi everment ofndyifsPERIncidRAShe JHRRGSsn SrBferRG ritfe pt::ﬂlﬁal"@c\ﬁ%k@pcﬁ{rﬂcﬁ‘ﬁm' has

been used as a neasure o ow aberrated an eye iS and as a hetric of inmage

f
quality: the |s, l.ower the , e better, the i ual i ty,+A fact that has
dupported t hal i By FeprtsiE PReed maot Srapsid oo SR rarratiens . i tn
anot her popular netric also used as a ) . .
16 defocus and astigmatism. For instance, spherical aberration is balanced with defocus in

theterm Z7; theterms Z;* are balanced with astigmatism, etc. The aberration balancing

is an atiractive concept in the sense that a minimum RMS of the aberrated wavefront
suggests the achievemnent of the best rﬁnage. Hence, the RMS of the wave aberration has
been used as a measure of how aberrated an eye is and as a metric of image quality: the
15 lowerthe RMS, the better the image qi.;a]ity. A fact that has supported that use is that the
RMS correlates, for small aberrations, with another popular metric also used as a
criterion of image quality, the Strehl ratio, defined as the peak of’ im;diance ofthe PSF. A
large value of Strehl ratio indicates a good image quality. For small aberrations, Strehl
ratio and RMS of the wave aberration are inversely proportional: when the Strehl ratio is

20 maximum, the RMS is minimum. Several equations have been derived to express that

relationship; one of the best known is:

§= GX]:{— (3;1’5 RMS) } M

where § is the Strehl ratio and A is the wavelength.

The wave aberration is usually decomposed into Zernike basis functions after



criterion of image quality, the Strehl ratio, defined as the peak
ofirradi ance ofthe PSF, A large value of Strehl ratio indicat ﬁﬁv\gvgmgl
-image quality. For small aberrations, Strehl ratio audRMS ofthe

aberr aihQnseg 1 nversely proportional: when the Strehl gdidQik52€0 maxi num
the RMS is mninum Several equations have been derived to express that

rel ati onship; one of the best known is: S=expf [ j RalS] ],(1) where Sis
the StrehL ratio and | is the wavel ength. The wave aberration is usually
deconposed i nto Zerni ke basis functions after 5 0 7 APR 2005 WD 02/ 30273
PCTI USQ / 31t88® medswgdnBasdepd, - W aftvaaieeg of that is fmt digy BMSBgbthsfwaveat i s :t hat
the RVS of the wave aberration can then be obtained easily fromthe Zernike

coefficientg, P - . ' t refygeti ve errors
of the eye,iﬁ)grrr of a g‘%?bg%&ﬁfaig#ﬁ%%ﬁh&%{@%g{)é{gﬁig%tsb%% _b%@d t'erm ned by
setting to zero the cor,resfp&ndi ng Zernilce 5 coefficients giag% 2 =0to
correct refFagt iyecomertnnsol B refictivg swyyr of dap-cye, o1 6 20t pERIEberyde)) . But
again, the image anal ysis based on diffraction shows the failure in general-
of that i degratimen ceilérieat¢tomsnetd by| wHype, toa zeraxiburarsspaning feindecan be
obtained with nonoptimally bal anced aberrations (i.e., not a mnimumin the

RVB) . My e eefitiets|fi? =oherokbe riiMotiod elrdie, wotse exdaggle aitt 20 foScdr@éger t han
about 0.15 wavelengths, Eq. (1) is 10 not longer valid. In conparison, the

val ve for CXBhS Ol 1 FRELLSAL RS Al AR e, BANIRE BYSf B0° oVe 19

3-4 wavel engci pI er o heretore ere and
cyl i nder regqujr.ed prescribe refraction an hi eve the best .inpge quality
can not be OBUEPHSHRF BRTEHRS 7% FW&?“%%Fgﬁllfﬁﬁﬁﬁ@ tp’?ﬁgtagﬁﬁ@q&'ccur sif
one pretends tQ correct herical. aberration qr caoma, for instance. The
bal anced seﬁwawylﬂ@%?éﬁ’ﬁ@ﬁo%%»@{?WB@IWW@'?&W&W‘? % bal anced

secondary coma '&122' 1) do not o .
when the RMS of the wave aberration is larger than about 0.15 wavelengths, Bq. (1) is

10 not longer valid. In comparison, the value for example of the spherical aberration of the
normal average eye is 3-4 wavelengths for a pupil diameter of 6 mm. Therefore, the
sphere and cylinder required o prescribe refraction and achieve the best image quality
can not be obtained from the assumption of minimum RMS. The same occurs if one
prefends to correct spherical aberration or coma, for instance. The balanced secondary

15 spherical aberration (po]ynomjél Zg) and the balanced secondary coma ( Z;') do not
give the maximum Strehl ratio for large aberrations. |

The RMS minimization technique uses the coefficients a? and a;” from the

Zernike expansion and results in the correction of defocus and astigmatism. The paraxial
technique extracts the total defocus and astigmatism in the wave aberration.

20 Both of the above techniques, which are based on the pupil plane and use the data:
of the wave aberration itself, fail when higher-order aberrations increase. In particular,
the difference between the subjeciive and objective determinations of the aberration
increases with the RMS of the wavefront aberration, as shown in Fig. 1D, in which curve

(1) indicates the RMS minimization technique and curve (2) indicates the paraxial




give the maximum Strehl ratio for |arge aberrations. The RMS m nim zation
techni que uses the coefficients ao and a fromthe ZerniKke, expa@s?im mp
results in the correction ofilefocus and astigmati sm The paraxi al

t echni cts the total defocus and astigmatismin berration.
20 Bot ﬁygf@?@%§above t echni ques, which are based on the %ét}g?%)éﬁ%zﬁe and use
the data of the wave aberration itself, fail when higher-order aberrations
increase. In particular, the difference between the subjective and

obj ective determ nations of the aberration increases with the RVS of the
wavef ront abesimiaeofhe Righestopdon 2barafipyinghe penylagen bas kegn famd tayveraggddat es: t he
RVE m nim zation technique and curve (2) indicates the paraxial 6 0 7 APR
2005 WO 02! 3027 shoR@Th FikSCB/ 330 26nseqshed, thestboThrotid hlsriquas de moaekrdart i on i n
t he popul ati on has been found to average 0.3 p, as shown in Fig. 1E. As a
consequence, apgpheximitcly @alfof #d pbpdhitngnd saimtmdice\wnroks dfap to agpdiopterat el y hal f
of the popul ation and can introduce errors of up to one diopter. 7 0 7 APR
2005 WD 02/30273 PCT/USO /31025 Summary of the Invention Fromthe above, it
wi |l be apparent that a need exists in the art to overcone the above-noted
deficiencies of the prior all. It is therefore a primary object of the
invention to provide an objective neasurenent of higher-order aberrations
of the eye which 5 provides an accurate estinmate for the subjective
refraction. It is another object of the present invention to provide a
reliable nmeasurenent for multiple pupil sizes, light levels, and ages. It
is yet another object of the invention to deternmine the metric which best




expresses the optimal inmage for vision. 10 It is still another object of the
invention to provide reliable neasurenent for a greater percentgge I§>f ghe
popul ati on. The above and ot her objects are achi eved 't hrough a éﬂﬁﬂﬁ A0 onal

syst empangk/z08Bt hod which determne the refractive error pphpfshgsRye from
measurenents of its wave aberration. The procedure cal cul ates the

conbi nati on of sphere and cylinder that 15 optim zes one or nore netrics
based on the distribution of light in the retinal inage, which is affected
by the higher-order ailb rrations. The retinal imge, which is the

di stributi on" By ghteedgVeRon ot i nal or inmmge plane, is calculated fromthe
results of a Shack-Hartmann or other detector. A netric based directly on
the retinal i mag&egsle BRvEotpii bearrarenkihaa poed exls dnthegrtdo pregsopmai8e ¢ he
retinal image can be used. Anynetric on 20 the inmage plane can be used, and
one or nor e 2hwteriotes defgictsiosipf Byg privivat. s fheeblyre e pamagobigst ofithainyentige that i s
correlated with the subjective best retinal inmage. Since the nethod is
conput at i ondé prevideonpelijetive sneaigemahtyofhizigltwmarder rabguations of drdeyiet whish be
conbined with a wave front sensor in a conpact instrument. The present
inventi ol t gkesdes Gh Bccattodsfitnateer thaeibiédiat raffactien. pupi | - pl ane netrics do 25
not accurately predict the subjective refraction, inage-plane netrics do.

Wiile the 8 0 7 ARRNdBRPoNE:EPhSPRIcht MGdildaed#rdHad 2 rdiaplR MA@k fche pri or

art were adequate for only about 25% of subjects with a precision of 0.25 D
-or 50% of sqﬁh@ﬁgguﬁﬁgi{bsg@ﬁ%gﬁ’iﬁ@ag&O.5 D, the present invention wll

provi de suitabl'e Correction for nost “subjects with errors < 0.25 D. For

estimati on of the .guhj }d;éf I : . 1 il.s of the
5 metric val ue cgtnﬁa@{%ge ;eotb#g{ B?g{c ]ﬁﬁ?ngrgﬁrg‘?ld%{r%ﬁ?@g%ﬁﬁ eglgu%‘éﬁ %}L‘Jtt he
metric other_than &ggﬁﬁ%glcati ogorc‘)rll‘sithe maxi mum can be used. For exanple, the

width of th& iR ey on.

10 It is still another object of the invention to. provide reliable measurement for a
greater percentage of the population.

The above and other objects are achieved through a computational system and
method which determine the refractive error of the eye from measnrements of its wave
aberration. The procedure calculates the combination of sphere and cylinder that

15 optimizes one or more metrics based on the distribution of ight in the refinal image,
which is affected by the higher-order aberrations. The retinal image, which is the
distribution of light on the retinal or image plane, is calculated from ihe results of a
Shack-Hartmann or other detector. A metric based directly on the retinal image can be
computed, or ametﬁc which is a proxy for the retinal image can be used. Anyinetric on

- 20 theimage plane can be used, and one or more metrics cam be used. The method yields an
optimum image that is correlated with the subjective best retinal image. Since the methold
is computational, a compuier is the cnly hardware required, and it can be combined with
a wavefront sensor in a compact instrurment.
'The present invention takes into account the fact that while pupil-plane metrics do

25  not accurately predict the subjective refraction, image-plane meirics do. While the




for "tolerancing," since a narrower curve indicates a |ower tolerance and
thus a nore critical need for accurate correction. An exanpl emiqs 2@#?@
fitting of a contact |lens which corrects sphere and not astig {

subj ect swpﬂom Azl arge tolerance to astigmatism 10 Unlik S AN g]‘l(; action,
which is I'im ?ed to a single pupil size, the present |nvent|on i $7not
limted. The present invention allows the subjective refraction to be

cal culated for any pupil size equal to or smaller than the pupil size over
whi ch the wave aberration was neasured. The present invention is further
directed to dedwiyacrianirios st vers adepiicder eﬁlhoq?ﬁptwr?é% afisubjigely &ith 8 pegision

conput ati onal system and nethod. While spectacles and contact tenses have
been successfafl4A25U3 et 58% dorbieds withfaquesisiomd! +&§ Dy it presani wediva-willder
aberrations), they |eave the higher-order aberrations uncorrected. For
smal | pupi | s,pravidosigbiticomadiion d@rmest fibfaetsofitlegrsora< 15fIh.ci ent 1 nprovenent.
~However, it has been found that the higher- order aberrations have a

si gni ficant i mpactFodRsti@ioheifiiiadubjotieerdidein Yothhd peditadndaye milk @f 10 | ar ge
pupils and also for small pupils in old subjects or in abnormal subjects

such as post mpghba6s éeﬁ‘&e%@cﬂﬁfaﬁs%fohﬁﬁtﬁﬁ:%{‘tﬁ% ci9b bAME fretrl ARG hankie use of
an adaptive optical system has successf ul | y corrected higher-order

aberrations aﬁgatﬂﬁ%‘f{h‘é%ﬁxﬂﬂﬁtg?!aen ﬁ%@c}.‘éﬁ&r@x@?%ﬂfd@ftﬁ@&&@@éaﬂq}‘é%& y.

Recent devel opnents nmake via enment 1 ng super correcting

procedures. Tglf’siiolerﬁltcﬂl ’ts':fr?ce Olaﬁﬁ%elac l%,\ﬁl Qt%s ﬁ%er%&%%nge &gntﬁ nt %C%ef f2grt to

| enses with nearl’y any=aberta pr of | ARAY T here T

refine | aser 2005 WO 02/ 30273 PCTI i3S 25 refratlv urgery

Lo the point BilETR BrRCRIS @ B R AR

refractive errors. Wile achieyi ng the caorrectjon Ofw?%PPOf the aherrations
iy

i s desirabl e, St sphasy madanos astigimepemiiorsubies pila pilgge FihitigegigRs of

freedom Moreover, the higher the order of ) L ) )
10 'Unlike antorefraction, which is Hmited to a single pupil size, the present invention

isnot so limited. The present invention allows the subjective refraction to be calculated
for any pupil size equal to or smaller than the pupil size over which the wave aberration

was measured,
The present im.rention is further directed to a second application flowing from the
15 -above-noted computational system and method. While spectacles and contact lenses have
been successflly used to correct defocus and astigmatism (segond—order aberrations),
they leave the higher-order aberrations wncorrected. Fc;r small pupils, a conventional
correction offers a sufficient improvement. However, it has been found that the higher-
order aberrations have a significant impact on the retinal timage quality in normal eyes for
20 largepupils and also for small pupils in old subjects or in abnormal subjects such as post
refractive surgery or keratoconus patients. Indeed, the use of an adaptive optical system
has successfully corrected higher-order aberrations and provided normal eyes with
supemormal optical quality. Recent developments make viable the idea of implementing
supercotrecting procedures. Thus, lathe technology allows the manufacture of contact

25 lenses with nearly any aberration profile, and there is an ongeing effort to refine laser



5°the aberration, the lower the tolerance to msmatch and the greater the
accuracy of the correction required to be effective. A tradeoff @hHhaPR 2005
~acconpl i shes the reduction of aberrations while inplying a relatively

si npl eyp@pMELzcorrection inplenents a custom zed corregdpHnfoRNlY a
certain set of higher-order aberrations such as, for exanple, coma and
spherical aberration. Coma and spherical aberration are particularly

i nportant to because those aberrations are the ones with [arger values in

t he human e and have a _large tolerance to decentration. However, the

o esont 1 nVERHIER SRS POl Bopds ot Sprp e Bhel R A by ot her
set of aberrations. In short, if it is possible to detect nore aberrations
than can beE8TIVEEF®d; the aberrations to be corrected are selected, or all
of the aberrations are corrected partially. 15 For exanple, if n !
aberrations can Whilguchieymgdhe W@ﬁqﬂoébléﬂféﬁ dhsAstiongs drsirgde, fakinedics aThe
present invention permts a determ nation of the values of the conpensation
aber r at i onscusfomitddeorortionatithmypnyetesrecs ofdedane dMereowsptihaligher tiserdubf ect ' s
vision. For exanple, in some countries it is conmon to correct for sphere
but not =ast ihg@bdrtasion, ilhRwer teesitrancvenhisaach pndthe gesicarthd aeprased thay t o do
so. As another exanple, since the eye is not stable, 20 residual aberrations
cannot be ayficdféh rehaRed i 6 Riffebtiee X Qo tHaMaéRmplisRk| Betedueassed by such
resi dual aberrations. Thus, the second part of the present invention

provides a M%ﬁ?ﬂt@l@%hpl@fngﬁ%ﬁﬁv%ly stifpléRBhd BordRaOPhiplRieRalhehi-ed 2
custom zed correction of  a Tew aberrations of the eyée besides astigmatism

and def ocus,, ﬁ'mggf;aea&gg bR bf el e ShbefonO fuchd, PHBLAIGoe

aberrations that t unCorrected to calculate the“adequate val ues

of the 10 b_7, ARR.790 2/ 73 PCIT/ L X ion ]
corrected iﬁndprélgIP c;?pa%g%\%ogn\./g§ %e%ggsgtﬁe#%aggaééé%éﬁi%?E@g@lgﬁ%ﬁmﬁr{‘%ﬁcs can be
used to 19 esgéclattljs% (:?stela gllratfogsa grg thqeuc%:!els t“Xth la-l;:rg]gr v%?urggLIJI} f%% 81?1%1!1 eye and have a

large tolerance to decentration. However, the present invention is general and may

similarly be implemented to any other set of aberrations.
In shon, if it is possible to detect more aberrations than can be corrected, the
aberrations to be corrected are selected, or all of the aberrations are correcied partially.
15 For example, if # aberrations can be measured, m < » aberrations can be corrected. The
present invention permits a determination of the values of the compensation aberrations
in the correcting method required to optimize the subject’s vision. For example, in some
countries it is common to correct for sphere but not astigmatism. The present invention
provides an improved way to do so. As another exafnple, since the eye is not stable,
20 rtesidual aberrations cannot be avoided. The present mvention minimizes problems
cansed by such residnal aberrations.
Thus, the second part of the present invention provides a coniputational procedure
to design an oiatimum pattern of a customized correction of a few aberrations of the eye
besides astigmatism and defocus. The procedure considers the effect of {he remaining

25  aberrations that have been left uncorrected to calculate the adequate values of the

10



procedure cal cul ates the prescription of the refractive error of a subject
based on the optinmmvalues of those netrics. 5 The present invention is
based on the surprising discovery that when correction is carrifEHAPREILN
accordance with a nmetric neasured on the inmage plane, it is not necessary
to take wotesegount the brain's preference in inmage qualpdiyusoiBeezse of a
metric which takes the brain into account produces no significant
difference. By contrast, it was originally believed that corrections woul d
have to take into account the brain's preference 10 in image quality. Faor
that reason, Leghplgue eéor%@egﬁwgﬂ%cmg\%t{ﬁ@%e%pﬁa%QQUﬁ fects do not arlise,
dereq. hus, a tﬁ '

woul d not have ﬁeegin CONSI conpu 1on I°’s 'significantly -

sinplified over at_fhe.inventors originally.thought. requir.ed.

‘Hi gher - order aber \r%‘;e’tvi“&h?etpﬁ%‘iaﬂ REE tt%%esgﬁlfelr ﬂ%ﬁﬂ‘&%"l%%@ﬁ%ﬁt}%ﬂ and the
tolerance to mscorrections, Pupil-pla meirics (e.g., wave aberration RVS)
do not 15 acEaRE A the PRREIREB L SRR ek Fosubiaraasetan & ont
.sensors can inprove objective refraction by using inage-plane netrics (or
quantities whPRiE Nelpesod these EERI es for i nmage-pl ane netrics) to
incorporate the effect of higher-order aberrations. The present invention
al | ows t hes predi ct Thapresentdunsniion isbesef on thesuiposing disenveryjhat whrxdsrrectivnisef r ont
device and perfornms substantially better than current autorefractors. 20
Sone |imtati cardeddut inrdcorrdincactitraaneriemesdieedpu thd inspzpland, fids dot vedessafy
radiation (often low) returning fromthe retina and analyzed by the

det ect or; t heid gkd intoh@todnh@ebatfige prefaraida fBnaye q@atay. i Tigk use Sf Pheicechidiv ce in
its double pass through the eye's optics; and the fact that current

aut or ef r act or g8t B8 ihth 8 BN Profide¥ bl BerRAT AMeiBES BSRBAFA: iCwhi nder
and axis). By contrast, the present invention can optim ze the correction

for any nunbeg b3k LR ok A 06 ke RO N0k SRY--RRSEL at i ons
as have been ne sﬁreiﬁpﬁ?ﬁe 1 boittions IR avOlo tako Jilt Soatol 03 ralP o fenbd

10  inimage quality. For that reason, techniques from astronomy, in which such effects do

not arise, would not have been considered. Thus, computation is significantly simplified

over what the inventors originally thought was required.
Higher-order aberrations influence the optimal subjective refraction and the
tolerance to miscorrections. Pupil-plane metries (e.g., wave aberration RMS) do not
15 accurately predict the subjective refraction. Thus, wavefiont sensors can improve
objective refraction by using image-plane mefrics (or quantities which function as

" proxies for image-plane metrics) to incorporate the effect of higher-order aberrations.

The present invention allows the prediction of subjective refraction from any
ré]jablc wavefiont device and performs substantially better than current autorefractors.
20  Some limitations of autorefractors are: the pupil size; the level of radiation (often low)
retirning from the retina and analyzed by the detector; the fact that the target, such as a
grating, is blurre& twice in its double pass through the eye’s optics; and the fact that
current autorefractors estimate three and only three parameters (sphere, cylinder and
axis). By conirast, the present invention can optimize the cortection for any number of

25  aberrations, from defocus alone to as many aberrations as have been measured. The

11



present invention is applicable to any technique for correction, including
contact |enses, intraocular |enses, spectacles, |aser refractiwg BeR By Y

~and adaptive optics. Further, the present invention-allows prescribing a

correc{ypsfagmed on the patient's tolerance to departupggkhpiiebde opti num
correction., For exanple, the patient's tolerance to a 5 contact |ens that
corrects only sphere and not astigmati sm can be objectively estimated. Wth
regard to the above-nentioned proxy netric, it has been found enpirically
that in many subjects, the_best image ¢can be predicted fromthe aberration
Coef 1 ci ont BLesl IVEH o bR SAPAR SO RF T QPR S TE o Bold i oAt rrees at o t Wo
results whose errors have opposite signs, the proxy netric _can be a sinple
aver age or HiReswNtleayeshrocages, g pitixprugoysrdedativeoptiis. Pathemde1/ 31025
Brief Description of the Drawings A preferred enbodi ment of the present

i nventi on wptdserhéneptionf eliavs prescdbingid comictifion baséd ow iepatisnt hislaamaitags, in
whi ch: Figs. | A-1C show exanples of inmage formati on by eyes having various
degrees 5 dbtpafnsssriaion iy offingsn chiecauonl [Hor shouplthiae patiaittssolbfanpe kon- ar t
techni ques for vision correction; Fig. 2 shows a flow chart of operations
per formed i Rofiedt ek fgredtsioflylsphdrt MRl ndt QitigBetik BarIRAstRLiivels Sstithaagl.
nmonochromatic light; Fig. 3 shows a nodification of the flow chart of Fig. 2

to take chromati Wiﬁﬁ%@ﬁ&ﬁ)ﬂlé&bobélhﬁnﬁ&feﬁ%ﬁxg_nféh%,i&ﬁsﬁé&ﬁnﬁ Ay for an
optimumnetric in one dinmension of three- dinensional space; Fig. 4 shows

exanpl es of tﬁgeg—uﬁ&[ﬁ!}@te%ﬁ, {L%Q{%Et%aég cbaﬁ ngreaic{eﬂ o inEYereiidnlboSfehis. 1t

aberrations and an ey arge  aberrati ons;

the aberration coefficients can be wsed to caleulate fwo resulis whose errors have

oppostte signs, the proxy metric can be a simple average or a weighted average.
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15 Fig. 5 shows an exanple of the calculation of an optinmal aberration for a
subj ect wusing the technique of Fig. 3; Figs. 6A and 6B show th vaﬁ Uﬁﬁs of
different netrics at different imge planes; Fi:g.” 7 shows an aﬁﬂa@ At for

i npl emedd pghe operations of Fig. 2 or Fig. 3; Figs. S fifseshAfmsa
conpari son of subjective and objective refraction as 20 determ ned through

various imge netrics; Fig. 9 shows the root nean square error (RVSE) of
residual refraction after correction through the use of various inmage
metrics; Fig. 10 shows, the dependence of the discrepancy between subjective
and obj ect i Wil Besexiptiog ¢t Hhe PHEVIRES of the wave aberration; 25 Fig. | L
shows the dependence of tolerance to refractive errors on higher-order 13 0
7 APR 2005 WO 02Adueferedrypadopant of the progp ipventionwill beseg forihin detaih withoB show
~a conparison between netric tolerance and subjective acuity tolerance;

Fi gs. 13A andeft@®edhdw dspwiaesifiawhichf racti on correction; 5 Figs. 14A-14C show
sinmul ated i nages of a scene viewed by a subject after various types of
correction; Figs. FigsAA-8CGheshewnifhe of tnagelfatiation by tymdavinp earsmb fegredsv e
spherical equivalent and the objective spherical equivalent according to
experi mentsal of @bdttation;t aken with a preferred enbodi nent of the present
~invention and with two other techniques; 10 Figs. 16A-16C show the error

bet ween subj ecti ves@nrh el B EHoWEhS BRET Fdrior-8 el Bed foRSisRncbiediogn of the
spherical aberration for the same experinental results; . Figs. 17A-17C show

the correlation beiyeefiolg mewHnaR o bherditths PRHEGAdAE derhffEY a refractive
conéction needed, assuming monochromatic light;
iz g. 3 shows a modification of the flow chart of Fig. 2 to take chromatic defocus
10  into account;
Fig. 3A shows a search for an optimum metric in one dimension of three-
dimensional space; |
Fig. 4 shows examples of the parameter search of Fig. 2 for an eye with small
aberrations and an eye with large aberrations;
15 Fig. 5 shows an example of the calculation of an optimal aberration for a subject
using the technique of Fig, 3;
Figs. 6A and 6B show the values of different meirics at different image planes;
Fig. 7 shows an apparatus for implementing the operations of Fig. 2 or Fig. 3;
Figs. 8A-8F show a comparison of sﬁbj ective and objective refraction as
20  determined through various image metrics;
Fig. 9 shows the root mean square error (RMSE) of residual refraction afier
correction through the use of various image metrics;
Fig. 10 shows the dependence of the discrepancy between subjective and
objective refraction on the RMS of the wave aberration;

25 Fig. 11 shows the dependence of tolerance to refractive exrors on higher-order
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for the same experinmental results; Figs. 18A-18C show the error between

subj ective and objective cylinder as a 15 function of the anmount of higher
order aberrations for the-same experinental results;--and Figs. 19AAPRGIBhow
t he corggl.ati bet ween the subjective and objective ax jgmati sm
for thgﬂgé'%e%ézggperi mental results. 14 0 7 APR 2005 WO 8@%@%1%5%

PCTI US01/ 31025 Detail ed Description of the Preferred Enbodi nents Before the

preferred enbodi nent is described in detail, certain quantities will be
defined. Wave aberration is the difference in optical path between nmarginal
rays and ra§&™a8oassi ng through the center of the exit pupil. It can be:

expressed as a |inear conbination  of Zernike polynomals Z': W(p, 9) = ~
‘- Zn (P, 9), (Pies- ihanidB show acempisor bpiRicRemehisfiolemnesund subipeivep, 8) i s
point at the pupil plane in polar coordinates, p being the radi al

coor di nat e noniyablemede;t 0 t he radi us of the pupil (ro). The 10 order of the
aberration is indicated by n. Second-order coefficients represent: as : )
def ocus, a asti gFkki BN &d 13Rchdwbirtdsuidefefiaction colepiidn; f uncti on is defined as,
15 p(r, 0) = A(r, 0) expl i W(r' 0)1, (3) where A(r,O is the anplitude
transnitged thropgh 15£100Rhbw HNeRA iMaiddeiy 688 WRGed by a subject after

0o

various types of correction;
Figs. 15A-15C show the correlation between the subjecﬁ%re spherical equivalent
and ’thle objective spherical equivalent according to experimental results taken with a
preferred embodiment of the present inyentiou and with two other téchniques;
10 Figs. 16A-16C show the error between subjective and objective spherical
eqnivalent as a function of the spherical aberration for the same experimental results;
Figs. 17A-17C show the correlation between the subjeciive and objective cylinder
for the same experimental results;
Figs. 18A-18C show the error between subjective and objective cylinder as a
15  function of the amount of higher order aberrations for the same experimental results; and
Figs. 19A-19C show the correlation between the subjective and objective axes of

astigmatism for the same experimental results.
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enbodi mrent wll be assuned to be equal to 1 within the pupil, and O outside
the pupil), and Wr,.O is the wave aberration. Point spread functi On‘[j&] S F)
is the distribution-f irradiance on the image plane 20 that t Re r s
of a powdozezrre. It can be cal culated fromthe pupil fwoareswstys neans of
a Fourier transform (FT): PSF(x,y)=IFT(p(Ml,adi))2,(4) where d is distance
fromthe pupil to the inage plane, (x,y) are Cartesian coordinates on 15 9 7
APR 2995 WO 02/30273 PCT/US01/ 31025 the i mge plane, and (Tl,) are

Cartesi an cogrdi . ' | ransfer function (MIF) is
the modul us %Fg?ﬁ‘gbﬁcfﬁ’%"ﬁg’z*‘gegﬁe?grwﬁ#@ﬁéﬁ%.uncti.on (OTF), which is-the
Fourier transform,of the PSF. .Thus.. F(.fs, .fv) = | FT(PSFE(X, 12, (5) 5
where (f~fy) arer%?)té{eltg?PEFéga%gﬁﬁ?dé??%éesiﬁﬁdﬁ%,\elta&lsc?ﬁg“}uﬁlétﬁsg%ﬂ et ween

t he contrast %%@ the object and the associated retinal inmage at every

spati al frqu} 9 and it incorporates only the effects of the optic of the
eye. Neural contrast sensitivity function (NCSF). Both optical and neural
factors affect tHevagbegiionsihasiiterres in qpivalisitiehegenapprgnal riseyd Bys t he
visual systemto interference 1o fringes provides an estimte of the
contrast $§enghssingithrgugrthe epmter of the gxihpepit: Hecagbapxpregsethas. a lingarondgtation
sensitivity function (CSF) is the standard neasurenent of how sensitive

observers ar ef Z@nikeabiynasiaty gh: di fferent spatial frequencies. Since both
optical factors and neural factors are inplicated, the CSF is ultimtely a

description of the visual perfor ce ok-tphe,_subject. For exanple, the
maxi mum spati al frequency that ca%&ég?ﬁzét égtz'ﬂ’d(ii(,&le. , when the CSF falls
to zero) gives a neasure of the observer™8 visual acuity. The CSF can be

determ ned subj ectively l%/ finding the | owest contrast
; where a, are the Zernike coefficients, and (p,0) is a point at the pupil plane in polar

coordinates, p being the radial coordinate normalized 1o the radius of the pupil (rg). The
10 order of the aberration is indicated by .

Second-order coefficients represent:
a?: defocus,
a3’ ; astigmatism balanced with defocus.

Pupil function is defined as:
2 '
15 p{r,8)=A(r,6)- exp[z 7 7 (r, 9)}, 3)

where A(,0) is the amplitude transmitted through the pupil (v.-rhich in the preferred
embodiment will be assumed to be equal to 1 within the pupil, and 0 outside the pupil),

and W(r,0) is the wave aberration.
Point spread function (PSF) is the distribution of irradiance on the image plaﬁe
20  that the eye forms of a point source. It can be calenlated from the pupil function by

means of a Fourier transform (FT);
PSF(x, ) =|FT(p(Adn, A4S’ ,(4)

where d is distance from the pupil to the image plane, (x,y) are Cartesian coordinates on

15



(threshold) at which the observer can detect a sinusoidal grating of a
particul ar spatial frequency. The reciprocal of the threshold i@ﬁlﬁfiﬁlz'
Obj ectively, the CSF can be obtained as the product:of the opti

nodul atwompisansfer function and the neural contrast 20@Eg0Soiishydst V:
CSF(f"fy)=MIF(f., J,,)NCSF(.f,.fy)(G Strehl ratio is the peak value of the
PSF or, equivalently, the volune or energy of the MIF. Variance of the PSF
nmeasures the difference between the | owest values of the 25 PSF and the

hi ghest val ues, The_ | arger %%? vari ance, the sharper _the PSF. It is

cal cul ated 1° Boage Risge-260 S W@ ooy $oPdmgsop M IWPE- nat henatical |y as:.
var (PSF) = (PSF2 ) - (PSF)z, (7) where (...) indicates the nmean val ue
Entropy of the PSfedulttiiendrarsiGpiirstionnMithisethp snofdulpsof fhe sotallbdvwndistlead t he
5irradiance is fromthe center; it is a measure of the effective area of -
t he i mage. Thasite fitaetiqn(QHF)widclPSFhe Bovgiat tarsformdf #e PYntThopy = - YPSF(n, nr)
.1ogPSF(n, in). (8) The aberration-free PSF (Airy inmge) possesses the

m ni nrum entropy. Any aberrati OnMﬁ@d%ifﬁEﬂ% ?Z,Eegzropy. 10 Encircled
2 enci réred’

energy (within Airy disk) of the P ergy that falls
within a smal| area around the peak of the inage can solve the potential

pr obl em wf t hwheie (. 67 sre ratipbfgagencigs ke MTF islds tharalaidenbetwora tharoamast of)
integrated in an region rather than the single peak of intensity. A
conveni ent niepbiectiand thi asseriatied wohiod lnpgyay yvesnsnotinldtequenay, anfl g indorprateon  of
light in the PSF that falls within an area corresponding to the Airy disk
The only the effects of the optic of the eye.

Neural contrast sensitivity function (NCSF): Both optical andneufal factors affect
the visual performance. The contrast sensitivity of the visual system to interference
10 fringes provides an estimate of the conirast sensitivity of the retina and the brain alone.
Contrast sensitivity function (CSF) is the standard measurement of how sensitive
observers are o gratings with different spatial frequencies. Since both optical factors and
neural factors are implicated, the CSF is ultimately 2 deseription of the visual
performance of the subject. For example, the maximum spatial fregoency that can be
15 detected (i.e., when the CSF falls to zeroj gives ameasure of the observer's visual acuity.
The CSF can be determined subjectively by ﬁndmg the lowest contrast
(threshold) at which the observer can detect a sinusoidal grating of a particular spatial
frequency. The reciprocal of the threshold is the CSF. Objeciively, the CSF can be
obtained as the product of the optical modulation transfer fimction and the neural contrast
26 sensitivity:
CSF(f,. f,)=MIF(f,. f,)  NGSF(f. f,).(6)
Strehl ratio is the peak value of the fSF or, equivalently, the volume or energy of
the MTF.
Variance of the PSF measures the difference between the lowest values of the

25  PSF and the highest values. The larger the variance, the sharper the PSF. It is calculated
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15 Airy disk encircles 84% of the total energy in the PSF_ The encircled
eénergy could be inplenented with a disk encircling nore or |ess of the
total energy, as various circunstances warrant. The derivati orf) pAPR B85
sphere and cylinder fromthe aberration coefficients will now be described.
Let We ypovavyeraberration, in the Seidel form describi ngcgnlsgfisighhat 20
corrects defocus and astigmati sm WAd p2+Aa p2 cos(B-0j,(9) where %
indicates the axis of the astigmatism The sphere (S) and cylinder (C, in
di opters, of the correcting lens are: 17 WD 02/30273 2 2 S= Ad, C= Ae>(10)
Q05 rcrrusuivoni?gR 005 where ro is the radius of the pupil that the wave
aberration de‘g%#‘ei Y% the wave aberration of the lens is expressed inA
Zem ke polynom als, the wave aberration is: Wao Z0O+a4 ZZ+a,2 -Z22 (11) The
rel ati onshi p between the Zeniike wmei(éﬁb‘§>~a¢}tﬂﬂ)he{7ﬁei del coefficients
Is: A =2 (az)Z+(a22)2,44 =2"hao -Al /2,(12) with with the axis given by O.

=1 arctga l, 2 a2 Five different inage quality netrics are used in the
preferred em%%'ﬁtlgtﬁ@}lﬁsgﬁ e Valte.
Entropy of the PSF: The entropy of an image is 2 measure of how spread the

5  irradiance is from the center; i.e., it 1s a measre of the effective area of the image. The

entropy of the PSF is calculated as:

Entropy = —Z PSF(n,m)-log PSF(n,m).(8)

The aberration-free PSF (Airy hmage) possesses the minimum entropy. Any aberration
leads to increased entropy.
10 Encircled energy (within diry disk) of the PSF: The encircled energy that falls
within a small area around the peak of the image can solve the potential problem with the
| Strehl ratio, since 1t would measure the intensity integrated in an region rather than the
single peak of intensity. A convenient metric i the encircled energy calculated as the
fraction of light in the PSF that falls within an area corresponding to the Airy disk. The
15 Airy disk.mcircles 84% of the total energy i the PSF. The encircled energy could be
implemented with a disk encircling more or less of the total energy, as various
circumstances warrant.
The derivation of the sphere and cylinder from the aberration coefficients ﬁdll
now be described. Let Wbe a wave aberration, in the Seidel form, deseribing a lens that

20  corrects defocus and astigmatism:
W=A4,-p°+ A4, p*cos(8-6,),(9
where 6, indicates the axis of the astigmatism. The sphere (§) and cylinder (C), in

diopters, of the correcting lens are:
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io ratio; entropy of the PSF;, variance of the PSF, MIFa, defined as the
integral of the MIF within the range of discrimnable frequencies, fromO to
60 c/deg; and CSFa, defined as the integral of the CSF, whi i ﬂﬁai ned
as t heygpspdegt of the MIF and the neural CSF. Al of phefis 0@/ d by

t he maxi mum (m ni num for entropy) val ue corresponding to the diffraction
limt, so that they are nornmalized to a maxi mum (m nni rum for entropy) 15
value of 1 for the aberration-free case. Next, the steps of the procedure to
estimate the refraction of the eye fromwave, aberrati on neasurenents wll
be described. For the sake of clacits 4 g@&_nég;gqql(yy’ Il first be disclosed
assum ng nonochromatic |ight and ne or poTn“ycL}'uronati c light. The flow
charts of Figures 2 and 3 summari ze the steps of the algorithmfor the

nonochr omaghde 1A ARSI ROSMENHRTBhAtGh ORGSR IbetrAfRecdribes.Y. 1. The wave _
aberration (It) of the eye expressed in Zerni ke polynomals in step 202 is

the input datayrh@lyate Deerkalien YAUSIRNY bRHEQEA M&Bkézgggﬁg@xg,otg‘?@w@“ on has.

been neasured. From Wwe extract the second-order Icients, a2
3, in stepy204. 18 07 APR 2005 WO 02/30273 PCTIUS01/31025 yielding a

"hi gher-order wave aberration": Wa-o0a' 2Zn.(13) ">2 Wr_o is conposed of

hi gher - order aberrations, sone_of ,which,are balapced wth defocus and
astigmatismin the sense of nihfdantRYVE: £ t%e i nfdm RVB corresponded to
5 the best inage, the refractive correction of the eye would be obtained |,
di rect |y fThametahenshipoeftiean tbenTemik2'coeifitionty embihalSeidehaefictonts isber rat i on wi | |
not represent the optimumstate of the eye after a refractive correction,

which is the ultinate goal._E@Wn tijuwes ,a onable first
approxi mati on from which ‘\“;ee_c n aéé]i .Ifl( h ’sAza—r“c “of ‘?ﬁleiggfji tional
]

with the axis given by @, = —12‘ arctg-a—zz—.
a3

Five different image quality metrics are used in the preferred embodiment: Strehl
10 ratio; entropy of the PSF; variance of the PSF; MTFa, defined as the integral of the MTF
within the range of discriminable fraquehcies, from O to 60 ¢/deg; and CSFa, defined as
the integral of the CSF, which is obtained as the product of the MTF and the neural CSF.
_AH of them are divided by the maximum (minimum for ent_ropy) value corre_sponding o
the diffraction limit, so that they are normalized to a maximum (minimum. for entropy)
15  value of 1 for the aberration-free case.

Next, the steps of the procedure to estimate the refraction of the eye from wave
aberration measuremehts will be described. For the sake of clarity, the method W1]1 first
be disclosed assuming monochromatic light and next for polychromatic light. The flow
charts of Figures 2 and 3 sumumarize the steps of the algorithm for the monochromatic

20  and polychromatic cases, respectively.
1. The wave aberration (W) of the eye expressed in Zernike polynomials in step

202 is the input data. Let 2o be the wavelength for which that wave aberration has been

measured. From W we extract the second-order Zemike coefficients, a2, in step 204,
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ahount of defocus and astigmatismrequired. 10 2. Construction of a
"hi gher-order pupil function,"pp_o, fromWVO, by neans of Eq. (3) in step
206. That pupil function characterizes the higher=-order aberrat(piagR it he

subj ect @3?2@&% not need to be calculated anynore. 3. Conpstpdqhkipa of pupil
functions for second-order wave aberrations consisting of ‘conbinations of

defocus and astigmatismw thin the space of search in step 208. Those 15
wave aberrations are of the form W5 o =Cl Zz +e2Z2 +cz2Z22,(14) where the
coefficients ct2 cover the space of search. The pupil functions are then:
P,-0 =A eXp[¥elding aShighprgyder5iave pbsiaieR ' ons are i ndependent of the subject.
They can thus be cal cul ated once and stored to be used anytine, thereby
enhanci ng conputational efficiency. A#H,| ﬁspz"raﬁ'aﬁt;’.qwsti on is how | arge and
“dense shoul d be the space of the paranetess c2" where we want to find the
opti mum set of defocus and astigmatism 19 WD 02/30273 07 AP 21105

PCTI US01/ 3102%;.Fs compaxté bfhiglidratdes ebermtionshemfanfrwhicit arabdlamied witdidsfbance and
not far fromthe origin. Actually, the amount of second-order aberrations
that produce madaeidnedtisihge sese bl fninim RVIS. Pearssinteuwns RM S befespunded to
aberrations is limted by the magnitude of such higher-order aberrations.

Beyond a |3 m fhe b irhiBa0fe SitabiitacoRleQinast oSt Wotl REWS dopiisddafrectfy fGiagRNabl e 5
choice is a range of values limted bythe | dngest distance between any

paraxial ray and.aoy, 0 gl 03l B w5 LRGN ol oS ERE e SRnR okt OO t Nt
of'the eye after a refractive correction, which is the ultimate goal. However, it constitutes
a reasonable first approxmmation from which we can begin the search of the additional
amount of defocus and astigmatism required.
10 2. Construction of a “higher-order pupil function,” py.,, from Wp.,, by means of
Eq. {3) in step 206. That pupil fimction characterizes the higher-order aberrations of the
subject and does not need to be calculated anymore.
3. Construction of pupil functions for second-order wave aberrations consisting of
combinations of defocus and astigmatism within the space of search m step 208, Those
15  wave aberrations are of the form: | |
7, =20 + 223 P2 (14)

where the coefficients ¢, cover the space of seaxch.

The pupil functions are then:
. 2z
Psp = A4 exp{i—w;‘-o ] (1 5)
%

20  Those pupil functions are independent of the subject. They can thus be calenlated once
and stored 1o be used anytime, thereby enhancing computational efficiency.

An important question is how large and dense shouid be the space of the

parameters ¢, where we want to find the optimum set of defocus and astigmatism.
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optimumset will fall within our space of search. The sanpling of the space
of search can be determned fromthe mnimumstep difference in focus that
~a subject can detect. A spaC| ng of 0.1 microns between val ues q]i:p @mmﬁe

Zem ke woahhheikents ez' is adequate. For exanple, for a {5, that
step corresponds to 0.17 diopters (see Eqgs. (10-12)). 4&@%5 Fucti on of

"total pupil functlons "in step 210 as the product ofthe higher- order pupi
function, pr, _o, and every second order pupil function t hat cover the space
of search pS, gulatlon of . t he point

spread f unct?W%‘P@P}ha\‘;\ns‘FthcaEdDe f@ﬂ‘)‘d F‘fna ?P%i) dﬂ?‘ce cal &3 Zam Sbe Bfisithe

nmetrics of inmage quality as expl ai ned above in ste 214. 7. Sel ection of
the par anet efgualy, fiewugh of secondonisr ahwml%rhré@rqdwe 3 briter ipage pudlity B st ep
'216. 20 The space of search is typically a three-di nensional space, i.e.,
def ocus, asthegresgrics nilaghtr-axdesatefratiasisgmeitiddmthernagniiBde afiyachdhighveondet ri ¢

val ue plotted agai nst one dinension, nanely, defocus. A snall error betvveen
t he maxi num sertitiensnBéyond adinelt mbma@lqlup]ﬁgtprcs@d:sywdl@t(htdmbm Aptdspikble
correction would indicate that the netric is a good predictor of subjective

refraction. dhidis Pehes ofvakics DR byt thelohedst aglahebedlednay Cgm’amapﬁa y add1e
opti mum wave aberration of 20 0 7 APR 2005 WD 02130273 PCTI USO |1 31025 t he

eye after cogg vgeﬁraf 98 G SnBAd 864ch@RBh TB tvice 8L @AM BLthakd sFb GRe 218,
shoul d be: p 2 Zo +c2 -Z2 +c22 Z22 +\Wk_o0.(17) Since the original wave

aberration oG, eyl Tl Wit oRASee of Wl €NT +WOPaNVI n(18)

| The sampling of the space of search can be determined from the Immmum step

difference in focus that a subject can detect. A spacing of 0.1 microns between vaties of

10 the Zeruike coefficients ¢ is adequate. For example, for a 4 mm pupil, that step
corresponds to 0.17 diopters (see Eqgs. (10-12)).

4. Construction of “total pupil fonctions™ in step 210 as the product of the higher-
order pupil function, pj.,, and every second-order pupil function that cover the space of
search, p:o:

15 Pt = Pas - Prco-(16)

5. Calculation of the point spread function (PSF) with'E(_l. (4) in step 212.

6. Calculation of the metrics of image quality as explained above in step 214.

7. Selection of the parametere e which give the optimum values for the
metrics in step 216. |

20 The space of search rs typically a three-dimensional space, i.e., defocus,
astigmatism and axis of astigmatism. Fig. 3A shows the metric value plotted against one
dimension, namely, defocus. A small error between the maximum of the metric and the
subjectively determined optimum correction would indicate that the metric is a good
predictor of subjective refraction.

25 8. Determination of the refraciion of the subject. The optiraum wave aberration of
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5 Equations (17) and (18) show that we have to correct the eye with a |l ens
whose wave aberrations are We,"=(c2-a2).Zo}(c2-az)-72+(c2 -a-, éz?b\ﬁkaﬁ[?s
Therefore, the refraction of the subject as determined in step 2 be:
S=- 2-%wo 8R273a2)-A2,C= i 2 (c -a2)2 +(cz2 -= a2)2, ﬁ@@;hsof,ﬁoﬁ) (zz10
with the axis of the cyllnder being: axis =1 arcig 1~z2 - a2 ) 2 (c2 - a2}
Note that if the m ni num RI\/IS had corresponded wth the best |mage, then the
search would yield 02 t2 = 0, and the refraction would be directly

calculated fromt e na coef |ents a2 Fi xanpl e of
the search f'OF °pH éﬂb ?%4 ﬁ?@ﬁmg%%nﬁF?iégmﬁpﬁg un?pdf

aberrations. The gray IeveI |nd| cat es the vaI ue, of ,one of the netrics

of i mage quality. For the | edsaberdaléd Gy&; #the- faxt Mum@al ue ofthe netric

is obtained for a position very close to the mnimum RVS condition (e 0 and

a smal | val USm@étheBQ@EM%&VBE@&H&BJ@OFEE@)}@QWrv@etmeeye It I's necessary to
~introduce an extra value of astigmatism and def ocus. 20 Since ocular

refractive errors are usually correcpedyt o '{'1% broad band illum nation

that is characteristic of everyday vi suaF’“sc‘@'ﬁ”’“’” t)he search of parameters

o o T ) Y P s o A B 558 BB 05 v

02/ 30273 PCTI,US01131025
aberrafions are

H’riem:(co_ao) ZE‘*'(Cz —a ) Zz'{'(cz _azz) th 19

Therefore, the refraction of the subject as determined in step 220 will be:

S:—%zﬁ(cg ~al)—-Cl2,C= ~—2?2JE\E:§ —a2)? +(c? —a*)*,(20)
Py o

10 with the axis of the cylinder being: axis = l.:nr-clfg 2~ )
2 (5 — az)
Note that if the minimum RMS had corresponded with the best image, then the search

would yield ¢J** =0, and the refraction would be directly calculated from the original
coefficients @™ .

Figure 4 shows an example of the search for parametefs cgﬂ for two eyes with
15 different amount of aberrations. The gray level indicates the value of one of the metrics
ofimage quality. For the less aberrated eye, the maximum value of the metric is obtained

for a position very close to the minimum RMS condition {¢;” ~ 0 and a small value of

c3). However, for the more aberrated eys, it is necessary to iniroduce an extra value of
astigmatism and defocus.

20 Since ocular refractive errors are usually comected to see the broad band
illmnjﬁation that is characteristic of everyday visual scenes, the search of parameters
should be made in polychromatic light. The following steps must be implemented in
addition to those previously described.
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9. Construction of"chromatic pupil functions" (steps 205, 206') as: '2Z- Z
DPJro =A expi Aca,. 2, (21) where echo is the Zernike coeffffi sPRetll5 t hat
. represents the defocus for every wavel ength, and ?,is the wavel engt h taking
val ues g bhHkgd-3 he visible spectrum The reference 5 m%g,?wfzgr free
chromatic aberration is 555 run, coincident with the maxi num o phot opi c
sensitivity. 10. Calculation of the nonochromatic PSF for every wavel ength
fromthe "total pupil function,”™ P,oar, and the chromatic pupil functions,"
pe "o, in step 212'. The polychromatic PSE is cal cul ated by integrating the
monochr omati ¢ PSE Geqsedtionnd “dgoapiicips iptiony Gigps U1 @i bt ed with the -
standard spectral sensitivity, Y(A ), of the eye. 11. Fromthe
pol ychromatic PSF, the previous steps arelthe sage iﬁ calculate the
refraction fromthe set of coeffi%ﬁreﬁt’@e 8ty Gpefay Jthe metrics. The only-
exception is that the Zerni ke coefficient, ai, of the original wave

aberration st be shifted. accor.di to the difference in focus hetween the
o er once el EFeige it et SSGEGGH M eshurent She dafietR et oS are
measured. Figyre,5. shows, an. ex le.in a, suhject. Fromthe griginal wave
aberration cﬁ% this tb@y‘@a‘ﬂﬁ)émﬁ"gl‘éﬁpngt"é‘ﬁmf Fagh tentis WCEE‘BT?%F%W%‘% er a
conpensati on of defocus and astigmati sm _The sphere and cylinder of the

correctiny |&uelepeadey frgradhromstio ghgmratliqpds 4 pnme pipgidiay withghgmapmmmnaf on of

the procedure outlined consists of doing a search of the best paraneters to
i mpl enent a phedperdersdvigor rection of a few higher-order aberrations besides
astigmati smand defocus. As an exanple, if one can nake an aspheri cal
contact | ens to ldo€Caleditidnd tlsphewichainadbBEF Airicesry efavélhestiefren tefitotplr ocedur e
can yield the optimum value of aberration that the I ens should correct in
order to achimhgviefthRnes ], 808e GHddatiy pdgil finctions,” pepe, in step 212'. The
polychromatic PSF is calculated by integrating the monochromatic PSF across the
10 spectral distribution weighted with the standard spectral sensitivity, ¥()), of the eye.
11. From the polychromatic PSF, the previous steps are the same to calculate the
refraction from the set of coefficients that optimize the metrics. The only exception is
that the Zemike coefficient, aJ, of the original wave aberration must be shifted
according to the difference in focus between the reference wavelength and the
- 15 wavelength for which the aberrations are measured. o
Figure 5 shows an example in 2 subject. From the original wave aberration of the
eye we calculated the optimum wave aberration afier a compensation of defocus and
astigmatism. The sphere and cylinder of the correcting lens prescribed for that eye are
obtained.
20 An extension of the procedure outlined consists of doing a search of the best
parameters to implement a costomized correction of a few higher-order aberrations
besides astigmatism and defocus. As an example, if one can make an aspherical contact

lens to correct the spherical aberration of the eye, our procedure can yield the optimum

value of aberration that the lens should correct in oxder to achieve the best image guality
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07 APR 2665 WD 02/ 30273 ]PCT/17$01/ 31025 in the presence of the uncorrected
aberrations. Al the steps described above continue the sane by grpmpﬁaqﬂggg
the set of coefficients for defocus and astigmati sm by the set of

coef fi cipgiS3094s al |l the aberrations that wll be correcpeduyshhosgires 6A
and 6B show the value of the different netrics at different inmage planes.
The plane of O diopters is the paraxial plane. The vertical dashed |ine
indicates the plane of the RVS mninmum Two exanpl es are shown, one with

only spherical, aberration (the value for the average eye) in Figure 6A, and
ot hor Wi th P REGH PG i ons of a tupi cal eye | n Pl 6. 68 In

the case.-shown in Fig. 6B, the 1o astigmatism has been optim zed, and only
the dependence orfHidFoelses AeCERYWAPOVENEPTIRTS HSSRY g&ﬁeﬁém%él?r Y8t Because
~of the higher-order aberrations, sone defocus is necessaqr%kto achieve a

best image. coRfigAnioRdafoRVERGRFEEMABIN BY ieselnd sertfigontp af afkils phemalionst he ot her
~nmetrics. 15 -For the eye with only spherical aberration, one can see that
the Strehl rteiwilltexdeitkiteds two gl obal maxi ma symmetrically around the plane
of m nimum RVS. However, in an eye with all the aberrations, the behavior
of the Stsehi ratFigmeso6Awné 6Brshbwghe valdd bf thheiffeeent ncsriaot deffeadnt irgaget € wel | .
20 -Encircled energy, MIFa, and CSFa are the nost robust netrics.In

addi tion, thp¥nespTRSSIRiec FatiaRes Fake pPRaxitIAR. TRARSIANBBedAGRURdERes
determ nation of the best inage. Figure 7 shows an experinental systemto

neasure the gaRjjactdre: REIY AaiheR. T06d HBRpMavR RBeh! el With Sly lsPeerihib] ect .
The apparatus i s based on a Shack-Hartnmann sensor, which is well known in

the art. The subkeeinsfliss P iRYIbDE e ST 5054 bRr GRREM the higher-

order aberrations of a typical eye in Fig. 6B. In the case shown in Fig. 6B, the
10 astigmatism has been optimized, and only the dependence on defocus is showﬁ. The
following can be observed:
-Becanse of the higher-order aberrations, some defocus is necessary to achieve a
best image. |
| -The minimum RMS does not correspond to the maximum of the other metrics.
15 . -For the eye with only spherical aberration, one can see that the Strehl ratio
exhibits two globél maxima symmetrically around the plane of minimum RMS.
However, in an eye with all the aberrations, the behavior of the Sirehl ratio is more
Tobust.
-All the métrics correlate quite well.
20 -Encircled energy, MTFa, and CSFa are the most robust metrics. In addition, they
present sharper maxima, which means a more accurate determination of the best imagei'.
Figure 7 shows an experimental system to measure the subjective refraction and
the wave aberration of the subject. The apparatus is based on a Shack-Hartmann sensor,
which i1s well known in the ait. The subject sees through the system a Snellen chart

25 presented oma CRT. The subjective refraction and the wave aberration measureraents are
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25 presented on a CRT. The subjective refraction and the wave aberration
measurenents are 23 0 7 APR 2005 WD 02/ 30273 PCTI US01/ 31025 per fbY keRl 20Hder
t he sanme conditions. Mre:specifically, in the system 700 of Fig. 7, the
subj ectwp928h@wn a Snellen chart 702 on a CRT, an LCD sgggefhis962sa Simlar
device. Alternatively, the Suellen chart can be printed, or another chart
can be used. The Suellen chart 702 is imaged through a 5 beansplitter 704, a
conjugate | ens system 706, another beansplitter 708, and optionally a
renovabl e sphere-cylindrical correction system 710 onto the retina of the
subj ect's ey%er%meq\:' T e SERT S90S di ode 712 is directed through the :
beansplitter 708 onto the retjna of t subject's eye E. _The light fromthe
| aser diode 712 r¥pIecPEd caflllyow,tpﬁéys}eg@?ﬁ%o gsbdhe ?’%%&‘rﬁhf’ﬁ@abdé‘g litter
708, the conjugate | ens system 706 and_t hebeanmsplitter 704 into 10 a o
Shack- Har t nefhirtd8Aeer CRI4an LD stresmer a dradardeyigs Alkamaivelyy thagnaleg chil a coD
or other photodetector array 718. The Shack-Hartmann sensor 714 produces an
out put whi chcande pdhiedairadother chart ovmhetuged. 7006 Speldagrchant 802 tsompesdftoongitdhe '
technique of Fig. 2 or BE, 3. A w dely-available PentiumllIl-class conputer
suf fi ces. 5 Thbcanopiittdr 264, 22Onjogrtiplatssysion 706 pnothed bemastdittaliz8y mtl opioneflyd g. 2 or
3, step 218, and the required refractive correction of 15 Fig. 2 or 3, step
220. The | at tepioveirle sptereseitiptiiied cdrizcon SRem7abeite dier@ina obitie gibjeal’s §OET ectii on,
adaptive optics, or inmage simulation system 122, which can prepare a

spect acl e | engghtfonfPRi@Aode §15is dREctedibtdiiah ARVhRLpHIRPPOS @B k&R of he eye's
wave aberration, control a surgical technique upon the eye E to correct the

aberrati on, &re%ﬂt,jg&s%qéﬁ "€ HORIHGS 1RUAD: ASud7 (20BACARRLE HEL Rl PrOVI de

a counter-aberration, “or sinufFate an i nage show ng how t he sdbj ect would

bl on i tn r SPeIERERRRSEH Aol BRRbR o] e Mt ORI, (5

vere measdredd NG ey e e QM LNEL MY des alenticular array 716 and a CCD or other

photodetector array 718. The Shack—Harimanp sengor 714 produces an output which is

directed to a computer 720 programmed to perform the technique of Fig. 2 or Fig. 3. A

widely-available Pentium I¥-class computer suffices. The computer 720 outputs the

optimal wave aberration of Fig. 2 or 3, step 218, and the req-uired refractive correc_:tion of

15 Fig.2or 3, step 220. The latter can be supplied to a lens fabrication, surgical correction,

~ adaptive optics, or image simulation system 722, which can prepare a spectacle lens, a

contact lens, or an intraocular lens to correct the eye’s wave aberration, control a surgical

technique upon the eye E to correct the aberration, provide adaptive optics such as a

deformable mirrox to provide a counter-aberration, or simulate an image showing how

20  the subject would view a scene after correction of aberrations. The last will be explained
below with reference to Figs. 14A-14C. |

The refraction and the aberrations were measured in 6 eyes. From the wave

aberration, the objective refraction was calculated with the computational procedure

maximizing the different metrics.

25 Figures 8A-8F show the comparison of the subjective refraction with the
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aberration, the objective refraction was cal culated with the conputati onal
procedure maximzing the different netrics, 25 Figures 8A-8F s%\'& ARReI005
conpari son of the subjective refraction with the 24 0 7 APR 2005 WO 02/ 30273
PCT[ USO¥i3dHRp7est i mat ed objective refraction for the 6 eyasysoiihzs6A shows
the refraction calculated by the R M and paraxial approximtions. Figs.

8B- SF show the refraction calculated by wusing the followi ng netrics: Strehl
ratio, entropy of the PSF, variance of the PSF, area of the MIF betvveen 0
and 60 c/deg, and area of the CSF. The refraction is expressed in

di opters. Thestmajes diecdine ipitaraem R {pegreven Eig %éh‘ﬁ’éfttgi’ Ef‘s&aé‘l“mtq@i@“b@ﬂ’@ rred
enbodi nent wi | | %I ve results nuch betterthan those of Fig.SA The

predi cti on oftha RdSsws jpeverial eppretipationso esfBiEahpw dee wiechpmaicssieldygood and
~very simlar. The mninmum RMS and the paraxial approximtion are not good
candi dat es. Iiting Fiedoitevitg mieties: Strebl RNGEnemoi thed ¥, sqisaceofdiaRHF) ared oft he
residual refraction. That is a neasure of the average error, in the 6

" subj ects, betineRITFtHetvahlesili 60/ dugg atderea sithe €SFi Vke refhiciiont it expresbérbiner ror in
the estimation of the refraction with our procedure is |ower than the
experi mentsal dggpi@s. that - the subjective refraction is performed for (usually
0.25 diopters). Also, Figure 9 confirns the observation made with reference

to Figures 15 8A- %e%%ﬁfes%ﬁkﬁvﬁiaﬁ’ﬁqf@fﬂﬁéﬁ\%lﬁémkmmé et dnBoiRdhiRit gi ve
an

much better results t either the RVMS technique (1) or the paraxial

techni que (2)giye UhficrtOerbR M BP0 iR RAN ARG Breleriber il G ARBAGALRA! Ween

t he subjective an ectlve refracti on omn In gures on t he

RVMS of the Eél}g 0 the
hi-gher - or der e@?gﬁl}g%&?c“%ga%‘% uS AR % asglgrra'%?gﬁg)@%ﬂrdgﬂ? ol aled As
t he anpunt of h| %m -order abe({rat ldop i ncreases, the error

ation are not good candidates.

10 Figure 9 shows the RMSE (root mean square error) of the residual refraction.
~ That is a measure of the average erxor, in the 6 subjects, between the objective and the
subjective refraction. The error in the estimation of the refraction with our procedure is
lower than the experimental exvor that the subjective refraction is performed for (usnally
0.25 diopters). Also, Figure 9 confirms the observation made with reference to Figures
15  8A-8F that the five metrics of the preferred embodiment give much better results than |
either the RMS technique (1) or the paraxial technigue (2).

Figure 10 shows the dependence of the discrepancy between the subjective and
the objective refraction shown in Figures 8 A-8F, on the RMS of the wave aberration. In
the RMS of the wave aberration only the higher-order aberrations (not defocus and

20  astigmatism) are included. As the amount of higher-order aberration increases, the error
increases for the paraxial or the Im.mmum RMS approximations. The error in the
refraction estimated with the other metrics shows no dependence with the amount of
higher-order aberrations.

Figure 11 shows that higher-order aberrations also inflnence the eye’s tolerance to

25  refractive errors. That figure shows curves of a metric. value against refractive error in
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i ncreases for the paraxial or the m ninum RVS approxi mations. The error in
the refraction estimated with the other netrics shows no depen glgR mu%

t he amount of higher-order aberrations. Figure 11 shows that h

aberrations also influence the eye's tolerance to 25 refractive errors-
That figearessivews curves of a metricval ue agai nst refrackCvesenswesin 25 0 7
APR 2005 WO 02/ 30273 PCT1USQO /31025 diopters for two eyes. The curve for eye
1 shows a much greater slope fromits peak, and thus a |lower tolerance to
refractive errors than the curve for eye 2. Fi gures 12A and 12B show netric

t ol erance cu‘% ted a na fi’ ectrve t%ier? fo

eyes. As sho pc’fs \%yet geYe 5?3’5 3‘5?’?81’1} Ot Pegs-ap sel Vi
From t he aboye t will be seen that even en not aII nmeasur ed aberrations
can be cor ré‘&‘?% Weg fOLGHARGS P FaTaRR oY 9B &S YRS be corrected only

partially, the tolerances provide a way to determnm ne which corrections wll
be the nost eff eckigyiss 13zpand ] ZMQW@@WWWPWWWG@elongtjﬂhmb;ethfethe
aberrations in eye 1 are corrected to bring the 10 curve down to that of eye
2, then the witydeleencd far tiveeypetAd Bown the beo pesnflitglerpchs delibw eastl offfeai | ure to
correct the remaining aberrations will have a nuch smaller effect on the
subj ect' s5vi eloggly. Tol erancing is an exanple of a general principle of the
present invention, nanely, that if nore aberrations can be neasured than

corrected, the cPhfohelhtabive] SwiDitesewhiheicveh when tdill ResturbdibeavBsmtan i N
vi sion. 15 Binocul ar balancing will now be explained with reference to Figs.

| 3A and 13Bpg c¥fécicl, DR WNeh lﬂ{evﬁéasﬁlfedaabﬂi?éﬁok@ cHibé ol Bld Sy 3aAfP! el Opters
forthe right and [eff eyes, respectiveiy. The arrow marked M i ndicates the

best nonocul ?Jl% gﬁ)fvirﬂ'a W ?’rto &Jﬂﬁnﬁﬁ%c%@ﬁ%cﬁ% Il b\g BE ndst Q¥icIBL ked B
e best

i ndicates th nocul ar correction based on a ance
instance, with reference to Fig. 11, if the aberrations in eye 1 are corrected to bring the

10 curve down to that of eye 2, then the vartation in the metric will be greaily reduced, and
failure to correct the remaining aberrations will have a much smaller effect on the |
subject’s vision. Tolerancing is an example of a general principle of the present
invention, namely, that if more ‘aberrations can be measured than corrected, the
correction is done which gives the best improvement in vision.

15 Binocular balancing will now be'explained with reference to Figs. 13A and 13B,
which show curves of a metric value plotted against diopters forthe right and left eyes,
respeciively. The arrow marked M indicates the best monocnlar correction for the right
gye, while the arrow marked B indicates the best binocular correction based on abalance

| with the worse of the two eyes..

20 Binocular balancing takes into account the different needs of different subj ects.
For example, if two subjects have identical vision, but one requires near vision {e.g.,
works in front of a computer all day), while the other one requires far vision (e.g., drives
a truck for a living), they should not have the same eyeglass prescription. In binocular
balancing, the Lbest refraction at infinity is chosen at first, and then the refraction is

25 adjusted in accordance with the subject’s actual working conditions. That is, binocular
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with the worse of the two eyes. 20 Binocul ar bal ancing takes into account
the different needs of different subjects. For exanple, if two subjects
have identical vision;”but one requires near vision (e.g., worKs7 §pR pppnt
of a compg¢i®fomdsl day), while the other one requires far weges {16290 .
drives a truck for a living), they should not have the sane eyegl ass
prescription. In binocular balancing, the best refraction at infinity is
chosen at first, and then the refraction is 25 adjusted in accordance with
the subject's_ actual working conditions. That_is, binocular, 26 WO 02/ 30273 U
7 APR 2005 Pegcapricsmomss iay wnessHyl waeeionwl e Avsr agtngead dptirces ddgodet i on

wi Il be over a range of distances (depth of field) other than infinity. The
preferred enmbotiigidrmihefyndefifir been described in terms of the calcul ation
and use of actual inage-plane netrics. However, any netric which is a proxy
for an 5 inmage- pl Emeprafetred embddiment hasiodhx beei lescribed indermqsalf theycalohlatire | nage’
on the inmage plane, can be used. For exanple, while the conventional RMS and
par axi al t echanduesfdemdrimhgaplasdmeigicar Hobyver, ayaedide s/hivhsig i tpaddyefor fhey err
in the opposite directions and therefore can be averaged. The average can
be a sinple augi@gRadedEHi 0] which o6tk SR lgadlira¥iha @8age ohBe MARE plife,icBn & Pr OXY
for the quality of the imge on the inmage plane, which neither the 10 RVS

techni que nor pt &ap#bAKiadipld SENINE Rl REQVNASARiH fehUbes dliigibaP] ecti ve
procedure described yieldS an accurate value for the subjective refraction

of the subjec S SR | L : @%5- I posed
produce sim |l tg?o‘{etgge& ts. %gﬁg?ﬁabﬁ%%ﬁﬂ;ﬁ%ﬁﬂ%tﬁ%ﬁ} glsttg orbé%sa%g%&%ﬁrgggF,
coul d perfor a_nor st role, si.nce the £S i ngl e peaks and
marrouer w nai Brefon BF s Hebed uREh VBl PorB T A eBuBf e hove
I ndicate that IIhQ & er:aeg%?snatprlm?yv o !381?3]1’%9 Qf%eimaga on the image plane, which neither the

10 RMS techmique nor the paraxial techinique could provide on its own.

The objective procedure described yields an accurate value for the subjective
refraction of the subject. It seems that the different image quality metrics proposed
produce similar results. However, some of them, as for example the CSF, could perform
a more robust role, since they present single peaks and narrower windows of tolerance.

15 _ The curves of tolerance described above indicate that the present invention can be
implemented to be an intelligent method to prescribe a customized ocular refraction
considering several factors such as accepted tolerance, the subject’s 'WOrking conditions,
pupil diameter, etc.

Another practical application will be disclosed with reference to Figs. 14A-14C.

20  The optimization of an image meiric allows not only an estimation of the subjective
refraction, but also a simulation of scenes that the subject would see after a bést
correction. Simulated images are often used to see how the subject sees the real image
with aberrations. Usually these simnlated images are caleulated by using pupil plane
methods, so that they do not truly correspond to the actual images that the observer sees.

25 An example is set forth in Figs. 14A-14C. The aberrations of a typical eye were



i hpl enented to be an intelligent method to prescribe a custom zed ocul ar
refraction considering several factors such as accepted tol er apgepR 2008
subj ect's working conditions, pupil dianeter, etc. Another practical

appl i cawmm/seetd be disclosed with reference to Figs. 14ACtAGoy3805The
optim zation of an image netric allows not only an estimation of the
subjective refraction, but also a sinulation of scenes that the subject
woul d see after a best <correction. Sinulated i mages are often used to see

how t he subj ect, see e.real image Lt h rrations. ual |y these

si mul ated i mAgEs® FL%“](@% thg, Pﬁ?@d&aﬂyscﬁ%ei%o‘ﬁggﬁ? “Hi %ﬁ&l“ﬁé&eﬁ‘%‘%%ﬁsﬁ%ﬂat tthey
do not truly correspond to the actual ipmages that the observer sees, 25 An
exanpl e is s&PUgdIer dgfopyspnd aptigtnatise. By, d AW @ sipulalof mags BFIEMEey e wer e
27 0 7 APR 2005 WO 02130273 PCTI USO /3102i -used to cal cul ate the inmage of-
a scene t hr ogghimiZaongidmageplepcmetfrs wvhilgdigsy b4 gnd MG shavpsipaleteddmpsss def ocus
and astigmatism Fig. 14B shows a sinulated i mage assum ng optim zation of
i mage- pl ane meming opiwhizhidorFpf) pupilnlane nuetda:Chby Hbov petaxial spprdximatigasandassuni ng
optim zation of pupil-plane netrics by the paraxial approximtion and 5

m ni mum RYS, niespmeRMEtegpechivealand asmpaison bf Figgl 4Bl Rigk.11 48 agd 14T difovand 14C
shows that the optim zation of image-plane netrics produces the |east

bl urred i magehat kirageisifHon Beintlkevlat adtrith pRidudedibs leat OB @GS, Whet her the
correction is for defocus and astigmatism for defocus only, or for any set

of aberrations, ThgasdsWah a3t s@Miatef aftFBOARSt YWRELHOD SviRthel MROLHRBon is for
conplenentary feature in an instrunent. Depending on 10 the particular

aberrati ons QlorSAChdMBlit, kR Berb Glslolf) of BPES B AL Yl . and

it is very inportant t avé an esti on o i mages when one is

90119 0. 20Dl otiflaeet SLLASLLLRporelim o RARNPH Srucd i o DN S Efhd OCS

correcti ng an correc 1Ll SM O an eye are
appear anc?o, tt{:}g Itmﬂvl\o f:llr(zjibérpa%loﬁs? éf%acﬁﬂ.%jeét,hﬁe Fetin: 1%}algé)sr}naybe very different, and it

is very important to have an estimation of those images when one is going to apply a

correction. Just an example: if the simtlated images correcting and not correcting the
astigmatism of an eye are similar in appearance, that would indicate that the correction
will not provide much benefit.

15 Tt will be readily apparent from the above that the present invention provides an
advantage over the prior art in terms of reliable measurement. Howevenr, to demonstrate
further the advantages of the present invention, experimental results will now be
presented for a larger patient population, in which a preferred embodiment of the present
invention is compafed with some aliernative approaches. |

20 The wave aberrations of 146 eyes were analyzed to determime which of three
methods to objectively estimate the subjective refraction most closely matches sabj ectilve
refraction measurements. The three methods were:

__ 'WF nns prediction, a method based on the pupil plane that uses the aberration
coefficients analyticaily to minimize the rms of the wave aberration;

25 __ AUTO, which corresponds to measurements with a commercially available
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will not provide nuch benefit. 15 It will be readily apparent fromthe above
that the present invention provides an advantage over the prior art in
terns of reliable neasurenment. However, to denonstrate further §héPR 2005
advant a e present invention, experinental result ' be
pr esentg??%%m?ql arger patient population, in which a pr%ngrngﬁg odi nent
of the present invention is conpared with sone alternative approaches. 20
The wave aberrations of 146 eyes wore anal yzed to determ ne which of three
met hods to objectively estinmate the subjective reraction nost closely
mat ches; subjagtersfipstorragfir act i on neasurenents. The three methods were: - :WF
roms prediction, a nethod based on the pupil plane that uses the aberration
coef fici ents anal ytORBlalmpethad withinthe presanb inventionofhichimvalreematonsieg thon; 25 -

" AUTO, whi ch corresponds to nmeasurenents with a commercially avail able 28 07
APR 2005 WO iOiRdaBhRats queltyBp0idd3dH)ds vamtoobdafanisond astignatistifdr whichehhod

~within the present invention which involves maximzing the retinal inage
qual ity by fiindbdgudlibemeaicus sp@hizehotugranttcasthg MghbiSiéaberktionh mn 1 mage
quality nmetric 1s optim zed in the presence of the higher order aberrations.

I'n 5 partigulaticahane FibdORial AlsultsaStiorh Rk Werel ARk Mg gyl ated by
optim zi ng th%hcgnt ropié/ﬂg:f the PSF. Figs. 15A- 158 show t he cor rglﬁéati on

bet ween subj i ical equivalent and the objective spherical
equi val ent f%ﬁﬁoﬂﬁ%‘ and optim zation (OPT), respectively, in

G 0P 1. 4L ST, FOLISbEh PR RORUIL SR LR P s SRR
spherical - equivalent & W% aP avEbS fok Wr, 2F5d°Gus Mt BoL (0P, Pet veen
respectively, in diopters. All show a correlation coefficient close to one.
10 Bowever, the methods differ substantially in the accuracy with which the
subjective spherical equivalent can be predicted. Figs. 16A-16C show the error between
the subjective and objective spherical equivalent as a function of the spherical aberration
in microns for WF, AUTO and OPT, respectively. The average error (RMSE), in
spherical equivalent, across the 146 eyes was as follows:
15 WEF:  0.6+£0.7D
AUTO: 05+x09D
OPT: 043+05D

The percentage of subjects with error in spherical equivalent in excess of 1D was as

follows:
20 WF:. 10%
AUTO: 2%
OPT: 2%

The following can be concluded about the spherical equivalent prediction. First, WF is
cleatly worse than AUTO and OPT, and their failure increases with the aberrations.

25 Second, AUTO and OPT are similar, although OPT is better (see RMSE and the standard
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t he subjective and objective spherical equivalent as a function ofthe
spherical aberration in mcrons for WF, AUTO and OPT, respectively. The
average error (RVMBE), in spherical equivalent, across the 146 (EY 8BR 961§ as
fol |l owgo okBoME: 0.6t0. 7D AUTO 0.5 -0.9D OPT: 0.40. 5D dhespesieent age of
subjects with error in spherical equivalent in excess of 1D was as follows:
20 WF. 10 % AUTO 2 % OPT. 2 % The foll ow ng can be concl uded about the
spherical equivalent prediction. First, Weis clearly worse than AUTO and
OPT, and their failure increases with the aberrations. 25 Second, AUTO and
OPT are si nd9v4Honh| t hough OPT is better (see RIME and the standard 29 WO
02130773 0 7 APR 2095 PCTIUSO /31025 devi ati on). dg 17A-17C show t he
correl ation bet wheh 144di76show degatreletigrchetwesa seyieqtivg and ebjectivepliads i or W,
AUTO, and OPT, respectively. As can be seen, OPT offers the best

correl at i ondigpterst eV, GQRET (g, apd T, t@p@ﬁé@ly.FiAgsz.an b8 #een SOBT offers e Tast or

bet ween subj ective and objective cylinder as a function of the anmount of .
hi gher or detorsdtionahd drsldpe chsest wnmef or WF, AUTO and OPT, respectively. W’
and AUTO are aberration-dependent, but OPT is not. Figs. 19A-19C show t he

correl atjon bet weigh IRA-€30 By BIBEnOPhe i Qibfstite &d objective cylinder as a
function of the amount of higher order aberrations in microns for WF, AUTO and OPT,
respectively. WF and AUTOI are aberration-dependent, but OPT is not. |

IFigs. 19A-19C show the f;on-elation between subjective and objective axis of
astigmatism in degrees for WF, AUTO, and optimization (OPT), respecﬁvely. The
10 average error (RMSE) in cylinder is as follows:
WE. 06x08D
AUTO: 0.4%0.7D
OPT: 02%03D
The average error (RMSE) in axis is as follows:

15 WE: 20343

AUTO: 2131
OPT: 1727

The percentage of subjects for whom the exror in cylinder exceeds 0.5 D is as follows:

WE: 14%
20 AUTO: 3%
OPT: <1%

The above figures show that OPT is better than WF or AUTO. They also show that WF
and AUTQ fail depending on aberrations, while OPT captures the influence of
aberrations,

25 The experimental results presented above allow the following observations.
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astigmatismin degrees for WF, AUTO, and optim zation (OPT), respectively.
The 10 average error (RVBE) in cylinder is as follows: W, O-6:L U D AUTO
0.4 7n 0.1 D OPT: 0.2 -,~; 0.3 D The average error (RVSE) in axis is as
follows: 15 WF: 29 43 AUTO 21131 OPT: 17 ~6 27 The percent ﬁlﬂﬂﬁ

subj ect syH@szphom the error in cylinder exceeds 0.5 Dis @;ﬁgﬁﬁm.' WF:
14% 20 AUM 3 % OPT: <1 % The above figures show that OPT is better than W

or AUTO. They al so show that W and AUTO fail dependi ng on aberrations,
whi |l e OPT captures the inEuenze of aberrations. 25 The experinmental results
present ed above allow the follow ng observations. 30 WO 02/.30273 Q 7 APR
2995 PCT/ USCYy3 8o mpprcst ihe rsvlanprlienion  hee geipen oHef iy fisnmetrive -

average error with the netric optimzation method (OPT) is lower than 0.4 D
for sphere arPtigteson megwddORE) B lpwer they Pt dyér spheseawd logies thae 0.25Ha fethol e
“popul ation are less than 1 D for sphere and less than 0.5 D for cylinder. 5
The WF net hodcylisdereBhesermirgfior fhie cdmole Hopalotidmome tehs thar 1 gb falsphcrpmmddesshhaar r or s
arger 0.5 D for cylinder.
5 The WF method leaves a significant fraction of the population with errors 1a;ger
than 1 D for sphere and 0.5 D for astigmatism. The ervors in sphere and cylinder with that
method depend on the amount of other aberrations.
| AUTOrefractometer predicts the sphere reasonably well, but the error in cylinder
depends on the aberrations. OPT is better that AUTO.
10 ‘When OPTimization is used, the exror in sphere and the emvor in astigmatism do
not depend on aberrations. The fact that the error of the prediction with metnc
- optimization (OPT) does not depend on the aberrations such as spherical aberration
indicates that the method correctly takes into account the effect of those aberrations.
Even for eyes with small amounts of aberrations, the pupil plane method shows
15  ervors. That means that there is a vaﬁa];vi]ity due to factors others than.aherrations. The
OPT method reduces the error due to aberrations, but not below the limit of expcrimentai
variability. It is anticipated that OPT would have performed even better had pupil size
been accurately measured and taken into account in computing OPT, Indeed, one of the
édvantages of refracting the eye from wave front sensing instead of an autorefractor is
20  that the refraction can bé computed for any desired pupil size.
Perhaps the vartability is caused partly by the precision of subjective refraction,
and partly by the fact that the measurements in the subject population were done without
paralyzing the accommodation, which can easily introduce errors 0£0.25-0.5 D, The WA

ig relatively robust to small changes in accommodation except coefficient ¢4. That could

25  explain why the cylinder can be predicted by metric opthwization with precision higher
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than 1 D for sphere and 0.5 D for astignmatism The errors in sphere and
cylinder with that nethod depend on the anmount of other aberrations.

~ AUTOrefractometer predicts the sphere reasonably well, but the drk APR 162
cyl i ndero o@pends on the aberrations. OPT is better thatcAdk®/smbes Wen
OPTim zation is used, the error in sphere and the error in astigmatism do
not depend on aberrations. The fact that the error of the prediction with
metric optimzation (OPT) does not depend on the aberrations such as

spheri cal ahe {.0 i ndj cates that .the nethod.correct I nt o account
the effect il é'ﬁ%?@g’ﬁﬁ@rsgjé?? %?Fi%’.e pﬁ%é ei]%llﬂr@@gﬁ R Ascﬁifll”&’ t&%ﬁi?@‘mﬁf :
aberrations, the pupil plane nethod sho 5 errors. That neans that there
is a vari abipW‘frgs BW?%WQE’E‘B%esmé’t“f?érsgmﬁé?\gbﬁb%étﬁ%f%@fe talem 1t ggofighet hod
reduces the error due to aberrations, but not belowthe |imt of )
exper i ment ality-pPaf vibehapgss in defoqus. Ihewprampaiekarorigc: ofthe Wolitig Prssns thar f or ned
even better had pupil size been accurately neasured and taken into account.
i n conput i ngadbility cahetler; reduved withehemetigd aiicdgier ths acceepattthey A dada,eye from
wave front sensing instead of an autorefractor is 20 that the refraction
can be conptitedaitéahe covfficiads cae tie paeditd prsdiztthe Rérabbgs Astvgher aodstld dointeg | s
caused partly by the precision of subjective refraction, and partly by the
fact that thecn@adsubiasmiiigcdtive tdfetotbfrea thepmfntdctionrostiissjigitReaiab thaout

paral yzi ng the accommodati on, which can easily introduce errors of 0.25-0.5

D. The WA igghik@lvatdilioh ek SsihetlrosSERMIHRRGRARS obiRe HRMRERLfRAcLXCEPL
coefficient czi!. That could 25 explain why the cylinder can be predicted by

metric optim zat ' 1Sy j ¢ 05
PCTI SOl 31026 1 R T e o e L e B et

prec I sion. %{Sslé @1!:1#1&% lﬁlttﬂeear}‘ wh&lflavg 9&@%%.&&9&&%&1&18&?@%}&%&1} agﬂl%ci%jcet y was
simlar to that 0 e sane eye taken iIn not ner
10 that other embodiments can be realized within the scope of the mvention. For example,
numerical values given throughout the specification are illustrative rather than limiting.
Also, any reliable wavefront detector can be used, such as a Shack-Hartmanm detector, a
scanning detector or an aberroscope. Also, any method of correcting vision can be used

with the present invention. Therefore, the present invention should be constried as

15 limited only by the appended claims.
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city, but with changes in defocus. If experinmental errors in c4 of thr WA
are present, that variability cannot be reduced with any nmethod. Thu better
the accuracy in the WA data~ 5 the better the coefficients can be used to
predict the refraction. Another possible source of error is aégggg i@
subjective -refraction fromthe autorefraction results, just b %2 ﬁe
subjective refraction trials sonetines start with the val ues obtained from
autorefraction. Wiile a preferred enbodi nrent of the present invention has b
con s et &&th above, those skilled in the ad who have reviewed the present
di scl osur & W™ readily appreciate lo that other enbodinents can be
realized within the scope of the invention. For exanple, nunerical val ues

gi ven throughout the specification are illustrative rather than |imting.
Al so, anylramethaddondajerminng a garestippio agctdar dheagtionsje pu g¥e of agigtient. Har t mann

detector, ya & ”d%ilrg%g ector or an aberroscope. Al so, any nethod of
correcting \ﬂls}lﬁgln can %g used wth the present invention. Therefore, the

present i nvent {aprecsivog ddtasignabrstressetingthe aliGraiions tad only by the appended
claims. 32 6 7, APR 2905 W, cl ali 1. .A et hod.for termni,ng a correction
to correct for (bag@fl’rtﬁf' E%tﬁ§Ig?l?1ls’éﬁle@5‘“3¥ftg§°(ﬁéetcf1%fu,cg%ﬂaﬁ@’rﬂ?@ﬁ?gc&ﬂggw&i si ng:
(a) recei % RPlicbahsdy@na ﬁl&ﬁ@-@ﬁﬁﬁ?ﬁkh_ﬂﬁﬂdﬁqmg@ e AR eye i8BBjeltBklyf F om t he
data signals, determning the correction such that when the correction is
appl i ed tepiABeEye, an image-quality metric on an image plane of the eye is
objectively optimzed. 2. The nmethod of claim1l, wherein the imge-quality
nmetric conprises a Strehl ratio. 3. The nethod of claim1l, wherein the

i mage- quaki The mehed of dadmpl, whessirathe imadet prligfmettic cdrapites e Saeedtic.c on a pupi |
pl ane of the eye. 4. The nethod of claim1, wherein the image-quality netric
conprises an entropy of a

3. The method of claim 1, wherein the image-quality metric comprises a function of at

least one metric on a pupil plane of the eye.

4. The method of claim 1, wherein the image-quality metric comprises an entropy of a

point spread function determined from the data signals.

5. The method of claim 1, wherein the image-quality metric comprises an encircled

energy.

6. The method of claim 1, wherein the image-quality metric comprises a variance of a

point spread function determined from the data signals.

7. The method of claim 1, wherein the image-quality metric comprises an integral of a

modulation transfer function of the eye determined from the data signals.

8. The method of claim 1, wherein the image-quality metric comprises an integral of a

contrast sensitivity function of the eye determined from the data signals.

9. The method of claim 1, wherein step (a) is performed with a Shack-Hartmann detector.
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poi nt spread function determined fromthe data signals. 5. The nethod of
claim1, wherein the inmage-quality netric conprises an encircled energy. 6.
The nethod of claim 1, wherein the image-quality netric conprise?mﬁ Mﬂébﬁnce
of a point spread function determned fromthe data signals. 7. hé od
of claim1, wherein the inmage-quality nmetric conprises an integral of a
nodul ation transfer function of the eye determned fromthe data signals. 8.
The nethod of claim 1, wherein the image-quality metric conprises an

i nt egral contrast .sensitiyvi unction of the eye determ ned fromthe
data si gnglﬁ'ﬁeé‘?e%ﬁﬁie&ﬁ&ﬂlﬁgdwh?m@i551%@1?"%@?56 n step (a) is perforned with a
Shack- Har t mann(if@daloas seardB sPacé C&Bﬁ@@@@ﬂlmitﬂmem&im@@fﬁ%nﬁi aim1l, wherein

step (b) conprises: (1) defining a search space conprising a plurality of
sets of coef fi @D enpulatify thy imagecqvalityi mejrie fe cpcherfhayets aficpetirgicpisdn ther each of
the sets %Fé§$%§;cients in the search space; (iii) selecting the optinm
val ue of gé-quality nmetric fromall values of the inage-quality
metric cal cul afigykeicoting ép optiuiva)ue ofirie ifnaye-gediey mietnicrfgpnt klévadoesrefct i on i n

accordance with one of the pluraglit ets of coefficients for which the
opti mum v ed’@a%ef‘qlfaﬁlg’?ﬁlé‘ﬁé@ H]ﬁea _ Stﬁ%g’fr)i('&’ﬁ%d calculated in step (b) (iii).
11. The met hodgpf de@érﬁiﬂﬁ%l@le coEkish th 4ddSrdRhdevatl dné ThhsSstndliRforeaebf i Ccients
are sets of Zem ke coefficients for second-order aberrations. 12. The

met hod of ceafagients for whihrthee pptivmen ivaitie of Ga anageyquabityrhetric & eloulaigdins®ri n step
(b) (it1) gr(ﬁ»i?a product of an eye pupil function which includes n
aberratio Q and is determned fromthe data signals received in step (a)
and a correcting pupil function which includes

11. The method of claim 10, wherein the plurality of sets of coefficients are sets of

Zemike coefficients for second-order aberrations.

12. The method of claim 10, wherein the image quality metric is calculated in step (b} (ii)
from a product of an eye pupil function which includes # aberrations and is determined
from the data signals received in step (a) and a correcting pupil function which includes
m aberrations, m < n, and is calculated from each of the sets of coefficients independently

of the data signals.
13. The method of claim 10, wherein the image-quality metric comprises a Strehl ratio.

14. The method of claim 10, wherein the image-quality metric comprises a function of at

least one metric on a pupil plane of the eye.

15. The method of claim 10, wherein the image-quality metric comprises an entropy of a

point spread function determined from the data signals.

16. The method of claim 10, wherein the image-quality metric comprises an encircled

energy.
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in aberrations, m< n, and is calculated fromeach of the sets of
coefficients independently of the data signals. 13. The nethod of claim 10,
wherein the image-quality metric conprises a Strehl ratio. 14. THe ARR hopyl of
claim 10, wherein the inmage-quality netric conprises a function of at | east
one netric on a pupil plane of the eye. 15. The nethod of claim 10, wherein
the image-quality nmetric conprises an entropy of a point spread function
determ ned fromthe data signals. 16. The nmethod of claim 10, wherein the

i mge-qual Lty nmetri rises an encircled. energy. 34 0 7 APR 2005 17. The
net hod of IZ'Iﬂ\eﬁ?ef]@fdc‘?/th‘?gaﬂn@ilrQ’ Wﬁ‘geﬁﬂﬁﬁf‘g@lﬂ&ﬁ'g}lﬂfty “1’?&%‘?%6“1’@535& YABES Nfar i ance of
a point gpiheasledduitdtion dewehiaedirondhd dnighes dat a signals. 18. The method of
claim 10, wherein the inage-quality netric conprises an integral of a

nmodul ation transfer function of the eye determned fromthe data signals.

19, The mi‘?.hlgfé i FoMiddo, WHEES! B %{&%ejqﬂﬂgﬁgﬁﬁ?éh%)%rﬁg | ifiteGRTDFA Ses an

integral o contrast sensitivity ction ye determned fromthe
dat a si gnalogula@én tréadséer fetcliow ofbthe eyeadateriiheddivar the datwtsegmalsa) is perfornmed with
a Shack- Hartmann detector. 21. The nethod of claim 10, wherein the
correction conprises a correction for second- order aberrations. 22. The

net hod of 19| Biefhetod ¥RRARI 10, WhceHeROMtreqdaity 2Reid @iniPREs £#ORRLAY ol Y Of
defocus. 23. The nmethod of claim 10, wherein the correction conprises a
correct i oRoHtEst sepsitvityoiiaetion of thergya dpisrainedomthredatesigesds- of cl ai m 10, wherein
the correction conprises a correction for fourth- order aberrations.

20. The method of claim 10, wherein step (a) is performed with a Shack- Hartmann

detector.

21. The method of claim 10, wherein the correction comprises a correction for second-

order aberrations.
22. The method of claim 21, wherein the second-order aberrations consist only of defocus.

23. The method of claim 10, wherein the correction comprises a correction for third-order

aberrations.

24, The method of claim 10, wherein the correction comprises a correction for fourth-

order aberrations.
25. The method of claim 10, further comprising forming a lens to provide the correction.

26. The method of claim 10, further comprising providing adaptive optics to provide the

correction.

27. The method of claim 10, further comprising synthesizing an image that the patient

would see with the correction applied to the eye.
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25. The nethod of claim 10, further conprising formng a lens to provide the
correction. 26. The nethod of claim 10, further conprising providing
adaptive optics to provide the correction. 27. The nethod of cl aE?M, s
further conprising synthesizing an inmage that the patient would e Mﬁ%R
the correction applied to the eye. 35 0 7 APR 2005 28. The nethod of claim
10, wherein the correction corrects fewer than all of the aberrations that
are detected. 29. The nmethod of claim1l, wherein the correction conprises a
correction, f.or secand-,order_aberrations. 30. The net.hod,of..cl ai m 30,

wher ei n tﬁ%1@5@5@&{&3&EPHﬂﬁgv@%?ﬁgﬁgﬁggﬁgwangﬁﬁ?ﬂ%? FOSIE® 31, The met hod
of cl ai m dherrafiedsahst atddetesd ecti on conprises a correction for third-order
aberrations. 32. The nethod of claim1, wherein the correction conprises a
correction for fourth-order aberrations. 33. The nethod of claim1, further
conpr i si ngo 19k HdAhdbrleBn 1t GheAMhEortdBorf YnkBGkd Pborredfion TRGedBRYNOD of claim
1, further conprising providing adaptive optics to provide the correction.
35. The netdroabeptiiaisai m 1, further conprising synthesizing an i nage that the
patient would see with the correction applied to the eye. 36. The nethod of
claim1l1, wherein the correction corrects fewer than all of the aberrations
that are g@tIdehn@thodbf clafinSPsivhireinake sebel-oiderd AbgrraxicBcbfidtionly dfdefootd. ect for
aberrations in an eye of a patient, the system conprising: a sensing device

for illumnating a retina of the eye, receiving light reflected fromthe
retina, pgpAYeHMhddRIladhdNdhsrelnaRE EtRBLSDh R SPESTRIbP RS tHif PERder
aberrations.

32. The method of claim 1, wherein the correction comprises a correction for fourth-order

aberrations.

33. The method of claim 1, further comprising forming a lens to provide the correction.

34. The method of claim I, further comprising providing adaptive optics to provide the

correction.

35. The method of claim 1, further comprising synthesizing an image that the patient

would see with the correction applied to the eye.

36. The method of claim 1, wherein the correction corrects fewer than all of the

aberrations that are detected.

37. A system for determining a correction to correct for aberrations in an eye of a patient,
the system comprising: a sensing device for illuminating a retina of the eye, receiving
light reflected from the retina, producing data signals representing the aberrations from
the light reflected from the retina, and outputting the data signals; and a computing
device for:

(a) receiving the data signals; and
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the light reflected fromthe retina, and outputting the data signals; and a
conputing device for: (a) receiving the data signals; and 36 07 APR 1005
(b) fromthe data signals, determning the correction such that when the
correction is applied to the eye, an image-quality netric on dH?ﬂNhé@ pl ane
of the eye is objectively optimzed. 38. The system of claim 37, wherein
the image-quality netric conprises a Strehl ratio. 39. The systemof claim
37, wherein the imge-quality nmetric conprises a function of at |east one

metric on a pupil. plane of. the e..40.,The syste f cl.aim 37 erein the
mge- qual 1ty e B SR riebaS ElFaidiesng “greln fhita Syl Pradiion

det er m neg dpped tolilee €@} & iBiagaalislity Aktricliiansitaiepland ofthalbys i8 Gbjevdielyei n t he

i mage-quality netric conprises an encircled energy. 42. The systemof claim
37, wher ePPtiiiged.i mage- quality netric conprises a variance of a point spread
function determned fromthe data signals. 43. The system of claim 37,
wherein the imge-quality nmetric conprises an integral of a nodulation
transf er B8Tdeispsternfof tlaim 8Y,evivetie thei image-fuadity mbteicdamarisisgrittehl radd. The
system of claim 37, wherein the inmage-quality nmetric conprises an integral

of a contrast sensitivity function of the eye determ ned fromthe data

si gnal s. 49 ThEk§sted SF eI 87, Glirkdih T imubegeiliny ﬁlB@iC%@ﬂ?i‘i% adendtier o Pri ses a
Shack- Hartmann detector. 46. The system of claim 37, wherein the conputing
devi ce deteastipnpagtice epmiladanced thaeye. (i) defining a search space conprising
a plurality of sets of coefficients; (ii) calculating the imge-quality
metric for each of the sets of coefficients in the -

40, The system of claim 37, wherein the image-quality metric comprises an entropy of a

point spread function determined from the data signals.

41. The system of claim 37, wherein the image-quality mefric comprises an encircled

energy.

42. The system of claim 37, wherein the image-quality metric comprises a variance of a

point spread function determined from the data signals.

43. The system of claim 37, wherein the image-quality metric comprises an integral of a

modulation transfer function of the eye determined from the data signals.

44, The system of claim 37, wherein the image-quality metric comprises an integral of a

contrast sensitivity function of the eye determined from the data signals.

45. The system of claim 37, wherein the sensing device comprises a Shack- Hartmann

detector,

46, The system of claim 37, wherein the computing device determines the correction by:
(i) defining a search space comprising a plurality of sets of coefficients;
(ii) calculating the image-quality metric for each of the sets of coefficients in the

search space;

37



search space; 37 0 7 APR 2005 (iii) selecting the opti numval ue of the

i mage-quality netric fromall values of the inmage-quality netric calcul ated
in step (ii); and (iv) determning the correction in accordanceﬂ\&ﬁ@fﬁﬂﬁ of
the plurality of sets of <coefficients for which the optinum val e
imge-quality netric is calculated in step (iii). 47. The systemof claim
46, wherein the plurality of sets of coefficients are sets of Zem ke
coefficients for second-order aberrations. 48. The system of claim 46,

wherein the i | i tric | | cul ated .l i f duct
of an cye pupt U REEPb I AP AR AR PRHar S PERE el Ty m hod

fromthe d@timagd-mltﬁmemehmﬂteﬂm skgedi)(axd and a correcting pupil function
whi ch includes maberrations, in < n, and is cal cul ated fromeach of the
sets of coef fi @Vedsaminipsihe soeeatioy in gcordreeqyithhons of fhq Rlurality of pis ofy st em of

cl ai m 46, gy d E5tiGh | I ONRI; ¥ atdeg- 50. The
syst em of Cc a%lﬁtig%%dgﬁggyl. e ':v%r%legg%ﬁ%@?%}?%ﬁéngé%%%&g%e nction of
at |least(gpe nmetric on a pupil plane of the eye. 51. The systemof claim
46, wherein the inmage-quality netric conprises an entropy of a point spread
function determ ned fromthe data signals. 52. The system of claim 46,
wher ei n t he THEBgGer W blialny 4608 Herdin SRANIrRIHG DT 8dls 6NWefukeath ROStYyE 53. The
system of claim 46, wherein the inmage-quality netric conprises a variance of
a point épmiedsopiigientsdpr Beensroflera@emtnst he data signals. 54. The system of
claim46, wherein the inmage-quality netric conprises an integral of a
nodul ation transfer function of the eye determ ned fromthe data signals.

48, The system of claim 46, wherein the image quality metric is calculated in step (ii)

from a product of an eye pupil function which includes # aberrations and is determined
from the data signals received in step (a) and a correcting pupil function which includes
m aberrations, m < 7, and is calculated from each of the sets of coefficients independently

of the data signals.
49. The system of claim 46, wherein the image-quality metric comprises a Strehl ratio.

50. The system of claim 46, wherein the image-quality metric comprises a function of at

least one metric on a pupil plane of the eye.

51. The system of claim 46, wherein the image-quality metric comprises an enfropy of a

point spread function determined from the data signals.

52. The system of claim 46, wherein the image-quality metric comprises an encircled

energy.

53. The system of claim 46, wherein the image-quality metric comprises a variance of a

point spread function determined from the data signals.

54. The system of claim 46, wherein the image-quality metric comprises an integral of a

modulation transfer function of the eye determined from the data signals,
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38 0 7 APR 2005 55. The system of claim46, wherein the imge-quality netric
conprises an integral of a contrast sensitivity function of the eye

determ ned fromthe data signals. 56. The system of claim 46, wherein the
sensi ng devi ce conprises a Shack- Hartmann detector. 57. The systEmiBR 2005
claim 46, wherein the correction conprises a correction for second- order
aberrations. 58. The system of claim57, wherein the second-order
aberrations consist only of defocus. 59. The system of claim 46, wherein the
correction conprises a correction for third-order aberrations. 60. The
system of claim 46, wherein the correction conprises a correction for

fourth- ofslemheabgérn at tiaids 46,6dhereli theSaieeatity @btdic RorhPrisds uh fikt@gralcsiapr i sing a
device that receives information representing the correction fromthe
conput i ngCYBEFCEnAdtT RHONOf therpye defeppined lemihedatz ggnadtt i on, 62. The system
of claim46, further conprising a device that receives information
representing the correction fromthe conputing device and perfornms surgery
on the eyé&6.tThe spstaniod elainh é6,curerax thesasitg3levich eomypsses m Shhcle [Heartmag8, furt her
conprisingta device that receives information representing the correction
fromthe %ﬁﬁﬁiing devi ce and provi des adaptive optics to provide the
correction. 39 0 7 APR 2005 64. The system of claim46, further conprising a
device that receives information representing the correction fromthe
conput i ng>deliesEstan of slpim flosyhesain Hig coRagioncARPrifase correction for second-

order aberrations.
58. The system of claim 57, wherein the second-order aberrations consist only of defocus.

59. The system of claim 46, wherein the correction comprises a correction for third-order

aberrations.

60. The system of claim 46, wherein the correction comprises a correction for fourth-

order aberrations.

61. The system of claim 46, further comprising a device that receives information
representing the correction from the computing device and forms a lens to provide the

correction.

62. The system of claim 46, further comprising a device that receives information
representing the correction from the computing device and performs surgery on the eye to

provide the correction.
63. The system of claim 46, further comprising a device that receives information

representing the correction from the computing device and provides adaptive optics to

provide the correction.

39



patient would see with the correction applied to the eye. 65. The system of
cl aim 46, wherein the correction corrects fewer than all of the aberrations
that are detected. 66. The system of claim 37, wherein the Correﬁfm 005
conprises a correction for second- order aberrations. 67. The systie 2

cl aim 66, wherein the second-order aberrations consist only of defocus. 68.
The system of claim 37, wherein the correction conprises a correction for
third-order aberrations. 69. The system of claim 37, wherein the correction

e e T

repr esent idpgeskktirgGRd ERfbAliGrmh oM doRubiRsiidengld deMheezea bl ithQicBatdhd ens to
provide the correction. 71. The system of claim 37, further conprising a

devi ce t hattientwenldeee With Hherppipdion applindde &iay¥eg the correction fromthe
conputing device and perforns surgery on the eye to provide the correction.
72. The systemof claim 39, further conprising a device that receives

i nf or mat i 65 Theapsternefitliaing46,heheeon thecbiredtiohrcomedthfeveothan il nfjithdevi ce and

provi des agqf;l%}.i ve opti&s io provi de the correction. 40 0 7 APR 2005 73. The
syst em of 2eqrgfipnsthat e deiepted. conpri sing a device that receives information
representing the correction fromthe conputing device and synthesi zees an
image that the patient would see with the correction applied to the eye.

74. The sfétiEmspiterniofrisingd7, wiseaieths comectivacomptipesn cooeetsitiar fegoist t han al |

of the agﬁfef%eirrgﬂgné hat are detected.

67. The system of claim 66, wherein the second-order aberrations consist only of defocus.

68. The system of claim 37, wherein the correction comprises a correction for third-order

aberrations.

69. The system of claim 37, wherein the correction comprises a correction for fourth-

order aberrations.

70. The system of claim 37, further comprising a device that receives information
representing the correction from the computing device and forms a lens to provide the

correction.

71. The system of claim 37, further comprising a device that receives information
representing the correction from the computing device and performs surgery on the eye to

provide the correction.
72. The system of claim 39, further comprising a device that receives information

representing the correction from the computing device and provides adaptive optics to

provide the correction.

40



41

07 APR 2005

73. The system of claim 37, further comprising a device that receives information
representing the correction from the computing device and synthesizees an image that the

patient would see with the correction applied to the eye.

74. The system of claim 37, wherein the correction corrects fewer than all of the

aberrations that are detected.
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