WO 03/ 054617 PCT/ USO02/ 39959 METHODS FOR DESI GNI NG CONTACT LENSES Fi el d 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 als Background of the Invention The use of ophthal mc

| enses including, without [imtation, contact |lenses for 10 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 i r ri . of surface. However,
the use of splines is di s%@%%@gﬁ)ﬁﬁ@‘g&@‘tgﬁ%@%ﬁ%u 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. ings ElG . 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 nethod for desB@Pﬁgﬁ@Jqd@féb%I,nVaWdDﬂ enses produced

thereby, in which I OC@['hL:Ylsé bf 6&%@9&%&4&?&&9&%?%%%? lir%{tgtiéjns, %S'm%é% lgnesgé ﬁ)?

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.



one or nore of the lens' surfaces. The nethod provides a flexible technique
for surface design that is limted only by the original surface shape, the
sanpl i ng wbD wBlet61B0 surface, and the order of the require®CTitsSo2/8059

03/ 054617 PCT/ US02/39959 2 In one enbodi nent, the invention provides a

met hod for designing a lens surface conprising, consisting essentially of,
and consisting of using a polynomal of the follow ng equation: 5 T[1] =
1, T[2] =x, T[j]2x.T[j-1]-T[j-2] to wherein j is the order of the
polynomial + | and x is a spatial dinmension.” For purposes of the invention,
by "lens" or "lenses" is neant any ophthalmc |ens including, wthout

limtation, spectaclel] @rs@sbodafdi: abé ilveRS@Sprovites @ tdthed fot es@fing alkhst he
like. The term"fitting" means using an equation or equations to 15

appr oxi mat e t he Siifase compriyipg,|CORYstngsegpeiate of, ead corsiBingdusigg efpeb@momiagm
which the |ens ] Wi || . produced, or both. Chebyshev pol ynom al s
are a set of ortﬁ%‘é%%@ﬁ’“ﬁ“ 8‘3'?%82’, each function being i ndependent of all
ot her functionss. Surfaces made up of discrete points, rather 20 than
equations, may be represented using piece-w se Chebyshev polynom als of a
suitable order and in any direction, d?“&?ﬂﬂg Chebyshev polynomials to fit

each of a nunber of sections of the swzﬁgg(e. For exanple, one section of a
surface may be ’

Tl =2xTH-1]1-T[-2]
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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fitted using a Chebyshev polynom al and then the range of the fit is
shifted and another section is fitted, rather than fitting a single
functi on wo Bheteentire data set for 25 the surface. Any ofrCa/usozibmse of

met hods may be used to determ ne the order of the Chebyshev polynomal to
be used. For exanple, the fit may approxi mate the surface shape to a

sel ected tolerance, may be arbitrarily selected, or nay be of a sinple

rel ati onshi p, such as the order of fit equaling the nunber of points + 1.
Generally, a 30 WO 03/054617 PCT/US02/ 39959 3 rapidly varying surface
shape will require a higher order fit than a snmoothly changing surface.

Tventon ¢ HaPISLy SarBh ot SABTMAl Bt 8 Rismer pidhe KU Gl pipbnfly, ry | o
- T[j - Zj thaﬂ@ﬁg@hﬂ‘fa@a iPvefefudly0 b diifd ofdet pslymahiahisad. + 1 and x is a

spatial dinension. The spatial dinension used nmay be any desired di nension
including, without limtation, a distance fromthe center of the surface,

a dist ances in any ﬂl'tﬁ@ e'tl%{@lq(ﬁﬁle érgrgtleor%a %%%fﬂoﬂa%lqhé& a cartesian

coordi nat e’ system or t € radial 15 distance
fromthe center in polar coordinates. Al though, the nethod for producing
and designing the | enses of the |nvent|on may be used to design any | ens,
the invention may find its greatest &lllrty

T[2] =x,
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.

30



in the design of contact |enses. The design process of the invention begins
with a 20 description of an original surface shape by any nethod known in
the art. weaBwob4c1equUati ons for describing the surface i nclradajSonsdosout
limtation, conics, spheres, Zernike polynomals and the |ike, and

conbi nati ons thereof. The surface then may be converted into a set of

di screte points representing the surface by using the desired point

| ocations to generate the heights of the surface. Alternatively, the 25
surface may be described by reading disctete 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 secti ohis suffaee isuthiredivided irteahy omaberosf d&:@m&lssddﬁm TheYuher

determ ned based.on the order, of fitti 5 po nonmi al _and the nunber of
di screte poi MHSEHRASO ??HF%%%QJP?%E%S‘?T@?EP‘?CB‘PQSSQ ont ‘bféié’q‘lféh? fifjingt pe

geonetry of eachnsiariddiofe h§m95;i df'@l@s‘érét@;[)(glﬁ{sr{ﬁe@fn e %@é%?&ipt gg! ynom al .

The original surface may be divid 3-di nensi onal® secti ons
based on t heSubpeguently sthe ’gaveetnooflreclamtlou isndetfimed antbrink of ar€helfyahéwir i ng

nmet hod to be .used. A Chehyshev namal .is fit to.each of the
sections to %‘gi"@f’?hahlﬂfen@g‘% é‘l’ "fcc‘?l‘g %e‘ﬁglgﬂdf%f’ aﬁf)lIs ¢asiqnalsechensor i gi nal

surface shapgsédof g t§§&&f Rfacel t&%%eappfdxﬁﬁitb& bR HEM AR TG tPYe aNY
known met hod, such as by using commercially
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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avail abl e, optical design software. Preferably, the coefficients are
estimated using a 15 linear |east squares approach using the foll ow ng
equation:woo3fos4ex) _ a[j] T[j] wherein aU] are coefficient ecafusoressShebyshev
polynomal T[/] and n is the nunber of coefficients. One ordinarily
skilled in the art wll recognize that the coefficients 20 may be
transforned to another set of basis functions, for exanple such as y = a +
bx + cx2 + dx3, for ease in use. The coefficients nay be stored for |ater
use or used directly for interpolating new<tata points in the section. In
i nterpol ating new points, preferably the points are 25 only interpol ated
fromthe central portion of each section. For exanple, in a four point fit,
or afit performed using four points in the section, new data points are

i nterpol ated from betHe\eewepoiem@tQp@intt ay BOinWEp A ared Frbod ZnyPoribiboRhd9959 5

However, new data points ma poI at ed from? ortion of the
section if reqwsre@g0 ’Iélﬂ?ﬂ’f‘rﬁ ’&,’6 ﬁ%‘F‘H’Q‘g%Qe%B gﬁ&ﬁe‘%‘t"%ﬁ@é@ﬁtm
the fit regioh QneciyechifRe. %E%Egﬂmnyﬁﬁd REGLP 'e'? A8 s&Bdn #‘ﬁiﬂ?ﬁ L,Jﬂgcal fit

section is shifted and anot her fi erfornme e anpunt o for a
section is typi caother fit ;SmerfprrtmiJsThqcmmundloﬁmﬁ fmvaasdcapplsrtgpmaiiynl poinothus
adj acent 4 point_fit

ns.. ver | p|n be altered
from! point to Q{OVIdfng;C)?‘f?{ gp}glgg BP {95 é}aient pomt ﬁ%ﬁﬁBWéquafﬁef or a4
point fit secti @Verlapping may be altered from 1 point to n— 1 points to provide a 1, 2, or 3 point

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



10 In FIG 1 is showmn a diagrammatic view of a set of original data points
and points interpolated using piece-wise, third order Chebyshev

pol ynom awe aamsdsipur point fits. Topographi c data was us@dTium2/89989 set of
di screte points and a third order polynom al 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 wth the anount of overlap for adjacent
fits and the portion of the fit section frog which new points are
estimated make the nethod of the invention an extrenely flexible nmethod of
approximating the original surface shape. 20 Additionally, the nethod of
the invention provides decreased errors in approximtion of the |ens
surface. The i nveiat srclannkd ishe clarified further by a consideration of the
following, non-limting exanples. 25 WD 03/054617 PCT/ US02/39959 6 What
is claimed is: 5 1. A nethod for designing a |l ens surface, conprising using

_fli_[ pol ygfm al of the RaH@EhbPIHr dEfiddinig 4 lenskhdhce, c¥mpAifing fking apoBodiidl of tHd -
J -

equation:
T[1]=1,
T[2] =x,
10 . Thl=2xT[-1]1-T[ - 2]

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.



wherein j is the order of the polynomal + 1 and x is a spatial dinension.
2. The nethod of claim1, wherein the spatial dinension is a distance from
the 1s cwotenssi7the surface, a distance in any directi oRCTAISOABYIRY OF Y
coordinate in a cartesian coordinate system 3. The method of claiml,
wherein the spatial distance is a radial distance from the center of the
surface in polar coordinates. 20 4. The nethod of claim1l1l, wherein the |ens
is a contact lens. 5. The nethod of claim4, further conprising the steps
of a.) describing an original shape for the |ens surface; 25 b.)
converting the surface into at |east one set of discrete points; c.)

di vi di ng the surface Thetmetambpﬁ«elalmﬂ;ﬁmherwmm@mthaﬁt@pﬁot? conputing the
coefficients of the p ynom roxi i nal ap e f.or the
surface of each of tHe plu? é‘f‘f"f’? Oiatagiﬂg P’é‘ﬁgsmgﬁ sgt Oﬁl‘ﬁﬁcr%&pﬂ%‘{f tgf 5‘9‘%5,
further conprising e.) int@epafaei ng at | east one data point using the
conputed coefficients, wherein the at |east one point is in addition to
the set of discrete dib} nt sreamdsm@mmﬁrgw@sdmas@gsg 7 7. The nethod of

claim4, further conpr{sin ) n ta file
conprising a set of a‘:Lcre gldp tﬁ%g acgugga h%%ﬁ onflse m%s?w ace; 5 b.)

readi ng discrete poindy frempufiagdiad @effididits of the polynomlal that approximate the

original 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.



c.) dividing the surface into a plurality of sections; and d.) conputing
the coefficients of the polynomal that approxinmate the original shape for
t he surfawe whssath of the plurality of sections. 10 8. ThreTrsviamsof claim
7, further conmprising e.) interpolating at |east one data point using the
conmput ed coefficients, wherein the at |east one point is in addition to
the set of discrete points. 9. The nethod of claim7, wherein the data file
is a corneal topographic data 15 file. 10. Jhe nethod of claim8, wherein
the data file is a corneal topographic data file. 20 11. A lens designed
according to the nethod of claim1. 12. A lens designed according to the
met hod of claimB/. 18.lens desigvediesiogdingl taihe arethotgpftolnim® nmet hod of cl ai m 4.
25 14. A lens designed according to the nethod of claim5. 15. A lens

desi gned according to the nethod of claim6. 30 16. A |lens designed
accordi ng to thejgret hgdemf S92/ 39959 8 17. A

| ens desi gned accordi ng I%ode'?l %{ﬁgﬂ%%@?fe&b@ &g{gé}d A | ens desi gned
according to fhe nmethod of claim9. 5 19. A lens designed according to the

method of claim 11& A lens designed according to the method of claim 10.



