METHOD AND APPARATUS FOR ONLINE CONTACT LENS
EVALUATION BACKGROUND OF THE INVENTION Field of the
Invention  Embodiments of the invention are generally related to the
applications of ophthalmic wavefront sensing, and more particularly to
measuring and evaluating the position and effects of a contact lens in
vivo. Description of the Related Art  The measurement of a person's
vision can be accomplished in many ways. The mosi traditional method
MG 4RIRARRAR ATER EOR @NLANEHGANTAIET LENSSEVATIIATION
variously sized letters on a distant chart while looking through different
lens prescriptions provided by the practitioner. The patient's manifest
refraction (i.e., spherRABHIROENRJISF J3REINVENKIINS determined by
the patient's choice of the test lenses, which provide the clearest vision of
E rt. Shortcomings of this technique are widely
recognized. For example, the test lenses are limited to discrete rather than
conti bg%Wﬁﬁﬁéﬁwau@@&onwg@@em,u&@ﬁgcbmi&wa@ﬁie@WWﬁn
metric that is evaluated, and the evaluation is subjective rather than
oRjpfmie wavefkenbsspsingRn capsp Rasticnlarintreerradn spabevatuating the
worn by the patient to improve vision. It is well known that the position of a
P%ﬁ%’dﬂéﬁpﬁ‘?@% RCABtastBIS. M&VRar film on which the lens rides
provides a medium that allows the lens to slide in any direction and rotate
as a function of gaze direction, blinking, and for other reasons. If the vision

defect of the person's eye is not symmetrical over the diameter of the pupil
Descgntion ofe tge Related Xrt y pup

The measurement of a person’s vision can be accomplished in many ways. The
most traditional method involves a visual acuity méasurement in which the patient is
asked to read variously sized letters on a 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 ﬁatient’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 objectivé. '

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 tixe 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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(for example, astigmatism), then the optimum performance of the contact
lens will be obtained only when the lens has a particular, stabilized
orientation on the eye. Over the past several years, technologically
£ advanced apparatus and techniques have been developed to measure
( O\T/i%%‘?lﬁi%i?ﬁt%’aa&ﬁ?é}’ Vs ibe enteawpprongennons tocovatecaichs will be
informative results than those obtained in the past. For example, devices
Obf?ﬁ%a;"aé‘/ Iy36 & paviiss i wighihized nsordatian objdntivgty
measure aberrations of the patient's eye. These aberrations not only
inclubfy ShirRaseeY e aemen tralunal ogisphip estwant e nrbertiisatn temlsniques
include aberrations such as spherical aberration, coma, and irregular
ha‘é%%?ﬁ AR ORI dRIREIR RisHE AR wigTandanttiytivistin visgrbs atitpriovide more
many instances. The accurate measurement of this more complex body of
ACRHI R Astdiermaathsdaia i tioss abseimrd dnctiequtsthdior laomylkddevices
of the pasition and stability of a contact lens is especially significant due to
kv BRI RS MR DR Bave fropositsora i bbledtivesl ordasire
There is additional value in being able to determine the interaction
abgzefianh Wdhenatient sesHichhasriakiseratiton murmyimendntirertaisst
i.e., wavefinnt and in-vivo contact lens information measurement,
refiRchionvriues Rf [bsEnang cutinlay i utdsteinchuitimromims sivh et
pparent that until now, online, objective evaluation of contact lens
SPRII0 ADSHA IR ARy IR iWREW e Rstignetisg.p i bp anaphs tehividan
. wavefront measurements were possible. Summary of the Invention ~ An
sigpiiseatkydmna NS aralityidanaeichstracepe dibHaacarechumstaetlentof this
suited to online, in-vivo measurement of position and orientation.
ot SSraRis b ody adparialidefecimin baipoesianttrectes topuisamin to cemeetitiem,
~__surface, or the lens body, has a light absorbing or scattering pattern of
Knawiedss ahtbpneaitisnnibsirhilsynt smestaéonsciskesareinlty it fiodne due to
illuminated by light that is propagating from the retina outward, and which '
th%?@%ﬁxiﬁ?&@@&%ﬁé’@@ﬁﬁ@g@%ﬂéﬁﬁéﬁﬁi\e&édﬂh@ﬂﬂﬁnﬂmﬁmke&mmue
~ rqvides a contrasting bright pupil image with dark appearing math. The
adﬁ%&ﬂ@?d‘éah& infhsingrbladp Acmring dbp intsaipHectuntactdetest lans position
various aspects of the embodiment, the marks may be molded marks,
ERPIEHORCPRTER kS RiheBtRSI ik i dppTevsiant endrid-vike contars lass
._pne skilled in the art.will appreciate. In other various aspects, the marks
TP HIRER R GrRf atines, B crtienatvasisplayalldnsiatstie of
mliﬁmmetry. Alternatively, the marks may be aligned along a pre-defined
PHEOHBNG & Mol ARBAETN AR N SO Thaanting obinetieenisherientybrontact
along.lines that intersect in a pre-determined pattern. In an aspect of this
lens RESHHARAC FiatHTikri slane avth copesnending rupibhnrewsdttesd thavefront
about 200 microns; and in another aspect, the marks have a diameter. in.
S R WEEPRSHEIB0 microns to 200 microns. In an exemplary
aspect, the marks have a mutual separation distance of about 600
microns.  In an alternative aspect of this embodiment, a contact lens is
provided having a pattern of colored mm-ks outside of the pupil area of
the subject's eye when the FBHERAN.OfHieTHEeRtiomrks are not illuminated
from behind, but from the front side if any additional illumination should be
neceShRRIRGmeAfihsinvratinnisriiteedieessactialdy throkedotonsatt lens
marks arranged in a non-rotationally symmetric pattern.  Another
SULBAHSRHER: St meaRBrrRS RS desitorm ané trentetiobjestiverying to an aspect
evaluating a contact lens in-vivo, online. The in-vivo position and
of & sraier Bratsficlany reeRisacoractisies sufepe, detdmimsdody, has a light
objectively with respect to a measured pupil coordinate in a millisecond
time frame ("online") over a pre-determéed time interval. This provides,
among other things, evaluation of the contact lens substantially
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instantaneously as it is being worn. The evaluation is performed with an

aberrometer device and includes the steps of fitting the patient with a

selectively marked (described in greater detail below) contact lens,

illuminating the patient's eye such that the light scattered from the retina
abfilisrthg upibteditbisatiuigainglightiluminsies!thede RsMarks i RANIThe marks

the exiting light such that the marks on the lens are resolved, determining

araiptsifiedhoder divaténatdt & pLpH: (s aRpies AUl £8R{SheRERila outward, and
orientation), and determining the position of the marks (or other lens

whitfe ere Ceepdaiaipdibg)a i DaknesbirciitepaPITERONNNGESS: 4R ﬁ@@%ﬁ@&)rovides
e

of this embodiment, a Hough transform is used to identify and locate
a tenamtinbrinttipusiphsitiyveteniaieppeariioan Ale NBHY S ARREE AbNBect the
embodiment associated with a contact lens having a colored mark pattern

visiigioed perehe vecdHeCHewemimakaUIderRfi 8pupik %’ﬁﬁé)éhi@gdxment the

in-vivo lens can be detected with an appropriate filter. Thls may be

mpriefenrscbi thel delbmefithdmatksl s siniies, B SRt %}ﬁ@!?fnarks and

Once the marks are detected, a software routlne can be utiliz

-othenfpane, theciaisidiedrin RESEFWILABIRCRAK SEEUSIWE NI J8PSAR, the marks
evaluate lens position and orientation. The online measurement and

meyakiiiopafdhehinyiieoeanaiost IRns e0siian GaN eFhabities
or greater. For example, using an 800MHz processor allows online

Afteoestbaily eaniailsahah Getalphied Adn®e bie BEIRRIANOUng a plurality of

substantially double this rate, which is processor speed, rather than

stediphititimescpedility of g iR RIS bAERRGE HARKWAMRIE Rt in o

measurements of the eye can be made online, as can pupil size,

preidatbaneed Puivdn. the 40 pipet] oSO SIHBR MBS B8RS Rra Mt Sk ed to
aspect, the most frequently occurring wavefront aberration, and, contact

hdens fiasitioer, stleheltateppined@ateptionally disalayed a&&é@%ﬁ@gﬁéﬂ{s have a
co-pending application serial number entitled OIVILVE WAYEFROIVT

it robeh {HREMATIN DAMEL UL A e TUNOM @AMV thelstdilhry aspect,

application, is incorporated by reference in its entirety to the fullest extent

thaltomksl ey e pplicaint depsatiod. distesci o abbfdbe sgigsracts, blinking
intervals can be determined during which times the typically anomalous

meashremaitdrdativanspevatfatiestrobirexe)udeshtact The f@?@@!&&l having a
embodiments of the invention and various aspects thereof will be further

patirfootiooldtvel anerdmpatyieefig passiddriss arabedangecriljoe Hetaiirdens is in-
description below and as defined in the appended claims. BRIEF

VIRE STRERTADN D¢ rbt HHHIRAMNESN behind, but from the front side if any

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 obj ectively
evaluating a contact lens in-vivo, online. The in-vivo position and orientation of a
specially marked contact lens can be dstermined objectively with respect to a measured
pupil coordinate in a millisecond time frarme (“online™) over a pre-determined time
interval. This provides, among other things, evaluation of the contact lens substantially
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Figure 1 is a block diagram setting forth a method embodiment of the
invention; Figure 2 is a schematic front view of an 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

instavtamonsly aFigisbedns wqhotOhaprituation & pedarmanRiBhackberrometer
wavefront image obtained in accordance with an embodiment of the

dejcentiomcludbigiesteis afdfittigliagrpat aftandppssticivenhagimandescribed in
according to the invention;  Figure 6 is an illustrative drawing of

greédéatetnih iBheck entaitbimagiembestngiig atiererolkodisientpithe light
invention;  Figure 7 is a block diagram of a fast centroiding algorithm

scatbgordfgr thametimb didlisras aipiheddviifiongoinkiYgte BlisanHliskaliMes marks,

diagram of rows and columns of centroid images in accordance with an
imagjogthmezitingdigiestoh thetitiventioRs on the lens are resolved, determining a
position coordinate of the pupil (for example; pupil center, pupil orientation), and
determining the position of the marks (or other lensreference coordinates) with respect
to the pupil coordinates. In an aspect of this embodiment, a Hough transform is used to
identify and locate the lens marks and lens position/orientation.

In an alternative aspect of this embodiment associated with a contact lens having
a colored mark pattern referred to above, the colored marks outside of the pupil area on
the in-vivo lens can be detected with an appropriate filter. This may be preferred if the
color of the marks are sirnilar to the subject’s iris color. Once the marks are detedted, a
software routine can be utilized to compare the found mark pattern with the mark
structure on the lens to evaluate lens position and orientation.

The online measurement and evaluation of the in-vivo contact lens position can
occur at rates of 10Hz or 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 farther aspect, the
most frequently occurring wavefront aberration , and, contact lens position, can be
determined and optionally displayed. In this re gard, co-pending application serial

number , entitled ONLINE WAVEFRONT MEASUREMENT AND
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Figure 9 is an illustrative diagram in accordance with a fast centroiding

algorithm embodiment of the invention; Figure 10 is a photographic

copy of Hartmann-Shack centroid images in accordance with a fast

centroiding algorithm embodiment of the invention; Figure 11 is a block

diagram relating to a method embodiment of the invention; Figures
DISPAG 8] €100k SeRMEHERH AslioRIEROFH NI BT RUR T RAPNEIE ISy #0kerence

aberration measurements, respectively, as a function of time according to

in &5 emibeagtitoant ehlils: bMentioNowed Hgurpidals 1RhetagaaNic iﬁﬁa&%}%fthese

an algorithm evaluation of a contact lens according to an embodiment o

aspBEtN VBRI interl@W @ak00is @e&%ﬁﬁ@iiﬁndg%?@ﬂ% ehAEORACTHIERY anomalous

marking process according to an embod of the invention; Fidure

méisetndinganmatis/ Iomuenceh 38 aperiysg pattern according to a
contact lens marking process embodiment of the invention; Figure 20

IS a diagrampeiG RO EhIEBS Mtk A ChCRNMALHERS AYIAEShereof will be

according to an embodiment of the invention;
further set forth in the accompanying figures and in accordance with the detailed

description below and as defined in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a block diagram setting forth a method embodiment of the invention;
Figure 2 is a schematic front view of an 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 Hartmann-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 according

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 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

pupilFiggierseig exi i afeOfilliseaaasiei R MR N ARtroiding algorithm
embodiment of the invention; Figure 23 is a flow chart type diagram

endhodishews ey Masisndata is evaluated according to the embodied
invention;  Figure 24 is a photocopy of a pupil image according to an

exenmlans eROLiRERLeLIAR YRR UAHarmiEIBHL S 1RBIS BraFSYSRANEes in

image of a. compressed and inverted pupil image according to an

acBXRIMRIBRAEMPRCIBaRtGhiRs MYEAHMN embolluient @ i HRRRRAge Of
a compressed pupil image according to an exemplary embodiment of the
inventiPhre 11 is a block diagram relating to a method embodiment of the invention;
Figures 12-16 are plots of contact lens position coordinates, pupil parameters, and
aberration measurements, respectively, as a function of time according to an embodiment
of the invention;
Figure 17 is a photographic image of an algorithm evaluation of a contact lens
according to an embodiment of the invention;
Figure 18 is a schematic illustration of a contact lens marking process according
to an embodiment of the invention;
Figure 19 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
imvention, where

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

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



Figure 27 shows the greyscale image of Figure 25 after noise_filtering
according to an exemplary embodiment of the invention; .Flgure 28 .
shows the binary image of Figure 26 after further reflex filter_lng according
to an exemplary embodiment of the invention;  Figure _29 isa greys_cale
image of a compressed and inverted pupil image as in Figure 25 having a

: . . ] : :
diffengt,eonypre factar R SXSRIPary- embodiment o
the inventiognz’;oir §l§g§’re 30 i?ggr%%gr%%n%}nary pu pﬁoglr%%g‘émf’t’%?ﬁ é’%ﬁﬁé?@mﬁted
aaendi 8P pdiment of the invention;  Figure 31 is a
acpIot 0 tﬁgtg%ff@e%legéce be%%%??t e found region and the pupil as a function

of X-positi [ id.co. i ccording.to z,én exem lary _
embg@d|merrlf"tlg;c?ﬁ%é3 %rﬁ%n#%ngfca %gre elsa%cglrﬁ%r_%% SUBH ?ﬁ’f‘g@@i_ SHowing
enﬁiéﬁiiﬁa@ﬁf%%’};ﬂ%%@{ ing to an exemplary embodiment of the invention;

Figure 33 is a picture of & subject's eye and contact lens in-vivo having

e e ERL AU IS ARSI RIS Bh R F Y image

according to an aspe

according to an exemplary embodiment of the invention;

Figure 26 is a binary image of a compressed pupil image according to an
exemplary embodiment of the invention;

Figure 27 shows the greyscale image of Figure 25 after noise filtering according
to an exemplary embodiment of the invention;

Figure 28 shows the binary image of Figure 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;



invention; and Figure 34 is the image in Figure 33 after color filtering
for mark detection according to an embodiment of the invention. Detailed
Description of a Preferred Embodiment The term "online" as used
herein, refers to measuring and evaluating (and optionally displaying)
selected phenomena substantially simultaneously. In the embodied

s acquiring a wavefront (lenslet) image,

applications, this generally mea : ,

analycgit‘%{glglr t%gegvxl/%t &??H{%ggﬁ P PO ARG SHa-reuheving colored
[ f.lass than about 100ms, and typically less than 40ms, over a
dée e%%é’é‘ ime %Fei?}éﬁ ! %O&F%léﬁﬁ%é?@/%bﬁ?&%mmm%@@@mt of the

Rt j@onpa\élvgy so limited. For example, according to an illustrative
em oéll’rnent, the in-vivo position and orientation of a specially marked
conta 1Ienes z<'£1Io with pupil size and position, and a selected second
throughtath Femie. Brase 2b Eigwe 5 2l ige eolonfttering fisplagiedeatciion
rate thPHz over 8,10 secqnd interval. 250 image pairs comprising pupil
AN dl%l§r %%ﬁ%@%ﬁ@%@%@@ 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 aberra ons, th t
aberration order isterehderEHBEANS S neErgdibmbasinpetite
Hart nent-Sha,gk echpique, and that measurements can be made of
aberratons up died hergin.aiefissutpimeesiting mmdbeviinaiineotean
to. a speciall maréed contact lens 210 is illustrated with respect to Figures
°Ié%,‘ %aﬂf ‘51‘%%%1 i@%?&tﬁg RRRTEng sunewntiaiin sandtateousiytabs thas
62%9)01?118&0;{5’2% 0 an illustrative embodiment of the invention. The convex

ens sur e s&ﬁ?&ﬁ?yﬁﬁﬁéﬁsaﬁ%ﬁmaé@%mm&éﬂage,
R e R ORGP SoaHbTb g Eheeigi the fitinaf less than
e P AR AR e e eGP rO BF o's of
S o bl T e o S0 Fomitod. s et Amcording

to an illustrative embodiment, the in-vivo position and orientation of 2 specially marked

contact lens, along with pupil size and position, and a selected second through 9%
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 theVHarimann-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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In an exemplary embodiment, the marks 215 are laser-ablated regions on
one of the lens surfaces (posterior or anterior), which are formed by
sending a laser beam having suitable characteristics through a pinhole
aperture diaphragm 1802 as shown schematically in Figures 18, 19. The
diaphragm 1802 is placed about 2mm above the contact lens 210 and the

sdassibear (eacaptad a5t as I ElANAYT G S alEd R e SRR ertion

Figure 18. The white crosses 1804
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point D. Each of the lifes has a’length o
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steps of a method embodiment 100 jecti
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YRR B e s
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image, and so on, for the desired time igterval. Data, but not images, is
stored as will be explained in more detail below, thus the data storage
requirement and the algorithm itself will influence the permissible time
interval for image acquisition. At step 105 a patient is fitted With a
specially marked contact lens such as described above. This is illustrated

again vrithreference to Figure 2, which schematically shows a front view of
A crihiact'e ave 208 fitted with an evemnlary embodiment of a enaciallyvy




pupil parameters. A detailed example of pupil parameter determination will
be set forth below. At step 125, a center of mass determination is made

for each of the imaged lens marks to determine mark position coordinates.
Once the lens mark coordinates are known, the position and orientation of
the contact lens-with respect to the measured pupil parameter can readily

iy e S e R R
e o e M i B R s B e
e T A SR OISR T P ke n
e rah L0 R RE S AR o en areonancles o
b AR A e DO 1 GEBNAT, P AOTBR ATy symmetic

line patterns such as the illu tﬁatii/e lens_marks described above, even in a

noisy BAVIFORMENT BORT ¢85 <RI SBPA%LBEnt Sms §3Re farzdyo) as shown in

thHOéJ h transform.technjques are well known by those skilled in the art, )
freterore as e%gﬁé%%%né ShREtTER RE colesd dotsats O denbiameimg] vfiot is

the in¥ ntion. The infrested .read(z)rgi referred to the Internet address

SRR A RSO APERC RS R B AR 5 e s suace
AU ESEH MEHEEL MG s TG ERESBEMERRF R i

lines .are known. A H ransform.is done for all points, Angular
B oI GO R LSRR Bl d AU bV . T order
tot@QSfor@- The an%gﬁla{ distanc%églgse, accumulation areas are )

confrated with e ang dESARY ITReRAR dpchuding raipkrssien), 2

-Ant appraximation on the angle. Hough-pack-transformation_of the points
I R v R
clear allocation of the points.to the lines. Points that do not lie on these
o P TR AR R S BB R o) FSIgod o dots s
ikding two.of the lines are given. For test purposes, a correlation with the
d%%é?é%&o?(gﬁ?p%ged s%ruculﬂleg%raﬁin% &R IRR LyignviaeRgratptionally

in:the first case indication for g flipped.contact lens is found. The
o O e oL PR AT Eh AT AP ARERG GRS o o

I The s are determined with the crossing points of the lines. It
P B R b PR RO PR PR dotectable

- late parts of.the Haugh transform). This ensures short calculation
D B e W T o Rt Bcken e e igheome or

' own.by the photographic.copy,in Figure 17. All marks have been
o e A A e p iR oo s oharbaionghearts, o o
kS, i nefal, are not well.defined (for each dot the algorithm gives a
p%%@ﬂﬁ?%&ﬁ?ﬁfﬁ i ?ﬁleag% dots) and can therefore be excluded in
most a%%gérltgag 0 e%%%?ﬁ; to exclude those E?o'nts that do not fit into
the predenned LRodRD i gft‘@l’ﬁé%ésé?%ﬁg FLsthpd dimepietively
ribed with reference to Figures 33 and 34. Figure 33 shows an in-vivo
o O Rt PhneSbe FRetobs e RReariEeR
hown b rrow). In this illustrative example, the color of the iris is
e 08 LR b e il

ue and Is very simiar SR CATAFRL 3SR AR\ IRFs are set forth in

sible 1o clearly detect the, mark.by using an appropriate filter. The filter
R SRR R RGPS ah o Sy (Reprhiefngeppatact

an.ROB-vglue, i.e..3 hytes for eyery color red, green and blue. All three
R S R ot oS o Brdhna @ opne
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; b) Ratio of
blue intensity to green intensity is smaller than 1.4; and




c) Ratio of blue intensity to green intensity is larger than 1.0. Figure 34
shows the filtered image of Figure 33 where colored dot 3304 is clearly
detectable. Some pupil glint artifacts can also be seen in the figure. Any
other restrictions for the color could be chosen that would be helpful for
finding the regions for the right color. A-mark pattern consisting of at least
alfeaeicifiesant Bats ibayhLaiational prolsiuficientd -
determining contact lens position angﬁbr%rllgg:%?%‘r%ﬁ i?le € 58%%?%@1719“6
saive. Aler et acie o sipclita oA be comped i be o o
measured pattern to determine the ogséll#ogr%eérgaa SRS %ﬁ)%?\%/ﬁ Dt cutire

' ' hnigues well kno those .
D Y R SR G B per e

e e A R o
e R e A S
e S i Sl R YRR B St prmepocntand

L R oS 2o ion.

st%%@QW%ﬁgﬁwgggéﬁé%giﬁ sorsk? ec%eil%?g%%g%?g. edrc\ﬁg%ggd above.
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i) Background Subtraction At step 306, the compressed image is then
divided into square reons, 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

contain 3-5 centroids. The average signal is again calculated for every tile.

pufiipaveiags valdemitidbedHesase Hhen hasaredanolated (8 WaIA 8 et forth

background value for any location in the image. This background is then

bemsbiractedpas, heimaas vialdinsaian sienal ausideihe aepigist ndded lons

the illustrative embodiment, a signal-to-noise ratio of two was improv

maisigoadeterneisenatia,efiioRydbrikaskarennd aubiasiAN R M R nates are

Structure Detection At step 308, the approximate, or rough, structure

krpoin]sHe goiRINSIA 8 idantified o F iR RAMRX h%ﬂ&%ﬁﬂ%@?@& ?ostﬁéem%?%%d‘ pupil

highest signal in the compressed image. The maximum s determine

paSEastiRopaRANe a@gsRRE e RRaIIGRte 'P?éjt@&%gé%ﬁ@%@o jment

of every pixel is recorded in a table, but only 1f the signa this poin

juds AeMBEINRE FERUATRDEIGSNACS ¥l ?%%@%r@n%‘%%{%hﬂ% Sthe lens,

values can be selected by the user). Inthe exemplary em

witields Rifisteaiaben:A80 sodtiesmananandm SaRia. Tha Ustis 5O %g% B¥mit

descending signal as shown. Any of a variety of known quick sortin

ceffetiTBs dpAYAHAOIE HOARROBIISL IS 4B dence to the lens marks 1804,
Typicaliy, the marks 1804 are standard markings outside of the optical zane of the lens
and are not to be confused with the special markings 215 described herein.

In-an exemplary embodiment, step 130 is carried out using a modified Hough
transform. This technique provides a fault-tolerant method for fast calculation of the
position and orientation of both rotationally and non-rotationally symmetric line patterns
such as the iltustrative lens marks described above, even in a noisy environment. Both
classical Hough transform and generalized Hough transform techniques are well known
by those skilled in the art, therefore a detailed description is not necessary for an
understanding of the invention. The interested reader is referred to the Internet address

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

general, according to an illustrative embodiment of thie 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 accumulation areas are correlated with
the angles of the known lines in the structure. This gives a first appiozdmaﬁon on the
angle. Hough-back-transformation of the points in these accunmlation areas which
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Signal X Position Y Position 223 86 55 154 85

satisfy the given angle relation allows a clear allocation of the points to the lines. Points
that do not lie on these lines are discriminated. This works even for the case that only
points building two of the lines are given. For test purposes, a correlation with the angles
of a flipped structure can also be built. If'the correlation is higher than in the first case,
an indication for a flipped-contact lens is found. The rotation of the whole structure is
determined from the average angles of the lines. The shifts are determined with the
crossing points of the lines. It is possible to run the algorithm with a low angulaf
resolution and to pre-calculate parts of the Hough transform. This ensures short
calculation times of a few milliseconds. An example for the detected pupil and marks is
shown by the photographic copy in Figure 17. All marks have been found by the
algorithm. The additional points, which do not belong to the marks, in general, are not
well deﬁned (for each dot the algorithm gives a quality factor which is low for these
dots) and can therefore be excluded in most cases. It is also possible to exclude those
points that do not fit into the predefined structure.

An alternative aspect of this embodiment is described with reference to Figures
33 and 34. Figure 33 shows an in-vivo contact lens 3302 with a blue mark 3304 in the
upper part of the image (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 biue intensity is smaller than 0.6;
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b) Ratio of blue intensity to green intensity is smaller than 1.4; and

c) Ratio of blue intensity to green intensity is larger than 1.0.

Figure 34 shows the filtered image of Figure 33 where colored dot 3304 is clearly
detectable. Some pupil glint artifacts can also be seen in the figure. Any other
restrictions for the color could be chosen that would be helpful for finding the regions for
the right color. A mark pattern consisting of at least three different marks, without
rotational symmetry, is sufficient for determining contact lens position and orientation
(including lens inversion) in-vivo. After filtering, the desired structure can be compared
with the measured pattern to determine the position and orientation of the contact lens
according to a variety of software techniques well known to those skilled in the art.

In an aspect of these embddiments, a plurality of wavefront images in
correspondence with the contact lens images can also be obtained online as shown at step
135 in Figure 1. In an exemplary embodiment, a Hartmann-Shack wavefront sensor is
used to obtain second-order through sixth-order Zernike amplitudes, although up to 9%
order can be obtained if desired based upon lenslet parameters. Wavefront sensing
techniques other than the Hartmann-Shack 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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Figure 1 according to the instant embodiment is further described with reference to the
flow chart diagram 300 of Figure 3. In the illustrated embodiment, a sequential plurality
of images are acquired, analyzed, and displayed at a rate of 25hz, but for the sake of
simplicity the algorithm steps set forth below apply to a single wavefront image and are
repeated for every wavefront image. Atstep 302, an XxY pixel size wavefront image is
acquired, as shown for example by image 42 in Figure 4. The light spot images are
represented by variable pixel signal intensities as shown. Images taken from a CCD
camera uisually consist of an array of pixels in which every pixel is assigned a number
proportional to the amount of charge collected at this pixel. This number is referred to as
the signal of the pixel. In the illustrative description that follows, a regular square grid of
bright points in a dark image will be described in detail.

i) Image Compression

After acquiring the image at step 302, the image is compressed from size X xY
pixels to X/n x Y/m pixels at step 304. This can be done by averaging the signal for
every pixel in an n x m pixel square in the original image starting, for example, in the
upper left corner 606 (Figure 6) of the image and scanning through the image. 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 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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. . The first entry (highest signal value) is defined as th(_e 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

contain 3-5 centroids. The average signal is again calculated for every tile. The average
values for the tiles are then linearly extrapolated to yield a background value for any
location in the image. This background is then subtracted from the image yielding a low
signal outside the centroids. In the illustrative embodiment, a signal-to-noise ratio of two
was improved to a signal-to-noise ratio of 10 by the background subtraction.

1ii) Rough Structure Detection

At step 308, the approximate, or rough, structure points (centroids) are identified:
First, a maximum is defined as the highest signal in the compressed image. The
maximum is determined by a scan through the image, and the X-position, Y-position,
and signal value of every pixel is recorded in a table, but only if the signal value of this
point is greater than a certain percentage of the maximum, e.g., 30 % (other values can
be selected by the user). In the exemplary embodiment, this-yields 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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particular entry is farther away from all yet found rough structure points
than a pre-set distance. In an exemplary embodiment, the distance is 17
pixels. After this first iteration, a table of rough structure points is created
that includes approximately 95% of all points that are to be detected. iv)
Refine Detection of Structure To increases the confidence level that all

papuintsrehthe istfuthererarsy huncalbtes 30@carben epeaied Asishanm atpre-set
block 310, setting a new minimum to a. certain percentage of the
distainten ulisain dhenfirstriteratiodinidie, sheanstieraion TipBeROIAE Al vare
too weak in signal to be found in the first iteration. The rough structure
iteptiiots, fotabtbinfthe finsttiteraiiopairasdecaunied tﬂ@xxsgdmw&%ﬁekﬁ%my 95% of
found again (i.e., they do not obey the condition of being farther away than
allppintsétalistatcbddutedired detected points). v) Ultimate Structure
Detection At step 312, the ultimate centroid positions are determined.
SincethR sfiagbatasieaditseashpeessed in step 304, much of the
information originally contained in the image was ignored. This information

can ribwilerassesiie deigidsing 1806t ExeClRAKAE PORIRASHISIE HEnd, step
original uncompressed image, a square of, for example, 15x15 pixels is

308reatebaspunid Eresiicaugh blidt 3Benesallys aacksaiareissmallerthan

2x the minimum distance to insure that each square contains only one

pecenitoyd, cfiitld snargerrthimniseiegitepidi t6eITH H8REMPI&DA finds points that
embodiment this value is between five and 30 pixels. Then, the center of

wmmwsi@ﬁalﬁgnﬂeﬂ@%hﬂ&ﬁhﬁé%ﬂaﬂ%ﬂ&.%@ﬁ?ﬂﬁ%ﬂ%%mm
giving rise to the substantially exact position of the centroid. Inan

foangdntthé thstetatatidineshciemidlioardmesnealabtios R MRt (Z., they do
3...n times to determine still more exact results. The calculated center of

nahalssyithiheopdititoust being farther away than a pre-set distance from the detected
points).

v) Ultimate Structure Detection

At step 312, the ultimate centroid positions are determined. Since the image was
earlier compressed in step 304, much of the information originally contained in the
image was ignored. This information can now be used to determine more exact centroid
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 moi‘e exact results. The calculated center of mass in the previous
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step is subsequently used. Each structure point can also be assigned a

quality factor depending on how much the position of the center of mass

changes if the square around the pixel is willingly shifted by a user-set

distance, at step 312. In an exemplary embodiment, this distance is five

pixels. The points whose positions have changed the least are assigned
staésigheghentd e fActors diBisDABRRT.SPLHGHS ROILS OF Nois

assigned a low quality factor can be gliminated, asﬁ'ﬁ%%}%ﬁ?%ﬁg%@fn{actor
defalsaitH UatHEN RIS the pHRiRE Wpﬁﬂ@éé’ﬁ:&%?gféyge%tag"w 1

Hartmann-Shack Wavefr(l))nt sensing, it is desirable to be %Felfcﬁl c?osrgeul%lrt%amund
théhsegniraiisyitshecoreshondiag image Jormi let of the

microlens array.grjl' hus, an"aspect 700 of the émb%r?ggteg%?ﬁu%’%%%gm
enfbgarmdnis witaniamhia 1epEgaess O BEIDS Hslesisd centioids 50 as

to assign them to a regular s%%%re grid p ttern.%YtH \%ﬁ Bgsétb%nrsec%‘(t%g{ ged the
ledbtose sidiiacdaiieamdahibeA'gotiim AR R ily adapted to other .

structures or conf%%:at%ar(?s such as, for examgg?%%%mgpgrg PGROBS Ry mose.
asSigaighd lve WS cior oA BlERif0R-18 i rting configugation, is

selected. In g%ggg]emplary embodime%t, thqegé% ié%%é onHrse%ega (3 aﬁacture
pola@ged upon the geometry of the naicrolens array. For every previously

found centroid point, i, the formula for a straight line 604 is calculated

containing iesean oItk B A AMAY ohidfioh asshownat . .
step 704. For starting positiong of the upﬁper eft comer oW%’v?/gP #gﬁnsmg’ 1t

is @osiabkas BE Mt AR AR BANLR- LA R)nRlope values between O 1
to 0.9 can be used. Likewise, when thelg%;%%tlgég%%ﬁs%o%e §p18%aargre|g[ﬁfmmg

lenflener 808 BRAQ WAL e fgpingh 6Q3.0f ‘?ﬁﬂ RRRGiyaILes oM, ied;
-0.1t0 -0.9 can be selecid. At step 7%6, 5@ is,talfg\}ce('aﬁ!1 r%% ,nf:flgsulrl%u 1atedm
Fipeiveed dheciie:d eand . ssihe dimaative i fhe upper 1eft.

corner 606 of the image GClosis calculaged, g%%?%%r%gg}?ﬁdﬁi%? ég_%ﬂlasmgn them
to GeRlEgiesuale sHahAAHIIDY I BLSisn 495 SArNg Wit dhe Senioid

having the smal estrir)}i value. At step 710, the cé%gggﬁo\%t%kiﬂgé;%%eesaﬁnﬁhﬁ the
e pehtmisssignaciy Rawc d s SREtb MR st psniror of

Row 1. In an aspgg ofg%a\fe' embodiment, thg last centrol s%%tﬁ%c‘?elx%’[i%%gr
oxEBMSI&)F0RI0 B 1BRe BIORYyAFIRGHBIER: 1AL Step 712, a region 810

(Figure 8) is defined that, in an exemplary embodiment, comprises an

area 1ot thep T, @dhrdash Gentiid §OBRLABN S0 auL havingdimensians

that can be controlled and var?é!%o adjt%g‘[ftr for diffesrefgl\téﬁgelﬁsﬁeltqg%rayg?aéon%ry
entteviigenshBpedimiiesiied isgeircing hirselpriadarid configusation, .

as illustrated in Figure 8, which shows%?lri search area 8%5%?%&5?%(? fmicrolens
arssntivid sty sRansustesier detestingpiher gdGARAFANPNS IS 1t 1ine 604 is

alternatively possible. Examples of the'lenslet array parameters inciude
calvabired obaRiHm I 8Ze BIRFBIIM SHHaNas PG AR igt 10996, ..

and maximum distance 2 (908), as illustrated in Figure é%} &Eﬁétaétsé%% at step

70414 dhetnexsiokiel \ie isselased and-hek ce 5;%1 ?&iﬁgegéll‘(ge%éﬁi}h?f the

respect to all existing rows, whether the centroid is in region. |

iryes, (et ek S ROFT6:d BRt Soptreithis Wﬁ@@.@g&ﬁ@%&%?ﬂﬂ%me,

row. If no, than that centroid is assigned the last centroi a new row.

wiBtefse HAifd b B HOW fﬁ@ﬁg&%@ﬁ%@ﬂ&ﬁe{@%%ﬁﬂ;ﬂé&@%@?&r°"¥5609 of the

start to build up from left to right. At step 720, the average y-position tor

imagehsioe iscalsulated and thegows AL §91@9£&%%@€§9§§9y{§!{ YER, (0o,

y-position. This step thrilitates marking of the top row a the nex

Figowe 83, BeMiebnaBe 5AO04 and® gfae ¢esorhing gﬁ?b%@%?eﬁ@tﬁ%ﬁ%ﬂeﬁ%ﬁ corner

columns, it is beneficial to point out that the situation can octur a

60dlestiaiachby-thedf @é@b{ﬁﬁ@d&’%ﬁtﬁdé‘&ﬁeﬁ'ﬂi‘ﬁi@?% All centroids, i, are then
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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 involves merging these
rows. This is accomplished by the following ,sub-steps: From the mean

sortue iBge: yitpositis lanthehwaw fioeeatefid b4vERlGHRIR IR MEARIne. At step

distance between the rows by subtracting yrowi-yr",2 (yielding the

7Tl0istanembetiecth RovwhanibBeywain¥iRvasTsauByyielding he €isianesn memory

between Row2 and Row3); and so on, and then taking the mean values of

astihe bistaingebilsedRens. 1N HeexerpalaptRmBasEBRRtn 8 SHLer B Mfoids of the
merging rows j and k is: If yryk < f"a and (Pk,firEt > P.biast or PI;last <

exBiifirgio vdierored fismaevastgiariasampater i t)&%%agﬂ@,e;\é'@a%%&?@fwmgm 8)

0.1-0.7 that is set by the user. In the exemplary embodiment, values

is defineé m&&ﬁmﬁ.éxaf@;ﬂ@g%@ﬂsdﬁﬁdﬂgesﬁiﬁﬁeﬁzpﬁ%%%%gﬂé%&he Iast

above); Pk, is the x value of the first (left-most) centroid of the k row; an

ceRiroRD8(S Y gkalned thevast diabimantheantiaid ol dae s i hek 1o

words, the rows are merged if they are much closer in the y-position than

adjypich aiffsfdieyeaont ayefand Phiom is Qithrreempleiaby 1 Wedafig ne
completely to the right of row k.
selected grid configuration, as illustrated in Figure §, which shows the search area 810
for the next centroid. Any shape suited for detecting other grid configurations is
alternatively possible. Examples of the lenslet array parameters include maximum angle
902, minimum distance 904, maximum distance 1 (906), and maximum distance 2 (908),
as illustrated in Figure 9. Then, at step 714, the next higher n; value is selected and that
centroid is checked, with respect to all existing rows, whether the centroid is in the
defined region. If yes, then at step 716, that centroid is assigned as the last centroid of
that row. If no, than that centroid is assigned the last centroid of a new row. Steps 714-
716 are now repeated for all centroids. In this manner, rows start to build up from left to
right. At step 720, the average y-position for each row is calculated and the rows are
sorted according to their average y-position. This step facilitates marking of the top row
as Row 1, the next row as Row 2, and so on.

Before describing the steps for sorting the columns, it is beneficial to point out
that the situation can occur as illustrated by the faintly seen poirits 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 cenfroids to the
left and right have been assigned to different rows. In this event, optional step 722
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The process for sorting the columns begins at step 724 where the list of
sorted centroids by distance value from step 708 is used again The
centroid with the smallest ni 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

inVedtusion A fegion thilofingd Jhalindae SEORIANSBRREMER: From

comprises an area below the last centroid of a given column fraving

thelimensions g Lsbare ARk REICONF Y e € can. i
paranaeters o thﬁe lenslet array as set f%%t%%%g\?é’ gﬁ@léslulﬁg ?ﬁﬁgg%génbgi}stance
beliine: 16 AiRgaTSinFigre8 donpwar , 1gR, 128 xihe
next higher ni I\%ﬁe is selected ayx% fﬁa@rﬁ%ﬁg gk%sc et%%gv%’t eIrle’ls%Bch and

| oxisti i et ; iQn. If
R&v 2} GXIPHHY. SPHBIAR MBS HREANE: FRANI0 ﬁd@s@% as{%%ge?g?%%%)f on, f'md then

yes, then at step 730, that centroid is assigned as t

takRIMARG AR~ HaG:Bakceabiaidd] assigned Medasteentiold of & new
column. Steps 728-730 are now repeated for a%ﬂcentrg%gégﬁ%? éonq%anﬁ%%tr,the
crReRHIBSELAEE R HRLHArtoR {0 Dol ALSISP, 734 ghe avegage o,
X-position for e%ch coﬁmn is calcﬁ%d and %ﬁesgg) jﬁrrﬁtnsPt s(g(ra[%ﬁg“*< P} ot ),
whegoerding to their average x-position. This step facilitates marking of the
leftmost column as Column 1, the next column as Column 2, and so on.

The sii4alipnigeR %%E%&&%%ﬁ%@%%%t SIeEE P‘ﬁ%%gu rset]ié)y the user.

where some cenftroids in the middle of a ave not ecte

Ixcle b6l 8y AR ERIRILRRIRIS.AT S g coniraids above and

below have been assigned to different columns, In this event, optional

step 436 ivalues amiBoRSSRAUINS.T iz iR pccomplished by the

following sub-steps: From the mean average x-position for each column

from sigq, i2teplodtaledhpeean dirancahaniesn heolmps 4
subtracting xcO1wol-xeoh™'2 (yielgi%lg the istanc@%etwe%%giﬂfan’%ll and
Colnmpg)ixeRhinvsrery (ieldingthe, distan mn7 and
Colum!r%s); and so on, and then ta@ii%g the r%})sean %gﬁgéwﬁ%f%cf‘gﬁained
IrCbStRRGREANNIerSHRARIARE %Ete}e Adhg.crtaradormerging solumns.
j and k.is: If xj-xk < fa and (1pk first PJ Jast or Piclast < P;Ege;%%%éegr%n typical
ardigf shesipkle PAAMALe! I8 WNeiiRgRNENERIAPAILA. 1:8. Zﬁ@gﬁé&&%‘ﬂ?% the
the user. In the exemplary embodiment, values between 0.3 to 0.5 are
rigBe6k @16 Ene mean distance between columns, Plcfast is the y value of
the first (top-most) centroid of the k column; and Pk jut is the v value of the

last (higosroseestor S6pime RGN BBEins at step 724 where the list of sorted

centroids by distance value from step 708 is used again. The centroid with the smallest ;
is assigned to Column 1 and is stored in memory as the last centroid of Column 1. Tn an
exernplary aspect, the last centroids of an existing column are always stored in memory
during step 724. At step 726, a regicn 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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In other words, the columns are merged if they are much closer in the
x-position than typical and if they do not overlap; i.e. colunm j is either
completely above or completely below colamn k. From the sorted centroid
positions, a Zenaike calculation can be made to determine the wavefront

wAfPRURION, o Lo be gporecigied inatihe mbodimeng deserbed.
above IS not liImite 0]

e simtiitaneous, online measuremen v?/ave$}8]r%t I yes,
o AN P S TSR A A S S AR B o
e A e T S L pov
S R SR S AR e
s e O 00 0 o
e D e e s
oGRABURS S THEE PR ARV o L BOLER R0t 1o acquire
o SR LR Gl s S S e
SO BRI hELOHE! RROUFE G WSERE/SSIA0EN e A Ll of
s A e e e e e e
B e B S S
quivalent is galculated from the wavefront daga, where the maximum. .
orta i & SBcF Rfor TR RS RAIETHES - position for

RIS R el e e o ARSI

ircle symbol h lid poi h d h lculati
A e el RoRs L o el e D
a0z 502 Al 5 L Ao LBSSen K9SB o o

B e e POl 2 s
T

i j id. P U
vgﬁe +0.1mna for trl1e X-position and y-position, +3 for the rota?onéizgle,d(é@

¥%0.5D for the spherical equivalent. Steps 1106 and 1 108 can be

repeated for all remaining points;.i.e., valid points, at step 1 .
P %C:Es avarllab e paran%epaer in the range gé)tween about (5).1-33.]%:11% is set by the user.

In the exemplary embodiment, values between 0.3 to 0.5 are used;
a is the mean distance between columns;
Py sirst 15 the vy value of the first (top~most) centroid of the k column; and
Py just 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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In an aspect of the embodiment, a blinking interval is determined at step
1114 and contact lens position information and wavefront aberration
information is determined during the non-blinking intervals at step 1116.
Blinking of the eye is detected when the contact lens suddenly moves
typeuv{omitas &ensk iRedpaiceraimeistpncaiidie onoyriBnilganasatipmpletely
occurs in the vertical, y-direction (upward), but can also be in other
beldbeetinnan AS pRACGIIepALINGisAtA aistiking Zemitdenlchiatign oiihe made
pupil diameter can also be used. In an exemplary aspect, blinking of the
1o B¥Rissiatecieh fon-sxeapRieatidRen the y-position exceeds the trend line
by a certain distance (e.g. 0.1mm). The detection could be also combined
with thesmegsursrasate the pupiHistaient dsdtithal Pl dismeatBmited to the
rapidly decreases by a certain value, it could be taken as an indication of
siRlinsingyAftetihe delection.nt 8 bliak-abatssendinmpoiiswithihaspecially
certain time interval are marked as blink. In the exemplary embodiment, a

mifRednanakel Jisee preWasHsad Hi exesaRiailinking Rtendlcopicable to

be between about 0.3 to 2 seconds. For all pairs of images for data,

WG AL iR BARR-tRBCL RS R FOLAIRIR A BlNkSs NeWantafefl suitable

can be calculated and expressed in Zemike amplitudes. The most

cdieaaBhyeiranishescalawatd D iaidpadpeompan values of the

Zemile amplitudes at step 1118. In the exemplary embodiment, the

maximuym Zeraike-ardenis SwRufibaasiheapaendeivesnraasand éline

ninth order. Step 1118 can also be done for selected wavefronts, where

hosewith the smallesi pashiasgestsphatical aeurvaient Ale RidRl weresfront

7% with the-smallest, and 7% with the largest spherical equivalent, are

OEd): Jheagedureds noiresikates dehe diseptidiersnhieiaal most

equivalent, but can be also applied to other values such as pupil diameter,

frERldAae Géé%ﬂg%vm&&%éﬁﬁa{ RedPas! (s iN-ASEHIEIBE interval. As

contact’lens position can likewise be monitored if desired.  An example

ERUBILRARRIS IEE SRiRRIRAIR IS UL escabiechvwi sater 8B Blation profile for

Figures 22-32. Figure 22 shows the use of what is referred to as the

RRilfingen algesithanin dhe,ppine Beas e BeA bdTienR 2 31a9e) @ntact lenses.
the data is evaluated. As shown in the Figures, the complete

HeERInAteR A-ihe AHRKD ASHORARERIZEIndR A dheceiaatdensufficient to
position, iS done during the measurement (online) and all data is shown

AR08 IinghRMeRRURIR Hail b erlpRihiRiraaaas WithrhalnshbiayRslet

can also be found using a lid-correction algorithm as will be described.
iﬁ&g%@%re?ﬂ%ﬁs’g}@é%e bréarernling. fopntherroruietalationotee Figure 11
contact lens position it is necessary to exclude images that have been
daisnvhendhaaHbieet E&E‘k%o&%d%m@%ﬂ iGOR@E! lRspaSHER eimgesntact
rapidly during blinking and will settle in the stable position in about |

1sasond aften thehlink. Fherefore dals desirakleto-datarmineatacbliiked from the
automatically and exclude images from the start of the blink until about |
5&93%%? repfienJ feitio af B E:Ci‘é%'sifi fene offl.iners the, vl AHE!) y-position

mode of the software. Operation of the position finder algorithm The

&A%%Hﬁ%iﬂ%&?éf?ﬁﬁ,fgﬂgw 82 3'8PSdata. 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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1. Compress image 2. Calculate Threshold 3. Calt_:ulate pupil 4. Image
Filtering 5. Refinement 1 6. Reflex removal 7. Refinement 2 8.

Lid-correction

measurements, cross symbols represent measurements during a blinking interval
(described' further below), and circle symbols represent the valid points that are used for
the calculation of the most 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 equivalent graphs. A quadratic curve was used fof the fit, where the
mean deviation of the measured points from the curve is & minimum. Without restriction
however, any other fit can be used. At step 1110, points (shown as triangles) outside a
certain range around the trend lines are deleted or marked as invalid. Exemplary ranges
are +0.1mm for the x-position and y-position, +3° for the rotation angle, and +0.5D for
the spherical equivalent. Steps 1106 and 1108 can be repeated for all remaining points;
i.e., valid points, at step 1112.

In an aspect of the embodiment, a blinking interval is determined at step 1114
and contact lens position information and wavefront aberration information is determined
during the non-blinking intervals at step 1116.  Blinking of the eye is detected when the
contact lens suddenly moves away from the trend line by a certain distance. The
movement generally occurs in the vertical, y-direction (upward), but can also be in other
directions. As an additional indication for blinking, a sudden change of the pupil diameter
can also be used. In an exemplary aspect, blinking of the eye is detected, for example,
when the y-position exceeds the trend line by a certain distance (e.g. 0.Imm). 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 | second
was used. An exemplary blinking interval could be between about 0.3 to 2 seconds. For
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9. Final calculation Input: Image (see Figure 24) Output: Pupil diameter in
X and Y direction Pupil position Position and angle of contact lens 1.
Compress image The pupil image shown in Figure 24 is compressed from
size X x Y pixels to X/n x Yin pixels. This is done by averaging the signal

all iRnRveTinRixe! et Wheehiare Wiie argRaldHiagsteriogdriapas finks, the
corner of the image and scanning through the image, as described herein

waRbvat JREbsgARIRIRE MansRlicener ahine ﬁ@&é@@ﬁ%@ﬁ@gﬁﬁ«%&

set to the average of the first square the signal of the next pixel is set to

walRsEaye @%@EQ}&@&@@%%@%&&%&@@I&M@ KRR DICHNSHES at step
x Yin in size as shown by the compressed, inverted, gxeyscale image in

11 FRousaRdet 61-PE SAYIRIBASK NHOTRGL K8 B asiliustated) itk X/Bn be

and Yin also integer values. In the present example, a bright pupll will be

chiRERYetiusiReRistSisinverted sdhat biackberaraeaviite Al ctea
vice-versa. In the Figures to follow, the pupil will be dark against a brighter

wRRHHHRUREES AW RN dntaRlck BB 1BFESUherical equivalent are omitted
(e.g., 7% with the-smallest, and 7% with the largest spherical equivalent, are omitted).
The procedure is not restricted to the use of the spherical equivalent, but can be also
applied to other values such as pupil diameter, third-order Zernike amplitudes, etc. The
most frequently occutring contact lens position can likewise be monitored if desired.

An example of pupil parameter determination is now described with reference to
Figures 22-32. Figure 22 shows the use of what is referred to as the pupil-finder
algorithm in the online measurement. Figure 23 shows how the data is evalnated. As
shown in the Figures, the complete determination of the pupil position and size, and of
the contact lens position, is done during the measurement (online) and all data is shown
oniine 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 biinks 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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A threshold value for the compressed image is now calculated. All 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 image as shown in Figure 26 (binary black and white
image-means that every pixel is either completely black or completely
Opatiition! iishebysiyothendyesheldimcalculated as follows:  threshold=
(maximum signal in image) - (average signal in image/4) if the maximum
Ths Smaikdithaatns thovsTaesspgnall.otherwise,  threshold =
(maximum signal in image) - (average signal in linage/3) if the maximum is
biggerdhgwetd/Briagyerage signal). Other ways of calculating a threshold
can eagiyvibe deteppined by those skilled in the art. 3. Calculate pupll

NQw (hl¢a8 R gﬁlblack and white image, the center of mass for the black
pmelgﬂﬁg@pm%@%, yielding the center of the pupil, The standard deviation

ofth@ bfalafeixels In the X and Y direction is also calculated. For an
ellipRethg sdisokanath (of the short and long axes that define the ellipse)
is7Tfour dimesthe standard deviation. Using the doubled standard deviation
ag.a radivssrackigh position and X and Y diameter of the pupil is

obtaiRgal &idmagsnriltering

Input: Image (see Figure 24)
Output: Pupil diameter in X and Y direction

Pupil position

Position and angle of contact lens -

1. Compress image

The pupil image shown in Figure 24 is compressed from size X x Y pixels to X/nx Y/n
pixels. This is done by averaging the éignal for every pixel in an n x n square in the
original image starting in upper left corner of the image and scanning through the image,
as described herein above. The signal in the upper left corner of the compressed image is
then set to the 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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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

A thresbeldielsiedie) tirecoomuesiediverggdssigmatalinsiteto et s chrtimtdsve a
bright points within the pupil as illustrated by the filtered image in Figure

sigpgl gremistithemém threshdldersugsit sroihite sicimbyg @563, Ei wh &7pix elowre set to
enlarged by 20%, and all pixels outside the circle are set to white based
blaglsdaigmel 58)misliding aditieey htacin dadtwhitsideipe sutibwhimiSigtse 26 (binary
means of reflex removal To refine the result, steps 2 and 3 are repeated
blagktlandishiie dmage thisyr dogissviry pinybiatitieragens! eehy dited inteanpletely
black and white image. It is possible to enlarge The pupil circle by
whitshw d8nstiptutisyshe R dld psenitingt¢datifoliewsrcentage
enlargement is too great, then the reflex removal outside of the pupil may
not biérsHoleh it (@extheunthe ghanid, titePerdentage sipmyanientds/49o
small, then parts of the pupil may be wrongly eliminated due to inaccuracy
if Sethepiiomp dpinditetheal (WAtHAVErigefexmdnotdadrwisd o further
remove reflexes, the center of the pupil found in step 3 is scanned in the
X-X dhgstiolddirgotpimsuiy bigmskgrimgalongthmé- sigsalhe fitage/f the
black region is explored. The fringe is assumed to be reached when at
if tha snarioaoon degeeiviaant({é3pixAlseaaz daimalin the binary black and
white picture). This produces four fringe points, which are then connected
Othgravailip of chlatlstiitpa toebeskd pointsadiytbiiéethimiiideyahory phitibisin the
set to white, inside every pixel is set to black as illustrated by the image in
arfigure 28. Step 3 is then repeated with the actual image. 7. Refinement 2

3. Calculate pupil
Now, in the binary black and white image, the center of mass for the black pixels
is caloulated, yielding the center of the pupil. The standard deviation of the black pixels
in the X and Y direction is also calculated. For an ellipse, 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 po'mts’ 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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As described above in regard to the centroicling 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 by a factor of four from the
original image (Figure 24), illustrated by the image in Figure 29, is used
proosdine nexbiesieiphnpsien (hiiacker il dPRIANYAMNREIHOWREMRnace in
10). To save time, this image is created In step 1 during the compression
Figmec®®s and is stored until it is used in this step. Now, the complete
process is iterated with this lower compression image. That is, using the
pEpiRdiitniardata obtained in step 6, step 4 is repeated with the actual
(lower compressed) image. Step 5 is repeated with an enlargement factor

of 15Phe gngiltdielstaptBd srRpeVER; dNete7 Al S RRIE:3BE ByinebIdEnd a1l pixels

repetitions of steps 2 and 3) The completed process provides an accurate

oupdsitide o theapsipit aneriacRmAbEh RNEAFECHARAHIYSTAEERY outside

the image in Figure 30. The enlargement factor range discussed in step 5

theabgyie. alSsapplipsaifihiednstest SiaBniva eid FORecM resuf ﬁtﬁ%‘ziand 3 are

now performed for eyelids that might shade parts of the pupil and

replasedireithente suli @, the MRONRBERCASS ghisindithedast AinaBIaGKAnd: viack

white image (Figure 29; four-x compression of original) from the above

anfrebissueNaNiqRiciisie Binag otbeRiAckaeinY HilEMRRRLNAY, b 250,

the pupil. This is accomplished by performing the same scan as set forth

appirettiapity that [oreveeyceatupyuihaleoniaing ihe aupll allased ARk hatva

along the coordinate axes. This allows for the computation of the

outliffirence: hepiean;the feungmilinge %%@%ﬁ@%ﬁ&t%ﬁ%&%%'gés a

function of X position, illustrated by the plot shown in Ifigure 0.

enbglichextantds inside thenniaisesing pﬁiﬁlltﬂﬂﬁbé@sgi%ﬁglgrt@m@e&{ﬁh@%o

flat and the found ellipse will be too small. Therefore the above mentione

inatifferericer e giitur (agalfdentee dArwvillinave two maxima (A and B) and a

minimum in between. To avoid erroneous correction of blinks, the
correRtfisx @by gone if the two maxima are at least 20% of the pupil
diameter, or five pixels apart; the average absolute difference is at least

75%Taf fantdianmeatar: aeflksibe, tByemge BIRIDYTHIS AMdeast 3049 theanned in
image height below zero. As the minimum fluctuates, we have taken the

thaleRigadbytVedifedtband WHlisemtiadaph s iRTRehis W B AH IR R lack

region 3102 in Figure 31. If all of the above conditions have been met, a

regivwdsreatiorsts Padfdinesiasdaliows e rkeihiewrerhinadoundiilecutive

ellipse between the X-positions of the two maxima and paste it in between

wiyitintixéiemnd Buaddutiies Bisparslior begiomisrathg lidhasaetkes four fringe
similar to that of the pupil shape. The enclosed region Is set t0 black as
podisywiivhibes giey cogitrtbbed 3205 itMig RS2+ HnapealeulBliatie 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 actual 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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The pupil is finally calculated (see step 3) for the lid-corrected _blac_k and
white image yielding the result illustrated by the image show_n in Flgu.re.
32. Alternatively, it is possible to do Refinement 2 (step 7) Wlth the original
uncompressed image. This approach will not be necessary if the process
with the n=4 compressed image provides the desired measurement

by adeciicyt forairexeing tuigivabemizor(figumeze) aimenital dyeReiians Merigure

of 20-25Hz, the achieved transitional position accuracy of the contac_t lens
29, \igaBseq der. ithe asettl eefinateio sdraChefciovesmt @ bdHaP LLIABMEI SV than 10).
1.An algorithm for determining pupil parameters, comprising the steps of;

To gyobtansingia ipeggbimagmted ubjteprbpnesingtheopiRi A0sEdeas and is stored
selected amount, n, and compressing the pupil image _by a different
untgfbistgsedanobin stir Ppwhtre ctepl@s prosealcitating wilreskaliver

value for the compressed pupil image; _
compression image. That is, using the pupil position data obtained in step 6, step 4 is
repeated with the actual (lower compressed) image. Step 5 is repeated with an
enlargement factor of 15%, anid then step 6 is repeated. (Note that steps 5 and 6 include
repetitions of steps 2 and 3). The completed process provides an accurate position of the
pupil and its diameter in X and Y direction as illustrated by the image in Fignre 30. The
enlargement factor range discussed in step 5 above also applies in the instant step.
8. Eyelid-correction
A check is now performed for eyelids that might shade parts of the pupil and thus

obscure the result of the above process. Using the last binary black and white image
(Figure 29; four-x compression of original) from the above process, we now look for the
fringe of the black region in the upper half of the pupil. This is accomplished by
performing the same scan as set forth in step 6, but for every column that contains the
pupil ellipse rather than along the coordinate axes. This allows for the computation of
the difference between the found ellipse and the fringe of the black pupil as a function of
X position, illustrated by the plot shown in Figure 10. Ifthe 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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d) determining a center parameter value of the pupil, e) determining a
multiple-coordinate axes diameter parameters of the  f) determining- a
perimeter shape of the pupil based upon the center and
multiple-coordinate axes parameters; g) plotting the shape into the
compressed image and determine average pixel signal, values inside of

avthegaiimetsim is b GRIONGE e pRHTeIR B ASBlEdIed a@gﬁ@@%{‘&

repeat steps (c, d) on a new image wi arged perimeée

freletersinnonaFE ReR ARtLRES HoRALEEGN R Of gach of ﬂ%ﬁ diamlf ﬁ%@eter,

coordinate axes, and fitting a perimeter shape 1o the points, ?)pr%
oS8 5000 o e 00 260 ) PR SRS
2 WitBRr&dtfofl s SREGHRCISICR & AN R SRR (1 1PAYS ina pupil ellipse
between the X-positions of the two maxima and paste it in between points A and B, such
that it spans the region where the 1id has & cut similar to that of the pupil shape. The
enclosed region is set to black as shown by the grey region matked 3202 in Figure 32,
9. Final calculation

The pupil is finally calculated (see step 3) for the lid-corrected black and white
image yielding the result illustrated by the image shown in Figure 32. Alternatively, it is
possible to do Refinement 2 (step 7) with the original uncompressed image. This
approach will not be necessary if the process with the n=4 compressed image provides
the desired measurement accuracy. In an exemplary case of online measurement at a

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

was +70pm, and lens rotational accuracy was +2°.
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MCSLLP n) making an eyelid-correction on the step (m) image; and o)
repeating steps (d, e) on the step (n) image. 2. The algorithm of claim 1,
where n is an integer, and 1 <n <20. 3. The algorithm of claim. 1 or 2
,wherein step (c) comprises creating a binary image by setting all piddCSLLP
values below the threshold to a zero value and all pixel values above the
threshold to a high value. 4. The algorithm of claim 3, wherein a center of
mass is determined for the

We claim:
1. An algorithm for determining pupil parameters, comprising the steps of;
a) obtaining a pupil image;

b) compressing the pupil image by a selected amount, n, and compressing
the pupil image by a different selected amount, ny< n, where m< 10;

c) calculating a threshold vaiue for the compressed pupil image;

d) determining a center parameter value of the pupﬁ;

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

1) determining & perimeter shape of the pupil based upon the center 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 (¢, 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 fitfing a perimeter shape to the points;

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

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

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

m) repeating steps (d, ) on the step (1) image;
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zero value pixels as well as a standard deviation, which is used to

determine diameter values along an x-coordinate axis and a y-coordinate
axis. 5. The algorithm of claim 4, wherein the perimeter shape is an

ellipse. 6. The algorithm of claim 5, wherein A is in a range between about
5% to 25%?&%&28%63%@%%%@%@)%%@%
algorithm of claim 6, wherein step (i) comprises fitting an ellipse to fringe
points at eadiFenriigREIHERsdGo FdipRtR RIS apagsordinaie axis. 8. The
algorithm of claim 7, wherein step (n) comprises scanning every pixel
coluin thatldsrakipsthfouhelaipde partrards amintegepuidglas n < 20.
difference function between the ellipse perimeter and the pupil fringe as a
function of XrRosHiRNnS: dig.algorthin of GlalmGONENIENG SIaIRINRYMAhahs &
least two maxima and a minimum in between said maxima of the

diffe{gnes, mﬁg@éﬁ]@%ﬂm R0 aadishiRGA S IBFIRE AN B5-£Hi8Falne and
locating an arc of the found ellipse between the X-positions of the two

maxifa,hd; Thealgesiimolitiannid, eamipsipgidetermining the pupil
center parameter and the pupil size parameter. '

4, The algorithm of claim 3, wherein a center of mass is determined fqr the

MCSLLP

zero value pixels as well as a standard deviation, which is used to determine
diameter values along an x-coordinate axis and a y—coordinate axis. .

5. The algorithm of claim 4, wherein the perimeter shape is an ellipse.

6. The algorithm of claim 5, wherein A is in a range between about 5% to
25%, and A; is in 2 range between about 5% to 25%.

7. The algorithm of claim 6, wherein step (i) comprises ﬁtﬁng an ellipse to
fringe points at each end of the x-coordinate axis and a y-coordinate axis.

8. The algorithm of claim 7, wherein step (n) comprises scanning every
pixel column that contains a found ellipse perimeter, and computing a differcnce
function between the ellipse perimeter and the pupil fringe as a function of X-
position.

9. The algorithm of claim 8, 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.

10.  The algorithm of claim 9, comprising determining the pupil center

parameter and the pupil size parameter.
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