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T I O I [T~ 1 1 e el 159159* METHOD
AND APPARATUS FOR ONLI NE CONTACT LENS EVALUATION .- — ——
BACKGROUND OF THE | NVENTION Field of the Invention

Enbodi nents of the invention are generall )Mmmuw’uﬁmlmm lL

the applications of ophthal mc wavefront L

nmore particularly to measuring and eval uating *tshies~
position and effects of a contact lens in vivo.

Description of the Related Art The neasurement of a
METHODANDA PPARATUS FOI ONLING CONTATC LENY EVATGATION
nost traditional nmethod involves a visual acuity
nmeasurenent in which the patient is asked to read

variously size U?ﬂ) ik while

| ooki ng throug%bﬁ#@é@n ?)ens prescri gﬁ%ns provi ded
FidY Ig'[? B titioner. The patient's manifest refraction
—lér—oé—e%g cal power, cylinder. power, and axis) is

def (njn d by the patient's choice of the test

| en%ocﬁﬂe@% of theinyention are gengrallyt relatesi tortheappligations of

di stant eye chart. Shortcom ngs of this technique are
opiathalinig wastefigni seesing,Fud mora pattisnlartyeto eeasuring wrlevatuating the

limted to discrete rather than continuous
popitionand effects of aborasct letissw@lvoacui ty is substantially

the only vision netric that is evaluated; and the

eval uation is subjective rather than objective. There

are added conplications when contact IensesI Iarf(: wWor n

: Hehé RY; Improve vision. It is we nown

Dég&z}\ € %s t"féggA%f a contact lens in vivo is not

stable. _The tear.filmagn which the |lens.rides

ot vl deeR HREERE R & PEFFOIEY viSihn PR aeHEmPlses Ffmany ways. The

any directio nd rotate as a function of gaze o
m t¥¥é Bﬂ,mﬁﬁ?i‘wﬁ{xes ayisuplpcuily measyrementis which theipatient is

vision defect of the person's eye is not symmetrical
askpsdp reacevagionphyisized dgtternen distant chart while looking through different

lens prescriptions provided by the practitioner. The patient’s manifest refraction (i.e., '

spherical power, cylinder power, and axis) is determined by the ;;atient’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 obj ectivé_. '

There are added complications when contact lenses are worn by the patient to
improve vision. It is 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 ie 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
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1P 111111 1 *coooo2* (for exanple,

astigmatisnm), then the opti num performance of the

contact lens wil| be obtained only when the |ens has
(foy, exarpple casHamatism) Bhen the dptimivenperforaancsof the ceytact 1ENEwill be

t he past several years, technol ogically advanced

obtajxsdromtywhemthetlewst s yasticuliay SrbiE0s] S84ARRES &R eye.

nmeasure visual acuity and ot her vision metrics th

pr 0\Oviée tH¥iast se@_ﬁﬁy?éﬁg t@dﬂﬂoi&éﬁ%ﬁl%k%rﬁ:&ri %é—% tuilgtgﬂg fechniques

t hose obtained in the ‘past:
hattd rs.ineorporat vefront sensors
P SR B BBl 2BRY o bR ei Bvatrdbarovide more
eye. These aberrations not only include the manifest
ac%’%?tF gpd Fgﬁf%%vﬁégﬂ%fﬁ thanibese elteined in thaeerstaFos exdumple, devices
al so i nclude aberrations such as spherical
knaWa a¢ absrepaneters iacorporatei wave fohbsenaats itigiablestivelf @ieasure
exanpl e, which can significantly inpair visual
abepeetions pf the patient’s 6@t AheasabeloAs Ao M Pl RAS YRR R
this nore conplex body of visual defects is 1 nportant

reftattioh G8ued 6f SheRIHRId ctygn%?}f & 'Bu% ﬁ?%ch{gg %ﬂg&%@%é oéjr‘l%ﬁ Q%/e

position and stabili a céontac ens i
S i t onpl ex _assaqci ati on between

PRI sEin Moy g SV P R RS Snuple, ricl e

. i.tihonal .val ue in.being abhle to determ ne the

Slgia%ﬁj"ém T HPBHE Wéll%e@é‘ﬁh‘é’dﬁ ngaRceso dhe pemyrate measurement of this

aberra{i on control in an online state; i.e., wavefront
maze ompleyibpgdy ebwisualidefastssis imporsantin poler resttente he borrect them.
eval uation, and (optionally) display all in a matter
Kngtwledgeldf theepasititm anitstability of aappiceRhs fshapecilty dighB¥nt due to
online, objective evaluation of contact ~lens position -
theagvainpi éxaixisbeibtion bét@aen Wht PokA6H B8P REn BBk There i
paraneter and wavefront ~neasurenents were possible.

adSUBHAE Whvefin bBRg|B1ER defiim Al tﬁgglﬁg]{a?@m ﬁ'%e?{gg%lh%omcg lgns position

invention is directed to a sp

8 o ML e R s A Betect s

posterior or anterior

. 4 his.enbodi nent., t .ens' . :
infg %c’n aoger:ne%})r%’t,l eé(;:@a%% >gmg ﬁ%noga.}ly)gchgplay all in a matter of

milliseconds. It is not apparent that until now, online, objective evaluation of contact

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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othdr#&#nst Bdénd &Eééﬁ%n%gxg Ivfx‘rlle

2 absorbing or scattering pattern of marks in an

optical zone region of the lens. The marks are
intended to be illumnated by light that is )

propagating fromthe retina outward, and which are -

absdreing iomagttdriny patt€elaf deirerinCin/ GHERY one FBEidn of the lens. The marks
illum nation technique provides a contrasting bright '

e i i . Jq ks d :
e TGN BBREAT BBy TASAMISENS e s
e 0y MAGERNS 35085k b e SO IENL L1 TS

| i t hographically. applied marks, and other fornms, as
a‘i?ﬁ?@'%gl tPW’i/%a@erb\ﬁiﬂfk appeaTEng rasks. The marks do not affect the
.other-various aspects, the marks maybe in a pattern
vifien piapesewearing theedttaelens. dnatarionsbspettstof disdnaiddamht, the
symetry. Alternatively, the marks nay be aligned
markongy be picidetbiae s ablate BhARE, ﬁtﬂaﬁgﬁpﬁhdaﬂy aﬁ%lied ks, and
straight lines that may or may not intérsect, or aIP%Ing’

a?fu%{m%fet %;%e%g' %ﬁsta%&?gcgﬁ,lztga marks

an aspect of this e od n ) he ga
; ' j . 20 ' ;
e R B VAR Blne or e, el B st Smshety.

A_@r n et ween abqut 50 microns to 200 mcrons. In an

- %‘ﬁ’dg b gl%@ﬁfgfé {may heplizgned plong apse-defined curve. abongs plorality of
di stance of about 600 microns. In an alternative

strgighblinesdhatimhay ormay dotiptersect oc alungdine$ thas iritersgut @va ded
having a pattern of colored marks outside of the

predplictmineé paidérn! e as udijeicdf this@tbodiatnt! {he thARS aleSabisized to
vivo. These marks are not illum nated from behind, %ut

havé 8 @anterfdfQeNs tBdrfihouf 200 Whicrefdiahll %lgﬁ()t%%e%c?ﬁé‘% %ﬂ.rks have a
q

shoul d be necessary. In one variation,

diSANR hS&Sn b#ﬁé&&b&&?@ﬁ&%&?&&%%&@ﬁé@a“ ed 1p 2

non-rotationally symmefric pattern. S RGP aspect,

' ntign is directed to.a od for

ool EH S8 den o S5t o T B OB v
onli.ne. The i.n-vivo position and orientation of a
spedP &P AfeRatKe 8sRest RiHhis embledinaert, meonteqt densiinprovided having 2
objectively with respect to a neasured pupil

pagterarod icnhwi/ marks avitdide efthopupi aree of tensbicos e @hin thééns is in-
a pre-determned tinme interval. This provides, anobng

Vit Ehfseuitmark? lare et dllwiainkted fim bélEne Wit &%km tHRFont side if any
substantially

additional illumination should be necessary. In one variation, the pattern 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 measured
pupil coordinate in a millisecond time frame (“online”) over a pre-determined time
interval. This provides, among other things, evaluation of the contact lens substantially
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3 instantaneously as it is being worn. The eval uation

is performed with an aberroneter device and i ncl udes

the steps of fitting the patient with a selectively

mar ked (described in greater detail bel-ow) contact
instamtemeously amt weimgwbhﬁ Tiod &Riliation ey ferforedbd it ad BSerrometer

light scattered fromthe retina :fills the pupil an

o OB 4 A FAETLERY I B H  peaintn

el gl e R L R
SR 54 i s e Ao 1 COBISIAB BERidLymametasth lons marks,

. respect to the pupil coordinates. In an aspect of
mmeging thermsdingntight such tetithe markmer therfensaresexblved, determining a
identify and | ocate the I ens marks and | ens

pogitish toartinatel efithepipsin(fot exaaipla) fuplinahicy oupaRERhta8bn), Bhd

enbodi nent associated with a contact I'enS having a

deRBh R RhERbAHBALE &bkt ftf{ cﬁﬂertlgnsallg?e\fﬁ%ceitéagrcﬁﬂtg%j gﬁ@ respect

mar ks out Si de of the pup area on t n-vi vo
i dw th an, approprdate fjlter. This_ may
e A A R AR TR
.dth. su'ect'&? iris color.- Once the marks are
. ‘iﬂ?g}éﬁ catg, thelons Marks andlensRosition/qsientation; zed t o

conpare the found mark pattern with the mark structure
on tpé&n plersative aspectefithis embodimogit assoniatetdwiih b eahtatt lens having
The onli ne neasurenent and eval uation of the in-vivo

2 cotoredimark patierprefetredio abave, the eoloredimink 6tstie cFMFp1@iil area on
greater. For exanple, using an 800MHz processor all ows

thOM-ViREIeRs EAESSHRstad wﬁhraﬁta?ﬁ/bfpﬁg%ffg}ég? ff#lfssmrﬁ%gsee p&ﬁ%%if the

processor woul d substantia

Ik oPHRGERROErcSARAR: 1oL B r apabi Ll tiec
Tmted Thare %{tg %E@gﬁtﬂ%{]g?@?{’@%&%rﬁﬂ& ate dotected, 2

of _t.h e can he de online, as_can
SOBUR Li‘rl 08@62%3?1 bs%ulygﬁ%ﬁeg?fg??e%fetﬁ%{“ﬁ@%m with e mark
ositio asurenments. In a further aspect, the nost

Suﬁ?@ﬁ%@n@‘? g‘g’éiﬁ GYalparg ?Wﬁmﬁtanﬁ SEERiGHPBN, and,

contact |ens position, can be determ ned and

opt i Beamlipe mespirement andrevalviation efithe dn-voo-qoatudt Tegs position can

application serial nunber , entitled ONLI NE WAVEFRONT
OCMEASIURES\VEN DTN greater. For example, using an 800MHz processor allows

online processing at a rate of about 25Hz. A 1.6GHz processor would substantially
double this rate, which is processor speed, rather than algorithm capability, limited. Ina
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 Jens position, can be
determined and optionally displayed. In this regard, co-pending application serial

number , entitled ONLINE WAVEFRONT MEASUREMENT AND
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4 DI SPLAY, filed sinultaneously with the instant
application, is incorporated by reference inits
entirety.to '"the fullest extent allowed by applicable
laws -and rules. In each of these aspects, blinking
intervals can be determ ned during which tinmes the

DISYRIEHt A PSR 800 LT 8 o
m BUSRTT BR3 088 ARRSS APEERE i M B e

accordance with the detailed  description bel ow and as
aSPEALS, intepalspsatealstamanedsdurg) rciDigerEypivalty anomalous
THE DRAW NGS Figure 1 is a block diagramsetting forth
measttemiesd datatand ievalnstiaxf canibe exclugdedi on; Figure 2 is a
schematic front view of an in-vivo contact |ens

accoThé fegedoingemb@iBReisHE e Riveiti dndwaRohe E‘éngi"s WKrEowill be

is a block diagram according to anot he_r met ho _
S P Shma6e A cOhdifiny g falfes SR B0 b arck B S kg

.akned. in accordance with a odi ment of the
delggﬁ\%%nﬁ%e =l gelfg“igén ﬁh“rﬁpé’@%g?ﬁeghmm of an appar at us
enbodi nent according to the invention; Figure 6 is an
illustrative drawi ng of Hartnmann- Shack centroid i nages
according to an enbodi nent of the invention; Figure 7
is a block di BdH 2RIPISONCOR (T HIRAWANGS i t hm
according to an enbodi nent of the invention; Figure 8

i s aRigutd Lista blbtly diagiangsaing fortheetod eftbodfsnt OF the invention;
centroid images in accordance with an al gorithm

enbOoPighR isH schBBati@ B8R 40 0f 2n in-vivo contact lens according to an

embodiment of the invention;

Figure 3 is a block diagram according to another method embodiment according -

to the invention;
Figure 4 is a photographic copy of a Hartrnann;Shack wavefront image obtained
in accordance with an embodiment of the invention;
Figure 5 is a block diagram of an apparatus embodiment according to the
. invention;
Figure 6 is an illustrative drawing of Hartmann-Shack centroid images accor&ng

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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Figure 9 is an illustrative diagramin accordance wth
a fast centroiding algorithm enbodi nent of the
invention; Figure 10 is a photographic copy of

Har t mann- Shack centroid i mages in accordance with a
fast centroiding algorithm enbodi nent of the

| NV e ;is ki %ﬁn? ' relating to a. .
net ho%lmgrrbogji:l gng%t%a %?edti% |n1\/152%&|°{cj)dre1l;ﬁ %%&%% Cf@?%gmgraégontbm
enﬂ;'o%ﬁeﬂ?fof‘&fé%é%ﬁol ens position coordinates, pupil
paraneters, an Oberrati on neasurenents,
resgzecti:@l.g/, gs a function of time according to an
enbddBHERL 16 8 PhetRgrapRirsopy o HartaanneSherk icentzoid images in
phaqt ographi ¢ i mage of an al gorithm eval uation of a
aceagAnse (Witlem st eaptuoiding gl gorittem eerbodithert 0 thefinvéiion;
invention; Figure 18 is a schematic illustration of a
contkigirell@risa blockidixgpraneeRss ' . . .
enbodi nent of the invention; gggﬁegicaager?édaéﬂgmofthemvemon,
di agy X ' ure pattern accordin
e Bt B B O TRl P Fofrutiers, and

to a contact AT ITe

tion Fi 20 i di tic t i f
b o bW, EeskPethRIy. af ¢ ThdHoacar tomg adbpeingtr a9 embodiment

nbodi nent of the invention; Figure 21 is a
Ofgtheolflgaq@ﬁ‘hi c image of an in-vivo contact |ens
accqrding to an enbodi nent of the invention; and
Fi gdigge gi 182 phetegrapbisdumge ef af alffositiira Bvalastthn ¢Pa0RGtact lens
illustrating the determ nation of pupil size and
acgpdingito an ambodiheng of thedAveidap! ary enbodi ment of the
i nvention, where Figure 22 is a flow chart type

di agtigure 183 a SdHRWALE MPudtSBoRlor b REnBMALLS %\:aﬁn%?gr progess according

algorithmin an online neasurenent accor

toﬁm‘eﬁggmhtg{thgtﬂ&ch?é&nti on; 6 Figure 23 is a flow

chart type agram that shows how various data is

evalwy . : : : '
P‘f@ﬁ‘g (f9 is a diagrammatic 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 exemplary 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;



according to the enbodied invention; Figure 24 is a

phot ocopy of a pupil imge according to-an exenplary
enmbodi ment of the invention; Figure 25 is a greyscale
i mge of a conpressed and inverted pupil inage

according to an exenpl ary enbodi nent of the invention;

g o e ca b TR BRI hERSRRo Binis evaluatea

invention; Eiqure 27 shows the greyscal e i mage of
accgfaélggéo%eg}b[og}eddﬁygngom ltering according to an
exelqpl ary enbodi nent of the invention;, Figure 28 shows
t he FEIR&E4) 15 Rlptocopy if g pipil MBage awsording tchar exenfpley
filterin according to an exenpl ary enbodi nent of the
mmbﬂﬁgmntqaﬁeEMQmﬁenﬁg is a greyscale inmage of a
conpressed and inverted pupil inmage as in Figure 25

hav Figgire28lis f grepstaleaiipt 685 iceﬁﬁﬁﬁsé@ind%ﬁ%@wgggg%ﬁaé‘ .

exenpl ary enbodi nent of the Inhvention;

3] ' 1 Y f.rom Figure 28 according to

&%ﬁmg%%fﬁﬁﬁﬁﬁoﬁd%%quv? Bntion; Fi gure 31

i's B E’llég of ,tt).he di ffergnce bet ween .t he found region

and" 18 %%b*i"r arymage At FRPEFSSd pipd image agasrding teyan o

eyelid correction according to an exenplary
excé%@ﬁ‘a'i%ﬁd‘féﬁmtﬁéh@mmqnm; Figure 32 is a binary

pupi | image showi ng eyelid correction according to an

exeHiguze §7 ehdvetithegrdyscdle inegel ofRipiire QS afiér fibigd filledd actording

a picture of a subject's eye and contact |ens
to amexemplariy 2uibodireat OF ¢ invthiiofRr ki ngs on the |ens

surface outside of the pupil area according to an

asPeigurdhs kiltfvs hO VR Bfhge Y ¥igure 26 after 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 compression factor according to an exemplary embodiment
of the invention;

| Figure 30 is a refined binary pupil image 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;



Figure 34 is the image in Figure 33 after col or
filtering for mark detection according to an

enbodi ment of the invention. Detail ed Description of a
Preferred Enbodi nent The term "online" as used -herein,
refers to nmeasuring and evaluating (and optionally

di spk:ayi ..sel-ect ed phenofgena supstantially .
o1 ot iR i BB e anchgaiact i dinypoitieviag colored
eneral | ns acquiring a wavefront (lenslet) inage,
d(g W%’?gﬁén mewfa% Autsigtod theypuapil @ps aanvadiny Yo an aspect of the
.displaying the results in a time of |less than about
myergies; archd typically | ess than 40ms, over a sel ected
time interval of ten's of seconds, typically about
10- ZPigarc3ane Shdiiage in FEuAeY3 8fled ddii i &
according to an iglbl ustrative e%@ﬁ%ﬁ%ﬁ%ﬁ?@Sn

acRefding @%@%da%gﬁtoﬂﬁeqﬁvgl{ﬁ&ﬂ_speci al ly marked

contact lens, along wth pupi size and position, and
a sel ected second through 9th Zerni ke-order
aberration are determ ned and di spl ayed at a rate of
25Hz over a interval. 250 inmage pairs
conpri si ng puptfiSndesqaptiomana Brefelred Embbdimentages are
acqui red, fromwhich the instantaneously avail able

( appFesdermf‘onkneX Gaysiséchipayein, rhftrs to ixfed dRWuAHE (and

where the contact | ens noves and the effect of the

optiomeliedisplaging) 9e1ed1aia§t|u1heﬂ1eab @&Es@&ﬂu%pz 5&?@%@% Uin the

vision quality. It w be apprecia rratron

s | .1 chldi in.th
SO SR BT, ko B L B e e,

Har t mann- Shack™ t echni qu ]
ions up, ta 25t h order.. An enbodi nent of

e tbe RRTLESY e pifoRBothily) siibise the et son bmsiof less than

| e 10 is illustrated wth respect to Figures 2,

ol Pors e Biptcaliless a9 s abetested moviersob el at's of

of contact. lens 210 according to an illustrative
Se@?ﬁiﬁd?ﬁ’éﬁﬁy about 18-20sgeonds bt in Thway s lienitelde For exdnird€ Qiccording
includes a plurality of marks 215 (shown as square
to ggdltestiative einhodiment) the mevabepositiorfarEdt dnddti oI iafsﬁéciﬂgnﬁarked
region 222 of the lens. Wen light in an outgolng

codiactizhs, aibrg with pugsit siké @ﬁcgﬁos?ﬂgl, ahd@¥ 81eB94 64 Wl Sugh o

retina towards and throu
Zernike-order aberration are determined and displayed at a rate of 25Hz over a 10 second

interval. 250 image pairs comprising pupil and Hartmann-Shack lenslet images.are
acquired, from which the instantaneously available (approximately 40ms/image) data
indicates how and where the contact lens moves and the effect of the movement on the
measured aberrations that affect vision quality. It will be appreciated that aberration
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. Figure 20 shows a top view
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pupil) illumnates the |l ens, the marks 215 absorb or
scatter the light to becone visible, and can be

i mged by a CCD canera as will be described bel ow. The
mar ks 215 do not affect the vision of the patient
wearing the lens. In an exenplary enbodi nent, the

s H%%éécs St %oéﬁéagzt .te%g 2@@??(%0?51@% télﬁ]? Lgfqggp'gxrr]e %gg@ﬁ;xgpégfethe mnvention.
o e B b S e Gkt

.1802 as shown schematically in Figures 18, 19. The
Figgrg 2 lngated 2 cretralloptiedl zehomgi@nB2nspme 1éde WEIT@E in an

| ens 210 and the | aser beamis scanned across the
oulgaipg direptioasi-e.| soasttredtaad tayeliktefroRthOend 15

The white crosses 1804 in Fi gure019 imﬁngé?%%%%lﬁ%%ughthe
puggb fhénifites R ledd| BRINAZED1S sogg[){'(?cg?t%rgﬁxg lr]r{%%ac])atgécgge Yisible,

formed by other nmeans suc

[ : l-af ective. i.ons,of a |lens surface,
anfl b Bt ioka SR ) 4 BT Gk Y B8 08KF bR Bk hegmad 885 do not
£a of .t he rks 215 has a size corresponding to a
a%%ﬁﬁt@%ﬁ“ﬁﬁ%@é&%&@&h%out 50 mcrons to 200
mcrons. In an exenplary aspect, a distance of about
600 IRidarexamplany embpdimenpdhetnaskst21S amtdser-abidtes BeéPiGhsioh one of
Figure 20, the marks are aligned along three straight

the leme surfaceB(pcStdrivabr amterod WhichlarcfoeRBABY sBRiiR 2 DiselRGth
of the lines has a length of about 5mmi As shown in

e i L . ! : . . Lo of
140, V\ﬁbllég li ntgfsi%cgand éﬁzlakt ers%%e ai %Jﬁﬂl%\rﬁ%ggw@iz%iﬁlﬂ‘?wn
ASmi i t LR Figu b. L mar ks 215 are

sl ey A Fighrad 1, 30206 Biophtal Faic nfeed Sbgid 247w pbove the

i h-vivo, although the center 207 of

), ntact ens i

bt S8 A ing o Bt Doat - rtheiarine e Ginplimgmes dbsheled by the
of t upiJ .209. The contact | ens may al so be

roR &E‘eﬂﬁeTﬁF Wit icrapsest | 80drin Figvae 19 insbicate fizatpot podnts of the

that has no rotational symmetry and which may or may
digriragra. Ehe marks samaltenatively berfirmed bylothermidess Bsh f¢for example,
dual i gned al ong one or nore pre-defined curves

ifendy abliting seleative eegibmgord lead Qltack] 11@5] Eds! S

above. Wien the nmarks are in a pattera;ﬁgogx%t%hrs’ee ough a

Lithd grapld 6 procBdse IEHRR bf fd thhles 18850840 coﬁ'&f)oﬁcﬁﬂg %o £liameter in 2

i ntersection angles can
range between about 50 microns to 200 microns. In an exemplary aspect, a distance of

[¢]

about 600 microns mutually separates the marks. As shown in Figure 20, the marks are
aligned along three straight lines A, B, C that infersect 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 iens may not be identical with the

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



be between about 20 to 300, with a deviation of
approximately 10. In an alternative aspect of the |lens
enbodi nrent, a lens 3302 (in-vivo) as shown in the
phot o-i mage of Figure 33 has a pattern of colored dots
3304 (only a single dot is shown at the arrow), each

: ' i.n dianete [ .part of the |ens
e BT ks SRttt S el apf i e et hve
subj.ect' s eye. the illustrative aspect shown in
tfa&?%aﬁ?@ SERTEE lcfgp grgis way begbgnadslens ene asimotegre-defined
the color of the subject's iris. In order to neasure
curvigs yiajusiing intersecting shaigbtlindsas daswtibed iaboreat Wien the marks are in a
(including lens inversion), a pattern of at |east
pattémmend three kisaiplst inewssey lines Highowh] @6 Bat’f‘éé%f'iﬁeﬁ@&ﬁ&haah%les can
rotational symetry. It 1s to be understood that th

betRhERULARIJ0-RASHE, rittes Ahad S abBiR RIS, as

described, nor fo & certain nu t at her,

substantjally any non-yrotationally symetric pattern
wi | 12l tPoatve Epechad the (ot s@badimienh gdoRREIP2{in-vive) as shown in
restricted to a particular surface of the contact
the phato-image efFigus33thas @ naktemneofi cotnred dets 3364 orily alsingle dot is
detectable pattern of marks or indicia my be | ocated
showntahthelagmos)y ¢ach appokiteatelly lanmdp diadedter7 NEpRE of B SisGBrface
of the optical zone of the |ens, depending on the

thatlig vateide thespipiisregion of thd Bibleset’s 3. In HE iﬁ&&aﬁ@ Hlpgée’t ¢hBwn in

the art will appreciate. Another enbodi nent o

Fibir¥ 8R! theRoicte il 280 ‘ijﬁ Blﬁe,%iﬁﬁmgqhé ?(%loro % t%% }s#ilﬁgclzty s iris. In order

eval uat | ng a contact ens 1 n-vivo, a

. - TIh of a.meth . enbodi pept, 100 for

to gRRE 17 2P BhEPCIst P crisB R g ons Biversins, 2
%re %gé forth in the block diagramof Figure 1.

PEREROAL A IgSttBrep mmarks 1smgSessay; vidieantiera shewld not hevetotationsl
lens is.lens 215 descri bed above with reference to

SYPiRfie dt 18, to bg undeysignd thzg the/goldred aarle paitdri ienaispstristedfo dots, as
this enbodi nent for the specially marked | ens 3302

destrihed, or tEiagertain iifnbat bf marksplnies] $bstaldBVny fonl Btdenally
be appreciated that, as nentioned above, the entire

SYRInQeteic patbeth wild shtfiche Weé%r,rtﬁés‘:‘crxﬁmg ﬁgé;ﬂ.s gcgrb% rg:striﬁ%cei toa

requi res approxi mately 40ns per | nag upon

pafti @ shR doreHe EMthG rl‘taﬂ@i, hér 8% p%c%&%?r%ggqoxiiﬂ.eq,ea? s%iitlably detectable

bel ow), then occurs

pattern of marks 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, as a
person skilled in the art will appreciate.

Another embodiment of the invention is djrécted to a method for objectively
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 illustrative embodiment, the contact

lens is Jens 215 described above with reference to Figures 2, 18, 19 and 20. An
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again for a next inmage, and so on, for the desired
time interval. Data, but not inages, is stored as
will be explained in nore detail below, thus the data
storage requirenent and the algorithmitself wll
i nfluence the permssible tine interval for inmage

GRS Ot s b TBach T8 Shorily s ook ol e in Figure

This is illustrated.again withreference to Figure 2,

33, Ik eserihediheloat T}l%’i%dwps’rw@nd that,j as meptionedahisivethe sntire
eye 205 fitted wth an exenpl ary enbodi nent of a

pregese seiifongh belowean refersnecatn Figares] fb@iresT: fysproxifja€ly 408s per image
positioned with respect to an aberroneter/wavefront

basaingmm the Algasithinl heed!(WRi@Owilbd Bi8cii¥ad RMBeti PEHISR), 3D Rburs
Figure 5. The apparatus 500 generally conprise$ an

aghin! faf'h R&ktiiRAeS %ﬂfl Qg o Oor B HsARd gﬁl&ai%sl [ a@ opta?c‘{mﬁ 1ot images, is

i1lum nating the atient’s eye 0

. il .canera 510, f0 bt aj, ni ng an i mage of  the
stdicd o FP P LAt SBE Loy e odwtts b i uema: rvaesragmnt and
a_cont.rol stem 515, and a wavefront sensor
the.2lepHl %tsei%Z/WﬂJf Bilugraedbe pernissible fivas ipterve) forimageiadquisition. At
i mges. The subject's eye 205 is illumnated by
st LB patient is|fittgd wiBORspeciallyeparkdd centadt 1ém3atich heddstabed above.
scattered fromthe subject's retina floods the pupil

Thiib ilthsteaédepatswith eefteRce EFikEre2s Whivh bdhelda '
light. At step 115 of Fi gurelggr, the Iighte 503 Xs,lﬁtB{Ivﬁgfront

viéWer ﬁ!ﬁbjk@c’s?@%%ts HredIth %%&%%ﬁ?ﬁ%gﬁﬂy marked

conmponent of “the wavefront sen

hidl LTl ens. [ ui.k abl esol yed, as

cobiap RBRZIE bRl R elohed bl B3abeimhmaieg pagetiont
21. sqQe, poi nt .. not.ed step 120..

sefidr 56 of HiFihg B tie35riam A e 00 Gifiewas; die sopiaiys iS00
are_determ ned. These coordinates could include the

BERERAIY comprisss andllpmmatignseurce 43 swayastalasdnor illnminaging the
giupil orientation, pupil dianeter, or other selected

patigntiygyel and dhcarnmtant dens 210,04 pirpibcamera SO dorasbtgitipiglan image of the
paranmeter determnation will be set forth below At

patitet)s d25operabieimmicted toTae Jaste HREHEHREdRFd] E?stéﬁ@?ﬁ,f £ a

each of the inmaged lens narks to determ ne. mar

wRSioht %s&%ﬁ%ﬂloﬂé’ﬂtfﬁo_fg‘&&eé dnﬁ%%%ﬁ c%;?t?éiﬁié'ﬂxgée%.s The

are known, the position an rient

suﬁﬁ@f’ 99% IS ihatef %Q'%et:asﬁr%nietnP Egh@es%i%tc St%p QIIIB isx|1ch 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 some point, noted by step 120, position/diameter coordinates of
the subject’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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paranmeter can readily be deduced as set forth at step

130. According to the enbodi nent just described, the

crosses 1804 shown in Fig. 19 act as reference

mar ki ngs on the lens, which aid in determning the

position and orientation of the lens in-vivo. The

amefe@d)t £ de e i emBshiabh -

pul|§iﬁpreference t%ﬁt&%}?e I ensbgng‘rl%ﬁilg{gg@‘a%?pl Caﬁfi’é)%v'ﬂ?ﬁggetforth
Lngs out si.d

k [ rk of .th . -
belgg{' i%taﬁ}é)%zr?g Eg?a‘ﬁms%sﬁén& 108 11 ppde ﬁorﬁgcttgﬁt‘ha Ipgged lens
it he speci al markings, 215 descrjbed herein. |n-an
mﬂ?&eﬁﬁ%ﬁ@"'&mﬂﬁimgﬁ@ cepripnateny (rcedhs lengmagkcoardingigs are

modi fied Hough transform This technique provides a
knpyp, the petitiemend orintasipnfafithe eemttac Mnsuvitt tespect fo thh eneasured pupil
position and orientation of both rotationally and

pananreteratm réadiip bt viedycatias sétdotth AEsBR SEAorEHE 188 ebdbSdiment
illustrative | ens marks descri bed above, even in a

jushabseyibed the &BERE  80B8idwm &l ﬁgsiscéét ab P4 GnLd @g@ﬁ&%ﬁﬂg lens,

general i zed Hough transform techni ques are KNnown

wHith 4083 ﬁetéﬁrgiln.{ni({h% Bogiggn %c{r W%%gtﬁog{l&r tﬁ% dgr%.gﬁj;flaf ﬂ‘ae prpil

=

escription 1s®not necess

t.he . tion. The int d d [ f dt
Ce]?tﬁ]g f(l'nﬂ%{gﬁw OQ% nglgge eesrtaebsﬁs ed rifl%fg'zmclesjco rt]fe I%Irlsr Slarksol804.

httt)://cs-al b-pc3. massey. ac. nz/ not es/ 59318/ 111. ht ni
Typyallyfhe mapks 180¢ amesiandapd mankingsoutside of the opticalcode nfjthe lens

to an illustrative enbodi nrent of the invention, the
anfl eresnatie ks canfesedawittnthgegedial havksps 2TH desuniiee bedeii. ween

these |ines are known. A Hough transformis done for

al | IpehRkEMpIARGHhRIdIRERH q@b@@&ﬁé&l&ﬁ%iﬂ;&a i

two points %re found in tml:% Hough transfo mﬂzl"ﬁlgi%aﬁough
traA BB Hh A Thel SUARG i 2 | 1t

Frhl dy@ V@?ﬂﬁﬁ}rﬁ{gd&@?ﬁl@ﬁ?&%ﬁ é&{%ﬁ&{]fo? Fa%?galgulﬁtl?l}]%f the

correl ate _ _ ang _GS 0 _novvn_ I nes |1
P R B OB OB by et

t.-hes cunul ati on areas ich 12 satjsfy the given
such ‘E‘e %@1‘5 3% Pa%é @S‘Eﬂ abgye, S¥eR INDQIFY emaroggient. sBoth
to the lines. Points that do not lie on these |ines
clagsigaldilaush transformdnd peneralinddd oegheians farmt thehmiques atehwell known
only. points building two of the |ines are given. For
byttbese skiltedds ¢, arty theoeford adétailed\ddsbriptive i8not Bfessafy fr an
flipped structure can also be built. If-the

understa@tiidkio? the ifveHtDAC The BaterestdirBRief is'refere@36 the Internet address

http://cs-alb-pc3 .nassey.ac.nz/notes/59318/111 html for an exemplary description. In

general, according to an illustrative embodiment of the invention, the lens marks are
arranged 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 accummlation areas are correlated with
the angles of the known lines in the structure. This gives a first approximation on the
angle. Hough-back-transformation of the points in these accumulation areas which
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an indication for a flipped- contact lens is found.
The rotation of the whole structure is determ ned
fromthe average angles of the lines. The. shifts are
determined with the crossing points of the lines. It
is possible to run the algorithmw th a | ow angul ar

satisfp ﬂielgi{'éﬁ“m%@reléﬁoﬁraﬁbﬁéﬂa%%aﬁ“aﬁo ohdf feoéloq{%is Egﬂ%g.ineg. Points

transform is ensures short cal culat
. . exampl. e t the detected pupil
thafégglnﬁ“ajﬁi gn i&gegg gﬂ%\l\aﬁ ﬁ%ﬂ%‘h‘b&g‘@%‘é{ SEven sy thecase that enly
; . r ks, haye been found by the algorithm The
p°%‘£sd?ﬁdé%nﬁ"’°p‘&f tﬂ? ﬁ{‘e%ﬁf“‘ & eBoF FTIEstIRIRITgS, taccortelativa Mith the angles

in.general, are not well defined (for each dot the
OfE:%EEqutsﬁ#F@W‘é@ asocheeitty Ifthe comrelation ks Highdr @énfi@the first case,
these dots) and can therefore be excluded in nost

an éndieationfor & Sipped coptasidbdd ie féuhde XEHedetbH O% B @ﬁ’d&g Effucture is

that do not fit into the predefined structure.
detetrhitied #ony theAVRRAGE ; WTeiad .S, descr.i bed.
With reference tg %?%ﬁ%ggﬁe%pgﬁg‘%&sﬁag?e‘%ime
L ens..3302 with bl ue mark 3304 in
crcBRn Bty O €8 BhAC kit RENIR B aftoBips et lovianevien
s il lLustrative exanple, the color of the iris is
ms%ﬁ?é’néﬂﬂ lf‘? 8“\7%3:‘%}5%? of the Boygh grgneforms Thik ensweeskshort
3304; however it is possible to clearly detect the
calglagion, fimgs kg few milliseenpds. AAmexarhple for thdetbbted pupit i Barks is
applied in the followng way: The color of every
showw by thephwédgrapiuic bypyein Figibe 13 WAl miarl® hade BYSBui @by the

every color red, green and blue. Al three colors are

algoeithm | THeestlditivnal fetnts awhich AR by | -
characteristic f%?ﬁthe mar k col %‘P#g:fbnt&te%%ﬁlﬁ%tsl?gﬁfem’ are not

R Gk et HE Rt W e B RO € e e

a) Ratio of red intensity

AolsN R Smtherelote B AR Ripcht ek R o dosPls Yo ereinge those
1 nt ity . to. I Nt ity | | th 1.0.
poia fhtogiot i e Tieredstned sitioruge of Figure 33 where

col greq dot, 3304 is clearly detectable. Some pupil
gl i MR Afermatiye espeshof thiseanbvdirsentris desctibed fithwefrenddlib Figures

ot her
33 and 34. Figure 33 shows an in-vivo contact lens 3302 with a blue mark 3304 in the

upper part of the image (shown 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 the mark by using an appropriate filter. The filter can be applied in the
following way: The color of every pixel 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 example, the filter had the
following restrictions:

a) Ratio of red intensity to blue intensity is smaller than 0.6;
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restrictions for the color could be chosen that woul d
be hel pful for finding the regions for the right
color. A mark pattern consisting of at |east three
different marks, without rotational symetry, is
sufficient for determ ning contact |ens position and

or | @) Rafid P bivie/iARhNE Ak &IPS\ 1] 4 Ong A t 7

filtering, the, desired structure e conpdre
Wi t Asur: ern t.o deternine the position
andIa ?lgg%tgg?ﬁ%ﬁﬁ% ﬁ{wtté) gé%eﬁ’tlggpgﬁﬁg]argﬁ’éﬁ‘@&r gtoa
.varhety of software techniques well known to those
Figuge ?? é%OWSnthF %4%%?({ 1mage ﬂgﬁl%ﬁéétwt@re ¢qersd debBIM insheady
a &qurality of wavefront inmages in correspondence
detgrtahle; omeprmikglintantifattragreslse b sednsin thefigintaiAnghther
online as shown'at step 135 in Figure 1. In an
restrietiomb dsrythe oblodicouldtbe chosdarthaEmsul §ba GKIpta ef fiflithg the regions for
sensor is used to obtain second-order through

thes#igitRoREd & mAaE ?&tﬁs@n eaﬁgkéﬁhg dest 59%&&@9 foféfgnttxﬁargé, yithout

order can be obtained if désire ased upon lTen
T4 v, i na . technigues other thap . .

R e S R S R
.al so bhe used. Faor exanple. wavefront sensing based on
Wﬁ@%ﬁ?&%ﬁﬁ%@ﬁﬁﬂ%ﬁ%@ﬁe%, tasdpsired ABHRYITS 1A pg compared
Conmercial |y avail able wavefront sensors are typically
with ¢ meragurgd Patteradp daterming (the positions andherientationl dftxt eontact lens
wavefront neasurenent and analysis. In order to make
aceorilingdo warasttyooft sofimmse teclimiqh s voslHkedvad 16865 dhilldddn the art.

context of the instant description, a very fast

al gqniahiaapécsoﬁfﬂéh@uﬁgoa&eﬂ@%bi&ﬁﬂyio@vaab@%%gmg Bl
| I 1

application referred to above, and descr

coﬁ%&;ﬂnﬁgﬁh‘%l\@fﬁ thEQ3EcE ﬁhngﬁ%gg ad Eﬁo 8L %b%:%;on%ig% a%%hown'at step

appreci ate, however, t rious algori
e [L.centroi nal vsi hod f or .
1338 SR AL iR b on sor s
forth at step 140 jn 14 | Figyre 1 according to the _
usp ) ohifth R T (o theal s B S ks, stbegirto 5°
to the flow chart diagram 300 of Figure 3. In the
orfl¢r|cgB pe abteinashif dasiradrhasedupoadersietipatamsiters.a Wvg fronf sensing

i mages are acquired, analyzed, and displayed at a rate
techni@feh ptheb thanfthe HahteanakShack principle are widely known and can also be

used. For example, wavefront sensing based on the Tscherning principle can be used,
among others. Commercially available wavefront sensors are typically provided with
~ software algorithms that facilitate wavefront 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
appreciate, 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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sinplicity the algorithmsteps set forth bel ow apply
to a single wavefront inmage and are repeated for
every wavefront imge. At step 302, an X x Y pi xel
size wavefront image is acquired, as shown for
exanple by image 42 in Figure 4. The light spot inages

Rl o 4 B e B o
B B o o i ity

charge collected at this pixel. This nunber is
of ippgss agraaqyired, anglygediagd displiyed pba pitx ef 25Hzy bihfer the sake of
illustrative description that follows, a regular

sirpficityshealigdrithim steps gt fortiobelow applyttodasidelé MRAYEHYAY inaB€ and are
described in detail. i) Inmage Conpression After
Iﬁ)i‘ S | o . L.
repeated for Sy %Véﬁ&ﬁ%ﬁ%& Ag Pce% 982, dn'¢ % %&)1( b]%? magf:f{%?tslmage is

conpressed from size X Y pixels to
. ' he d . by. j t h j I
R T S S e e
rop e R YATEl RS QUEHEY yersttes Ao SHoTy crhess ken AoRys CCD

t hrough_t he i_mage. The signal in the upper |eft coner
cagyers aally, pensist o6 an pyray) of pizels e whinbtevery piRel iawsvignpd anfumber
the first square, the signal of the next pixel is set

proportiteal 4vtheageount of targeodlletizd adtidy pikel s ndRBer i§ feferred to as
on, finally yielding a picture Xn x Y mpixels in

the biggal of tieysixel IHend mub@aﬁvatd%gﬁ{p‘ﬁon%étff?ﬁws, %?g%%(éfrgé%u?xe grid of

al so being integer values. In an exenplary e

bribhtpbhis if a dal ir&g‘é SHRLragtign At step 306, the
1-lc’gclzwnrr}p,xresslggdlafr]r%lge ié&pgdéén% VI gélgﬁlgfﬁﬁb square regions,
or tl”'tg%% not to be confused with the pixel squares

in ( SoveT TR he exenpl ary enbodi nent, one tile

Is a, square of 64x64 pixels, but other sizes can be

used e A5AWLNG the iRageat siep AP the imageds gompresgedsfrom size X x Y

.centroids. The average signal is again calculated for
Pixgle o Xfn 1 ¥/m pirelsatateni04. viliivem Heodone iy avitagingathe sighehfor

linearly extrapolated to yield a background val ue for
evaryypix¢ldn at inormi pixdl squaredg the ohigiml bagdegstating, fos ekdifle, in the

subtracted fromthe i mage yielding a | ow

upper left corner 606 (Figure 6) of the image and scanning through the image. The signal
in the upper left comer of the compressed image is then set to the average 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 integer 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 the 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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signal outside the centroids. In the illustrative
enbodi nent, a signal-to-noise ratio of two was

i mproved to a signal-to-noise ratio of 10 by the
background subtraction. iii) Rough Structure Detection
At step 308, the approxi mate, or.rough, structure

corit@nB5 céritRAdd. Thd §%r§%<ﬁs§??ﬁ Lk éﬁg?lﬁu.l[';thegsttggﬁg%n?iele ?ﬂg]averagc

is defined as the hi si gna
' T | mum i,s- det er.mi ned by.a scan through
vall BERE thel1es oML MARRHS oS Eoatgled 8 vielt S biciroundraie for any
i sj.gnal , val ue .every pixel is recorded in a table,
OCRYQD b itnege, fdishagkgioundis then subtricted fn the inmggrybadiag a low
. than a certain percentage of the maxinmum e.g., 30 %
signg)iqwésida the gertreidn Indbe dbistatiee empodin®nt) 364 dnal téinbRE ratio of two
exenpl ary enbodinent, this yields a list of about 400

wagithpioesd fsa sipealttoindisEalicof 10 BHend batkeioting %ﬁr&%p@{.
a of  Known

descendi ng signal as shown. Any of vari ety

qui GE RS, imcwyﬁef&ﬁdbs avai l abl e to acconplish
this.” TABLE | Signha osition Y Position 223 86 55

154 87 95 133 115 56 110 118 74 108 114
o3 Fi3ep 208, 2 afrokdpart.of spiich. Srmetuiapaials (santugids) s dentifiod
.as the.first r h structure point. Then, all entries
F“%naﬂ?é‘“{l\ll@tls f‘?ﬁéje%@s&e lglgb%t ts%ﬂ%ﬁll inrthe sempressediitiage ﬁzlfee

defined_as rough structure points. In the exenplary
maxpyRilhdsiermipedbyp scandthranghdhe imapei and maﬂi-pbﬁﬁ@@ﬂi’-fpbﬁﬁon,
of the 16 particular entry is farther away froma
mq/ggnﬂ@alnm af euerly pitel ticiedoded @ Bl baboR Rf @ie$fdnal value of this
di stance. In an exenplary enbodi nent, the distance Is

poib¥isfirétt:tharth betaik BeRedthfSof the maximum, e. g., 30 % (other values can

be selected by the user). In the exemplary embodiment, thisyields a list of about 400
entries as shown in Table I. The list is sorted by descending signal as shown. Any ofa

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

TABLEI
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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iteration, a table of rough structure points is
created that includes approximtely 95% of all points
that are to be detected. iv) Refine Detection of
Structure To increases the confidence |level that all
points of the structure are found, step 308 can be

partieplan tittly RFatig \wiagtirddh a1t ke Bfind $64gH ftfhchurd ?kﬁn@ {RhA'Y Pre-set
to a certain percentage of the mninumin the first
isl atd - terati [ it s, that.
O A xRy SO L e ST Bl Pttt
.1 t.eratjon. .The.rou structure pojnts, und in the
itliBlrd Bk of Pt St bBR atorb Ba orlagermmoreiehe 5% of
found again gi.e., they do not obey the condition of
aﬂ@@%"b@gﬁeﬁ‘é e difgstedhan a pre-set di stance fromthe
detected points). v) Utimte Structure Detection At
st epv)R et Petectioniofdtmcizent r oi d positions are
determ ned. Since the inage was earlier conpressed in

St eTo3@dreasss @t @nfidbiecel 18¥ed HHER alIGHb iR b Wﬁ@%%@% step

in the inmage was ignored. This information can now

| it “can How
B R A o o Bk Rl il B spain

|e,. 15x15 [ [ ted d .
peicSfigh BERinintabat R A bt ERe feeBd Hamban Eatpoins tht

the mninmumdjstance to insure that each square
WeE%Fﬂan?f’E‘ igsigpabiededawnd By the fisvtdterationn The roughrsmctubepoints
centroid itself. In the exenplary enbodi nent this
found inghe Srsh demation ate ageounterl 89 sofheyetwill ndtterfoundggaiie(ileg they do
of mass of signal for the signal distribution inside
not bigeysthie avedition ofisdiny firheflawgy HalG pres6t diStahd¥from the detected
substantially exact position of the centroid. In an
poafippect of the enbodiment, step 312 can be repeated,
for example, 1, 2, 3...n tines to determne stil

nor - al cul ated center of nmass in
)8 S5 Bt

t he ep I's subsequently used.
Each ru [,e int cap al so. be assigned a quality.
F aceat iz ik BBl <8P Aurnition SROUTTURCL  Sitfathé image was
qfnter of mass changes if the square around
earlier compressed n step 304, much of the information originally contained in the

image was ignored. This information can now be used to determine more exact centroid
positions. Using the original uncompressed image, 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 and 30
pixels. Then, 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.

In an aspect of the embodiment, step 312 can be repeated, for example, 1,2,3...n
times to determine still more exact results. The calculated center of mass in the previous
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the pixel is willingly shifted by a user-set distance,

at step 312. In an exenplary enbodinent, this

di stance is five pixels. The points whose positions

have changed the |east are assigned the highest

quality factors. In this manner, spurious points or
step 94 SibseqiRifl ghed _ |41 or, can. be .

egl i mi nat ed, &as tr%fh?%e y I'J?Jé%tr"{eagé% O e gsigned 7 gualiy actor

[BY; the. il lustratiyve embodijrent directed to

d ﬁﬂ.fﬁg"r?nﬂ:‘ mh&%%}%ofgﬁﬁg% 0%8@% iLf the peuare around
thbe alglge' 0 correlate the centroids with the

CIYET ehyghifiady & enerrselglistrrges hiottepp 12.him ami exenipizrg

array. Thus, an aspect 700 of the enbodi nent as
emppligasnt.fhis dlistance i fiur pixdlsi Thelipoints etlosepdsiteoRHase sisan@bd the

sorting the detected centroids so as to assign them

leastoare agsignedahe Bighadt quality Saddedst 84 Fhis faniiés E%ngouts ﬁgints or noise.

appreci ated by those skilled in the art 't

s@éﬂ:@ i g,rqlﬁﬁ ' _ d . t
= conf iraIgIBr atio sﬁgt Sgﬁﬁa%e?/el or g&%?rstp‘?ls,%% S’ﬁ?%é%%‘ %?ef;%?"{cme

po%'is any straight line of points. At step 702, the
esired sorting configuration is selected. In the
exeppl.ary enbodinent, the configuration is a square
gri B%fs‘ﬁmﬁ embedigecatdirested to ﬁh@nmﬁbhd«waveﬁ'onayensing, it
. For every previously found centroid point, i, the
1s qesirable d0 g@ abla te corzélafhthd ¢emtroblidwitls thexabesponiiats image forming
containing the centroid point, i, and having a sl ope

lenslet 6f (hé Myicrodenssiiayn This, sh@Bpect 960 of Bl YdhAY as illustrated in
positions of the upper left comer 606 or |ower ri glhst

Fi s &P t i i i e 6 sl ope
e Mt SRR UGS e e

o & PR S BRI Nl ey R e SRR e gtanat e

€
fram-0.110.-0..9 C sel ected. At step 706, the

et B b eSS ol S opcom s waliphaich g, or
anﬁl, in the jllustrative enbodi ment, the upper |eft

© yPOIR§ ONSMEp 8 anyraeichilling of nodmtsul at ed, as
illustrated in Fig. 6. Al centroids, i, are then 18

sor ¥¥atepy708) thaidesiressontiie; condighiation s sdlediét Rahé binthlary -

having the snallest nl value. At step 710, the

embedirment, theredrifi gubationi®d b@isie Stid badedSipbs tRSSdoMRY JfthdMbrolens

1 and is stored in nenory
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 positions 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 pper 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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as the last centroid of Row 1. In an aspect of the
enbodi nent, the |ast centroids of the existing rows
are stored in nenory during step 710. At step 712, a
region 810 (Figure 8) is defined that, in an :
exenpl ary enbodi nent, conprises an area to the right

soRéd by's ot 8 708 St HitB R Qin ﬂcggé(\gﬁ% ﬁﬁ%ﬁ%& t{i]galue. At step

di nensi ons that can be contro vari e

' i f . nshet. arr.ays d havi.ng a ..
TG S w8 eq Bt oriB R 5 M 008 Gt dm memory
onfi.qurat.i.o as_illustrated jn Figure 8, which shows
as M ey SR 0L Rove 10&11 A1 RSPEFfcPL b pmbadimept.dhe Jasicentraids of the
suited for detecting other grid configurations is
EXHNG FoTER 479 Stopedivsmemiony, dEiegite gl Mf At step 7é2 pioa 818 Figure 8)
_ paraneters include nmaxi mum angle 902, m ni num
is defsrtedriie, 18Ga, exemyplary Rtbodindsie footnyr¥e6 hn aRA %o HRIHIHH OF the last
di stance 2 (908), as illustrated in Figure 9. en,
ceftroid!gep of Q@Vetnh-gwn 8%¥in Hﬁ?‘i@:\[/smlcﬁﬁ ﬂ‘.@lcldﬁ b{: %?%ﬁéa]fei%ta%g v%lqu' to

that centroid is’checkeo respec
} Bt t troidjs.in, def | ned
odh B W RO RANR. o it R i i Bt giPaton e
i d t he | ast, trqi d.of that 0 f ,
soffiiH TP o eireRon i LR gn SaBtm &, Piaich s s watsh agca 810

new row. St %gs 714- 716 are now repeated for all
fog thgmet; qeiroida Amy shapa swited for detscingothet grid ot fiburytiohs tsm
left to right. At step 720, the average y-position

altermatively fpossiblei Exemipbusioftincienslet iy paomsctefsanclidd faffimum angle
according to their average y-position. This step

90Rasiiniinat GEtafiBe $04) SnShmitedibigRcd Pgsocs?ii%gﬁ 252 (908),

row as Row 2, and so on. Before d I'ng the steps

asfiﬁﬁst%%tijn @'9%1.{59 g %Ieﬂ,rg% ’stekt'n I4,3 fhlg %%fe({ %1%{:\%'8&1 tg%ug gsl s?:h:g%létand that

that the si ation can occur’ as’i

it ints lLyi along |ine 002, 1004 .as.
°eéﬁ%@% iXI%F%E?‘Pg iz Iegpect ¥°e2‘? RSRE I Wﬁeﬁ@r %sz?*r%é 1yin the
4 he, m ddl eIfof row , have not been_ detected due to bad
ensd FeelPTorlE ¥rS themat sispd 1§ othat centroidiisiassigaedas the st eantroid of
the |left and right have been assigned to different
thatgey. If po,ithansthet eamtroidistasigrad the dgst @@roi®of auew ves. Steps 714-
nmerging these rows. This is acconplished by the
716cir¢ now mepested-fot alp sentfeidsn Intthie niR@er 2¥WE BEA Y bERS irh BQ left to
for each row fromstep 714, cal cul ate the nean

right SAREP 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 the faintly seen points lying along lines
1002, 1004 as shown in Figure 10; i.e., some centroids 1012, 1014 in the middle of a row
have not been detected due to 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

19



bet ween the rows by subtracting yrow - Ym (yielding the
di stance between Rowl and Rbw2); yrow2-yrow3
(yielding the distance between Row2 and Row3); and so
on, and then taki-ng the nean val ues of the obtained
di stances. In the exenplary enbodi nent, the criteria

- i ' KPS *a.and (Pk >_
nfS L ek, T bt of BBl o
o B RIE SRR AL ik % L el B

0 0.5 are used; a . is the nmean distance between rows

be%@%eél B E0) by sibtrapking Yrewixynwal(Hislding thealistancetbetween Row! and
(left-nmost) centroid of the k row, and Pk, is the x

Romal ) ot yriobs €yl bing theidigtanoetetyeanRiowd ald RbwBRamk sb @, and then
In other words, the rows are nerged if they are nuch

taking siey meah valles)of RS bbthivied diddhcky, th a4 exeﬁgn?aer;y%m ﬂgﬂ%ﬁﬁegt, the

don't overlap i.e. rowj is either conp

; ' Th
B L A s Wb R B e S 7 Bl B )

W% t of sorted centroids by distance value fromstep
" is used again. The centroid with the smallest n;
is assigned to Colum 1 and is stored in nenory as the
| ast! 1§ &ryeriahle Paramsigr ptheirangy, betweer sbons|0al-0. 7abateis bot by the user.
the last centroids of an existing colum are always
Inghe excannlary eorhodjmentyvilnes etteper/@3 to A5 &t @pedf26, a
region is defined that, in the exenplary enbodi nent,

conpa isghsmadn diseachbbiweh Fevi @ss alS&d%?;rOi d of a given
col um havi ng di nensi ons and shape that are

contp.Ql |; ' i 3 . of . the

Ienslkgafélgrg%eggd%\l\sd@ggtﬁg gtrg%?g%g%.e 9%1?3'5? itﬂger]?fcfvﬁrsat“?at ed

by tdl ti; ' Ln.Eigure 8 do d, by 90

degras E e Ll 805 R Lih bt PP hekatv: <

S ed and that centrai.d i s checked, 20 with respect
1“1%‘%%“@& i%%‘i ToR5 &R MrRerd lf&l?é(tﬁﬁ%mfh gloserip thy yrppsitipn than typical

the defined region. If yes, then at step 730, that _
a”é‘e‘gfbﬁés idgn’t verdan ighaew s either completsinta thedefdbr cdmmpletely to the

.colum. If no, than
right of row k.

The process for sorting the colurnns begins at step 724 where the list of sorted
centroids by distance value from step 708 is used again. The centroid with the smallest o}
is assigned to Column 1 and is stored in memory as the last centroid of Column 1. In an
exemplary aspect, the last centroids of an existing column are 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 parameters 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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that centroid is assigned the |ast centroid of a new
columm. Steps 728-730 are now repeated for all
centroids. In this manner, colums start to build up
- fromtop to bottom At step 734, the average
X-position for each colum is calculated and the

wiGtDtedpabs todl PexiSttel @AnARS AN tﬁ@cén@r%&c{(isqﬂ %{efa &t%ﬁlgd region. If yes,

X-position. This step facilitates nmarking o

t bumm 1. the next col u Col um 2
a0l SorliBhd i B8 it Cm T bebemdiman o, than
ith reference .to Figure 10, where sone centroids in
thificenizoid i eSSERCE teJpst Hantaide f foevbeanme Sns GA8 56 aromow
bad quality of the centroid points, and thus the
repeaiad for alk cenirids. dindhis ehanet aohimvesestarasbgidash £6m top to bottom.
different colums., In this event, optional step 6

At stepoT34p theravegig §-1idaetin 0 batiolumd N Saldi3atdd GRS s are
by the followi ng sub-steps: Fromthe nean average X

sort8@ &tdok i o€ QL4 o OFp; 7 | qul at
P o el A2 agP SrRAon: T R ek Bafbing g ot
0 ' [ t i st ance .bet ween Col uml and
o a]s éiﬂé’g{“ﬂ: it ﬁe?‘g?‘g%a%@lwpéf BRhEP Phe
di st.ance bet ween Col um2 gnd Col unm3); and so on, and
t hen TUATOT ¢30 QFSUR a5 FegEenes ahove vith rferenredp Figwe 20, where
In the exenplary enbodinent,' the criteria for
SOmRercgnieids mn&mdﬁleaﬁ @ delumm have notibesk detedtéd danth Hadkquatity of
> Pj,i,,t or Pk,1t < Pj c), where: f is a variable

thpeersroid pointsparidiihus drgentreidsabovel@belSw hate Fednhdlichsd to
set by the user. |In the exenplary enbodi nent, values

diffetenbehufind. bhl <Geft Bptitifsted 728 s A TMeHe AN Burmns.

bet ween colums; Pk, 81t is th val ue

: . ' . k ,col and Pk,it is the
T S AR DY PR S B i B e g erbge Kposion for
aom. h wWor d he col ymms e nmerged if they

ca b, ke Ble 728 ¥ et W3S et bevog (g sobmnscin
sule% they do not ov&il ap; i.e, colum j is either
g 5sohva2 Bficldingthe distapce petwpan Columml snd Column2);
the sorted centroid positions, a Zernike calculation
Xoghgme-Freium (féelding the distance between Column?2 and Column3); and 5o on, and

then taking the mean values of the obtained distances. In the exemplary embodiment, the
criteria for merging columns j and k is; If X;-Xg < f*a and (P st > Pjtast OF Pijast < P; ist),

where:

f'is a variable parameter in the range between about 0.1-0.7 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 firt is the y value of the first (top~most) centroid of the k column; and

Py1ast 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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to determ ne the wavefront aberration. It is to be
appreci ated that the enbodi nent descri bed above i s not
l[imted to the sinultaneous, online nmeasurenent of
wavefront aberrations only with the specially marked
| enses descri bed herein; rather, the enbodinent is

typIERl EnCiEaRiald dot BB RR! Sottbin 1Rl %g#gﬁegeﬁgﬂ%ﬁ%veg%c‘oﬂﬁﬂetely

nmeasur enent of wavefront a atrons
| oS { l;tion and/or orientat.i on

belérrgags?url nlé g%g]tfl g%cﬁ?%ﬁ%eg@nﬁgtﬂog@ﬁp’&f?ﬂ&eicm pR fan be made
i c[eﬁl at.ed.to thﬁ co temgoraneous, online measurenent of
0 qeRme the WAVEBARLADCITRROR. nosi ti on/ ori entation and t he

total wavefront aberration of the subject's eye is

di r §d$ tbe appaccieted Bt theremskndimeiirdesgrittedeabovs is not limited to the
_frequently occurring wavefront aberration over the
simsdlapedusdonthesneasnentent of wavertont Aberrdionk b_ﬁ@eﬁiﬂ?ﬁﬁ\égeciaﬂy

this information is valuable in determ ning the best

- . c ) t \ .
RO OB B B O FIFL L B0 ol B o
| mbodi . t
Rl Do LR SR R Py

oSSR TP PSS HESBi TRESHDS, .

processed as set forth in the block diagram 1100 of
Fi géembodimentsfithsinventionstetated tb0Be cottemperanais] arline
y-position and rotation angle of the contact |ens,
meg$urenpenti df thé meve contaa lefsrpositiodAtrivntatiod abhé ehetefal Jebednt
data'are obtained fromthe pupil image and wavefront
aberfatide of thessubpot’d EG2is direltbd td A8nethod R IdbteRRirad fhe rost
-position data, rotation angle data, pupil ameter
fre§drly RBEHnESyRRREA ' ach o pLotLed
e&@é y . E h ﬁ)%haﬁgxﬁ gyﬁ’ltlﬁggcil?&gd I%Casiliﬁ%? interval. As .

as a function of tine as s gures

jvely. . herical .. equjval ent |.s.cal cyl ated
e o s S BT S el S el Tt i b2 o profle for
ordet i.s estricted to.the second order. Triangle
a SRSfRmiAed Copiagt 15t G 1o Bking REREEPIA Frmer iR multifocal contact lemses.
nmeasurenents, cross synbol s represent measurenents
In gRy p¥eReplarysmbodiment; » measurmentdateryal b€ 30 Secontieis shfficent to
and circle synbols represent the valid points that are
acquirs S0@imultaneous image pairs (pupil 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 data 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
equivalent is calculated from the wavefront data, where the maximum Zernike order is
restricted to the second order. Triangle symbols in Figures 12-16 denote invalid
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the cal cul ation of the nost frequent wavefront. At
step 1108, trend |lines 1202, 1302, 1402, 1502 and
1602 are fit to the x-position, y-position, the angle,
the pupil diameter and the spherical equival ent
graphs. A quadratic curve was used for the fit, where

mebfiremaria crde\wyaibotiTeresdnl th SRARM G cﬂﬂj.nﬂ%ta;'b'lfmrg?;gmﬁ ﬁ?%ﬁ?

curve is a mninmum thout restrictio

deatitssd fiuttherCEdlo R.1110 oi nts (shown as

( triangl es) out‘@l?gg&gigdgg?gﬁﬁr@ﬁﬁ@iﬁeo Rowis thag aee used for
I .aﬂ:ﬁ e | et or marked as invalid. Exenplary

therdan g easﬁqlé) rfg&br.nf%?‘ﬁefq&i’mt e%ro_nﬁoglt step A 188 drepddines 1202%,1302,

14@%; gb th‘g rotation angle, and +0.5D for the spherical

JPYARedh L S0%eme 54 ta thsec-pesitian, Oepasitivr) the pbe Hacipd diameter

all remaining points; i.e., valid points, at step

and thezphernicah aquivglemttgrarhst AemadiidiciBitwasdudal kD Gt where the
int_er_yal is determned at step 1114 and contact 'l ens

mepn goviation oNthe mEakikred paMe FEHEhHE Qﬁtvte Eée)f LAl 2n nWiithaut restriction

information is determ ned durlng NoN-0

o AR S AR ANLD B ot mnlen) oeice

! I pe a certain distance. The novenent
°er3"[e{i]r‘1 Eé"}%feltag&%@ctb? &el?cﬁﬁ?% & ‘i/é‘%lﬁegéﬂf magked asdpvalih Exemplary ranges
%ﬂgrard , Jput can also be in other directions. As an
are 5fhe ¥rapsitien & Y-pesitipn i rior the retatice anglbpa@er®SD for
the pupil diameter can also be used. In an exenplary
thezspherecal equivalknt Pterts 1106 ang & 108 caiebesspasted FSH alEARRIR, points;
when the y-position exceeds the trend line by a

i.e.cealichpoinig] sttsespci 10e. g. 0. 1nm) . The detection coul d be
al so conbined with the nmeasurenment of the pupil

di aneasspett &Fthe | ' ' L .rapidl.
decr eas espebty 3%%%?%@%%2??{%?% lsoé‘&?rﬁrﬁ%?fl g step1114
icR s Eatk ki fier.the detectjqn of a,
and b ieh ?@%%%@%%%9% e on e pdmationis determined

1 r,e_nmarked as bl | [n the exenpl ary
dmggb&%{#@r#éh Mg ftcreals oF ¢, i\ﬂ(%f Blinigag ofithe ayads deteated wien the
exenpl ary, bl i nking interval could be between about 0.3
conagt gg%@td\@ﬁa@ mesgs away fTom {hgitrenddineihyeyesstaimdistdata The
which are within the trend |ine and not detected as

movgmenk generdlly ocgasdh tinvertical, jadeEﬁidhl{iuﬁﬁvﬁﬂi)%\ﬁ c8X RIs6 $E8H other

. in Zernikke anplitudes. The nost frequen
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. 0.1lmm). 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 blink. In the exemplary embodiment, a time interval of 1 second
was used. An exemplary blinking interval could be between about 0.3 to 2 seconds. For
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wavefront is then calculated by taking the nean val ues
of the Zernike anplitudes at step 1118.'In the

exenpl ary enbodi nent, the maxi mum Zerni ke order is 5,
but it can be chosen between second to ninth order.
Step 1118 can al so be done for selected wavefronts,

ol 4505 Mo S e S0 Ao S i,
BB B eSS Lo S 18, g

of. the spherical equivalent, but can be also applied
wayefrogt isdhen,ealenlated by rialarg thepheandvalvastoithe Zémnikd-anmpditndes at step
Zerni ke anplitudes, etc. The nost frequently
1118chuthe ienemplary embodiemest, ftivesibiiomunt Zerdikdedes® HBut it can be
nmonitored if desired. An exanple of pupil paraneter

choslérl tWebdcond tenintl\ordes Mtk ¢ 1 $eAdulEShe
Fi gures 22-32. Figure 22 sﬁlgws t he use o?%cﬁfgﬁgaed

s @Eé%?&?%n‘éﬁtﬁ e %?qé%%%'ssgﬁ%ié "ﬁ“@hﬁ%l%%earg omited
. As Ln. ' , C .
(o2 SRR PR TR iy e Setenl copcnira omitiod)

the contact |ens position, is done during the

TheRResREs ot restmstedio the gseef the spherics] eswivalent dmiticam be also
during the neasurenent. The pupil in inmages with half

appiindito ethexsvalues sich es bupit diameter ihirdeprder Zetnike arplitides) etc. The
algorithmas will be described. Lid-correction can

most! fesaubietl ylorRrringédnigst 1408 positidn ok LiREWisE ba tbditof¥d iPlesired.

the contact lens position it is necessary to exclude
[

Lsma ??igﬁ?%? Bg%%lggz;tﬂ?]??g &%83: | _(;{)#ﬁ iﬁg&ﬁ%eggfx"?e?pvgﬁ iejference to
Fightls 2320 B8 28 B08a Meee 2R sf o sRteispias 7 B gupilnger

desir.ahl e t.o determ ne the bljnks automatically and

algoh m‘&gi‘e PARFD SR F 181823 Shows ReWhe drtadnevaluated. As
about, 1_second thereafter. This determ nation of

shopym; 1kl Figuersnibe spmplete determinatienef tha pipih positien aiid sike; and of
software. 24 eration of the position finder algorithm

the Thrtact| leas pasitinmg indaienturing thef measavérgnt §6113@) andlall data is shown
Conpress i nage

online during the measurement. The pupil in images with 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 blinking and will settle in the stable position in about 1 second
after the blink. Therefore it is desirable to determine the blinks automatically and exclude
images from the start of the blink until about 1 second thereafter. This determination of

blinks is done offline in the evaluation mode of the software.
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2. Calculate Threshold 3. Calculate pupil 4. Inmage
Filtering 5. Refinenment 1 6. Reflex renoval 7.
Refinement 2 8. Lid-correction 9. Final calculation
Input: Inmage (see Figure 24) Qutput: Pupil dianeter in
X and Y direction Pupil position Position and angle
Opefationnif diet pdsitivn firder QlpoHfess | mage The pupi | image
shown in Figure 24 1s conpressed fromsize X x Y
The iakgri$hrh @onttaths ¥he'Folowith éﬁ{i This is done by averaging
the si gnal 1or every pi I'n an n x n square in the

O{I%Jﬁgﬂ startlng in upper |left coner of the
%Tre Sé% g through the i mage, as descri bed

signal in the upper left coner of
image is then set to the average of
t‘ﬂ‘re IMHE%F @E}E&re the signal of the next pixel is set
t®» tRedingmentalge of the second square and so on,
fﬁndldﬂybxyemb*dalng a picture XYn x Y/ nin size as shown
by. Refmement® essed, inverted, greyscale image in
FR.OUL&cd8dectibncan be any i nteger nunber (e.g., 16 as

ol ushdi_be@hiMath X/ n and Y/ n also integer values. In
the present exanple, a bright pupil will be found,

I éﬁ [ re s inverted so that black becones
' P?ngégzo&ﬁé‘grg%rsa In the Figures to follow, the
[ be dark against a brighter background as
OH%H‘? @Bﬂe&%‘%&%m%ﬁ of destionr eshol d
pil position
Position and angle of contact lens -

1. Compress image
The pupil image shown in Figure 24 is compressed from size Xx Y pixels to X/nx Y/
pixels. This is done by averaging the signal for every pixel inannx 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 average of the first square, the signal of the next pixel is set to the average
of the second square and so on, finally yielding a picture X/n 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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25 A threshol d value for the conpressed image i s now
calculated. Al pixels that have a signal greater
than the threshold- are set to white (signal = 255),
all- other pixels are set to black (signal = 0),
yielding a binary black and white i mage as shown in

A thiegholé valae e the E:&mgﬂis@dﬂﬁnﬁlgé iSMW ealcilagsd: AR pEelstBit have a
every pixel is either conpletely black or conpletely

s1gﬂ‘£1 %r tﬁALL gtﬁ@%ﬂg‘.(@!ﬁé ,set 1d6whitd @%ﬁ} d.2'5§) afl o‘ﬂ?’éﬁﬁfc‘i’s &€ set to

maxi num Si

e f hermX| mls mal | .
bla%%lﬁé%%/ @%@%3@@3@3«?}% andovw PR fp Figts 26 (binary
signal in jmage) - (average si in
blﬂfggg@‘i %te IpggeTReAns ARt PN R RiX gy s’éher@ﬁm?@(tqlmlackm#@@@tely
signal). O her ways of calculating a threshold can
whitgk | Iipstrrsively, therthresbioltys calclated jas Follwsin the art. 3.
Cal cul ate pupil Now, in the binary bla.ck'and white
| magigreshioh=¢@ntietune kighslss ifage)-h@v E@ klgaapﬁﬁhﬁxa%é/ﬁ)

cal cul ated, yielding the center of the pupi |

ﬁtﬁ&ﬁi&ﬁﬁ&nmﬂaﬁiéf Cﬁh/éh%végp%s% O@Mg%ﬁle it he X and Y

direction is also calcul ate n e pse the axis

B e i

he doubl.e sta r evi ati on a radius, a rough
§ ST IBIHTAR gger Vgaq e%gnai}, pupil is

obtained. 4. Image Filtering The result of step
Other wansd grlguleting e throshold wan epslyrhesdatermined bmﬂlosmslﬂﬂe%/ in the
the pupil or reflexes in the imge, which regions are
-artnow renoved. To acconplish this we take the origina
conpressed greyscale image fromstep 1 and plot the
opjamﬂamn@p bt ellipse into this imge and for al
poi nt's inS| e this ellipse. Al pixel signals that are

| ar g4¢sw i PSR vf&%“ﬁﬂaéz' {88 ceftef Ofmals"fot fhk LRI pixels

set tot e aver ge signha
is calculated, yielding the center of the pupil. The standard deviation of the black pixels

O

in the X and Y direction is also calculated. For an el]ipse, 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 position 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
pupil or reflexes in the image, which regions are now removed. To accomplish this we
take the original compressed greyscale image from step 1 and plot the obtained pupil
ellipse into this image and for all points inside this ellipse. All pixel signals that are
larger than the average signal (inside the circle) are set to the average signal. This
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26 procedure renoves bright points wthin the pupil as
illustrated by the filtered image in Figure 27. 5.
Refinenment 1 The pupil circle in the i mge of Figure
27 is now enlarged by 20% and all pixels outside the
circle are set to white based upon the assunption that
protédite f6rBoved biight pelifs widten tH Wi il tustfRdBby eaﬁlf%?ec?imafe in
neans of reflex renoval. To réfiné the result, steps
FighhthB are repeated with this imge. In this process
the greyscale image 'is converted into a black and
ie=image., It is possible to enlarge the pupil
\égl?rgle %‘9&%&( ween about 5% to 25% appreciating that
i f fhe percentage enlargenent is too great, then the
r ef IT6% PRRikSiFele 1 thetimage obFigure2 pispidw emlgraedbyt20%, and all pixels
efficient. On the other hand, if the percentage
outsidle dhgyeinae treisst toowhisniedsed updre thepasisptidn thhethpy el in B8 outside
be wongly elimnated due to. inaccuracy of the prior

thepipill Te3Ys AlsoGahEAHsf r@fbx Bmoef, ! ’Fd(re'fﬁ_ngH@f'esﬂig sliéréﬁ tg{%glg 3 are

renove refl exes, the center of the pupi| foun

- [ - - { rections. ile
ropgled vAARNA R, LA ot B drefoclc B0 A Rt o o black
LOR IS |lored. The.fripge i§ as dtob :
and SR, Ik BsFblesp St B8 Sl TR beimreronk iYago 25%,
are foupd (in the binary black and white picture).
aPPFRTIEURG g’&h’é’&ﬂ PHEFILage gepentis 0o gipate thenthe reflex removal
connected by a ellipse that is fitted to these points.
outgidesifdles pupikmayhot hesefficient. yOpitheedthershamd] iftise pétédrtage
inside every pixel is set to black as illustrated by

enlatgementisgeo smalf) the parfiSof (e fRpiBray eRAdnsSRERtiRste itk dito-
the actual image. 7. Refinement 2 As descri bed above

inacBurb&PSf Me ot PEpif S Al lliod! 90r i thm the conpressed

i mmges nake the "al gorithmfast, but at the expense of
| &S Refeg YL AGY Pecause of the information lost in the
conpression process. Therefore, a picture that. is

onl )Toci'%lr{ger:rer%%eogfe reflexes, the center of the pupil found in step 3 is scanned in
the X-X and Y-Y directions. While scanning along the X-axis, the fringe of the black
region is explored. The fringe is assumed to be reached when at least three consecutive
Wwhite pixels are found (in the 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 every pixel is set to black as illustrated by the
image in Figure 28. Step 3 is then repeated with the actnal image.

7. Refinement 2

As described above in regard to the centroiding algorithm, the compressed

images make the algorithm 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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27 by a factor of four fromthe original imge (Figure
24), illustrated by the inage in Figure 29, is used
for the next refinenent step (the factor could be any
nunber |ower than 10). To save tinme, this imge is
created in step 1 during the conpression process and

by & factérasfeehur fisrhithe biigingl i€ (Fi -3 . .

y S 098 (I 18l Bt e n P

conpl ete process is itera

o g5t BRI GEPE L RS, BB S S oot s

r.epeat ed, éﬁl\slgqtte that steps 5 and 6 include
“n‘iﬂéglétw Bhdussttens thow, the semplte prokessdsitpiatedanitipthicioser
provi des an accurate position of the pupil and its
comgprgssiorimage. Thahil, dsing theqtupiiposition|datssdbtathedlinitey Glastep 4 is
image in Figure 30. The enlargenent factor range

repehted withettle betusll(Rfwe c@ﬁ%}z‘%ﬁ@d&%@.pﬂeggﬁs Eébesiég wiflShAnt

step. 8. Eyelid-correc ck 1'sS now perftorne

bl BAELA 8 of ol B AR S, B 2

I_nar | ack and ite imge. (Figure 29;

reppliion s tstis Aol 33, 15 cmpisfetlamposss BRvidS Bipsversie position of the
“I?lLOC ss,. we now | ook for the fringe of the black
pupibgad;its digmetes inXsad Yo directiom asiBusiagsd by thnimagesin Figure 30. The

acconpl i shed by performng the sane scan as set forth
enlargemenhiastor pangefdiscussed iy step |Siabove hlab applivsdn e inftent step.

pupil ellipse rather than al ong the coordi nate axes.

i Eyelid-ovsedtioh t he conputation of the difference

between the found ellipse and the fringe of the black

PUPIAl cRek & AdHpbd f it i%ga@ { the

pl ot shown in ]ﬁ—i&ﬂéﬁheqlfgf g%efﬁg?hﬂédtg{/i%?ﬁ ex}%::{er% g%%é‘llpdgmdthus

i ' . i f 1 Ll oowill
i e e R
i, 2 Ol gl R omthe RDGHi pregesmutte Bow look for the

.mniyumin between. To avoid erroneous correction of
fringe; gfjtae blagiyregios indhe pner balf of fhe rpie This ismecamplisiead bya
are at |east 20% of the pupil dianmeter, or five
perforraing therame;scathes set Surtivia stdpsthy but fordivéfyaohnae thab céitains the
| east. 75% of the dianmeter; and, 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 Figure 10. If the eyelid extends inside the
"pupil region, the upper region of the pupil will be flat and the found ellipse will be too
small. Therefore the above mentioned difference function (see Figure 10) will have two
maxima (A and B) and a minimum in between. To avoid erroneous correction 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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28 .average mninmumis at |east 1% of the inmge height
bel ow zero. As the mninum fluctuates, we have taken
the average between 0.4 and 0.6 tinmes the pupil

di aneter, shown as marked region 3102 in Figure 31.
If all of the above conditions have been net, alid

-a'“?‘%??%ﬁi’?%“%ﬁ?t“%éf R B QL Bl KBS Asfe B

Raste i n bet n points A and B,
Rl e B BB He R BRE bbbyt G P Otfines e g doenster,
simlar to, that of the pupil shape. The enclosed
shpwpias fnarkedsegion 3107 in Rieyse 3 hoﬁﬁ-‘gﬁ thh eboyessonditiping have been met,
narked 3202 in Figure 32. 9. Final calculation The
2 lidl porreqtionis perfarsned ab falloase IV ¢ sake thé e oFthd find Papil ellipse
lid-corrected black and white inmage yleldlng t he

betwesan the X-portiordtof thdtivd MExinTRER] SR
Alternatively, it is possible to do R | ne%&égﬁmdB such

e aprans etepibu it S1ak o 00 33 i SFE B hen ne

e ovi t he desired nmeasurenent
enlliokedf AR ?%&‘*ﬁ iR P B dhe BV sheioR Brkeaor0s o Riure 32.
a& %Pre tj on rate of 20- 25Hz, the achieved
a

83|t| on accuracy of the contact | ens
was +70nl, and | ens rotational accuracy was 2. 29 W
¢l ai Fhe mupilis fmeliy calewatedseei step 3) foo theclid-crestted black and white
measurenent in-vivo, conprising: a) providing a

inggh gixlding the raulkithisitaed by thd ﬁlﬁl@gc' s!ﬁo%('h\i@ Fighte 901 ﬁlt@l'nBQYely itis
an i mge of said |lens |n Vi vo; det erm ni ng pupl ’

pASIBIto R MRLRAES fep P)witid lﬂ?&&?ﬁ%%ﬁ}ngoﬁs&é dﬁ%ﬁ? d]ﬁgg {

orientation coordi nat e ‘par anet e
ﬁ%ﬁd'ﬂ"&g {0 gs coordinate
Jgg({agrret 1l sio gec\% rfefg%cp :%Ic]a Vi §1 (ﬁom(ﬂres‘geé 1nage provides

i.tion rate reater t han about 10Hz over a
thé 88§}ed th&utetent Shctiac . 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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selected tine interval. 2. The nmethod of claiml1,
wherein the selected time interval is between about
5-20 seconds. 3. The nethod of . claim1l or 2,
conprising determ ning a nost frequently occurring
posi tion and/or orientation coordinate -paraneter of
Weeaigont act | ens over the selected tine intervalL 4.
The nmethod of claim.1 or .2, conprising determning a

bl i nKi ng A friegodabr makide @¢6htaei 188 HB&AShER H.DAbL sing:

the position and/or orrentation coordi nate par’arre% er

of the ¢ . ' ' i.nki-ng i nterval . 5.
The: ot na) pRRSER ScibdtelitubriEa Bbh SR in il VS

bl i nki ng and excl.yding the determ nation of
t he rms? b??é%%‘%ﬁ‘%%&&???ﬁgwﬁ%W%n and/ or

orientati coardi nate parajeter of the contact lens
duri ng tﬁgH%tFmH%gﬁR‘mléPe@mesarm@met hod of any of
clainms 1 to 5, conprising obtaining a wavefront

aber r at i G calFdlglingapesidqroandi/orcpricntatian boarditascparimetsr of the
I mage, and determ ning a wavefront aberration
asscontactdensfiot bachdmiage with eespaét td thelpipilgdofBfate paraldied and
6, conprising determning a nost frequently occurring

wav ef r ond) refratin @bt (a0y)8 ; i I nterval .

8. The net hod of C?)g;.(l %dé?ag%b%ﬁﬁé?‘%&gg{%%ﬁgﬂ'& lgﬂzovera
bl i fafefad i Bfe@d] and  excl uding the determ nation of

the nost frequently occurring wavefront aberration

durisng t L pki interval .. 9. A nethod for

obj éct i v%%yﬁéeﬁvg%giq% £ hsmiin die selssteditime infervaldnbétwesn

conprising. a roviding a contact |lens having a

pl u@gﬁf}-g@ﬁwﬁ#ks on a surface thereof, to a subject

i n-yivo; . '
5 The method of claim 1 or 2, comprising determining a most frequently

occurring position and/or orientation coordinate parameter of the contact lens
over the selected time interval.

4.  The method of claim 1or 2, comprising determining a blinking interval

and excluding the determination of the position and/or orientation coordinate
parameter of the contact lens during the blinking interval.

5.  The method of claim 3, 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 inteﬁal.

6.  The method of any of claims 1 to 5, comprising obtaining a wavefront

aberration image corresponding to each contact lens image, and determining a

wavefront aberration associated with each image.
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b) illum nating the marks; c¢) imaging the marks; d)
determ ning a position coordi nate of the subject's
pupil; e) determning a position coordinate of the
marks with respect to the pupil position coordinate;
and ) r TRealethvd Sficphm ( te i
interval, online, at a rééjgg%lpltq%g%défa e %rae'%?gﬁ%eqﬂgﬂﬂy
abo 'u:h%? Ve ] ct lens .position and/ or
ori g%ﬁ at | ovr‘{al S S e?&n@ﬁgg)g‘g% Fﬁ%le‘i%ffft‘%ﬁén od of
claign9, erein the.marks overlap a pupil area of the
pat i 'g?nt ' g‘ﬂg%_ﬁmﬂff C%‘Fé‘ I'(J\;FWBH“%?E BeteRmimE & blinding interval and
conpri si.ng rreasuri,n% a pupil size online at the

r e p E¥SL4qin the determination|of theapess dreqenslyyocotrring avavefroft t 0
11, conprising determning a center of mass value for
eac Rbegration dutingthedblimkingsnterval.he | ens. 31 13. The

nmet hod of any of clainms 29 to 32, conprising

1 | U8t natimehodh forrabjdcvelyietiubiiy  cRERPRAS -0 b

t hrough a posterior surface and then through an’ '
ant@(gﬂllgﬁs' irface of the contact |lens. 14. The net hod
of any of clains 29 to 33, wherein the online

measur enmed)iproddingRdenttt BndhiveRes bl }%'Bf‘ | lfh?xg
bet ween about 10hz to 25hz. 15. The me hogﬁg#srbé%/go €
cl ai fieredd td @ sffect ¥RPRH! Si Nng making a correspondi ng

onl i ne wavefront nmeasurenment of the patient's eye. 16.

The neth ﬂﬁmﬁﬂﬁf@{hf i’ 29 to 35, conprising
determ ni g a nos requently occurring position
and/or orjentatian of the in-vivo contact |lens. 17.
The net hocc\lug?glgﬁ%ecﬁlﬂgf’ai ms 29 to 36, conprising
determ nipng a blinking._

d) determining a position coordinate of the subject’s pupil;

e) determining a position coordinate of the marks with respect to the pupil
position coordinate; and

f) repeating steps (b-e) over a selected time interval, online, at a repetition
rate greater than about 10Hz,
whereby the contact lens position and/or orientation is determined online
10.  The method of claim 9, wherein the marks overlap a pupil area of the
patient’s eye.
11.  The method of claim 9 or 10, comprising measuring a pupil size online
at the repetition rate.
12. The method of any of claims 9 to 11, comprising determining a center of

mass value for each of the imaged marks on the lens.
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interval of the patient's eye and excl udi ng
nmeasurenent data during the blinking interval. 18.
The nmethod of claim 37, conprising determ ning a nost

{1 paueTtb Yoeasran| B9CRAR 3d ARBMLBLei0L hERLAL 0N arks

the contact |ens. he e 0

C Q¥R TisHt %hﬁ Wl most _frequent | occurring
wav ef r%inp&gg rrgﬁ%}r@g’\‘@‘?apﬂﬁ%ﬁsﬁmw UEh\AR| |
2 he et hod.of clai.m 39, conprising determning a
bl(%lntne%pnsgmaﬁ? 8?@8@%?‘31?’% patient's eye and excl uding
Megs ur nt data during the blinking interval. 21.
The " met!i dredrodaf gpjof olaitass?fhioi 33 whersit the wilinememuronsst is
frequently occurring position and/or orientation of

t Aeadedyithercrepttition ratedn atrimze betveseth @bloiti 10Bz td 28mr val . 22.
TE& nmet hod of claim 39, wherein the wavefront

abe¥ r atlhe meittdenf aphef tlafhs 200 B4Y SdbptsinERsHLegent . 23.
The method of claim9, wherein said plur a?ﬁnﬁg‘;f mar ks

arcerreshoadin @ Bhlireal aveBagt m&ﬁa'fe%n%{ tithg ﬁ{iﬁ&% ’eyx‘h_ef ein

the marks are |ight absorbing or scattéring wth
I e45Pe CtTHeGnét] Gabd 70 J@ﬁg,-gg' 0.
anterior | enﬂslms]%fr?g?gedi re%%do%,’ e?‘ﬁt ?Eés{émggllnﬁéa most
NGRs Vbt ? Ik | lLN-Vivo. 3 4. The
Ghsgibrtt f &Ccu.g?]% ﬂé)’klﬁgn Whd/Br &%ﬁau%ﬂf]bé h{;ﬂ ’ﬁB’b‘f"f‘i%é‘Cﬁ?ﬂ@ h

nmet hod conprising usl

t ransf tqQ, . det erm.ne.th osition.and/or . .
or ot aqtnEtapd G148y B Aises 23 B, coRPrGnE Serminipg adiaking
far objectively evaluati n? a contact lens in-vivo,

c dﬂ&?ﬂalé Pﬁéﬁ patignt’s €% anfl sxgluding measprement date udeg)the dlinking
lens to a subject, in-vivo;, b) determ ning a position
cdBieiahat e of the subject's pupil; c) deternining a

posi tion coordinate of the lens with respect to the
pul-1  TPregnethohofudaimod 7 adreprisifgldetermining a most frequently

occurring position and/or orientation of the contact lens.
19, The method of claim 35, comprising determining a most frequently
occurring wavefront aberration over the selected time interval.

20.  The method of claim 39, comprising determining a blinking interval of
the patient’s eye and excluding measurement data during the blinking interval.
21.  The method of claim 40, comprising determining a most frequently
occurring position and/or orientation of the contact lens ove1; the selected time
‘interval,

22.  The method of claim 39, wherein the wavefront aberration is a spherical
equivalent measurement.

23. The method of claim 9, wherein said plurality of marks are in an optical zone
region of the lens, wherein the marks are light absorbing or light scattering with
respect to light propagating in a posterior to anterior lens surface direction, the marks

being non-vision impairing with the lens in-vivo.
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f) repeating steps (a-c) over a selected tine

interval, online, at a repetition rate greater than

about 10Hz. 26. The nethod of claim25, wherein the

online nmeasurement is made with a repetition rate in

a rapge b vveeg1 %g)gu .10hz to 25hz. 27. The nethod of

cl ai fiT'25 oOft¢ TSRO Ms?n@muwgmmdﬂi&dmu@ transform to
online wavefront neasurenent of the patient's eye.

28. datermipg thsdosition and/of onérmation ¢FGhé Eonabt 1RO BREAS NY
determning a nost frequently occurring position

and/ 8% or Aenethod fon obfectiVedy Evaiidting CQREREknd £ isine:
The nethod of any of clains 25titﬁ(§ 28, corr%r?lgfiﬁog%gmpﬂsmg-

det er m ni )GravibinsAKduftably ik atient.'s.eye
and excl udigpng messur enent a%de/\&g’utagltlrﬁ%pf%éésug’i’?cﬁﬂ"ﬂfﬂ’a’

i nterval . ermis of cl.ai 9, conprisin

det er ni nibn)g%g m)s?gg &’g%g%%??‘g}'d‘%@(?%ﬂ}q e5bs PeRibn

and/ or oriQsc{ntat i.an of the contact |ens. 31. The net hod

of clai m 27 CONYPE & PRYUeREQArinaternd the lonswith respeeio the pupil
occurring wavefront aberration over the selected tine

i nt PRPHIODR cpordinaie; awdt hod of clai m 31, conpri sing
determning a blinking interval of the patient's eye

and excl Udrengatiegstepselaen bvetal seladteditige ipdvil ofldeng a repetition
interval. 33 33. The nethod of claim 32, conprising

det emtzi greater thamalsdut i0Hguently occurring position

and/ or orientation of the contact |ens over the

sel @6t ed ThaMethbl beENG - : thod of claim31, .
wherei n the mvefron%%%%f%gghﬁ SR Iaseragnt 1s made with a

' - 35. . A [t hm f
ot aEe o SR Bl nedi ol (BhER 4y 1 ne steps of
a) gptai THeménd Bt tl,lallmn%ggr 26, comprising making a corresponding online

wavefront measurement of the patient’s eye.

28.  The method of any of claims 25 to 27, comprising determining a most
frequently occurring position and/or orientation of the in-vivo contact lens.
25.  The method of any of claims 25 to 28, comprising determining a blinking
interval of the patient’s eye and excluding measurement data during the blinking
interval.

30.  The method of claim 29, comprising determining a most frequently

occurring position and/or orientation of the contact lens.
31.  The method of claim 27, comprising determining a most frequently

occurring wavefront aberration over the selected time interval,
32. The method of claim 31, comprising determining a blinking interval of

the patient’s eye and excluding measurement data during the blinking interval.
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b) conpressing the pupil inmage by a sel ected anount,

n, and conpressing the pupil imge by a different

sel ected anount, nl< n, where nl< 10; c) calculating a
threshol d value for the conpressed pupil imge; d)
determining a center paraneter value of the pupil; e)
det e¥3i ni Tge methot toff plaim 82,aotiprising det@mifling ARG frequently
paraneters of the pupil; f) determning a perineter

s hapgecafridgsitioni and o 8RchtARM o thE cHR ANV the selected time
mul ti pl e-coordi nate axes paraneters; g) plotting t%e
shapgidiM10 t he conpressed i mage and determ ne average
pi xel signal values inside of the perineter, h)

enl aggi Ngt h LI Eet er by sel ected anmpupt, 0, and_

r epeg? st %esgf%,%d 8?8%32 @Wﬁnﬁgﬁg’aﬁffqut?ﬂ@wa% geRjperical
perineter; i) determning a fringe point position at
eachqéthﬂ“Ee(?F RPCHPIY he di aneter  coordi nate axes, and
fitting a,perineter. shape to the points; j) repeating

st ep35d) éﬁﬁ g&%é@ SRR PYRLLPATAMELSTS, Fomprisiyg the steps of:
repeating step (g) on _the nl conpressed pupil inmage;

1) repeat Piptaniag apypil snagehe step (k) image, with a A
<A m repeating steps (d, e) on the step (1) inage;

34 n) makb)opupmessinglthelpupiiritragt b a selectel @nfoufif) nf 49d compressing
i mage; and o0) repeating steps (d, e) on the step (n)

| magtie in4}e B DeifferdMedictdd hdling T, <) Lgpan
i nt ege?,aﬁind 1b§ n < 20. 37. The al golﬁ t’ﬁ%@lg&%ﬁgi m 35

36, i DS i i i I
o0, by Dericilahg R chiSinokOFRG RE T it a BppP IR |

to a zero );/(% ue . agg a \(i'grltlﬁ' é?a{'ﬁ(n%terv\gallﬁjeegf tﬁg 81\1/1%1;‘: he

t hr eshol

e) determining a multiple-coordinate axes diameter parameters of the |
pupil;

f) determining a perimeter shape of the pupil based upon the ce'nfef and
multiple-coordinate axes parameters;

g) plotting the shape into the compressed image and determine average
pixel signal values inside of the perimeter;

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 @),

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, e) on the step (1) image;
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38. The algorithmof claim37, wherein a center of
mass is determned for the zero value pixels as well
as a standard deviation, which is used to determ ne

di anet er val ues al ong an x-coordi nate axis and a

y- coordi nat e is. 39.. The al gorithmof claim 38,

wher ei n tﬁimﬁgi)ﬁgﬁgteg?ghckmuf) op thegtep (MkimagapandThe
algorithmof claim39, wherein Ais in a range between
about 5% PLrepeating steps dd,&) on ¢he siem(n) amage. bet ween about
5%to 25% 41. The algorithmof claim40, wherein step

(i) nprTheslgbiithn afclaim 33, Ivipsen ioan ihtdghe an@ Qi & 201
each end of the x-coordinate axis and a y-coordi nate

axis,. 42...The algorithmqf cl.aim4l, wherein step (n).
conpiis es@cazgﬁﬁtﬂﬁ‘ of \9@’1“9%5 ia ng ‘%B‘FWCR {fa cORpBHSCHiCHRALRE 2
found el |ipse perinmeter, and conputing a difference

f uncinasY BagsResettingallaikel yatnep belowethe thrastold teea aap value and
fringe as a function of X- position. 43. The al gorithm
of il Yalues aboveshedirasbolditoamiigigvaite.l east two maxi ma
and a minimumin between said naxi ma of the difference

f uncB8.on Ereclgdrithacf clapn 37 swhérefrvd Shték oFehARS 1@ termined for the
error-criteria, locating an are of the found ellipse

bet %ﬁf‘veﬂﬁl@?i%elﬁ @8 wel 298 s@hdih Qle{rfﬁﬂgﬁf%ﬁi@ﬁ‘is dtéa H:getermine

al gorithm of claim43, conprising determ ning

DUP diacfit ies RS Y B x2bocRilHath Wtis iR oy 84BN AHET T
39. * The algorithm of claim 38, wherein the perimeter shape is an ellipse.
40.  The algorithm of claim 39, wherein A is in a range between about 5% to
25%, and A, is in a range between about 5% to 25%.
41.  The algorithm of claim 40, wherein step (i) comprises fitting an ellipse to
fringe points at each end of the x-coordinate axis and a y-coordinate axis.
'42.  The algorithm of claim 41, 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. |

43. The algorithm of claim 42, comprising determining at least two maxima

and a minimum in between said maxima of the difference function and, based
upon satisfying a selected error-criteria, locating an arc of the found ellipse
between the X-positions of the two maxima.
44.  The algorithm of claim 43, comprising determining the pupil center

parameter and the pupil size parameter.
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