METHOD AND APPARATUSFOR ONLI NE CONTACTLENS EVALUATI ON
BACKGROUND OF THE | NVENTION Field of the Invention
wanhsdiswnt s of the invention are generally rePar@20a/008201
the applications of ophthal m c wavefront sensing, and
nore particularly to nmeasuring and eval uating the
position and effects of a contact lens in vivo.
Description of the Related Art The neasurenent of a
person's vision can be acconplished in many ways. The
nost traditional nmethod involves a visual acuity
METHODTEND APPARAGUS FORRONIINE CONEXET LEN'SGBV*ALUATION
variously sized letters on a distant chart whil
| ooki ng through different | ens prescriptions prOV|ded

by the practitl refraction
(i.e., spgerl ca hﬂg%{m%gaﬁ\@?bﬁ%%m’fﬁ}g axi Is) IS
t ermne tbé the patient's choice of the test |enses,

fﬁ#@Qﬁiﬁ% the clearest vision of the distant eye

chart. Shortcom ngs of this technique are wdely
r ec dgEbodiments of thedargsition arhgenerally telatedde therapplications of
to discrete rather than continuous prescription
ophifialrar:, wanefioat seasinp t andirsors phgicahilyab imeatirmgamd)e viliuaiingthe
metric that is evaluated; and the evaluation is
Ixﬁuhmeﬁﬂbﬂﬁaﬁ@f&@&n&ﬁ&ﬂmQﬁwﬁ@t'Ve There are added
conpl i cati ons when contact |enses are worn by the
patient to inprove vision. It is well known that the
position of a contact lens in vivo is not stable. The

Dtear fi |@OE ﬁg"lfs the lens rides provides a nedi um
s to slide in any direction and
rotate as a functjon of gaze direction, blinking, and
for Bhe@pashisaehal & PATSeIRe visios o baarerplished emany ways. The
person's eye is not symmetrical over the dianeter of
mesi¢ragifioinkl(thetho@ iyobiee a visstl apuity insayyrembetrin twhiclofht ipatient is
performance of the contact lens will be obtained only

askieto relevdriuslyasd detipdyd én & diseint clsdrewhilé HORingth@RkRHifRent
on the eye. Over the past several years,

lehSHBRIPABh LY A By ANGRICRRIEF. afﬁ@pa@i@ﬁt’é RERR ARG Rction (Le.,

spherical powef, cylinder power, and axis) is determined by the pﬁtient’s choice of the
test lenses, which provide the clearest vision of the distant eye chart. Shortcomings of
this technique are widely recognized. For example, the test lenses are limited to discrete
rather than continuous prescription values; visual acuity is substantially the only vision
metric that is evaluated; and the evaluation is subjective rather than objective.

There are added complications when contact lenses are worn by the patient to
improve vision. Itis well known that the position of a contact lens in vivo is not stable.
The tear film on which the lens rides provides a medium that allows the lens to slide in
any direction and rotate as a function of gaze direction, blinking, and for other reasons.

If the vision defect of the person’s eye is not symmetrical over the diameter of the pupil



have been devel oped to neasure visual acuity and ot her

vision nmetrics that provide nore accurate and
wonb@rosove results than those obtained in theCpa®roo4/008201

For exanpl e, devices known as aberroneters incorporate

wavefront sensors that objectively neasure aberrations .
(Torf exahoplgy astigamitism) ghen thEhesmuabpenfahianos oftht combyt lens will be

i nclude the manifest refraction values of sphere and

ottathed iy vehiehhe TeHE ha Seartifidhl Slabahed bAtHANsh SHER <98,
spherical aberration, coma, and irregular astigmatism
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posi.tion and stability of a contact |lens is especially.
acgyugth gndinfrmgtive fesulisfban tept eixtaingd s thetnagh Hos evaraple, deévices
| ens position and aberration control. There is
kngteti asi abampmeterLigcompotats wavedtsing semsoseharabjevtiveleneasure
i nteraction between contact |l'ens position and
atehratioms dfahe pativht’ o byd. MTlas3e abdrtddns hat Gily incBude tHEMRHTTENAT
and in-vivo contact |ens information neasurenent,

| reBUGH MEFAIRR of 3Pitkré SR L ARALYXis, Hhu$ Ris8 ndlde aib@rrgﬁicqﬁtsh@ﬁ as

of mlliseconds. It i's not apparent that until now,
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invention is directed to a specially marked contact
mperpomnlex e of vivie] defects is-inippotantiasudesie atteropt tp esire¢tdhem.

and orientation. According to an aspect of this V
Keowledgerefithe pphitioh emdb stsbifinssfar ¢aatacdienaid @pesiallpsiphificent due t

or the I ens body, has a |ightabsorbing or scattering '

thp@bingleR 28fociitiok betvited erRPokBdh aAQ BBk 8HnABnREL. TRre is
| ens. The marks are intended to be illum nated by
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. not affect the .- ) . E
information measurement, evaluation, and (optionally) display all in a matter of

milliseconds. It is not apparent that until now, online, objective evaluation of bontact
lens position and stability, along with corresponding pupil parameter and wavefront

measurements were possible.

Summary of the Invention

An embodiment of the invention is directed to a specially marked contact lens
suited to online, in-vivo measurement of position and orientation. According to an aspect
of this embodiment, the lens’s posterior or anterior surface, or the lens body, has a light
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vi sion of a person wearing the contact lens. In
various aspects of the enbodi nent, the marks may be
wounba@ds2var ks, | aser-abl at ed mar ks, |ithographPcaiEP004/008201
appl i ed marks, and other fornms, as one skilled in the
art will appreciate. In other various aspects, the
abeerblog argyatireinigipatiemmaifnesrks imeani opgiceli Zohe tregion ofie 16181 The marks
rotational or translational symetry. Alternatively,

 ord ier®Bd kSbeBMrIgaRA bY ?ﬂttﬁhﬂ@ Grbahfi 86 ARG i Yward, and

along a plurallty of "straight |ines that may or may

widgh aﬁ e L m ér%g bg Br&tc%c{o?ﬁamte{hatTHtlpﬂﬁurﬁﬁgﬁon tecb?uque provides

pre- ern n an aspec

o G DRSO B S SShE PRy o ot et

anot her aspect, the marks have a dianmeter in a range

vigien abe Rerp weatne thecenlast lews. JDo/aripuy escts pfthgrembodiment, the
exenpl ary aspect, the marks have a nutual separation

matks taydbe mcﬁldabmarksﬁ DBerrabiatedhmarktsnlithogaphientiptpplied marks, and -
aspect of this enbodinent, a contact |lens is provided

otherbfies, as pad §1aned B the ahevil mﬁﬁi@&iﬁﬁe O ol S aBbust RBed) Rhd marks
area of the subj ect's eye en‘the lens is invivo.

g e e e R e T
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non-rotationally sy nnetrlc attern, Another enbodi ment
SHEBHENE HBSS ey B ngh isatceh oF Blogg Hisenthat mggrsect in 2
ectively evaluating a contact lens in-vivo, online.
pw#étenmmd\p@ttgms ilnian aspeatioivhisembtadinentothe ana’beem ah¢hysized to
mar ked contact |ens can be determ ned objectively wth

have a déehettoofd essahsuatemit BOI(Dthcrﬁfm raﬁld Radthdt a8pect, the marks have a
mllisecond time frame ("online") over a

dih SRt LRk 8 B@Hebﬂﬁbéﬂtsﬁ ¥idtons 181260 ﬂﬁé}w % an?HBMABlary aspect,
other things, evaluation of the contact |ens

théHﬁf% g{é% 3l nXﬁJles‘e é%ﬁ&’?&*éﬁb% 8Patlolut 3o Mgl wor n.  The

i on or med W .an aberroneter device and

i nc desthe stesof jttin the atlen wi.th a :
ol dBAPAPTRaNEF Rl CRbtTBRG e S B EPIo et Baying o
contact lens, illumnating the patl ent S eye such that
patr ofjcglared mrlscruisids et phpil presiof shefsubjost’s pye whet the lens is in-
and this outgoing light illum nates the | ens marks,
vivo. These marks are not illuminated from behind, but from the front side if any

additional illumination should be necessary. In one variation, the péttem comprises at
least three colored marks arranged in a non-rotationally symmetric pattern.

Another embodiment of the invention is directed to a method for objectively
evaluating a contact lens in-vivo, online. The in-vivo position and orientation of a
specially marked contact lens can be determined objectively with respect to a me'asured
pupil coordinate in a mi}lisecond time frame (“online”) over a pre-determined time
interval. This provides, among other things, evaluation of the contact lens substantially
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i magi ng the exiting light such that the marks on the

I ens are resol ved, determ ning a position coordinate f
woheospagob (for exanple, pupil center, pupil PCI/EP2004/008201

orientation), and determ ning the position of the

mar ks (or other |ens reference coordinates) with

instesPeiuslly Qs 18 bMBiworfO Thel bahfion it PerdBrnRFRGER a® hbdrftirSeter
enbodi nent, a Hough transformis used to identify and

ahR&hg i dhGek 815 B d e e SR ﬂ%giés’aéawe WA Hesbibed in

an alternatrve a ment as

ot i%w%crﬁml s BTty ol e g

pu rea on,the in-vivo |l ens can be_detected with an

sca%%%ép g 1qtinartils thepppil aad thisoutgaing ligidpmmages thelegs marks,
of the marks are simlar to the subject's iris color.

inpging théexiting kightayueh dett dhot marks an duf lenmane resinddndetermining a
utilized to conpare the found mark pattern with the

pasitida cobrdiedteld £the publl €fdreRemple, gupdll deatee, pupiloreaitiohpand
and orientation. The online measur ement and eval uati on

d@Erntiti@g kit psHRNCAh &fdarilsqBSotBaSIeAL &?er@ﬁ'& c%%?diﬁat@sg with* respect
rates of 1OHz or greater. For exanple, using an

to {éﬁf@o&r@%g\s ]}ngel(yeés gcrt%éf\oﬂﬁg gﬁt&%n%%salﬁ% I—'i(ﬁ.fgg?/l f ans@q%% {£ used to
e andieeibs '?as iy PRl R eritlioben hopect.

total wavefront rreasurerrents of the eye can be made
onl | Hean adigrnagine pensict okthiseembadiment m@wwvhawonﬂaet lens having
contact |ens position neasurenments. In a further
a edpedimark pettem stfefree quabivieythe colorad marks@vtsidecofithe pupil area on
aberration , and, contact |ens position, can be

thd @4-9H Bl EaR Be d@t%btearwﬂ ah SpPdtrRveHiterd T fma ?El @féierred if the
co- pendl ng application serial nunber , entitled ONLI

o t% the | n%ﬂ@wg%ﬁ$¥xP%§)%8§ g{t%&%g Q&U@k%ted’ a
f .
Sokﬁ*r%%ioﬂl B cahybt R Phtion b Fynd e pa et by the mrack

ects, bI i nki ng. interval s can be determ ned duri ng
st%w 7 op thedens o velpgtedsny positinnrmd ouisniatiaBur erent  dat a

and eval uati on can be excl uded.
The online measurement and evaluation of the in-vivo contact lens position can

occur at rates of 10Hz or greater. Fof.example, using an‘ 800MHz processor allows
oniiné pfocessing at a rate of about.25Hz. A 1.6GHz processor wpuld suﬁstantially
double this rate, which is processor speed, rather than algorithm capability, limited. In a
related aspect, total wavefront measurements of the eye can be made online, as can pupil
size, simultaneously with the contact lens position measurements. In a further aspect, the
most frequently occurring wavefront aberration , and, contact lens position, can be

determined and optionally displayed. In this regard, co-pending application serial

" number . entitled ONLINE WAVEFRONT MEASUREMENT AND
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The foregoi ng enbodi nents of the invention and vari ous

aspects thereof will be further set forth in the
weacoesmpseyi ng figures and in accordance w th t RET/EP2004/008201

detai |l ed description below and as defined in the -

appended cl ai ns. BRI EF DESCRI PTI ON .OF THE DRAW NGS

Figure 1is a block diagramsetting forth a nethod

BTG FRI i QftAdA8 1) VaH the stk SR akor, 3s acgﬁ,eﬁﬁ@& b reference

front ’view of an In-vivo contact |1ens according to -an

T8 B AR S B o s
ARG R MG CE NG e L

accordance wi th an enbodi nent of the-invention; Figure
measugersen datelend ieuajnatintofanzde expludedit us enbodi ment’
according to the invention; Figure 6 is an
i | | uShe furegoingembéditents diidid inmeniobhad kadentaspeds theRGEwvill be
according to an enbodi nent .of the invention; Figure 7
fukthePsdd kRaKindh@adBMpahyiRg Rttes GRA I RicaidAdcAwaRhd MBiled
according to an enbodi ment” .of the invention; Figure 8
[ Sy ' ' I4¢ f .and col ums of
décs grﬁﬁt?%{l %élwrrtg{é@éé %{eﬁm&%&i 3% ?l‘geargﬁ g’%“‘%ﬁ%ﬁm%ﬁ al gorithm
enbodi nrent of the invention;Figure 9 is an o
illustrative diagramin accordance with a fast
centroiding algorithm enbodi nrent of the invention;
Figure is a pBRIBEDENGCRIPIZON QF THH DRAMINGACKk
centroid images ‘in accordance with a fast centroiding -
. al goFiguten sradddeckdingraot sdttieg forthenhethod edbodinent sf the invention; -
bl ock diagramrelating to a nethod enbodi nent of the
| NVeR{guf¥? is a schematic front view of an in-vivo contact lens according to an

embodiment of the invention;

Figure3isa bloﬁk diagrém according to another method embodiment according
to the invention;

Fi@e 4isa phbto gréphic coi:)y of a Hartmann-Shack wavefront image obtaiﬁed
in accordance with an embodiment of the invention;

- Figure5isa bloc;,k diagram of an apparatus embodiment according to the

invention; | |

Figure 6 is an illustrative drawing of Hartmann-Shack centroid irnages accordﬁg
to an embodiment of the invention;

Figure 7 is a block diagram of a fast centroiding algorithm according to an
embodiment of the invention;

Figure 8 is an illustrative diagram of rows and columns of centroid images in
accordance with an algorithm embodiment of the invention;
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Figures 12-16 are plots of contact |ens position

coordi nates, pupil paraneters, and aberration
woresinsyent s, respectively, as a function of PCWEP2004/008201

according to an enbodi nent of the invention; Figure is

a phot ographi c i mage of an al gorithm evaluation of a-

contact |ens according to an enbodi nent of the

| NV emEkey is bh diis@ative dag@hemRcEGdhddeteitd 2FsPfern@biding algorithm

contact |ens marking process according to an

eﬁ%%ﬁﬂﬁ&ﬂ%@thgv&ﬁgninvention; Filgure is a diagramatic

[op view of an apetture pattern according to a contact

| ens..mar ki.n ocess., enbodi t of e .inventjon; .

Fi odiitsq 0iga BhYOEPL ey o PaprhaDark Feshoidgrices ih

a contact |lens surface according to an enbodi ment of
aceqrdangeyeith # &t centrgiding alporithny C@E@@wﬂh@ﬂﬁh@ inventien;of an

i n-vivo contact |ens according to an enbodi nent of the

i nvdfigumer;] isabldek glimgeam 28aB2g tr emathed gudodinef of the invention;

diagranms and images illustrating the determ nation of

pupiHigie# 6132616dtreppl%_tstdﬂ@ﬁn@@ﬂ@ﬁ%&bﬁi&ﬁco@iﬂiﬁa’t@ﬁ@uﬁﬂ Yarameters, and

enbodi nent of the invention, a flow

ere Figure 2271 s

ab Eﬁgﬁc}h é&%ﬁsgue?hég?% gé;g;p%ﬁ?nielfﬁ I&g%@%n %P ﬁn:%facf:&%inr% to an embodiment

pupi [ I'ne neasur ene
Of%:ecl%%ditn .to an enbodi nent of the invention;Figure 23
'S A FTOW char t type diagramthat shows how vari ous

data_.is eval uailed according to the enbodied invention;
Fi guigurs4 7jig 2 ghpfiegtapbispinags ohapalgprithmaypduaiion of gicaatagilens
an exenplary enbodi nent of the invention; Figure 25 is
acgprgingyte @alembodingent of the invenioessed and i nverted pupi |
i mage according to an exenpl ary enbodi nent of the
. I nvefifirer8 is a schematic illustration of a contact lens marking process according
to an embodiment of the invention;
Figure 19isa diggrammatic top view of an aperture pattern according to a contact
lens marking process embodiment of the invention;
. Figure 20 is a diagrammatic top view of lens marks on a contact lens surface
‘according to an embodiment of the invention;
Figure 21 is a photographic image of an in-vivo contact lens according to an
embodiment of the invention; and
Figures 22-32 are a sequence of diagrams and images illustrating the
determination of pupil size and position according to an exembla.ry embodiment of the
invention, where

Figure 22 is a flow chart type diagram that shows the use of the pupil-finder

algorithm in an online measurement according to an embodiment of the invention;



Figure 26 is a binary i mage of a conpressed pupi

i mge according to an exenplary enbodi nent of the
wonvesison; Figure 27 shows the grayscal e i mageCofEP2004/008201

Figure 25 after noise filtering according to an

exenpl ary enbodi ment of the invention; Figure 28 shows

the binary inmage of Figure 26 after further reflex

filtighy j t ‘ ' :

| nvenp e o Ay P e EHATR WSO, s id Wated

o) d L hverted pupil image as in Figure 25

ac%gv #ggzﬁ%ﬁﬁﬁg?%gFSSt ession factor according to an

exenpl ary. enbodi prent” of the inventi.on; Figure 30 is a

r ef i HEEFCA4A P;Pgﬁ‘iﬁ?ﬁ?ﬂ’y ‘?fzﬁa@’é’ﬂﬂw RPQUIBE IBAREXHRIFHG t o

an exenpl ary enbodi nent of the invention; Figure is a
enghasiimeyit afitlee vedtionence bet ween the found regi on and

the pupil as a function of x-position relating'to

eyel Figuedsrieatgroncae anigh 0fg dompiessek anpindeiepipildiniigst

of the invention; Figure 32 is a binary pupil inmage

acBHAM G 28)eRbPlFPEMBEdihRA HGROTHIAGod:0 an exenpl ary
embodi nent of "the invention; Figure 33 is a picture of"

| | actl s c U Tl

ot oS B0 Bt Nt i8ed Bt ¥l WL iipe gp an
t he up’ia]:l?, ea according to an aspect of the :
exieWé%Yle ?’&?F&ltﬁf@]ﬁﬂ%"% O%s the image in Figure 33

after color filtering for mark detection according to

an efigBw Hethowsfthe greyscaledmepenl Figerel] alier meise filisting according

of a Preferred Enbodi nent The term "online" as used
toleregemplare émbeditentethe idvegti@and eval uati ng (and

optional |y di splayi ng) sel ected phenonena

subskFighite 28 dhywsitBbiharandsé ¥f Figlrd Yafter further reflex filtering

according to an exemplary embodiment of the invention;

Figure 29 is a greyscale image of a compressed and inverted pupil image as in
Figure 25 having a different cémpression fac,;tor according to an exemplary embodiment
of the invention; | |

Figure 30is a réﬁned binary pupil hnage from Figure 28 according to an
exemplary embodiment of the invention;

Figure 31 is a plot of the difference between the found region and the pupil as a
function of x-position relating to eyelid correction according to an exemplary
embodiment of the invention;

. Figure 32 is a binary pupil image showing eyelid correction according to an

exemplary embodiment of the invention;



enbodi ed applications, this generally nmeans acquiring

a wavefront (lenslet) imge, analyzing the wavefront
wdav@/015290 (optional ly) displaying the resultsPCIVER2004/008201

time of less than about 100ms, and typically |ess than

40ms, over a selected tine interval of ten's of

seconds, typlcally about 10-20 seconds but in no way

Zﬁb'odl?ﬁ pis} o R ABRISBET i hoh e Rk pei P G Sotored

ec rke ntact. | ens, algong with pupil size
Sl Rerckles b O 1eamemriros ahiside od tiemibAdmserisBghn Gipisn aspeet of the
Zer ni ke- or der aberratl on are deternined and di spl ayed
inyentipry agd of 25Hz over a 10 second interval. 250 inmge
pairs conprising pupil and Hartnann-Shack | ensl et

| magEiguer 3 @chglinid,in Figare hakdr dohe filRsiha a8l @etettion
avai |l abl e (approxi mately 40ns/inmage) data indicates

addEMiRN® SRR dRENICIMARedRRAS Mves and the effect of
t he nmovenent: on the nmeasured aberrations that affect
vision quality. It will be appreciated that aberration
order is dependent upon lenslet pitch/dianeter in the

Har t mann- Shack t ec| ue, an hat surenments can be

nmade of aber:ﬁﬁ@&??ﬂ b Ea 39-5-%“ nent of

the invention directed to a speC| al | y mar ked cont act

| ensThatsrng opling sasusedberein 1efsre tpmeasuringBng evalsating (a8

9 and 20. Figure 20 shows a top view 8 .schematic of
optionelty displayings sélé@edplumodieng sutstaatiaily Isiuﬁﬂtraﬁédu‘ssr. In the

enbodi nent of the invention. The convex l'ens surface

ethibsdiedigshlidatdasl Hid fenerlly Mdaks acPrif S5 Ve Bsnt %Hﬁﬁéﬁ image,
narks in Figure 20) located in a central optical Zzone -

%&Zavgfro eitd %ﬂc‘f’golpy\g ﬁﬁ#& 'd%ﬁeg'u% B8 ¢ ltﬂtg %&me of less than |

dlrec ton (i.e., séatt rom

rds ough the llumnate

oo Lt A iReet leds s PR ssted e Pt G geaS of

bec and can pbe imaged by a CCD canera as
SG\%WCF %ﬁgé PR Hetecandshv i ey a Brdiedn Bor ewemals, according

the vision of the patient wearing the lens. In an
,toméﬂmt@tlye embodinrrahithe bhevaposiiorPdrs ta'[aﬂtdtma@lfaapécaalbdmarked

regi ons on one of .
contact lens, along with pupil size and position, and a selected second through 9%

Zernike-order aberration are determined and displayed ét a rate of 25Hz over a 10 second
interval. 250 irﬁage pairs comprising pupil and Hartmann~Shack lenslet images are
acquired, from whi)ch the instantaneously available (approximately 40ms/imége) data
indicateg how and where th;e contact lens moves and the effect of the movement on the
measured aberrations that affect vision quality. It will be appreciated that éberration
order is dependent upon lenslet pitch/diameter in the Hartmann-Shack technique, and
that measurements can be made of aberrations up to 25™ order.

An embodiment of the invention directed to a specially marked contact lens 210
is illustrated with respect to Figures 2, 18, 19 and 20. F iguré 20 shows a top view
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the |l ens surfaces (posterior or anterior), which are
formed by sending a | aser beam having suitable
wohersaes®oi stics through a pinhol e aperture di aoERUH/008201
1802 as shown schematically in Figures 18, 19. The
di aphragm 802 is placed about 2mm above the contact
| ens 210 and the l'aser beamis scanned across the
B ] o . - I - .
SARAR SO0 Fac I 90 BEESaRY of BEIRELAN] Sl BB e vention.
oilnts. of the di.aphragm, T r k | ternativel .
RO B by e B R R el e 7S haified sauare ks in
directly ablating selective regions of a |ens surface,
Figntpd O ilorgted in assatral opticalzeng Feein 332 wfghe s c Wireadigbtin an
Each of the marks 215 has a size corresponding to a
oggeingdiection (aes saferedetndammelatpofiom 50k retion tovgartivaDifirough the
mcrons. In an exenplary aspect, a distance of about

p@Al) iltiraiers theltas keymake 2l S bbb besdaRekde 1108t BHR¥HNS Hisible,
Figure 20, the marks are aligned along three straight

atd B8DeAmaled ‘%h% Q@? 'Faﬁﬁ&%%? g@u g% dBcHBEIBYGRO ggfg M%F?fido not'

of the Iines ength

; [ )i n A.and C.intersect at an angle of
m%gggkﬂﬁ#%gbfhﬁééa%ﬁgﬁ@nﬁgﬁﬁg§?§ect at an angle.of 100.

As further illustrated in Figure 2, the marks 215 are .

wi t %A% FREAY F@Pé@%@h%maﬁﬁélém lager-ablaigdregiqng on one of
the contact lens z"-vivo, although the center 207 of
theAenssyripeast(posserior pagnterior) bwhiclant formbd hiy séndinga beert beam

of the pupil 209. The contact |ens may al so be
havinggwidbleTdherapteristidsi thyough apidtice fniaee diaplarapatitop as shown
that has no rotational symmetry and which.my or may.

sdheinahienlly th FanRbaAld, QDAITHS \iHPREdRYh 18026is PRIKS abB 288n above the

al i gned al ong one or nore pre-defined curves iIncluding

1263800 BRIALI N0 SEACAPAR LSS vy e

A s are’in

intersecti i nes, as sho .the range of intersection,
atsol P Eleitn T b P ariils cro R0 43D Hgaat it Bystion poinis of the

devi ation of approximately 10. In an alternative _
digpbyagm. ‘bhe ypeks|can sltempdwlirbe formed byethes paczns sych) agofor gsample,

shown in the photo-inage of Figure 33 has a pattern of
dieesitlyablitidg sele@B@4egions yf aleas agifedomolding hmoassadt thtvagh a

arrow), each approximately 1mmin diameter, in a part
lithbgtapRiclpeft®ss UEAGAGH the marks 215 has a size corresponding to a diameter in a
range between about 50 microns to 200 microns. In an exemplary aspect, a distance of
| about 600 microns mutually sepé.rates the marks. As shown in Figure 20, the marks are
aligned along three straight lines A, B, C that intersect at a common point D. Each of the
lines has a length of about Smm. As shown in the figure, lines A and C intersect at an
angle of 140°, while lines A and B intersect at an angle of 100°. As further illustrated in
Figure 2, the marks 215 are within the pupil area 208 of the patient’s eye with the contact

lens in-vivo, although the center 207 of the contact lens may not be identical with the

‘center of the pupil 209. The contact lens may also be rotated. The plurality of marks can
9



that is outside the pupil region of the subject's eye.
In the illustrative aspect shown in Figure 33, the
woabasroaskodot 3304 is blue, simlar to the col oPCofEPR(ve/008201
subject's iris.- In order to neasure in-vivo contact
| ens position and orientation (including |ens
i nversion), a pattern of at Ieast three marks is
paecessary attern.shoul e _rotationa
%P@f"?’? gt 4F 0B e Rt Binelr 35 PR oeo S Pekhave.
ern is not restricted to dots, as described, nor
tr@cné a&O SYBRetEy e masks wmay Re alignadialong engtes magre prg-flgfined
any non-rotationally symetric pattern will suffice.
curesandluding intersectimgrskinight limsed dastribbé abest (Wherethetnmrks are in a
particul ar surface of the contact lens, nor to a

pavierd ofthited strai@hl Besrsdctifg linés Bshbwh) the @ige@»f ahbee@ivhlaBpNRs can
of marks or indicia nmay be | ocated on the |ens rim

bd Eb%vg%f é%{og@ﬂﬁ[?%b(%a'w1éP£‘8e\9£tlo%§ Esl%ﬁg’%%%]?el (@pt i cal

zone ens dependlng on th rlstlcs of

; Bgr rk Tgm%iﬁ% afpert gn%%tqnﬁswg %‘fneflﬂ 2 1%{%,?@\[8‘12 (anwlvg) as shown in

. directed to a method for objectively eval uating
the phetadimage aEFighrad3/kas 4 pattam ofirolared Aein 3304 (omea gmsbsdot is

of a nethod enbodi nent 100 for objectively eval uating
shawaat tlecirrdvensachrapptoximatelyl inne,in diamesat infaopdrhof the idne surface
bl ock di agram of Figure 1. According to this

thid ils @&tsicett'hygn ARSI BT ke subfjt’s @94, akl the ERStrhGvd @s@éct%ﬁm in
descri bed above with reference to Figures 2, 18, .

Flgare 3 éﬂ tc%i&éc&h%%ﬁ@?@% 19 9 R0 911 SEAL ggﬁécttsflﬁ% In order

ens 10WN |n gure’
escr bed

toft s E Bt (e bSritich aen% rﬁ%@l@& ﬂ*@u}&?'ﬁ?wnﬁsﬁw a

inre erence to Figure 1 requires approximately
PaiisH plett 19ashigeecrBRs Inserssete ThieguHemmhudapt b%fﬁ 1efptional
will be discussed in detail below), then occurs again
symgmetay. nk x& toibsagderstood thas thnoldned nichle palésh isenbtiréstmcted to dots, as
interval. Data, but not images, is stored as will be

desxibe, AedtoiateBinanaitioniof magtspyuthdr i stahigalledng ohabagienally
requirenent and the algorithmitself will influence

| Il
SRS Sl S 01

peﬁﬁ&ﬁgtdsu?fggé 8fthe cg&gcﬁg ngr toda pa. idu aer(%eggg 1.€., a suitably detectable

patterp of ﬁmks or indicia may be located on the lens rim, inside of an optical Zone or
outside of the optical zone of the lens, depending on the characteristics of the marks, asa
person skilled in the art will appreciate. |

Another embodiment of the invention is directed to a method for.obj ectively
evaluating a contact lens in-vivo, in an online manner. The steps of a method
embodiment 100 for objectively evaluating a contact lens in-vivo, online, are set forth in
the block diagram of Figure 1. According to this illust‘rati;/e embodiment, the contact

lens is lens 215 described above with reference to Figures 2, 18, 19 and 20. An
10



This is illustrated again wtkreference to Figure 2,

whi ch schematically shows a front view of a subject's
weypesadRbitted with an exenpl ary enbodi nent oPC&EP2004/008201

speci al l'y marked contact |ens -210. The subject is

positioned with respect to an aberroneter/wavefront

sensor 520 as illustrated in the system di agram 500 of

alfeh G agaect-r S8nR %%oﬁ%ag%t %%O[Hg %%fa%rlrﬁ(arﬁgﬁpé 3502 $8wn in Figure

unln t1on source aser

[
[ m atln pati e e and the contact Iens
332?{6% f bl B s Ebe it e hgs BRntieREgebaYe, thgentire
pat i ent s eye operably connected to the | aser’ through :
praces et iferth bglewdnirefemncatodF iguahastivisestappexénatelyoHisaryeamtimage
520 for detecting and anal yzing centroid images. The
baserbjimut the akppeth2d Bsddswihlidhuwilintst discusyedir dstaildetow), thief lbbcurs
502 at step 110 such that the light scattered fromthe

ag@itbfof & heft i %b adfsb @A deor teedBi#ed Him@Rttetval, UDAAANR Dot ages, is
l'ens marks 2I5 with the outgoing |ight. At step 115 o

stcgﬂﬁg YE %ﬂi-be t aﬁlé(%%ﬁpél%gde%I bdi&g, ﬁlﬁ?‘h@@m %Org%al% {!ur cent and '

|nage canera conponen

se tth IIum dIe rks are.
thg BIEPRH %Peéimlﬁ nengs iy prrtitrdile Jrage aiﬂwﬂon At
2102 in Figure 21. At sone poi nt noted by ste
S’f@fﬁﬁ' Hpaient Erﬁt@gémﬁt %?P%@HW@%E@‘Q@OW@ {ane sudhg Seclescréaed above.
pupi| are determ ned. These coordi nates coul d i nclude :
Thlh & ifugtdtedagainewith ffercesatvdiiguren tvhidyschemativaily |shco:xtf:uai éront
pupil orientation, pupil dianeter, or other

viselofatsebipetty dye206 dimetiavich arPeMpﬁarbl%ﬁlb@&M ef kpdeidliy marked
paraneter determ nation will be set forth bel ow. At

coiia%Pleﬁng ar H@ﬁfb?éct féfp(ﬁﬁﬁﬁe&j G518 B gg@tttb%ﬂ abérr&fﬁ%@r/@vg%front

each of the inmaged | ens marks to termne nar

[ C the rk-coordi nates
selHE s an R EH IRy o R R B %ﬁﬁsp%%méw
with .res t to . the neasyred. pupil parapeter can
geinsr&ﬁiv |C9maese@5dﬁwe§0g SO P Sugh 28 el s Al g iating g
-to the enbodi nent | ust descrlbed the crosses 1804
pagigakiheyerandithe contach éans 24 Oy apunikeroeerar & fon gbtagring heimage of the
| ens, which aid in determ ning the position and
patienténgyataperabdf cdrinectbd tsthie faset thooughtiecomipl $yseent €3, and ar
exanpl e, can al ways be established in reference to the

waRRSNIRNKS cb8Pdnent 520 for detecting and analyzing centroid images. The

subject’s eye 205 is illuminated by measurement light 502 at step 110 such that the light
scattered from the subject’s retina floods the pupil and illuminates the lens marks 215
with the outgoing light. At step 115 of Figure 1, the light 503 exiting the eye is detected
- and imaged by a CCD-camera component of the wavefront sensor 520 so that the
illuminated lens marks are suitably resolved, as illustrated by the photographic copy
2102 in Figure 21. At'so.me point, noted by step 120, position/diameter coordinates of
the subj ect’s pupil are determined. These coordinates could include the pupil center, for
example, and may further include pupil orientation, pupil diameter, or other selected
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Typically, the marks 1804 are standard marKki ngs

out side of the optical zone of the lens and are not to
woeosonfsed with the special markings 215 desectimeenos 008201

herein. In an exenplary enbodi nent, step 130 is

carried out using a nodified Hough transform This

techni que provides a fault-tol erant nethod for fast

p@ﬁ'[ﬁkﬂn@été@nAQiet%féﬁ R fe' STpupil gal%eerfhefehﬁﬂl Fan K1t Be set forth

rfotationally an nonr tatIO ysymTetrlc

t as, th ratlve .l en i bed
be?c%gvgﬁgt’é zgg ha Ce teﬁ 8? g:gg, (ﬁes;% ?T%)I]?tls ge O ¢ asl}’gf ‘ri 1maged lens
h transfor d generallzed Hough_ transform
g ?ﬁﬁi BrEEnG AT W RORFBIY Houge Blens aark foqrHinaigs re
therefore a detalled description is not necessary for
kngivn theepositign ahd grioftati¢reos the eontagdensTigh faspest éxthedneasured pupil
reader is referred to the Internet address

pandrhgter damsreadily-lrcdkdaesiss wepforth 2t iob ¢30. 89z o8didd to the Rinbodiment
for an exenplary description. In general, according to

judickérived! thathosteserzon gh&%‘i‘in Pi M‘ Sctlal F&ﬁ&%&@@m&{ s Gi¥fe lens,

narks are arranged |n i nes. “The ang et ween hese

A Em i
wiiel S BB of ?Hflﬁ%ﬁ@é%&ﬁ%eﬁhg Ensf”-VZggsthfmpll
S arefound |n h transform The ang
ceﬁf%tfgﬁeegnn}?a R st bE A g EeERtp &hS l5ps BREEAG0%
with the angles of the known |ines in the structure.
Tyri¢allygthpasarks 1§Q4sare siopdassd inrakings owaide loé therapitieal zone of the lens
Hough- back-transformati on of the points in these
arsicre nol tatbe confasebwithiticcdpsaitl mbnkidds@ 1 §idesoribad eein.
relation-allows a clear allocation of the points to

t he I deskemBRirbabbdittent @teRAB0liE EarBBd biaged 4 MB8ifRH ?E[ough
di scrimnated.” This works even for the case that onl y

trRRFIHhS Tk Jreghrﬁgu%ﬁﬁgvﬁfes 5 R&y fo[’ﬁém;%&‘q&i f’b‘f?ast g@l&uﬁtﬁéﬂ of the

pur poses, a cCoO tron wt € angles O

st.ruct ure. ¢ e b I f, the ¢ ation
PRI iR bR BB Fo@lbnelly gt iRy Syistti lime patterns
‘-\Rja eol contac lens, is found. The rotation of the
&b theglipsiraiyie lens sagles deseribralcrbov & AVER B AQisy gvisongeat Both
of the lines. The shifts are determ ned with the
clawsivebHauglplansfamondt gepetalinabHough fransfusstetiniques arawell known
the algorithmw th a | ow angul ar resolution and to
b;pmaesa:sﬂﬂd:aﬂhmtme fartheefobe 4 Hetaitolighctiptioisk Obhectibasy for an
ensures short

understanding of the invention. The interested reader is referred to the Internet address

http://cs-alb-pc3.massey.ac.nz/notes/59318/11 1.html for an exemplary description. In

general, according to an illustrative embodiment of the invention, the lens marks are
aﬁanged in lines. The angles between these lines are known. A Hough transform is done
for all points. Angular accumulations connecting at least two points are found in the
Hough transform. The angular distances of these accumulation areas are correlated with
the angles of the known lines in the structure. This gives a first approximation on the
angle. Hoﬁgh—back—transformation of the points in these accumulation areas which

12



calculation times of a few mlliseconds. An exanple

for the detected pupil and marks is shown by the
wohoismgsaphi ¢ copy in Figure 17. Al marks haveCbaemo4/008201

found by the algorithm The additional points, which

do not belong to the marks, in.general, are not well

defined (for each dot the algorithmgives a quality

. ot “whi i t AN n e . .
safli iRy %1‘0@1'1 Gio1b Pl BN diRws arb?‘?a? aﬁgéagl%)g%@ %(_)e&s Iugc% gb I?lgfh%se Points

be  excluded Tn npbst cases. >
I th int hat .d fit.int
AR ARE P A Aaalel i Vs B ot ony

enbodi ment is_ described with reference to Figures 33
pogﬂg 8%’71‘.5}%%?‘6& Pég@gm% BRReEYE- For tostutyirases, acoreletien waibthe angles
wth a blue mark 3304 in the upper part of the inmage
of adtippad Hypchive carr alowbe built. dfthe colrélason athigter ehearipkies first case,
the color of the iris is blue and is very simlar to
antihéicatidrofor afflipied ovatakt BROK foliMeMRIrotatioh ©f BRSPAIM SridBure is
clearly detect the mark by using an appropriate .
detdrinliid. frIAehd dvet e 26BRs BEHR @ipké.%g.'spif{s%?e g&éﬁrﬂﬁémﬁh the
I's defli y an ~

way: The col or of every plxe ned . ;
_val i Q. t . . ,
cri g PORS of el dF eSS BEhY ofedfim G0 brimer
N : ich i t ch istic f th k
ol sl SR R R o
f

ollowing restrictions: a) Ratio of red intensity to

calguiagion fieasifeyfew midlingrongs. Amaxanaple for)thRdetected puil arel marks is
intensity to green intensity is smaller than 1.4; and

* sheyn Rattheplodtogdapleicicopehshipyretld. gileparkismaenbédnyfoiisd by the

| arger than 1.0. Figure 34 shows the filtered i mage of

algorIn e TRS2adIR61 HOIngY, ShidQlo 3Bdiohs tEHRMarks, in gerg,éal, are not

detectable. Sone pupil glint artifacts can als
j ' t L i f th '
EE (S 0 OB G { GREEY BRI 0 or s
Lfinding th [ for.the right color. A mark
ooy P B S S et B el e hose
rotational symmetry, is sufficient for

W t hout .
POgs &ahﬂ?lpﬂfgﬁtdémtﬁ%Prqdéﬁ%edﬁé@PW@n and orientation

(including |lens inversion) in-vivo. After filtering,
t he Aveslierativstaspet of thisembdimentrip desedibed with reference to Figures

33 and 34. Figure 33 shows an in-vivo contact lens 3302 with a blue mark 3304 in the
| upper part of the image (éhdwn by the arrow). In this illustrative example, the color of
the iris is blue and is very similar to the color of the mark 3304; however it is possible to
clearly detect thé mark by using an appropriate filter. The filter can be applied in the
following way: ’The color of every bixel is defined by an RGB-value, i.e. 3 bytes for
‘every color red, green and blue. All three colors are restricted to a certain range, which
is most characteristic for the mark color. In the instant exarple, the filter had the |
following restrictions:

a) Ratio of red intensity to blue intensity is smaller than 0.6;
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with the neasured pattern to determ ne the position

and orientation of the contact |ens according to a
woanismiy2oof software techni ques well known to PODE®2004/008201

skilled in the art. In an aspect of these enbodinents,

a plurality of wavefront images in correspondence wth

the contact |ens inmages can gl so be obtai ned online as

sho ﬂtlo%f%l%é%dsﬂ%% %ﬁ&?' g% ’ on%FH 474 and

enbodi ment SEensor ’i's used -
to. o I.N ond: or t hr ou h i xt.h-or ernlke
anpl ¥ t@?&l@ Z}H l%elﬁlé% {Png?}‘ ]é‘?eﬁl %5 ﬁé?rgE’é bt ai ned
_if desired based upon Ienslet araneters. Vﬁvefront
Figaesiarijows dmiilicred marsreaf Hignan 38 meraeal oned lobh3dds clearly
principle are widely known and can al so be used. For
dedociané. cSomepeit ghnt bfasisgn blas dd semm infiles Agurhe Amiyrogher
princi ple can be used, anong others. Comercially

regtvigiib@foe theadetdricdnld teahdSensthay woullll Bk &ialplid B SNdifl€ the regions for
with software algorithns that facilitate wavefront

thEBRELEAGE K B Péﬁéﬂﬂééhs?stlggbf %’F e e Hﬁgegeﬁ% N without

wavefront measurenents and-ana ySesS I n cont ext
t] f I th
A A SEE AP b B nion
O e R B A e B Bk e comprs

that various algorithns can be constructed for
with therpasueadaiafisinsto datemminiedlie pesitiemindwerientationsif ghe contact lens
detection in-a wavefront imge as set forth at step

actdfilingniei apuaretyl o fsndiovaie teghdiqudsheell ksdvanto thodeadtiliednih theSart.
further described with reference to the fl ow chart

di agmam 23p8:t OF tHds Hﬁa@o&mehfb SBﬁJrzhﬁtﬁl %?Wa%ﬁ(ﬂlt images in
enbodi nent, a sequential plurality” of |rmges are

c@&g&;ﬁg gﬁgggez@o%;acms fhaRs 3F Bt 3 Buffled Plip€Rliown at step
el & Wioblialeft et “ﬁé@i&%&é@@?w&? o sspsor s

pi. xel size vvavefront image i s acquire as shown & -
usreérto @%Wpﬂeé%ﬁyoﬂdl%ﬁ?@u@ sirthoréarZeraike amphtudgsn elthpugh up to 9
i mages are represented by variabl e pixel signal
oridert emdietabémnebif slasivad bakedhges leadte pafanmtera. BEDefranteseasing
usual ly consist of an array of pixels in which every

tephri @lesiothed Sisinah e WagtniMaRtSMack principle are widely known and can also be

D:

used. For example, wavefront sensing based on the Tscherning principle can be used,
among others. Commercially available wavefront sensors are tyﬁically provided with
software algorithms that facilitate Waveﬁc;nt measurement and analysis.

In order to make online wavefront measurements and analyses in the context of
the instant description, a very fast algorithm is employed as described in the co-pending
application referred to above, and described in detail below. Those skilled in the art will
apprecia;te, however, that various algorithms can be constructed for centroid analysis. A
method for‘online centroid detection in a wavefront image as set forth at step 140 in
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proportional to the anount of charge collected at this
pi xel . This nunber is referred to as the signal of the

woizaeslo1s2om the il lustrative description that feCrmrs4a08201
regul ar -square grid of bright points in a dark image
will be described in detail. i) Image Conpression

After acquiring the inmage at step 302, the inmage is

FERRY G50 M BB el s Sl oo R g ftenps o o
a3 ik Bk ) o B L REH I Sabpine prsequRgkplualic

606 (Figure 6) of the inmage and scanning through the

- ofiippages argpequitednanialyizad.tand digpiryed bbd rate of 2z, bit fohthe sake of
conpressed image is then set to the average of the

sifplisity the akgoeithrh seps kg fadth bélowvheplyasta spigtewalsirGRimbge and are
the average of the next (second) square, and so on, -

repéaiél foy eVér? hbivBftof iRlagh UARst¥) BOX a¥/ X'B(WIY;SE&P sib@wal&Font fmage is
and m should be integérs with X/'n and m al so bel ng -

oS8 AR BT SHSTP P53 SIS e Pl o
5 5 T B GG e Pl Bys

above), the exenplary enbodinent, one tile is a square
cagierBUigHy spucitt of ap gray phpixels iy whichaveryaikelde assigned a number
Typically, one tile mghtcontain 3-5 centroids. The
prapestiand te thpreahonng ofigzirge culectad at thib finel. &héy yurhbérds référeed to as
average values for the tiles are then linearly

the xienalpsflteg sistelt an YheillisRathRegiptiog tha IR WO b rédilar square grid of
| ocation in the image. This background is then-

brigh bhRE! 84 cfaﬂ@ﬂéé%ﬁn"ﬂ%%s&}]bgh?{l P&aﬁ | ow si gnal

outside the centroids. Int ustrati ve enbodi nent,

a si. - 1 @- Noi ratio of two was inproved to a
Si gnlgp-ﬁ%%e-g%@gl_lggg%i o of 10 by the background

SHCACREANG S T R F LT
centroi dg{) are identifi ed First, a maximumis -
Pigels in&a ny/mmpéxdls aftséspt 304 Jidd canrbetdone byaperegingdhé siguad fo
ev-!c-?yepb(el inannxm pixel sqﬁa.re in the original image starting, for example, in the
upper left corner 606 (Figure 6) of the image and scanning through the imagé. The sigﬁél
in the upper left corner of the compress?:d image is then set to the avefage of the first
square, the signal of the next pixel is set to the average of the next (second) square, and *
so on, finally yielding a picture X/n x Y/m pixels in size. n and m should be integers
with X/n and Y/m also being iﬁteger values. In an exemplary embodiment, n =m = 8.
ii) Background Subtraction
At step 306, the compressed image is then divided into square regions, or tiles
(not to be confused With thé pixel squares in (i) above). In the exemplary embodiment,

one tile is a square of 64x64 pixels, but other sizes can be used. Typically, one tile might
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maxi mumis determ ned by a scan through the i mage, and

the X-position, Y-position, and signal value of every
woiaeslo150r ecorded in a table, but only if therPer@raio4/008201

value of this point is greater than a certain

percentage of the maxinmum e.g., 30 % (other val ues

can be selected by the user). In the exenplary

ST SR S Y LT e o
R B 0 P L ARy

TABLE Signal X Position Y_ Position 223 8 . 55 154 85
location3s theamgge. {Bus hackgrwmd ipthen subizactedgiom theoigage irdding a low
first entry (highest signal value) is defined as the
signiat gutside tlyghcestroidst T thepbusttativd bmhodiaient, arigriabso-hoisé Bgio of two
list that obey a certain pre-set condition are defined

waSnIpeosd 16 tlsip@hlifoendisd ftis of 110 b ie: BeRBRAA ¥ubtraction.
enbodi ment, the pre-set condition is that the position

of tllﬁ?Réﬁ%ILSﬂﬂﬁ&ﬁre@étééﬁohs farther away fromall yet

f ound” r ou structure p0|nts than a pre-set distance.
e, di stance, i.s

I n enhaodi . ‘
v e T, Bl RdmafE B ol B EPSifs Gt i) aftuenified
oints is created that includes_ ap roxumtel ' 95% of
Figgf, a mgFippgn {Sﬁ%ﬂ%ﬂ? @ g highegfsigna] wthe comprrssadiimage. The
Detection of Structure To i ncreases the confidence
mpdpam shigtermined hyiarscan giroughethe imags, endtherXepbsition, Y-position,
and signal value of every pixel is recorded in a table; but only if the signal value of this
point is greater than a certain percentage of the maximum, e.g., 30 % (other values can
be selected by the user). In the exgmplary embodiment, this yields a list of about 400
entries as shown in Table I. The list is sorted by desceﬁding signal as shown. Any ofa

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

TABLE 1
Signal | X Position | Y Position
223 86 . 55
154 85 75
135 87 95
133 115 56
110 118 74
108 114 93

The first entry (highest signal value) is defined as the first rough structure point. Then,
all entries in the list that obey a certain pre-set condition are defined as rough structure
points. In the exemplary embodiment, the pre-set condition is that the position of the
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308 can be repeated as shown at bl ock 310, setting a

new mninmumto a certain . percentage of the m ni num
wonodshesPdorst iteration. The second iteration PCHA®2004/008201

points that were too weak in signal to be found in the

first iteration. The xough structure points found in

the first iteration are-accounted for so they will not

paBecull 2UWntya0 Bk Rel dwsy ﬁorhﬁriﬁyyegﬁ)ﬁgfrgg%l?%?fgﬁﬁe @g&?érﬁlbﬁ’g re-set |

of being farther away than a tan om t he

: Cty ' | ti.mate. Struct - Detectiqn.
AR 75 S BRUAE R callonbbn R Tl 1 RuSly 2R st
.. determ ned. .Since the i mage was earlier conpressed in
Tt SEPPIC ALASHER FriRERIER ingreased Bl Grivdes goreormatshedS % of
in the image was ignored. This information -can now be
all padnts that @eq torbeidsteciedr e exact centroi d positions. Using
the original unconpressed i mage, a square of, for
exanip) BefildbPifciiomxel Stricturer eat ed around every rough
point. Cenerally, each square.is smaller than 2x the
M Ni Y AcEHa86A0E BorlRichESIYE thkall] AR of HAHRCRRD sﬁgﬂm, step

only one centroid, and is larger than the centroi
ot sehf.. li..oent i s.yal ' .
S8R0 eren st SESGTR A SO QR e el Bl et
f signal, for .the .si | distribution inside the .
peesbied W dhosBlibi B BissHigtion o the SFtond Setibion Bads nyings that

exact .position of the centroid. In an aspect of the
WeRiieRIsRlain sigrab i e fpupd in the fraljteartian. The roughastrire noints
2, 3...ntinmes to determne still nore exact results.
fohe ircthk durbtatessdionent acoufitednfizrssoithey will patebei fousdagyin (i%., they do
subsequent|ly used. Each structure point can also be
nA®bEgiREoadGdAlof bying BEHHRE aWeP a6 d\8e 36t dIgMhdBBhntiedetected
position of the center of mass changes if the square
pcﬁﬁt@)%nd the pi xel is willingly shifted by a user-set
di stance, at step 312. In an exenpl ary enbodi nent,
this_(di-stancg,. i s fiye pixels. The points whose
posi‘{):jﬂgﬁ%n%%sgu%wgﬁg%%&toﬂe | east are assigned the ,
hi ghest ¢ ity factors. |In this manper, spurious_ .
por nikbsten S R thduliG i rpiroid asiaps 47 SGeTrminkb Sipaihpdmage was
elimnated, as they likely represent false structure
earlier compressed in step 304, much of the information originally contained in the

image was ignored. This information can now be used to determine more exact centroid
positioné.' Using the original uncompressed imagg, a square of, for example, 15x15
pixels is created around every rough point. Generally, each square is smaller than 2x the
minimum distance to insure that each square contains only one centroid, and is larger ‘
than the centroid itself, In the exemplary embodiment this value is between ﬁve aﬁd 30
| pixels. ’i’hen, the center of mass of signal for the signal distribution inside the square is
determined, giving rise to the substantially exact position of the centroid.

Inan ~aspe<‘:t of the embodiment, step 312 can be repgated, for éxample, 1,2,3..n
times to determine still more exact results. The calculated "center of mass in the previous
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points. . . . In the illustrative enbodi ment directed

to Hartmann- Shack wavefront sensing, it is desirable
woaois@i1stbe to correlate the centroids w th theCT/EP2004/008201

correspondi ng image formng lenslet of the mcrolens

array. Thus, an.aspect 700 of- the enbodi nent as

illustrated in Figure 7 is directed to the process of

i c ' t 0 _assign t hemyt
Ph SRR IRLE LR SRELIOLAR OB AR 1 pER0T el Ko
.hose.skilled.in the art that the algorithm can be
aadiRE B nEBiomeT e Bl & e et Bess Hpecs i hs rgias around
such_as,. for exanple, points on rings, or any straight
the prsl srwillinghy shifted by e aperagbdistenes, gesiep 3102.sbran exgmplary
configuration is selected. In the exenplary
enghsliaembethis distancecis fifve ginetst iThe fointa whosepsiigins habasegged the
upon the geonetry of the mcrolens array. For every
legt enel aabighdd fhe hicheStdtalieyi flctBEY. Th thik mahfer, SREBM Bof® orfhoise.
straight line 604 is cal culated containing the
, . : .9 45) < ‘
oSGRAN 1 BRULY figlor B DRI S B B rtpipoihh £ preture
Jdigkt corner 606 or .[ower right corner 607 of the inmage
PUEE shown in Figure 6), slope values between 0.1 to
O'glﬁgﬂ g used. Hikemﬁse% when the starting position
is tHdng ﬁa@vaweng psntdigeigd & Hermaneniback wavefront pasing, it
. 609 of the inmage, slope values from-0.1 to -0.9 can '
is gesizpbledotbedblesp correlatend centtvédsdivish dreomriesfishdinty image forming

6), between the |line 604 and, in the illustrative
lewsidi ad ithemnicrolehearntyyp efhuk efnt aspedt 1760 o6 e @hbddiBentmBAGsGARd in
is calculated, as illustrated in Fig. 6. Al

Fig@Bt7i9ldeseted to Ak ?r&d%?ﬂﬁ%ﬁﬁﬁ% tgﬁg’?t%dé& Ebh 08% SLanb agékggn them

[
wWth the centroid having th est va At st

[ t |l.est . val uei s...assi gnedt
t
© Eue AR Idtal. vl e SO GR oY e R i g S Bt e
Row . | n.an aspect qf the enbodi nent, the |ast :
al§0Rtin R 05 G Bladianierldo pSF FEHREITSY &SGR tioRs FHsRgpyfor
during step 710. At step 712, a region 810 (Figure 8)
eXAID e PPIREPT 1HRES, OF Fnyatratsht ipe of goisisbodi ment, conpri ses
an area to the right of the last centroid 805 of a :
gi veht stepy 02 dhe degirell sretisg cordigubaiondaselbeed: Oltthe bt @ablary
and varied to :
embodiment, the configuration is a square grid based upon the geometry of the microlens -
array. For every previously found centroid point, i, the formula for a straight line 604 is
calculated containing the centroid point, i, and having a slope of 1 (45°), as shown at step
704. For starting positiqns of the upper left corner 606 or lower right corner 607 of the
image (as shown in Figure 6), slope values between 0.1 to 0.9 can be used. Likewise,
when the starting position is the upper right corner 608 or the lower left corner 609 of the
image, slope values from 0.1 to 0.9 can be selected. At step 706, the distance n; (602,
Figure 6), between the line 604 and, in the illustrative embodiment, the upper left corner
606 of the image 610 is calculated, as illustrated in Fig. 6. All centroids, i, are then
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adjust for different |lenslet arrays, and having a

shape that is suited to detecting the selected grid
woandsiogsevat i on, as illustrated in Figure 8, whPCIVERh®WS08201
" the search area 810 for the next centroid. Any shape

suited for detecting other grid configurations is

al ternativel y.possi ble. Exanples of the |enslet array

BB 8 1R TR O e S
908) , il. ‘ i n_ FEi 9. T , 714,
TR S o T Pl g ooy

checked, with respect to all existing rows, whether

asthe lastqeniraldpiRow 4. dpan gureriridhe egbodiment, thelest aenieidaof the
step 716, that centroid is assigned as the | ast

ex¢ggmgrrowsl axsfstorkd in memory funig stefhal). t Abtter 812, raakgion $10 (Figure 8)
assigned the last centroid of a new row. Steps 714- '

is & Bndl that) GV €ReHI18¢ driodhént CRPrRkdlan atel td teSight of the last
manner, rows start to build up fromleft to right. At

¢ o o : ‘
c R §UB 0 RO R BRIl ¥ BBCEE I i yaried t0
ver - itjon. This.step facilitates.mgrking of
A R Bt Teoslagiiaye. LB NG = Mipe fadt i s o feloipe the
n. Before describing the steps far sorting the
Segf&ﬁﬁir&%d, Cqnfignetign RsrlBstRed i3 BFITR S, whichishaws theessearch area 810
situation can occur as illustrated by the faintly seen
fop ghermext ¢apntnodd. a oy shapersuitedi oo detedidfziother sibeonfignrafioguiise
10; i.e., sone centroids 1012, 1014 in the mddle of a

‘altepmitivalyepossibleb Exantpidsadtialetsle: drenyqrehrietatsiihiludd mbkigrum angle
centroid points, and the centroids to the left and.

907, ahhinhiay 8isRees 908 Shahednt @sidhdd F{T@%&_a&l@‘i\ﬁaxhhﬂmtdiéténce 2 (908),
event, optional step 722i nvol ves rgi ng these rows.
TR Sk S lol Y fel | owing, sub-steps:. From
oS LSt ATIARE o, R a4 B RSy Pl Ropeh e Toa tt
714, cal cul ate, t he an di st ance bet n the rows, by
cebhgid 8 et dyvich RoRECt P PP RE TG (ISR 108 CoRr i the
Rowl and Row2); y 2-y row3 (yielding the distance o
defimedsrgioRoliycarberRewtp; 7 1anthebcatroidisdissipesd asdhé lagt aendroid of
mean val ues of the obtained distances, h the exenplary
thetowd i Ifrea than that cenittodd isaassignednthe dishgentid of a asvdrdw.i Steps 714-
If yj -y <f*a and > Pmast or < Pj, )
716 are now repeated for all centroids. In this manner, rows start to build up from left to

right. At step 720, the average y;position for each row is calculated and the rows are
sorted according to their average y-position. This step facilitates marking of the top row
as Row 1, the next row as Row 2, and so on.
Before describing the steps for sorting the columns, it is beneficial to point out

that the situation can occur as illustrated by tﬁe faintly seen points lying along lines

1002, 1004 as shown m Figure 10; i.e., some centroids 1012, 1014 in the middle of a row
have not been detected due té bad quality of the centroid points, and the centroids to the
left and right have been assigned to different rows. In this event, optional step 722
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where: f is a variable paraneter in the range between

about 0.1-0.7 that is set by the user. Lithe exenplary
wentsdiiswnt , val ues between 0.3 to 0.5 are use8CTAP2®4/008201

the nean di stance between rows. (see above); P ,&st is

the x value of the first (left-nost) centroid of the k

row, and Pk ast thex val ueof the last (right-nost)

5Ll A8l LRy S R s, o
YR SRR eI S0 o B8 S e e

row k. The process for sorting the col ums begins at

bafween the AO‘Wh%( gulittaeting ¥bwicirows dYieklingtbn distangs bbiween Row1 and

- distance value fromstep 708 is used again. The

Roe}; iyahdywist(hielding thealidtesite betvaeaR gvieahd Ro®B); uf®d sd ofhd then
is stored in nenory as the last centroid of Columm 1.

* takin@Rh &8P Alidk FIREEbtainkh BistAks. GeHe READIR] eMBodiment, the
exi sting colum are always stored in nmendry” during

: VI i @ f €0 [ fi ~th [ .

o S P i B B e B O D B B )
bast centroid of a given colum having di nensi ons and
Hape that are controlled-and varied by the same
parapeters, of the lenslet array as set forth above.
Thi sfiss varipble pagmesiensy the 1apghbetiveen ahaag Oalnd 7rihatiigeat by he user.
downward by 90 degrees. At step 728, the next higher

In/the exernplayesingpidademnvaliérhetwent 0.3 tal0.5are heedked, wi t h
respect to all existing colums, whether the centroid

i s i nisthenwdeh dizeshce Baiwaen rdWs ¢esabdvegn at step 730,
that centroid is assigned as the last centroid of that

col upp. . {sfih 10 valuB AR e Wkt &&Elh{ogt')%%@g%%wfw.qul ast

centrord of a new column.  Step 0 are now

repegted f.or al, centroids...ln this n col ums

Gt o Pripgs 1T SR SRSy Blans oI PRIl kEa 1 e
avgra e x-position for each colum is cal cul ated .and .
Iny ptaeroRgrdentae 1w are presgrdiid sy drmuet clopti tp the epagtion than typical

X-position. This step facilitates marKki n? of the left
and if they don’t overlap i.e. row j is either completely to the left or completely to the

right of row k.

The process for sorting the columns bégins at step 724 where the list of sorted
centroids by distance value from step 708 is used again. The centroid with the smallest n;
is assigned to Column 1 and is stored in memory as the last centroid of Column 1. In an
exemplary aépect, the last centroids of an existing column aré always stored in memory
during step 724. At step 726, a region is defined that, in the exemplary embodiment, -
comprises an area below the last centroid of a given column having dimensions and
shape that are controlled and varied by the same pérgmeters of the lenslet array as set

forth above. This is illustrated by tilting the diagram in Figure 8 downward by 90
degrees. At step 728, the next higher n; value is selected and that centroid is checked,
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nost columm as Columm 1, the next colum as Colum 2,

and so on. The situation can occur, as nentioned above
waoizods/meder ence to Figure 10, where sone centr 8CUEPRV4/008201

the m ddle of a colum have not been detected due to

bad quality of the centroid points, and thus the

centroi ds above and bel ow have been assigned to

< AL ' t i 736
e eD e PR olind iR B copBteiClitthe SR dBon. 16yes

by_.t he | ,ow ng sub-st.eps: Fromthe an. aver age
(a5 O R g T AR bt gD Ui ec i i mo, than

t he nean di stance between the colums by subtracting
thf(tﬁeéﬁf%@ﬁ@aw%w@ thetlastceneid\aé emeasiolumn. Sisas CN-U3hap now

(yielding the distance between Col um2 and Col um3);
repgatedsior @18 cerdrpdds. Harthis akdnngr, colanms atartta budd up fironhp to bottom.

obt ai ned di stances. In the exenplary enbodi nent, the

- Atcste 734, ehef average kepdagtioadfor 8ats dolvdidliskcaictlatddfand the 8olaffs are
Pj,iastor Pk, kst Pj,&st) > where: f is a variable

soP8d 8FRE@hg tdthbR %véléﬁgg ﬁgl%gt(igﬁng :T}a]%)t}?%} %o élﬂa't& rﬁaﬂc\g‘g ouf édge left-

set by the user. In I ment,

- t . : re ed: ads the nmean di stance

m Sgt"% %o cﬂﬁnﬁgq’gtga%xlt‘ g@%a’?%&%; 8% he first
(top-,ost)..centroid of the k colum; and Pk,iast they
val ubASHIUERRD faRceph 38 PsRHARrskabore Hithgpigregee idisure 10, where
colum. In other words, the colums are nerged if they

sogrecceptiieids & b anidile of hecolunpobie non bednadetgcpidodile tabdd ighality of
they do not overlap; i.e. colum j is either ' 4

the oenptodd poiptsamaldbuetheaxenrbids ebyvelald®alowohav@been kspihcti e
sorted centroid positions, a Zerni ke cal-culation can -

differenBeturhfs. ARHUBI VB, B}B‘t?bﬂ‘é‘@é’iﬁ% FoeinveR_s ﬁfélr%:h;i’%theké colimns.

to be appreciated that the enbodi ment desc ed. above
TP 8Ly, 06T R0 SO 0, R B
‘eafr:ﬁ c ed lfg‘gﬁ%géﬁ%ﬁgf %&Sﬁ%& g\%rrgieqt]t%digtg}lpe re?:wctaelglethg ggl?lgnins 9t
‘subtractiﬁg Xeolumni=Xcolumn2 (yielding the distance between Columnl and Column2);
xcolumﬁz-xcommng (vielding the distance between Column2 and Column3); and so on, and
then taking the mean values of the obtained distances. In the exemplary embodiment, the
criteria for merging columﬁs jand kis: If xj-xi <f*a and (P irst > Pjast Of Piast < Py sirst),
| where:
f'is a variable parameter in the range between about 0.1-6.7 that is set by the user. |
In the exemplary embodiment, values between 0.3 to 0.5 are used;
a is the mean distance between columns;
Py sirst is the y value of the first (top-most) centroid of £h6 k column; and
. Py st is the y value of the last (bottom-most) centroid of the k column.

In other words, the columns are merged if they are much closer in the x-position than
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t he simul taneous, online nmeasurenment of wavefront

aberrations along with any suitable contact |ens
weoasistoise90 and/ or ori entati on nmeasuring approachCTAMﬂmMmmmn

enbodi nent of the invention related to the

cont enpor aneous, online nmeasurenent of the in-vivo

contact |lens position/orientation and the total

ty]S[fY@é{leJnﬁ(inhe? IB? hbRbVePR ‘Oif e. tcgﬁmﬁ:#% ?r%]pﬁ%geteelx i ﬁ(l)x;eec?r c%gnpletely

o a nethod for dete nln ng t

be?o% %m i ngﬁvpv of @?C{){te ﬁ@ﬁqﬂ gﬁ)\ég,raa% ne Séec@ﬁp tion can be made

nforrrat on i s valuable in deternning the best
toQSWEPF@ﬁ£$F%7¢¥§“ﬁ@?ﬁﬁoéuston1zed contact lens or for

maki ng presbyopia correcting, nultifocal contact

| endléss.toba aapreemmdﬁhartbe embodimrendescibetedsue enmnlimited to the

interval of 10 seconds is sufficient to acquire 250 :

simultatebas) @alife indB@eerpait of wapeRbht absR&Rhs BAH; with the spec1a11y
Har t mann- Shack | ensl et inages).. The i nages are

mike§ %‘ﬁ§&%e§t§1b%ﬁthefe@ﬁ terh'ef‘ tﬁeh%%% ﬁllémqls ﬁﬂ{r@géﬁlegfﬁl}pgpplicable to

Figure as fol l.ows: At sté e X-

I | ntacgt |-en
o sAabL O, Ml PSR PO oot AR BOh Efibng FiGrant Siabie
are obtain d fromthe pupil imge, and wavefront

COPI??ﬁg](?nﬁ HO%?%@ @?ﬂeﬂtﬁl&wn%swwma@h dat a,

y-position data, rotation angle data, pupil dianeter

dat 2An gmlodiment pfthe invehtionuilated tnthe sortcmactanpust beltheas

a function of tine as shown in Figures 12-16,
measspenht vithy in-The coplerlesapositipt/otidnenioniadd €ad 1ot ata@8front

fromthe wavefront data, where the naxinun1Zernike

abefr8i@dn bSthé 8sHjEdt Gle§d i ArddiR 9GAMHQ fd}‘%fete HeGnost
synbols in Flgures 12- 16 denote inval |dneasur nment s,

oa va@(%tgiwgl%@ég‘? PSSR B ERE o
m%ﬁf G0 B 1 Yo v RRa i Dot sl profl for

108, trend Ilnes 1202, 1302, 1402, 1502 and 1602 are

a qustonyiged gntact leas o fosanakingpreshyopia cortesting ghdtifachlecontact lenses.
pupil dianeter and the spherical equival ent graphs. A

In qguaderaplary eubadimeals a nsedurtment interfdl bf 10kenads Beuffdmt to
devi ation of the measured points fromthe curve is a

acquird 2A0BImW ithivout ith@stPaii@ (bl images and Hartmann-Shack lenslet

-

. images). The images are processed as set forth in the block diagram 1100 of Figure 11
as follows: At step 1106, the x-position, y-position and rotation angle of the contact
lens, the .pupil diameter, wavefront data, and the refraction dgta are obtained from the
pupil image and wavefront image in steps 1102, 1104. The x-position data, y-position -
data, rotation angle data, pupil diameter data, and the spherical 'equivalent are each
plotted as a function of time as shown in Figures 12-16, respectively. The spherical
,equivalenf is calculated from the wavefront data, where the maximum Zernike order is
restricted to the second order. Triangle symbols in Figﬁres 12-16 denote invalid
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however, any other fit can be used. At step 1110,

points (shown as triangles) outside a certain range
wanosdsohe trend |ines are del eted or nmarked BET/EP2004/008201

invalid. Exenplary ranges are +0.1mm for the

X-position and y-po.sition, +3 for the rotation angle,

and +0.5D for the spheri caI equi val ent. Steps 106 and

méBrepmtd) 8rds € PRABAE E’é’se sﬁt%ﬁieﬂtsrtﬂmﬁ ' gbﬁ%}(i%ligiﬁterval

valid points, at ste 111 n an aspec
i S erm.ned a
(d?%‘ﬁg‘*‘ T o 001 SR g S B 3 bt o
e rralon nfor t|on|s%[termned during the
ﬁ8 FetRroR s ERpaest waveliasp Alsiep LEMS, ntcnﬁémgt 120R¢ 1302,

e |s detected when the contact |ens suddenly noves
149 W2rageh YRR ate g the npotition yepositiing thibi asipten the. puplieliameter
nnvenent generally occurs in the vertical, y-direction

anlubewspheiicalteqtivekent adagles. Bequiadraic fé@fvedﬁ/dfsaﬁsédi @1She A6 where the
addi ti onal indication for blinking, a sudden change of

médiedeRitioh off iRy RERNredddiRs B8miGe BSSH is gmﬁ é][tX'esmctton
te

aspect, blinking of the eye is detec or ‘exa

i c trend |ne
ol S QPR %”us% §5%5ny Mora®eeh ewaaﬁasrg Jog) geside a
. sao conbl surenent of the
ccfplitafy ot he'iend ifs 45E ARieled o misvierd ssdpyalidy Exemplary ranges
de reas s by a certain value, it could be taken as an
arg A0l mar fsrihex-neritiar ang y-pasitien, 13dforiteaotation angle,znd +0.5D for
blink, all succeeding points within a certain tine
the sphsrivall equivelemhr Kteps BE)GHNArA 08 ban baespexteddralltemaining points;
enbodi nent, a tine interval of 1 second was used. A

1eemehabahﬁsbimqyymg_lnterval coul d be between about 0.3
to 2 seconds. ForaII pai rs of inmages for data, V\,hi ch

are H’i"ah%ﬁbct BPthE k gtkg‘%tam eI 85! 8988 At slt<ep 1114

t he wavefront can e ca nd express

d st f nt Wavefront IS

amtzﬁf’élﬁé%ftn?@?& B mgeﬁg%&%%fmyn&mﬂgn s dotormined

Zer i ke jtydes t ste In the exenplary

D07 e bk S igrve it e A4 kBligkias ot 1 o5 4dtodted when the

be chosen between second to ninth order. Step 1118 can
coniacs éen suddsnly Iovessuvaycie theaveridlimthy, a edneiredistansee Thit h

the smal |l est and | argest spherical eduivalent are
mowemertednerally occurs in the vertical, y-direction (upward), but can also be in other

directions. As an additional indication for blinking, a sudden change of the pupil diameter
can also be used. In an exemplary aspect, blinking of the eye is detected, for example,
when the y-position exceeds the trend line by a certain distance (e.g. 0.lmm). The
detection could be also combined with the measurement of the pupil diameter, i.e., if the
pupil diameter rapidly decreases by a certain value, it could be taken as an indication of
blinking. After the detection of a blink, all succeeding points within a certain time
interval are marked as blmk In the exemplary embodiment, a tin:te interval of 1 second
was used. An exemplary blinking interval could be tJetween about 0.3 to 2 seconds. For
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(e.g9., 7%with the smallest, and 7% w th the | argest
spherical equivalent, are omtted). The procedure is
waabosres®ni cted to the use of the spherical eqeCvalPemwi/008201
but can be also applied to other values such as pupi
di ameter, third-order Zerni ke anplitudes, etc. The
nmost frequently occurring contact |ens position can
LK e - Lto [ [ . exapl f RUPil.
ol pHSEY B RE T SAFR R rRER P Bend Pr R Ry gbecR Wbl e
reference ta Figures 22-32. Figure 22 shows_the use of
Wawé?nticgn be paleilatrdapd stprerned ab??qnﬂ?q eRlfudasgBhe wRsh frequent
the online neasurenment. Figure 23 shows how the data
wayeirentas then ealculateddtyoiaking the thearryajuased the Rerntkerapipditules at step
determ nation of the pupil position and size, and of
111&én dentxaatpldre embpdindnit,dhe miagsinden Zeghilkd srdet 196, but it can be
nmeasurenent (online) and all data is shown online

chékieh bBEvdeh QedBRATY hBIE Bder. TSRp RYUPR bad dlsd BRGGS M {dledidd f
shut eyes can also be found using a lid-correction

walr 8, A st Mtk dFe SRR BREmreel PR R P 3 opieed
cops act, l.ens Siti it..is necessary.to exclude... = =

(o-Eigpoies TR nd e vk e TGRSRt ichEolR o g omitied).
As. is _known, contact | ens position changes rapidly '

Thg rqcgduns|is Bk ragrigisd tovthe|use af the sphericehequeyadentebys gan be algo
in"about 1 second after the blink. Therefore it is

.appléssii to abies velmesi stohrasipmpil dismetdrj third-ardérdbamnike atdplitiales etc. The

. exclude images fromthe start of the blink until about

mobt frequently bbestat tefitact Teispodigiof lch TREWRB b inditofeS T dsired.
done offline in the eval uati on node of the
soft ot PRSh ik, {d OO ;

Mﬁ%ﬁat‘lﬁ% o"i‘i)'gﬁftﬂ glg{]aslﬂeﬁ d 86hn Is ﬂé?&g%ess@ﬁ%%\kfﬁﬂ Rference to

The al gorithm n e foh ovvlhnlgOI e
. CC j +..Ca . t
Figi 752 bR A e il i b o e ot thcer

algorithm in the online measurement. Figure 23 shows how the data is evaluated. As

shown in the Figures, the complete determination of the pupil position and size, and of

the contact lens position, is done during the ﬁeasmgmenf (online) and all data is shown
online duriné the measurement. The‘ pupil in images wifh half shut eyes can also be found
using a lid-correction algorithm as will be described. Lid-correction can also be done
online. For the correct evaluation of the contact lens position it is necessary to exclude
images that have been taken when the subject blinks. As is known, contact lens position |
changes rapidly during blinkihg and will settle in the stable bosiﬁon in about 1 second
after the blink. Therefore it is desirable to determine the blinks automatically and exclude ‘
iméges from the start of the i)link until ébout 1 second thereafter. This determination of

blinks is done offline in the evaluation mode of the software.
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6. Reflex renoval 7. Refinenent 2 8. Lid-correction 9.

Final calculation Input: |Image (see Figure 24) Qutput:
weoeuapisioistdanet er in X and Y direction Pupil posPCT@R2004/008201

Position and angle of contact lens 1. Conpress inage

The pupil imge shown in Figure 24 is conpressed from

size pixels to XYn x Y/n pixels. This is done by

OpMEh AR Me OGS HRA: A Qingyery pixel in an n x n

sSquare 1nh the orfgrnat 1nmage starting in upper |eft

cornet,of the i and scanni ng through the inage, as
T eagg?qmoﬁga?%ﬁtﬁeag@wgsﬁﬁg&si gnal in the upper left

corner of the conpressed image is then set to the

a er@@{@P’@PS%efi rst square, the signal of the next

pPxefalpelatgckhreshotche aver age of the second square and

s8. ohalctlategiupil yi el ding a picture X'n x Y/n in size as

sHowmdgy HRilksringonpr essed, inverted, greyscale inage in

FSgUR efindenfilcan be any integer nunber (e.g., 16 as

I 6l uRdficxtieghbvii th X/ n and Y/ n al so integer values. In

t he PLBRsh: exanple, a bright pupil will be found,
tlgy%tdtb%@f re is inverted so that black becones

\Sﬁg:offm%% c\%i%%%-versa. In the Figures to follow, -the

Gar k agai nst a brighter background as in
Figure 25. 2. ul at-e threshol dA threshol d val ue for

h’?ﬁ’g%@%f‘pé%%égﬂ:f%ge is now calcul ated. All pixels
that have a signal greater than the threshold are set

OwtputihPeril dismgtralin X @@y dirggtionot her pi xel s are set to
bl ackPgpil gosation= 0), yi el'ding a binary black and white
i magePastishavharighe 6f gutaet RBGs (bi nary

1. Compress image
The pupil image shown in Figure 24 is compressed from size X x Y pixels to X/nx Y/n
‘pixels. This is done By averaging the signal for every pixel in an n x n square in the
| original image starting in upper left corner of the image and scanning through the image,
as described herein above. The signal in the upper left corner of the compressed image is
then set to the éverage of the first square, the signal of the next pixel is set to the average
of the second square and so on, finally yiglding a piéture X/m x Y/n in size as shown by
the compressed, inverted, greyscale image in Figure 24. n can be any integer number
(e.g., 16 as illustrated) with X/n and Y/n also integer values. In the present example, a
bright pupil will be found, thus the picture is inverted so that black becomes white and
vice-versa. In the Figures to follow, the pupil will be dark against a brighter background
as in Figure 25.

2. Calculate threshold
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bl ack and white inmage neans that every pixel is either
conpletely black or conpletely white). Illustratively,

woOheosihsmehol d is cal cul ated as foll ows: threshoraPz004/008201
(maxi mum signal in image) - (average signal in
image/4) if the maximumis smaller than (4/3 * Average
signal); otherwi se, threshold = (maxi mum signal "in

B ’ y ST / it . .

A pFBaRIa ol A RALEr 08 uhdle iFROF olbplsiod 'L PRSI P Se 0
.calcul atj,ng a thr old n_easi | e erm _ned. b

s i i e i 2 1o BB dhelE 25 5h IO RS ity ave st o
the binary black and white inmage, the center of nmss )

blacky(signal %ghm@kbn&@ binargblegk anf white|imageds ghenyn ithBigure 26 (binary
center of the pupil. The standard deviation of the

blindkaarkd vphitedirmge mebiwethXt evedy (ixel is ethéraompdetelly diack or completely
cal cul ated. For an ellipse, the axis length (of the

wisib! Thaaetivnaheursshblek cdiehlard ok Bsleld: i pse) is four
times the standard deviation. Using the doubl ed

L e
S A DR 0L o ek TR PRebbggE 2L e

b= e

s 1
refl exes in the imge, which regions are now_renoved.

' To deEsholdisEraximemgenahiidmage) ofavgiasa sisasl B iwagwd)
greyscale image fromstep 1 and plot the obtained -

if hephixigiun jsdégdenthant(HiBs* Amergge sigebl.or al | points

. inside this ellipse. Al pixel signals that are |arger
Otheawayhef alwlane axhgedld (danadsy bddetantitddy thiose selled i@ the

the average signal. Thisprocedure renoves bright

“.grPoints within the pupil as illustrated by the filtered

image in Figure 27. 5. Refinenent 1

3. Calculate pupil

Now, in the binary black and white image, the cénter of mass for the black pixels
is calculated, yielding the center of the pupil. The standard deviation of the black pixels
in the X and Y direction is also calculated. For an elﬁpse, the axis length (of the short
and long axes that define the ellipse) is four times the standard deviation. Using the
doubled standard deviation as a radius, a rough éosition and X and Y diameter of the
pupil is obtained.
| 4. Image Filtering

The result of step 3 may be inaccurate due to bright points in regions inside the b
pupil or reflexes in the image, which regions are now removed. To accomplish this we
take tﬁe original compressed" greyscale image from step 1 and plot thé obtained pupil
ellipée into this image and for ail points inside this ellipse. All pixel signals that are
larger thaﬁ the average signal (inside the circle) are set to the average signal. This
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The pupil circle in the image of Figure 27 is now
enl arged by 20% and all pixels outside the circle are
weebostoas2ehi t e based upon the assunption that tReyERR®4/008201
in fact outside the pupil. This is also a neans of
reflex renoval. To refine the result, steps 2 and 3
are repeated with this image. Ih this process the
préfeAMRGRIRvE Bt bSinEORMBIMRpi A & BrubilAGK LRI ﬁ&fékéd%mage in
image. It is possible to enlarge the pupil” circle by .
Fi%ﬁ’e‘ﬁ?en about 5% to 25% appreciating that if the
ercentage enlargenment is too great, then the reflex
r out sjide of the pupil may not be efficient. On
tggn%‘%{?éfne SLd, if the percentage enlargenment is too
smal |, then parts of the pupil may be wongly
el i iAhearupd cingle indhe imeagewl Figurol7 ﬁsmovppmlergeg@mm%endeﬂ pixels
cal culation. 6. Reflex -renoval To further renove :
outsifld theesrclotanesat eniviite bhsetpop ti dssiraptich that thee predn ifisct outside
scanned in the X-X.and Y-Y directions. Wile scanning

th@bem TS ivalsh ﬁmeaﬁsh@fr@ﬂé}[‘&?n&%l.t'h@réﬂn%% Fe881t, Qepk D and 3 are

expl ored. The fringe is assuned to be reached when at
: : . s i i ' . . i .
rep ARt A REE A0S Tk B et AGIFALE if AURErbd fd Ak
fri,nge points, which are then connecied by a elli .
et ipthg {tdtpotifiscilasas e guptcioqs iy EertonpaG to 25%
every pixel is set to white, inside every pixel is set
appiechitingthat 4f the percentageenlpsgement s fegyerents thendhyg wilpg removal
Step 3'is then . repeated wth the actual imge. 7.
ouRafl¢ nttire puipi mAy ndebe effivenit.aboviee other legay of theopdrbentage
centroiding algorithm the conpressed i nages nmake the

entdrgehbithgnobasiall, theh patts bhe ?ﬁpﬂ A& HRfwiloasls AesitARE Yue to
-because of the Information in the conpression

i, %ft%g@{og&)?gﬁceﬁepﬁ Lot hat is only

conpr ésse ctor o our fromthe original inmage

(Eiogyre 24), illustrated by the image in Figure 29, is
ug'egﬁ?fgelxrte#lgvﬂext refinenment step (the factor could be

o b G Py re e gt bR e B Bl tee d iafrgnned in
thle %(-)S{ta%zleﬁfg-Y directions. While scanning along the X-axis, the fﬁnge of the black
region is explored. The fringe is aséumed to be reached when at least th;ee consecutive'
‘white pixels are found (in ﬂ“lC binary black and white picture). This produces four fringe
points, which are then connected by a ellipse that is fitted to these points. Outside this
ellipse every pixel is set to white, inside évery pixel is set to black as illustrated by the
imége in Figure 28. Step 3 is then repeated with the actual image.

7. Refinement 2
As described above 1n regard to the centroiding algorithm, the compressed
images make the algoﬁthm fast, but at the expense of less accuracy because of the

information lost in the compression process. Therefore, a picture that is only compressed
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until it is used i n this step. Now, the conplete
process is iterated with this | ower conpression inmge.
wOheds/015290 usi ng the pupil position data obtai nedTiER2004/008201
step 6, step 4 is repeated with the actual (I ower
conpressed) image. Step 5 is repeated with an
enl argenent factor of 15% arid then step 6 is :
: i fa.t] .
by £R8&Y 8¢ fork ML EHE %ﬁ%ﬁ Eﬂ%gf(gt?gg;ge %})b ggfss{g&gg gg fﬂ%e%ﬁdgﬁ 3% Figure

Zggs&ﬁs'traeps té?ag,gi- o f : go il cand jt.s diameter. in
and Y gﬁ%r ecfi | orﬁg@\%e%feln% %}grt’ ﬁgg&?t% Opibs gy e E]"Zﬁlﬁ%an 10).
5

30. e | argement factor range discussed in ste
Tos856 gl]%q, gigs gg{aeiqg greflfﬁdgrhgep A gp%ﬁg the eopnpression proces:g and is stored
Eyelid-correction A check is now perforned for eyelids
“I{ﬁ% #iis proghin thipsigp. Pawm theafompiese pravess iamteratdisitio fic loveer
" the result of the above process. Using the |ast binary
cobipredsicarichaghi Tratiisyagegs (e gupiEpcdRionf it obtaieedRI 8656 ep 4 is
of .original) fromthe above process, we now | ook for

re}%éh@ecf With g Liual 18w &?ﬂfpr@?sgﬂﬁgh(?ggy g%g)rf%]% r@%éa%l ittPin

he pupil. This is acconplis ng the sane

rbh I ep.. 6 . but ry colu t.hat
erb R Rk SO R SR e R ARV B Re d Binetuce
coardi nat e es, ,.Thi.,s allows_ for the conputation of -
roftiicts PR PR B v rormR R PRSI Hde HrAgopgis position of the
fringe of the bl ack pupil as a function of X position,
pypl| apg ifs shaspeteringh @qo\@oﬁregmw illastritefiby theGmags int Figure 30. The
eyelid extends inside the pupil region, the upper
enfargéroent dhctotmngagisdusydd ih shp 5 dtmtve alvd abpltesfia tindinelahi e
will be too small. Therefore the.above nenti oned
dif feyetidcriei@i i on (see Figure 10) will have two
maxi ma (A and B) and a mininmumin between. To avoid

Gone TR E P h Lo for BT S B SR Bl P Bl s

j er Fefiv i xel s art; the average absol ute

oo e P b o B e 0 o 55 e BRI B e S

t heayerage mininumis_ at |east 1% of the inmage height
(P9 /B Rsx CHRDIeRTIORp Hmginglh Foa fhaehaye pecesaEe e dovk for the

the average between 0.4 and 0.6 tines the pupil '
frigpeprbthe blackegipn isthempherdiatfaditonp@il. rifhEs paceomplished bly

of the above conditions have been net,
performing the same scan as set forth in step 6, but for every column that contains the

pupil ellipse rather than along the coordinate axes. This allows for the computation of
the difference between the found ellipse and the fringe of the black pupil as a function of
X position, illustrated by the plot shown in 1.Figure 10. If the eyelid extends inside the
pupil region, the upper regién of the pupil will be flat and the foqnd ellipse will be too
small. Therefore the above mentioned difference function (see Figure 10) will have two
maxima (A and B) é,nd a minimum in between. To avoid erroneous coﬁection of blinks,
the correction is only done if the two maxima are at least 20% of .the pupil diameter, or
five pixels apart; the average absolute difference is at least .75% of the diameter; and, the
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alid correction is performed as follows: W take the

arc of the found pupil ellipse between the X-positions
wohodsivesooo mexi ma and paste it in between poi RCS/ER@AH08201

B, such that it spans the region where the lid has a

cut simlar to that of the pupil shape. The encl osed

region is set to black as shown by the grey region

. [ Quge . Ei al_cul ation The.
oSRISK oS 1y (0 R e Bl PR g ifimu
lid-corrected. bl ack and ite image vielding the .
TlyquuFs, WeriAys FkaT SOF BFTach EoTYRSR O A HSHG firnes g mupiiahameter,
Alternatively, it is possible to do Refinement 2 (step
shpyngstparkedregidng 192 in Emm@keﬁg@@ﬂt}nm@@ye Thiditientrava dbben met,
will not be necessary if the process with the n=4
a lid vprredoads penfigeneras Yolthess: Wietalle dieragelofiiha TourrIRMiL ellipse
~accuracy. In an exenplary case of online measurenent

bedveéh the DEBEiibhsUT thén Rhxidlr Aalfhstt heindehi@%9ints A and B, such
transitional position accuracy of the contact ['ens was

7 [ l. .accul + ¢l aim
e s oAt 1R A UERGE IR il bl The
urality of rks.in an opti.cal zone regio { he
el rigidn Bisel Prnickuat B0t BY e Ssten witkad 3209 fryfigure 32.
scattering . with respect to light propagating i a
p@st%ﬁnﬁb? ¢udatigiteri or | ens surface-direction, wherein
the marks are non-vision inpairing wwth the |ens
i n- vikopup! isTnelly oalteleted|(smestapf 3 ) dbaihmlill-conteeted ibinck had white
marks are on an anterior lens surface. 3. The contact
inh=8%idflingted remdlt ilwb@ated By trennae Kﬁovﬁiﬁlﬂgln‘éeﬁ. MtdkSatively, it is
4. The cgntact | ens of cYain1,.mherein the marks are Y

PSSR A ) UGG oD

ograp

approach will not be necessary if the process with the n=4 compressed image provides
the desired measurement accuracy. In an exemplary case of online measurement at a
~ .

repetition rate of 20-25Hz, the achieved transitional position accuracy of the contact lens

was +70um, and lens rotational accuracy was +2°.
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6. The contact lens of any of clains 1 to 5, wherein

the marks are in a pattern having no rotational
wepnsiswo 7. The contact |ens of any of clai nBCI/EP2003/008201
wherein the marks are in a pattern having no
translational symmetry. 8. The contact |ens of claim

6, wherein the marks are in a pattern having no
Weotlgit:onal synmetry. 9. The contact |ens of any of

claims 1 to 8, wherein the marks are aligned along a

pr edéf i ned cutacklend,Coniphisingont act | ens of any of

clains 1 to 8 wherein the marks are aligned . along a

pl ural i t ya@fufsderiadlgdibg laiph@ality of AaeksCiabapticdl&88e Rigion of the

claim, conprising two lines including at |east three

mar k&'n'ﬁ,t erdid$hERMIRGke flﬁff gb&%ﬁ%}ﬁé’ ot ﬁ{rSCaﬁtégﬁgrngPré:F]g]@Ho light

stralg I nes 1 ntersect e~ contact

12, wherein the straight Ji.nes intersect at a single
cormbiopgiie i oM AR anlenBt et MeBlsR Mol * T ai s 10
to 13, wherein the straight, |ines each has a |l ength of
about"hsiF the guarshare agpvien ygearing with telpasyn-vivo.
conprising three straight lines including at | east

f our 2mar k%.he ¢entacrpensed sladiotl, whersinpthe shagksare Sn apfasiesionlens
the three straight lines intersect at three different

I nt epwéeel on angles. 17. The contact |ens of claiml1l6,
wherein the intersection angles are in the range

bet ween araybork9 14RWRIN 1O whERIHIGEMERRS M kblded marks.
maxi num devi ati on of about 10 degrees.

4, The contact lens of claim 1, wherein the marks‘are laser ablated marks.
5. The contact lens of claim 1, wherein the marks are lithographic marks.
6. The contact lens of any of claims 1 to 5, wherein the marks are in a

pattern having no rotational symmetry.

7. The contact lens of any of claims 1 to 5, wherein the marks are in a
pattern having no translational symmetry.

8. The contact lens of claim 6, wherein the marks are in a pattern having no
rotational symmetry.

9. The contact lens of any of claims 1 to 8, wherein the marks are aligned
along a predefined curve.

10.  The contact lens of any of claims 1 to 8, wherein the marks are aligned .
along a plurality of straight lines.

11.  The contact lens of claim 10, comprising two lines including at least three
marks.

12.  The contact lens of claim 10 or 11, wherein the straight lines intersect.
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18. The contact |lens of any of clainms 1 to 17, wherein

the marks each have a size having a dianeter |ess than
wahost01200nm 19. The contact | ens of any of cPkParme2m4/008201

to 17, wherein the marks each have a size having a

di aneter in a range between about 50mmto 200mm 20.

The contact lens of any of clajnms, 1 to 19, wherein the

mar k&3-hav ESCoRIRG Agns o& 5%@#13@%%@?%&%% elgaiglit lipgs iptersect ata

600nm 21. A nethod for making a contact |ens

meastipgleeammanpainto, conprising: a) providing a

sel ectively marked contact |lens in-vivo; b) obtaining

an i ilhge Dhe saitabtl@nofiany uf alaimscl0 ddBewheminge strgigin lines each

coordi nate paraneter; d) calculating a position and/or

or i episH leRsth@Pabslitsat®. paraneter of the contact |ens
for each image with respect to the pupil coordinate

paragpt er; h@E@ﬁ%ﬁ% ﬁ%@%%ia%g ﬁ?tgo\?@pris?ngdt%fé%tsu% Hx‘?és ihd18Bing at

rate grea er out a se ecte
i nt e%f‘% 22. kThe met hod of claim?21, wherein the
sel eSEEdOW AP nt erval is between about 5-20 seconds.

23. The nethod of claim?21 or 22, i si ng
ot €11 i 6o SOTHES 1T L QlAGALBy Wbl tng He B ghtdies intersecta

and/or orientation coordi nate paraneter of the contact
| ensthoseedifferent avdreactiod atglese i nterval . 24. The net hod
of claimor 22, conprising determ ning a blinking

intetyal Fnecantadtlstisng clda 16etvRErRinBE iersatiohRagles are in the
posi tion and/or orientation coordi nate paraneter of

the cogt ?&ﬁyelgﬁ Qﬁoxﬂ lib() ﬁ:&etoqlﬁ'b' gllé%f%gs with 8mY&limu K—rr’ckewd?ﬁn of

met hod~of claim 23, r|S|ng rmnlnga i ng
inte ch udi ng the determ nation of the nost
freq%beO tIlalao‘%rgurrl ng position and/or

18.  The contact lens of any of claims 1 to 17, wherein the marks each have a
size having a diameter less than about 200um.
19.  The contact lens of any of claims 1 to 17, wherein the marks each have a
size having a diameter in a range between about S50um to 200pm.
20.  The contact lens of any of claims 1 to 19, wherein the marks have a
mutual separation distance of about 600pum.
2. A method for making a contact lens measurement in-vivo, comprising:
a) providing a selectively marked contact lens in-vivo,
b) obtaining an image of said lens in-vivo;
¢) determining a pupil coordinate parameter;
d) calculating a position and/or orientation coordinate parameter of the

contact lens for each image with respect to the pupil coordinate parameter; and
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orientation coordinate paraneter of the contact |ens

during the blinking interval. 26. The nethod of any of
wobheismas20 to 25, conprising obtaining a wavef POTMEP2004/008201

aberration i mage corresponding to each contact | ens

i mage, and determ ning a wavefront aberration

associ ated wth each i mage. 27. The nethod of claim

26, conpr PsieRptBestPRiaihy arepasisionirate girafnar|thancahout tGHgover a

wavefront aberration over the selected tinme interval.

28. Wecterbtimodhterfvaktl ai m 27, conprising determning a

bl i nking interval and excl udi ng the determ nati on of

the pbst Thegiedivilof cRERWI! ivhereitae feledéd e ifeivaPR between
during the blinking interval. 29. A nethod for

obj eggduy 8loo f¥@ddati ng a contact lens in-vivo, online,
conprising:a) providing a contact |ens having a

plurgdity urf ce t hereo tQ .a subject

P Bbor  2fe pRRiGS s SR a2 ot B ety Bt Boquenty
mar ks determni.n osition coordinate of the

subj 8@‘%“%?@“ 3/ Ogé’PS Ao FRprdingls et Wr&félﬁﬁ%&%% lens

of the marks with respect to the pupil position

coor Avesdeselegind tipe indprwalt i ng steps (b-e) over a

selected tinme interval, online, at a repetition rate

gr ea®4ér t hbomethodtof mrrm,zlm L edympiriséngodendradting @dinking interval
position and/or orientation is determ ned online 30.

The st dethddis b delirdhativhef Bk Posiien Eiﬁf/&%ri&ﬁ@itioﬁféo@rdmate
pupi |l area of the patient's eye. . The nmethod of claim

29 Opardfetef OfMRE chiAS 1BRARM e il tnctl 48 onl i ne

25.  The method of claim 23, comprising determining a blinking interval and
excluding the determination of the most frequently occurring position and/or
orientation coordinate parameter of the contact lens during the blinking interval.
26.  The method of any of claims 21 to 25, comprising obtaining a wavefront
aberration image corresponding to each contact lens image, and determining a
wavefront aberration associated with each image.

27.  The method of claim 26, comprising determining a most frequently
occurring wavefront aberration over the selected time interval.

28.  The method of claim 27, comprising determining a blinking interval and
excluding the determination of the most frequently occurring wavefront
aberration during the blinking interval.

29. A method for objectively evaluating a contact lens in-vivo, online,

comprising:
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at the repetition rate. 32. The nethod of any of
clains 29 to , conprising determning a center of mass
woabus®i1foo each of the i maged marks on the | enBCT@B2004/008201
The nmethod of any of clains 29 to 32, conprising
illTumnating the marks with |ight propagating first
through a posterior surface_and then through an
anterior §ﬁP1P3’éi@1gcﬁ cantct kepghaving pahimality of neks onea sigtace
of any of clains 29 to 33, wherein the online
meas theespdip aisgbjeaide-wiash a repetition rate in a range
bet ween about 10hz to 25hz. 35. The nethod of any of
cl ai me 29b} tluddnatib@he ingik’g naking a corresponding
onli ne wavefront neasurenent of the patient's eye. 36.

The net hog) p{acdMinOmasikdi M 29 to 35, conprising
deternining a nost frequently occurring position

and/ or ori [.on _Qf i n-vivo contact |ens. . 37.
The. met hotl SYRBeR peblin cOinfe SR R R
determ ning,a blinking interval of the patient's e¥
and excl ul SFEeTHINag A n gaerdmats ¢fifhe pigekspyitihresprs
interval. 38. The nmethod of claim37, conprising
det ePlfPmeposdingst aidr equent | y occurring position
and/or orientation of the contact lens. 39. The net hod

of cl ai m Baepentingsicps (bye)intee b seladtedtimeimsival, bAOLE AL b Yepetition
occurring wavefront aberration over the selected tine

i Nt eft@breatdPthad ABouTEOARI Of claim 39, conprising
determning a blinking interval of the patient's eye

o SR Ao g e i
S P oy P Bl SR b ROR FAEPOBSF LG s o

selected tine interval.
patient’s eye.

e
to the pupil

31.  The method of claim 29 or 30, comprising measuring a pupil size online
at the repetition rate.

32.  The method of any of claims 29 to 31, comprising determining a center of
mass value for each of the imaged marks on the lens.

33.  The method of any of claims 29 to 32, comprising illuminating the marks
with light propagating first through a posterior surface and then through an
anterior surface of the contact lens.

34, The method of any of claims 29 to 33, wherein the online measurement is
made with a repetition rate in a range between about 10hz to 25hz.

35.  The method of any of claims 29 to 34, comprising making a

corresponding online wavefront measurement of the patient’s eye.
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42. The nethod of claim 39, wherein the wavefront

aberration is a spherical equival ent neasurenent. 43.
woheosrmes2od of claim 29, wherein the special | yPaumrems/008201

contact lens is the lens according to any of clainms 1

to 20. 44. The nethod of claim29, conprising using a

nodi fi ed Hough transformto determ ne the position

and/ ¥t or Tegmgthod of ity efidaigs?Ode 85 coneprising deéermiming A most

met hod for objectively evaluating a contact |ens

i n- virequendp opeursagpositéon gudforiodientgtion sfiihe @bhvivo wantsedens.

contact lens to a subject, in-vivo; b) determning a

posi 37.0n TROMGINAAE af oft MfinS U015 86! &)n‘i’%ﬂ%!id &&emnmngabhnmg
determi ning a position coordinate of the lens wt

res

cponrrraR AR /B30 EkaBaBR HluBhen fa@f‘%%%n&atfl? blinking

onllnﬁ t arepetition rate greater than about 10Hz.
¥V#let hod of cl ai m 45, wherein the onIine

measurenent is made with a repetition rate in rang

bet vien abBAICHION 9F £13iny & CompPiSinE e ormENBEl 2 B1OSE freqends

or 46, conprising nmaking a correspondi ng online

wav edocoringmsiionendiot onéntativn gfdhé eottact lenge. 48. The

met hod of any of clains 45 to 47, conprising

det €397 ni Tige Methos of tlakG 08 rﬁdn)prﬂﬁ@tfetérﬁﬁuﬁ@ﬁ'rﬁds@ﬂe uently

and/ or orientation of the in-vivo contact |ens. %

The sRuAaG @iveﬁﬁﬁt ﬂfenﬁﬁ@ﬁ Feerfie §e@ec€€§1 tirB OISl NI

determining a blinking interval of the patient's eye

and gxcl Uﬁ%%&e[ﬁﬁ&%f' {:J?.ﬁﬁ gé cg%a%sﬂ%rdfge%rﬁlﬂﬁ lehﬁﬁlag %hterval of

i nt erval
det er m nj. osi ti

o T PRI BT RE eXeh e Peasir et daiagirng the bifiking interval.

41.  The method of claim 40, comprising determining a most frequently

occurring position and/or orientation of the contact lens over the selected time

interval.

42.  The method of claim 39, wherein the wavefront aberration is a spherical

equivalent measurement.

43.  The method of claim 29, wherein the specially marked contact lens is the

lens according to any of claims 1 to 20.

44.  The method of claim 29, comprising using a modified Hough transform to

determine the position and/or orientation of the contact lens online.

45. A method for objectively evaluating a contact lens in-vivo, comprising:
a) providing a suitably marked contact lens to a subject, in-vivo;

b) determining a position coordinate of the subject’s pupil;
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The nmethod of claim47, conprising determning a

nost frequently occurring wavefront aberration over
woOhersgaetmeted tine interval. 52. The nethod of PCiraiPp004/008201

51, conprising determning a blinking interval of the

patient's eye and excl udi ng nmeasurenent data during

the blinking interval. 53. The nethod of claim 52,

conpri si n@ %&WWE Rpgsiiomeeardmpedd i leps with wespeetdo the pupil

position and/or orientation of the contact |ens over

t he peditdat edbrdinare; andt er val . 54. The net hod of claim

51, wherein the wavefront aberration is a spherical

equi val enf) rgﬁfﬁtﬁﬁF BRPNa-ODver NscM B tith® Mt&9h1, online, at a repetition

determ ning pupil paraneters, conprising the steps of:

a) optad gﬁgt@g@y@glloﬁg@ge; b) conpressing the pupil

i mge by a se anount, n, and conpressing the

pupi )i ma by.a .di.ff erent selected anmount, n < n, .
ohor 4610 HHs B bR S, wEGH EIhS SubiiSithsurhery fhamade with a
conpressed pupi | irraq%g d) determ ni ng a center

par affREEion e 8 agpngeRetyess; abouk)Ohgde dphd.-ni ng a

mul ti pl e-coordi nate axes di aneter paraneters of the

pupi 47. f dbe methodiofglazm@é or He eompsisaygemaking heopespohding online
based upon the center and multipl e-coordi nate axes

par aweveftant n@hsypbmeitiolghd figiest@@e. i Nt o the conpressed

i mage and determ ne average pi xel signal val ues inside

of t1he perhdBlefiod dthnFot AhihsS h2g, &ﬁﬁbﬁ@ﬁg&et%ﬂin a most
sel ected anount, D, and repeat steps (Tc, on a néw

i mag | ‘ rineter:. | t.erm nin

fri astishit bPE R BESES Ao RicHlpugh b Aot Rcfens

A1 8MES ©" The method of any of claims 45 to 48, comprising determining a blinking

interval of the patient’s eye and excluding measurement data during the blinking
interval. |
50.  The method of claim 49, comprising determining a most frequently
occurring position and/or orientation of the contact lens.
51.  The method of claim 47, comprising determining a most frequently
occurring wavefront aberration over the selected tiﬁe interval.
52.  The method of claim 51, comprising determining a blinking interval of
the patient’s eye and excluding measurement data during the blinking interval.
53.  The method of claim 52, comprising determining a most frequently

* occurring position and/or orientation of the contact lens over the selected time
interval.
54. The method of claim 51, wherein the wavefront aberration is a spherical
equivalent measurement.

35



coordi nate axes, and fitting a perineter shape to the

points; j ) repeating step (d) on an inmage obtai ned
wobnrasgs®p (i); k) repeating step (g) on the ceapmes®edos201

pupi|l inmage; 1) repeating step (h) on the step (k)

i mage, mﬁth a <D n repeating steps (d, e) on the

step i mage; n) making an eyelid-correction on the

st epd é rithyn forgletermpiag Pl paraipete(sdcoraprivng thesteps of:

step (n) |nage 56. The al gorithm of claim55, where n

IS an i nt®ghtainiagd phpy image; 20. 57. The al gori t hm of

claimb55 or 56, wherein step (c) conprises creating a

bi nary i nﬁ)@kﬁmﬁieﬁﬁigtth@?u;ﬁi 1|magb b?'a SERL4E8 anidRhOY, dd¥compressing

threshold to a zero val ue an pi xel val ues above

L ne. ERE5N bt 1 faifhllh Wi ambunc Te AuBOLd 4 0T0OT

cl ai m er'n a center mass term ne

the zero val i xel st andar l.atl on
whi o1 o Sattigmid B Tihe s SARGREE 2052

x-coordi nate axi. s, and a y-coordi nate axis. 59. The

al gor i t hnfhodeterPipiag ggentghparaneiey Y@u%@?qhﬁ@tlﬁ‘il shape is
an ellipse. 60. The algorithm of claimb59, wherein D

is in a rerdpterinining e multipletcosyinate 269lisamder pardmeters of the
range between about 5% o0 25% 61. The al gorithm of

cl ai pah}, wherein step (i) conprises fitting an

ellipse to fringe points at each end of the

x- coor di NAtRPNirin@h Pedm¥er Hape| bf‘ﬁfe%uﬁﬂ ibsedGrpon TiEcenter and
al gorithm'of claimé6 wherein step ( conprises

Scanﬁhﬂﬂﬂgxg&r}ﬁtn%e)ﬁ éﬁhﬂ@ﬂ%rthat cont a| ns a found

rrpufl ng a difference function
between t erlnegher and t e as

a functio Iblf’m)%ﬁéger "flfaBﬁ Intg e G?H@rgqsgcgﬁagﬁﬁpgﬁ% ne average

rising determning at |east two nmaxi ma and a
m ni mgip ignab selpeeinsislgiofl thegerimetesT t he di fference
functi on and, based
h) enlarging the perimeter by a selected amount, A, and repeat steps (c, d)

on a new image with the enlarged perimeter;

i) determining a fringe point position at each end of each of the diameter
coordinate axes, and fitting a perimeter shape to the points;

j) repeating step (d) on an image obtained from step (i);

k) repeating step (g) on the n; compressed pupil image;

1) repeating step (h) on the step (k) image, with a A; <A;

m) repeating steps (d, €) on the step (1) image;

n) making an eyelid-correction on the step (m) image; and

0) repeating steps (d, e) on the step (n) image.

56.  The algorithm of claim 55, where n is an integer, and 1 <n<20.
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upon satisfying a selected error-criteria, locating an

arc of the found ellipse between the X-positions of
woheostoasoexi ma. 64. The al gorithm of cl ai m 63PCT/EP2004/008201

conprising determ ning the pupil center paraneter and

the pupil size paraneter.

57.  The algorithm of claim 55 or 56, wherein step (c) compﬁses creating a
binary image by setting all pixel values below the threshold to a zero value and
all pixel values above the threshold to a high value.

58. The algorithm of claim 57, wherein a center of mass is determined for the
zero value pixels as well as a standard deviation, which is used to determine
diameter values along an x-coordinate axis and a y-coordinate axis.

59.  The algorithm of claim 58, wherein the perimeter shape is an ellipse.

60.  The algorithm of claim 59, wherein A is in a range between about 5% to
25 %, and A; is in a range betweeﬁ abbut 5%‘ to 25%.

61.  The algorithm of claim 60, wherein step (i) comprises fitting an ellipse to
fringe points at each end of the x-coordinate axis and a y-coordinate axis.

62.  The algorithm of claim 61, wherein step (n) comprises scanning every
pixel column that contains a found ellipse perimeter, and computing a difference
function between the ellipse perimeter and the pupil fringe as a function of X-
position.

63. The algbrithm of claim 62, comprising determining at least two maxima
and a minimum in between said maxima of the difference function aﬂd, based
upon satisfying a selected error-criteria, locating an arc of the found ellipse
between the X-positions of the two maxima.

64.  The algorithm of claim 63, comprising determining the pupil center

parameter and the pupil size parameter.
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