WO 03/ 054617 PCT/ US02/39959 i METHODS FOR DESI GNI NG CONTACT LENSES Field
of the Invention 5 The present invention relates to ophthalmc |lenses. In
parti cul awp mhess17 nventi on provi des | enses with surfaces ®egigozeEsi ng
Chebyshev pol ynom al s Background of the Invention The use of ophthal mc

| enses including, without [imtation, contact |lenses for to the correction
of anmetropia is well known. A nunber of known nethods exist for

approxi mati ng the shape of the lens' surface., For exanple, it is known to
use splines, sine and cosine functions, exponential functions and

| ogarithm c functions to ' r ry . of surface. However,
the use of splines is di sﬁgﬁ%%@ﬁs@i@\‘g&@‘tgﬁr@}%& I ons can
become unconstrained at their 15 outernost points resulting in oscillations
between points. The other functions argeidefelifveMios I N that the ability to

approximate a surface is limted by the equation used. Therefore, a need
exists for a fitting riBeRE§eRtiaYensoR relaaeto enhthalmic lanjesofn partiede, the

di sad . 2Q Bri. Lngs EIG . 1. .
i agr st to vi e aria BEFRES el urkiafs Rofe RSz CRobisned sBmomiat ot e

usi ng piece-w se, third order Chebyshev polynom als and four point fits.
25 Description of the Invention and_its Preferred Enbodi mrents The present
i nvention provides a nmethod for desB@Pﬁgﬁ@Jqd@féb%I,nVaWdDﬂ enses

The use of ophthalmic lenses including, without limitation, contact lenses for

10 the correction of ametropia is well known. A number of known methods exist for
approximating the shape of the lens’ surface. For example, it is known to use
splines, sine and cosine functions, exponential functions and logarithmic functions
to define all or a part of a lens surface. However, the use of splines is
disadvantageous in that some spline functions can become unconstrained at their

15 outermost points resulting in oscillations between points. The other functions are
problematic in that the ability to approximate a surface is limited by the equation
used. Therefore, a need exists for a fitting method that overcomes some or all of

these disadvantages.

20 Brief Description of the Drawings
FIG. 1 is a diagrammatic view of a set of original data points and points
interpolated using piece-wise, third order Chebyshev polynomials and four point

fits.

25 Description of the Invention and its Preferred Embodiments
The present invention provides a method for designing lenses, and lenses
produced thereby, in which locally fitted Chebyshev polynomials are used to design
one or more of the lens’ surfaces. The method provides a flexible technique for
surface design that is limited only by the original surface shape, the sampling of the
30 surface, and the order of the required fit.



produced thereby, in which locally fitted Chebyshev polynomals are used to
design one or nore of the lens' surfaces. The nethod provides a flexible

t echni quewbas/ossur f ace design that is limted only by thepamiusozadssurface
shape, the sanpling of the 30 surface, and the order of the required fit.
WO 03/ 054617 PCT/ US02/ 39959 2 In one enbodi nent, the invention provides a
nmet hod for designing a lens surface conprising, consisting essentially of,
and consi sting of using a polynomal of the,follow ng equation: 5 T[1] =
1, T[2] =x, TQ=2x.T[j-1]-T[j-2] to wherein j is the order of the
polynomal + 1 and x is a spatial dinension. For purposes of the invention,

by "l'ens” or "l enses"Id snerRadidiréty, 8P veatidH Srovides s nelkddr Besignihd B Qs
limtation, spectacle |enses, contact |enses, intraocular |enses and the

li ke. The term "furfack agPREBSH SODYHHG wsentiglnof. gad spnewingtaf vpigs epobmomial

approxi mate the f . ns. surface desired, the tool surface from
which the Ilens §€tr%?§%lgowvh£$?q%§8%r oduced, or both. Chebyshev polynom als

are a set of erthogonal functions, each function being independent of all
ot her functions. Surfaces made up of discrete points, rather 20 than

equations, may be represented using pfgﬂé-Wbse Chebyshev pol ynomi als of a
suitable order and in any direction, szgjgi)pg Chebyshev polynomals to fit
each of a nunber of sections of the su[r acé. For exanple, one section of a

surface may be fitted using a ChebysHhey] pakdifpript Trd2)t hen t he range of
the fit is shifted and

10 wherein j is the order of the polynomial + 1 and x is a spatial dimension.

For purposes of the invention, by “lens” or “lenses” is meant any ophthalmic
lens including, without limitation, spectacle lenses, contact lenses, intraocular lenses
and the like. The term “fitting” means using an equation or equations to

15  approximate the shape of the lens surface desired, the tool surface from which the

lens surface will be produced, or both.

Chebyshev polynomials are a set of orthogonal functions, each function
being independent of all other functions. Surfaces made up of discrete points, rather
20 than equations, may be represented using piece-wise Chebyshev polynomials of a
suitable order and in any direction, or using Chebyshev polynomials to fit each of a
number of sections of the surface. For example, one section of a surface may be
fitted using a Chebyshev polynomial and then the range of the fit is shifted and
another section is fitted, rather than fitting a single function to the entire data set for
25 the surface. Any of a number of methods may be used to determine the order of the
Chebyshev polynomial to be used. For example, the fit may approximate the surface
shape to a selected tolerance, may be arbitrarily selected, or may be of a simple

relationship, such as the order of fit equaling the number of points + 1. Generally, a
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anot her section is fitted, rather than fitting a single function to the
entire data set for 25 the surface. Any of a nunber of nmethods may be used
t o det er nwoasbsior der of the Chebyshev pol ynom al to be Pa3acho2/Bm59
exanple, the fit may approxi mte the surface shape to a selected

tol erance, may be arbitrarily selected, or may be of a sinple

rel ati onship, such as the order of fit equaling the nunber of points + 1.
Generally, a 30 WD 03/054617 3 PCT/ US02/ 39959 rapidly varying surface shape
will require a higher order fit than a smbothly changing surface.
Preferably, a third order polynomal is used. 5 In the nethod of the

TG SRR ARyl oy b i o ol T
spati al di mensianging Eacep dtrbfetablyl bk MERGbider pEgsbmAYisiRe@ny desired di mension

including, without limtation, a distance fromthe center of the surface,
a distance in any direction, an x or y coordinate in a cartesian

coor di nat e;syst emIanF%&ddiﬁhe iﬁg&{tﬁ’ql;ﬁeﬁgwﬁﬁ?ﬁd}&i [adial 15 distance

fromthe center in polar coordinates. he“nmet hod for producing
and designing the I enses of the invention may be used to design any |ens,
the invention may find its greatest_utility in the design of contact

| enses. The design process of the i Hy&nitli on begins with a 20 description of
an original surface shape by any neﬂﬁ?gxgnomn in the art. Useful

TH1=2x. T - 1]1-T[j - 2]
10
wherein j is the order of the polynomial + 1 and x is a spatial dimension. The spatial
dimension used may be any desired dimension including, without limitation, a
distance from the center of the surface, a distance in any direction, an x or y
coordinate in a cartesian coordinate system, or the like. Preferably, x is the radial

15 distance from the center in polar coordinates.

Although, the method for producing and designing the lenses of the

invention may be used to design any lens, the invention may find its greatest utility
in the design of contact lenses. The design process of the invention begins with a

20  description of an original surface shape by any method known in the art. Useful
equations for describing the surface include, without limitation, conics, spheres,
Zernike polynomials and the like, and combinations thereof. The surface then may
be converted into a set of discrete points representing the surface by using the
desired point locations to generate the heights of the surface. Alternatively, the

25  surface may be described by reading discrete points from a data file. For example
for a back, or eye side, surface of a lens, corneal topographic data may be used to

provide a set of discrete points for the surface.
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equations for describing the surface include, wthout limtation, conics,
spheres, Zerni ke polynom als and the |i ke, and conbi nations thereof. The
surface twernsmeads17 be converted into a set of discrete poi mCI/USeps®sENnt i ng
the surface by using the desired point |ocations to generate the heights
of the surface. Alternatively, the 25 surface may be described by reading
discrete points froma data file. For exanple for a back, or eye side,
surface of a lens, corneal topographic data may be used to provide a set
of discrete points for the surface. 30 WO 03/054617 PCT/ US02/ 39959 4 The
surface is then divided into any nunber of desired sections. The nunber of
sections, or zones used, nay be determ ned based on the order of the
fitting 5 polynom al and the nunber of discrete points used in the surface
description. SubBeosueface is, thehdiviged ired ayy afimbearcdf desicéd w@otioms. d@kinngder N

terms of a byshev ol ynomi al .. The or.igjnal surface may be divided into
2 or 3 di meRISPIRNS. TP, BakbedeATIRG! Apse OB erdEidhe Gtis

appr oxi mas edydihrhidBadiBRY hagber dr t dagbyshev
pol ynom al :j[')s ittled to each of {a%gf%éeg(??tgrﬁe%gltggﬁgl??ﬁeﬁsﬁ%wgaﬁcoeffi cients

used for appbubsequentinghe geometigofieath sastibmosadedinagpén tenms bfa Eheliyishew: These
coefficients be ut ed .by .any known net hod,. such.as by using
comer ci al | ypoq%é?l hb onzinal éérlfacﬁég‘fygl?ﬁe@ﬁ‘g{‘gév&}t@ 2-gF T‘%‘F%fﬁf%ar%%ﬁons _
coef fi ci ent shRERL Hl tHHS SLkuHBLNS R a]p?_rd)dirﬂét@di ah® AR mEAMRG G ARBLEAE He!S| NT
the follow ng equation: n .f (x) _ a[jlT[j]

used.

10
A Chebyshev polynomial is fitted to each of the sections to determine the
coefficients used for approximating the original surface shape in the section. These
coefficients may be computed by any known method, such as by using commercially

available, optical design software. Preferably, the coefficients are estimated using a

15 linear least squares approach using the following equation:

=3 /]

wherein afj] are coefficients of the Chebyshev polynomial 7/j] and n is the number
of coefficients. One ordinarily skilled in the art will recognize that the coefficients
20 may be transformed to another set of basis functions, for example such as y=a+bx

+ cx® + dx’, for ease in use.

The coefficients may be stored for later use or used directly for interpolating
new data points in the section. In interpolating new points, preferably the points are
25 only interpolated from the central portion of each section. For example, in a four
point fit, or a fit performed using four points in the section, new data points are

interpolated from between points 2 and 3.
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wherein aU] are coefficients of the Chebyshev polynomal T[/] and n is the
nunber of coefficients. One ordinarily skilled in the art wll recognize
t hat t he woaBhswiients 20 may be transforned to anot her secTtafSoba®ss
functions, for exanple such as y = a + bx + cx2 + dx3, for ease in use.
The coefficients may be stored for |later use or used directly for
interpolating new data points in the section. In interpolating new points,
preferably the points are 25 only interpolated fromthe central portion of
each section. For exanple, in a four point fit, or a fit performed using
four points in the section, new data points are interpolated from between
points 2 and 3. 30 WD 03/054617 5 PCT/ US02/ 39959 However, new data points
may be interpolated fromany portion of the section if required, such as
t he begi nning and endHoWetehaesadatia peits mdyele inteepdlated fr@i oy fortiemoDthebe

shifted. The beginning and end of the local fit section is shifted and.
another fit is pEFfdt ‘%é%ﬂ“‘f?ﬁéum&lﬁ%8¥lngwgfaf‘dﬁﬁ ° thg gt Bt Whenithp fibeagiop 1
poi nt thus s OVdathéithe3hiRed! TABBERENiRIaNE Snd Of 118 I Al becioR ! Mrndd dnd
sections. However, the overlapping nay be altered from|l point ton - |

poi nts to provi duothet fit 5 performedy ol et ama@ung of stpftffor a sectiop s typichliy 1 peint tmg. 10
In FIG 1 is shown a.diagramatic view of. a set of original_data points and
poi nt's i nter pol aRTSH‘%Hsgﬁﬁ‘%V%_f‘%%BgRP‘é‘E %/gf ﬁﬁfiJPEF“igcﬂ’Bfméﬁé @R%vHﬁWPWo‘ili*Pal s and
four point fitsverkppR@a ical@pddhias }#&&%hon 5&ﬁtsﬁstpr&fid@4 $97, 0t § pBf Nt S

and a third order polynom al was used for each of the sections.
overlap for a 4 point fit section.

10
In FIG. 1 is shown a diagrammatic view of a set of original. data points and
points interpolated using piece-wise, third order Chebyshev polynomials and four
point fits. Topographic data was used for the set of discrete points and a third order
polynomial was used for each of the sections.
15

The ability to change the order of the Chebyshev fit used for each section of
the surface, along with the amount of overlap for adjacent fits and the portion of the
fit section from which new points are estimated make the method of the invention an
extremely flexible method of approximating the original surface shape.

20  Additionally, the method of the invention provides decreased errors in

approximation of the lens surface.

The invention will be clarified further by a consideration of the following,
non-limiting examples.

23



15 The ability to change the order of the Chebyshev fit used for each
section of the surface, along with the anount of overlap for adjacent fits
and the peootisosmeof the fit section from which new poi ntsprarTarSexs99smt ed
make the nethod of the invention an extrenely flexible nethod of
approximating the original surface shape. 20 Additionally, the nethod of
the invention provides decreased errors in approximtion of the |ens
surface. The invention will be clarified furgher by a consideration of the
following, non-limting exanples. 25 WD 03/054617 PCT/ US02/ 39959 6 10,
What is clainmed is: 5 1. Anethod for designing a | ens surface, conprising
using a polynomal of the equation: T[1]=1, T[2] =x, Tj] = 2x.T[j) - 1]
- T[j - 2] wher eWMhafisickaimheéisor der of the polynomial + 1 and x is a spati al
di rension. 2. The method of claim1l, wherein the spatial dinension is a

di stance fromthe 1is center of the surface, a distance in any direction,

or an x or y ooy di naAqnétﬁo@for%ﬁgﬁﬁganerfs%mw%ﬁpﬁ%g%ﬁhg %Qo?ynofﬁm oFRiidhod
of claim1l, wherein the spatial distance is a radial distance from

equation:
T[1]=1,
T[2] =x,
10 . Tl =2xTH-11-T[j -

wherein j is the order of the polynomial + 1 and x is a spatial dimension.

2. The method of claim 1, wherein the spatial dimension is a distance from the
15  center of the surface, a distance in any direction, or an x or y coordinate in a

cartesian coordinate system.

3. The method of claim 1, wherein the spatial distance is a radial distance from

the center of the surface in polar coordinates.

20
4, The method of claim 1, wherein the lens is a contact lens.
5. The method of claim 4, further comprising the steps of:
a.) describing an original shape for the lens surface;
25 b.) converting the surface into at least one set of discrete points;
c.) dividing the surface into a plurality of sections; and
d) computing the coefficients of the polynomial that approximate the
original shape for the surface of each of the plurality of sections.
30 6. The method of claim 5, further comprising e.) interpolating at least one data

point using the computed coefficients, wherein the at least one point is in addition to

the set of discrete points.



the center of the surface in polar coordinates. 4. The nethod of claim1,
wherein the lens is a contact lens. 5. The nmethod of claim4, further
conpri si ngoto@sstieps of a.) describing an original shape pcarusotaodsens
surface; 25 b.) converting the surface into at | east one set of discrete
points; c¢.) dividing the surface into a plurality of sections; and d.)
conputing the coefficients of the polynom al that approximate the original
shape for the surface of each of the plurality of sections. 30 6. The

met hod of claimb5, further conprising e.) interpolating at | east one data
poi nt using the conputed coefficients, wherein the at |east one point is in
addition to thé.set Tofe wethed ef daigod,rfigher\qompsising4be stepTf US02/ 39959 7 7.

The net hod of claim4,, further. co ising the ste . a.) obtaining.a data
(1T e conprising a settbr iarined Ba fe sopbitng sSproigted mantior dBerbity
readi ng discrete points fr@gsifigedata file; c.) dividing the surface into a

plurality of sections; and d.) conputing the coefficients of the pol ynom al
t hat approxi it e the b.bri gieading diseiste goagts fiee Hadpiecddenf each of the

plurality of secti ons.) 10 évidgr%ethggé%%g ir% agdhi}iﬁg%yz%fr?%ﬁrgéélg%ndconpri sing e.)

interpolating at | east’ one da usirn coefficients,

wherein the at |east @ype p@nifuting thecortfbidntOr the polynemsdl tha fapstoSiaiaed the
points. 9. The nmethod of claim 7, wherein the data file is a corneal
t opographi ¢ data 15 fil e, onginal shape for the surface of each of the plurality of sections.

10 8. The method of claim 7, further comprising e.) interpolating at least one data
point using the computed coefficients, wherein the at least one point is in addition to

the set of discrete points.

9. The method of claim 7, wherein the data file is a corneal topographic data

15 file.

10.  The method of claim 8, wherein the data file is a corneal topographic data
file.

20 11.  Alens designed according to the method of claim 1.
12. A lens designed according to the method of claim 3.
13. A lens designed according to the method of claim 4.
25
14. A lens designed according to the method of claim 5.

15. A lens designed according to the method of claim 6.

30 16. A lens designed according to the method of claim 7.



10. The method of claim@8, wherein the data file is a corneal topographic
data file. 2011. 12. 13. 25 14. 15. 3016. A lens designed according to the
nmet hod ofwolmios6l? A | ens designed according to the net hoacafusod/adone 3. A

| ens designed according to the nethod of claim4. A |ens designed
according to the nethod of claim5. A |lens designed according to the nethod
of claim6. A lens designed according to the nethod of claim7. WO

03/ 054617PCT/ US02/ 39959 8 17. A | ens desi gnedgaccording to the nethod of
claim 8. 18. A lens designed according to the nethod of claim9. 5 19. A |l ens

desi gned according to the nethod of claim 10.
17 Alens designed according to the method of claim 8.

18. A lens designed according to the method of claim 9.

19.  Alens designed according to the method of claim 10.



