; e3ey{vvvwex. xbL{ 6{ T{OVe PROGRESSI VE ADDI TI ON LENSES Fi el d of the
I nvention 5 The present invention relates to ophthalmc |enses.

I
particular, th 'mmmm)rovi des ophthalmic |lenses with reducedq 6 JAN 2003
astigmati sm Bgml the Invention 1 6 JAN 2003 The use of ophthalmc
| enses for the corr.ggfé+on of anetropia is well known. 1 o For exanpl e,

progressive addition lenses ("PAL's") are used for the treatnent of
presbyopia. On the front, or convex, surface of a PAL, three zones are

provi ded: a d lﬂmmwmmmr)n zone with a refractive power suitable for

di stance vi si o sion, or add power, zone, with refractive power

for near vision; ao@ean int epMﬁ%%n@Bﬁwa gdi stance and near
I'ate

zones, with a refractive power for i nterne I stance vi sion.
I nherent in ophthalnmc |enses, such as PAL's, is an astigmatismintroduced
or caused by one or nore of the | eFmslkefithabosntiar a | ens astignmatism |In

PAL's, for exanple, the design.of the fro | ens surface typically is
constrained by thel ReREsEH! ﬂ%bv’aafé t‘éoﬂg ?lgﬂf:%nﬁﬁnénaﬁ‘a‘cﬁﬁr’é@% zone of

maxi num wi dt hin@@xﬂ%%r@&id@%ﬁh'ﬂﬁlﬁﬁ&l@ﬁd@?Witﬁtredlk@dl‘Qst%'ﬂﬁlﬁisﬂg the follow ng
conditions: f(x, y, z) is continuous; af(x, y, z)/8(x y) is continuous; and
~f(x, vy, z,)! a(x2, yz, xy) is continuous over all x, y, z. 25 Such a

surface inevitably introduces an,ast.i i i he |l ens. Generally, the
back, or concave, |ens surface gi?acgg#ogﬁ@oféh r%%{gnglg d to conpensate for the

astigmati smintrodTEegsetyf ophaniio lnsés ot ee@ofrdetion of ahReopiatByeRkaown.
contribute to_the lens astigmatism Rather, the back surface typically is a
spheri cal 18r Ferrexemply: prageessive addiion fegsesd 8" )ire sqdnfer thegrpatiaentPhce t o

provide the ‘é‘ﬁ%&lﬁ?@ﬁ. [ GioHgle et %9 c%&%%&rﬁk% gf‘a PALLthoc /0N Brvidildly s NUMDET

of | ens desi e been triéd to reduce ns astigmatism
distance vision zone with a refractive power suitable for distance vision; a near

vision, or add power, zone, with refractive power for near vision; and an
intermediate zone between the distance and near zones, with a refractive power for

15 intermediate distance vision.

Inherent in ophthalmic lenses, such as PAL’s, is an astigmatism introduced
or caused by one or more of the lens surfaces, or a lens astigmatism. In PAL’s, for
example, the design of the front lens surface typically is constrained by the need to

20 provide a distance zone and an add zone of maximum width connected by the
intermediate zone obeying the following conditions:

f(x, y, z) is continuous;
of(x, y, z)/0(x, y) is continuous; and
PH(x, Y, 2,)/ A(x%, y%, xy) is continuous over all x, y, z.

25  Such a surface inevitably introduces an astigmatism into the lens. Generally, the
back, or concave, lens surface of a lens is not used to compensate for the
astigmatism introduced by the front surface and, in fact, may also contribute to the
lens astigmatism. Rather, the back surface typically is a spherical or toric surface
intended to combine with the front surface to provide the wearer’s required

30 prescription.



“However, although the known designs provide sone m ninmal decrease in the
astigmatism large areas in the | enses' peripheries still are unuaq?UENﬂMf
to the 5 astigmatism Brief Description of the Drawings FIG 1 is a
diagrammatic view of a front surface of a lens of the invention. FIG 2 is
a plan view of a conpensating surface of a lens of the invention. 10 FIG 3
is a side view of one enbodi nent of the lens of the invention. FIG 4 is a
depiction of the radius distribution of the overall optical zone power if a
front surface of a lens of the invention, FIG 5 is a plan view of a
conpensating surface of a lens of the invention. FIG 6 is a plan view of a
conpensating surface of a lens of the invention. 15 Description of the

: nvention and its Anehenbedf e ddiiprstiave bben tpied servdutalennistigmatisiavi des
enses, as well as hods for their design and praduction, in which |ens
astigmatism @W@W&ﬁéﬂl%ﬁﬁgww&%w R9Vidneoras el QeArTaE BNBT t he | ens,

i s reduced. EQy; d i i 5 1 . " - s" Is
meant any opﬁ%ﬁ%@ﬁgﬁﬁﬁgﬁgg#ﬁ%PﬁgFﬁ%sa%F?ﬁgﬁggfFgfggfwgﬁéggggggggfe | enses,
cont act | ensestigmatisnaocul ar | enses and the |like. Preferably, the |ens of
the invention is a spectacle Ilens and, nore preferably, the spectacle |ens
is a progressive addition lens, or a lens in which one or nore surfaces

provide zones with refractive messiiptioidfehd Dfavilhgt ance, near and
internediate vision. 25 In the | enses of the invention, reduction of |ens

astigmatismis acHilévéds byiagrmmiticviewmpe fioat suitpce of 4 keve of hatinwohipensat es
for the astigmti S 56 oQUECTDE L DSOS RES &fa LNEARDSN YD

surfaces. By "conpensate” " 1's nean ens asti gmatismis reduced by

about 15 percent dFIQ@BEa4 eide vizwedfsmEmbodhedt oPthepaisa e idOertiongr eat er
nore preferably about 35 percent or greater of the nom nal add power, or

desired add power ,FI6k 4@ derigtion ofithe fadivs shgabutioniof theRverall tcalAong onpri ses,

power if a front surface of a lens of the invention.
FIG. 5 is a plan view of a compensating surface of a lens of the invention.
FIG. 6 is a plan view of a compensating surface of a lens of the invention.
15
Description of the Invention and its Preferred Embodiments
The present invention provides lenses, as well as methods for their design
and production, in which lens astigmatism, or the astigmatism caused by one or
more surfaces of the lens, is reduced. For purposes of the invention, by “lens” or
20 “lenses” is meant any ophthalmic lens including, without limitation, spectacle
lenses, contact lenses, intraocular lenses and the like. Preferably, the lens of the
invention is a spectacle lens and, more preferably, the spectacle lens is a progressive
addition lens, or a lens in which one or more surfaces provide zones with refractive
power suitable for distance, near and intermediate vision.
25
In the lenses of the invention, reduction of lens astigmatism is achieved by
use of a compensating surface that compensates for the astigmatism introduced by
the one or more of the other lens surfaces. By “compensate” is meant that the lens
astigmatism is reduced by about 15 percent or greater, preferably about 25 percent
30 or greater, more preferably about 35 percent or greater of the nominal add power, or

desired add power, of the lens. In one embodiment, the invention comprises,



1 6 JAN 2003 consists essentially of, and consists of a | ens having an
astigmati sm caused by at | east one surface of the lens, the |lens
conprising, consisting essentially of, and consisting of a front s 4@

and a conpensating surface that conpensates for the 5 | ens astiéﬁhy ﬂﬁFThe
| enses of the invention may be made of any known material suitable for
their construction. If the lens is of a honbgeneous conposition, neaning
that the lens material is of a uniformrefractive index, the conpensating
surface may be the 1o back surface of the |l ens. For exanple, the | ens may
have a toroidal, aspheric conpensating surface designed to conpensate for
the astigmati smintroduced by the front I ens surface. Alternatively, the

| ens may be rashbislsayengally éfhendcaibrrothilag Rvingaastdmitehvessed heatf ront and
back lens surfaces. Thus, in another enbodiment the invention conprises,
consi sts essdRtst ang surface ofthe lensnthe dens compgsingreonpisiingessaiafx b gdt i sm

d by at f t t
casential 1y P ainE 00 BN Becind oo S pink BR iMool AR A PR B85 1

conpensat i g lsnw dstigmatikrat conpensates for the lens astigmati sm The back
surface 20 may be of any desired shape such as spherical, aspherical,
cylindrical, or toroidal. The lens of the invention is produced by the

net hod conpri si ng, Tl%leﬁde%fﬁﬁ 11%%%68& hﬁwb)é nfide o@ﬁﬁym Ribichdl QftablBgorSt €PS
of: a.) dividing a front surface of ens into a first plurality of
segnent s, eadhembonshec@cbmrléthetlynsas ogegmang@eoms eomposiop meabhgthattheor a
tenth order erni ke.coefficient efine .a geonetry
for each segnin mRgiIiEBL S e e FaRRSIRGS s BirpRidint ndeceiadE  ng
surface diyi dedk sidfatedfARCIeN Frkahi I%:)lth@ﬁenﬁﬂﬁa?ﬂfa 6 a @rofiak lagghefibi t abl e for
a tenth order x, y polynomal with Zerni ke coefficients to define a

geonetry for cemnwgeémfaceaw&lg@eq togemPEREtnigr theeastigmplésne Htioducesdyithee to
reduce the Iarl)o} isgimtd sm 30 1 6 JAN 2003 Al though, the nethod for
produci ng an esrgnrng the |l ens of the invention nay be used to design any
| ens, the invention wll find its greatest utility |n | enses that have an

astigmatism produtk:épg sur ace, such mrl;ﬁb S % era in PAré’ s 5this
surface will be t r%th‘fe%ﬁl?q‘lﬁ’&sem% \ aysee HWSQE aC%s wel | . The
desi gn pr @gesstwéent the Hof /1A HAER 1AE Sinfi el Tltfhsauh{?lbﬁﬁr emBBdgicAN@E description
of the front surface by any nethod known in the art. The front surface may
contain the duwmilourceslpneﬁfucmdtsmselmaﬂ%af andicorsist ofiadens having ati st ance,

near and 1o int.ernedi ate %k’ iones thefglﬁt1 di.at e vi sion zone having
2ar adual  onamemiiet St by oCeRE BT Surrdsh e b B LB AR S lsRiBRe “ai st ance o
the near zoneonkistiddlesseHtRHSBY, amawsﬁuistm@,oftdmﬁtrsﬁﬂﬁcesb.lbfuﬁ@@rrfaﬁe @hdided, or

segnented, into a nunber of segnents, shown in Fig. 1 as 101 through 125.
The geonet ry C@m@a@vngsue“wﬁéﬁtcowe@s@fw@dhr keng étir&;mélﬁma Therhagk griee x, y
pol ynom ag gfqér}é/ed ﬁ’&ﬁlfa &lthSs sgiei ﬂuﬁgga alert&’Sgﬁ‘?nts IS
det erm ne t he tot area of t ace € maxi num ar ea

that can be covered by each segnent One ordinarily skrIIed inthe art wll
econ ee Tha U5 Nt I B S PIE e S oSS S
essentially of, and consisting of the steps of: a.) dividing a front surface of a lens
into a first plurality of segments, each of the plurality of segments of a size suitable
25  for a tenth order X, y polynomial with Zemike coefficients to define a geometry for
each segment; b.) providing a compensating surface the compensating surface
divided into a second plurality of segments of a size suitable for a tenth order x, y
polynomial with Zernike coefficients to define a geometry for each segment; and c.)
optimizing the compensating surface to reduce the lens astigmatism.

30



20 consideration of the maxi num area that can be adequately nodel ed using a
single, tenth order x, y polynom al with Zerni ke coefficients. Thus, the
maxi mum area of a segnent may vary from for exanple, the diStangﬁ%EﬁM@m
zone to the internediate zone. 25 The coefficients of each polyn e
conputed to provide the desired power profile, to mnimze astigmatism and
to provide sag, or depth, across segnent boundaries, and the |like. These
coefficients may be conputed by any known met hod, such as by using
comercially avail able, optical design sqftware. 30 1 6 JAN 2UU3 5
Referring to Fig. 1, the x and y coordinate axes of the front surface are
ort hogonal to one another and tangent to the lens surface at their origins.
The sag of the surAldeaghzhe nethodrfpeprddumgand designegthe lenp bfithe. inWidmgion ent h

order polynom al. may . be 5.0bt ai.ned by any kno timzati rocess, such
o The’ use o BIBFFS SR oH 155 P et AndRs efpbal B BRERT “uil)
depend on t hep WG adtoRaBom Podud gk fa&l) SuhORFATAE NGendlefly, #h PAIF §1©
boundary conditions of each optim zation task. These boundari es i ncl ude,

wi t hout |i5m tlais iserfiaceswidl bertbe Sbniparfeem birhmpy betheack suréicgabwellng zones,

m nim zation of Zernilce coefficients, variations in power, and 1 o the
|ike. By placing a | arger weight on any given constraint, optimzation is

directed towards tTatdesigh@edcessuiithemaemion, begirs edttedthred diendomatas ed
astigmati smnmay be obtained if the sag contjnuity constraint is reduced.

The sag mi sneesgiptign of theczent swifdcepy wrmgthad knoymenle arh Thedeont pyfacesur f ace
15 of the le | i IPATT ARG5S ut
0.0l m crons%aféoggﬁaﬁ?tﬂggb \ﬁt?V %%r%reﬁlﬁ\ﬁ;éeﬂ;ogﬁgﬁ are usdelgﬁléélqrg?gga{lg%gl\%rl ng a
circul ar ar eantefm&Batevision zomds, tlse inGemediatel wision heneflawimg asgradwat ehdnge def | ned
in ternms of a pase spherical surface.20 with sufficient power to provide
the desired dFEFCHYEHOVELRIGRS albPYeRAth fAm t%d{sm}c%gst egf‘?ﬁ@g’é&i s added the sag
corresponding to the additional power desired at each point. It is a

di scovery of the invention that the use of a polynom al of an order |ower
than the tenth prduitlepresenpoyentiag therfront serfacalisdivided, orsegmentsd.dvieray t hat

pol ynom al s of an order hjgher t.han the th ar bl ematic i hat they
are difficul t™ e’bﬁfsfewg Sa%l?w%ni:né%u}ialselbi%?g% gzrs(')ﬁgl E?m%)tp ?:f(h)%lﬁht ations.
A conpens@d i nggratiiadefined ih l@ihs PF @ véntleckded ey solymaniabdith Zesiiltd ace i s
divided into a nunber of segnents as shown in_ Fi c% 2. The_ nunber and
geormetry of toReflisigpie nthe IEI0eE OHEANes A SeEMes, ivdeteraungd yrdividing thedotag 1

6 JAN ?UUS  ,rea of the surface by the maximum area that can be covered by each segment. One

ordinarily skilled in the art will recognize that this maximum area, or segment size,
will depend on the portion of the surface under consideration and as well as a

20 consideration of the maximum area that can be adequately modeled using a single,
tenth order x, y polynomial with Zernike coefficients. Thus, the maximum area of a
segment may vary from, for example, the distance power zone to the intermediate

zone.

25 The coefficients of each polynomial are computed to provide the desired
power profile, to minimize astigmatism, and to provide sag, or depth, across
segment boundaries, and the like. These coefficients may be computed by any

known method, such as by using commercially available, optical design software.
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The purpose of the conpensating surface is to reduce the lens astigmatism
to by about 15 percent or greater, preferably about 25 percent or gagﬁNgﬁﬁ
nore 5 preferably about 35 percent or greater of the nomi nal add p

the Il ens. The conpensating surface is defined in teens of a base sphere and
poi nt by point departures fromsphericity required for the conpensation
desired. The geonetry of each segnent of the conpensating surface is
defined by a tenth order x, y polynomal with Zerni ke coefficients

determ ned as described for the front surface 1 o and using an optim zation
process, such as for exanple one that includes a ray tracing task choosing
a certain pupil dianeter, and then neasuring the size and shape of the

i mage on an i nage Emﬁﬁxgeomgastuha&taﬁd yivebaligaté vees@fthefrabidacesiar t ed. The

conpensating suyrfa is then optim zed sg that t e lens astigmatismis
reduced. One Bt H’éar it gneaqot qreéanﬁ* Hoge t%lﬁ’ﬁ LGSy spr %ec%élf*ﬁ“z@‘&‘ﬁsa%gﬁénber
of optim zatipg &%w% RMLrkOHehe yBidge. Fhe ki i$nddiapfadlect osed
in "Ceneral Cptfcsc%nd t S?gn E$ guroa ?% angﬁﬁﬂ?n ?g,
Oxford Uniy. dhtassd By me@npmtmn@dodess,euah dsythe es‘eelfcenmmercmly be used.
For exanple, trial functions be co |ne t front . surface 20
Georet 1y and SOPTACASIORS oMk AT eRe bPor BN bar o BN TRRGR: g t ne
astigmatism phb %ﬁaxslc%ﬂstms B@ﬁrﬁﬁgﬂemﬂdd@yc&mldfr@@mammszdﬁch as the
use of optical design software and the assigning of appropriate weights to
the Zerni ke ded fThesehowndaties inclode, vothoaskimigatian, ses and slepereaniimatiss withe

L Zat o e R R £ Y5 il O 8 ARG S bnt DeMig 4 2 "
poi nt opti m2| eac npensati ng surtace se rent ausl hg ‘a ner’l

function thatthé lige. uEgzsalacmgﬂaﬁguﬁbvbigw@fargpgwersumtraht bpmizatgeispliford as

wel | as the Zerni ke coefficients nost di rectlg controlling astigmatism
Addi ti onal cdA¥erdsithatobierk I argyamprlent sceBYNLHILR Hecrersga Astigatish Brobocol |
such 30 as p ydinates, and prism The sag
of each pol y(r)%bﬁlg g?he{%g(é%%ﬁﬁlgg OﬁSt?aﬂgééc/ﬁgg%rrent may be such that a
di sconti nuous of 1 6 JAN 2003 conti nuous conpensating surface is forned.

By di scontinuous ig neant. th e m simat ch bet ween. s S s about 2
m cron or greater. ﬁ§ysa§ r@gﬁgﬁl}g@gcgg uété(e qtge%%pepﬁg?rtggg) %‘H}&Fﬁh is

| ess t hanjabqyftmelent 6f ﬂh@ $nvehtied ﬁfe@é?émy rdhgEPHinHBBHIS) B bl ROEmiGons eAl-

Qt her constraints may be placed in order to ensure that the slopes of
power, asti griatal gfrswemdﬁmzcsmrsaneelsed)mﬁlgubweacg@§§0@egmmof2fomndm| es. The
conpensati ng gamgace is designed to provide either or both aspheric

radi al ly synne ric and radially asymetric corrections for the radially

symmetric to and radially asymmetric astigmatisns of the front and/or back
surface. Alternatiyely, the conpensating. surface if( desi gned to provide

aspheric radial |y a8 thedranbpyréceiindrdinghin rBaeka baespaicpkswiRes t o
provide the ragh &likieRy Bt FrooRietREdsRBS distncd Olsfo}ﬂ%oh'@&%n()fﬂg B HEesent
invention, if atoric correctionis required in addition to the nultifocal
add power, t hephbmckaddedfthesagabrresponding o ﬁmsﬂdmenwm@ddwmeﬂ at ¢eshiponitc axi s

at aspecifl a | ar or tatl resp o th i di onal .
M thi o case I Priediadiyst Rt Ryetprthisded SRRTE nebeitfl et nulef Bt TE s ace

because, the thaedntlsproh s a padyeEmBiitaiti Qbﬂscﬁfim@@ﬂfs@bi'éi’ylt}fa%ol jaBsSdflagmat i sm
20 Thus, in such cases, one or nore conpensating surfaces between the front

and back sur feiéer tighsyithn the tentif are peoblapaiicas thag they iasdidiznmlida satimezs. andn an
enbodi nment,, of . é\ﬂ?eﬁ’ x%ﬁfeph hﬂé’reorftcbfﬁg tahidigs, compensating surface may formthe
back |ens surf % 3 CPCRE PR of any coatings, provided that no
25 toric correction is reqw red The conpensating surface may al so be

provided with radially s W7Etrl eric corr tlons to.mnimze spherical
aberration and fur ?‘llpFI{?ﬁ“"ég/@“ bﬁgﬁfb@io"{dfi %c%‘PB‘?lﬁ%“}H Sg,lrglﬁ Bl ed in the
art will recogpige idhatnubiber émgﬁeﬁ& al HRvEORIGE AL Tﬂanmér%@ sgwlétr_@e
determ ned by whether that surface 1s being used as the back surface of the
l ens or a surdfeth@sdglneatsrmﬂi@deeemdfas(fmtthalﬁun@mrfaa@k sur f ace. 1 6 JAPJ
Q03 The 2€Ck surface of the lens of the invention is provided by defining
the surfa interns of two radii of curvatures, corresponding to the base
and tonic 5 curves as well as a radial aspheric conponent that is defined
internms of a conic section. The back surface is designed using segnents
defined by tenth order x, y polynomals with Zerni ke coefficients, as in
the case of the front and conpensating surfaces. The base curve of the back
surface is selected to provide the spherical correction required by the
prescription. In addition to providing the correct spherical




10 and tonic powers, the back surface may be aspherized to provi de higher
“order corrections of the Zernike coefficients, such as the third ordEer )
correction for coma, or the fourth order correction for spherical 16 JAN 2008
-aberration. It is known by those ordinarily skilled in the art that the
quality of the retinal inmage is significantly affected by aberrations
arising from hi gher order Zerni ke coefficients, in addition to 15 the | ower
order coefficients controlling defocus and astigmati sm The |ens of the
invention nay be made by any convenient rgethod. Preferably, the lens is
made by fabricating a |l ens that has a front surface of a specified geonetry
and a conpensating surface with the desired geonetry. The 20 opti cal
material used to formthe lens of the invention nmay be any nelt processabl e
t hennopl asti c resi E i ncl udifng wi thout . |i mﬁt at.i onggpgolhy(far bonat e, of

bi sphenol - A, or a tRePHBeOHRSFHIPIRSNEFHECSS fh ¢ PR TR BHYIE Y1 ene
gl ycol bisal 'b\gl abeg p?fi\ﬁ&é_‘i‘rt or Ex%aﬂ&?,tp%fbﬁblyr%%utbﬁ ﬁé?ééﬁ?@r bfdhRr,3ndgNs by any
known mnet hod, “such as i njection, conpression, or cast nolded, or a

conbi nat i oh tpvefierbly, ahesit Afyperognt oo greater efithemeninal 28d péwerndfythelens.dicon. 1 n
the case in which a back sur.fgcfe .S grovi ﬁgg i n gddi t('?]on. Eﬁbét he

conpensat i ng SSTRFRRENE SHEAGe AR LeThed 1 5 PRE G5y PAAS *RABRI RePREY.
Preferably, alepaires Fom!dpBéridiy réqlifedtor thdchbpensatich desr@dPTRS pédnidnisel f ace
with the desired 30 geonetries, is placed with its concave surface in

j uxt aposi t i orfagh segment ohibe campenseties susfage Higlefined by a testh oxdeek ¥ s desi gned to
provide the ggﬁ'l{o%%a Z3 ac%gffﬂ:?e%@ée(%é’t%‘mined]%s%esjd%ﬁ‘g? 2898 ﬁgﬁtrku?%céa

toroi dal, as ericc aurrace. “fhe Space between the preformand no IS
filled W th andesingeni optibligatior proteyd)swdh asSort dxampEodnenkatiiaeidddsa rapr m a
rigid, adherent 5 |ayer permanently attfached to the %re_f orm ,The angul ar

y
orientation DECHEAsK shoospg aceiiain PraY dgmeter Andithen megsyring thersizeandng ¢ he
toric axis of adi i kP Aty 0ol i.aation
so that the ts(})l% Co%@{:?n?%%’o&?ﬁ I?fsljgg?ﬁ t ggggs?irurc{gg gﬁreglt%g ngﬁ%loﬁggawgg'ef erred
enbodi nent, tHe dvaglensaing auvfageriothcd @ptimded so that thedens astigimetism ad tethenegh one

ordinarily skilled.in.t rt wmll recogni.ze . that it .is possible 1 o to add
any desired &%@ermsr@@ lﬁél_lesiﬂ* W&EE“@%EB%‘? t[l}étsantyd'xumpgr B_g IiZp40 e. In an
al ternati ye efibadismeivwnth thd'at,iab Y& tika@ple thodedRloskd i T GeHeATOphatnd S
bounded by the front surface and the conpensating surface that is

h .
fabricated ofOrffradPerignl PrRauseuligiand . MapPennld, xfard Pni. Prgerell 99PMeani ng of a
refractive i t 5 [ |l e materials include, wthout
limtation, ggﬁgﬁg{abegr?aekegﬁﬁ% ﬁ%?rﬁ%%et’ 31r%lgt%grulga's i ncorporating high index
nmononers, such as styrenes, 4-vinyl anisole, divinyl benzene, acrylate and
nmet hacryl ate term pated non]aéﬁacont ai ni n r.oerérfti C m)g(eti es. such as
al koxyl at ed bi spheffJ|AN n%‘_—a UQRSRFX,PEFomdL _‘i‘ﬂﬂéfh? ‘E‘rtrsﬁ‘r 3ed aromatic
pol yur et hagesseoffcAyBhl %F%%Hﬁj@ﬁﬁniﬁﬁzetthgzmcac%Efﬁqié% &ntdlIfgafe SUCh as
aromatic pol yetherS§, polysulfides, andﬂpol yet heri m des. A second | ayer
bounded by t restigoafiens @plimization fnaydepnefornes yaay knows methedisuch as the ovi ded
that is fabricated of mat erd al _ w a_refractive index. L ess than about
157, The"or rrerbAegee el sl Md Be RolanidSiapFon e Be IRy o't ace
wi || depend arerhike coefficRh8NER contrdlstigiBitisat t ANe@nhtivdlg else cftintiagtidne | ayers.
The departure from sphericity, 25 as neasured by sag requjred for

conpensat i on, 2NFYER Y EXatiNg ¥ ¥pAge NFRCGS Al HheeeyE Fotallen BRIy QRimizEcadh of t he
| ayers. 1.t j r I . i i ma
yers. 1 Bs h&nﬁﬁ@?ﬁ%@%@ﬁgg&%@ﬁg@ utsﬂ'lg afxﬂémlfﬂﬁct%%%héﬁﬂclﬁcﬁ&ﬁﬁﬁgeg@# i f may

be provided by t ront and conpensati ng es and
the toric povepot sinyatithe pnapeipleds bywehes theyZemikecredfitiynts hestdinggdlysat i ng and
back surface. The difference in refractive indices used prefer ably 30 is
the maxi mum t$OINEASTEPHIB e consi dering the material sel ected and the
need to mnimze interfacial reflection. 7 6 JANZ2W03 io

Additional constraints also may be placed on the organization protocol, such
30 aspower as a function of x and y coordinates, and prism. The sag of each

polynomial at the boundary of each segment may be such that a discontinuous of



As an alternative enbodi nent of the lens of the invention, sone or all of
the conpensation desired for the conpensating surface may be incorporated
into the 5 front surface. The back surface is fabricated of a nat&fiHN 2003
having a refractive index of at |least 1.57 allowing the reduction in the
difference of refractive indices between the two layers to be less. Such a
| ens may be foaned by nolding, casting, or grinding the front surface 10 of
an optical preform the geonetry of which provides sonme or all of the
spherical and add power desired. The concpave surface of the preformforms

t he conpensating sun face, which surface 1s nolded, tasted, or ground to
provi de the desired conpensating geonetry. The preformis of a materi al
havi ng at | easintiaudusconpehsatiagiswdaderisl formed. hBytala’aackntir&mas sunéamc ehat thefsag ned on
the preform by, an convenl ent 15 nmeans ref er abl provi,di a_nold and
ol yrer | 21 ng. SaS OGRS SCEMEIR LB ALe RGN oh Ve BY 8 COFERAS S Face  and
the nmold surfageanfiiat thehiBmh@h ield U éﬁb‘é%rﬂl&oﬁ@'lﬁx‘é?&é’ol?% StihfoRr ovi de
the desired difference in indices between the [ayer bound by the front and
conpensat i Ag sufacatseusathd Otlieatostraimngs gy bhplacﬁmp@m@tm nrgsusmtrhfatat@e slanes ethe
back surface of the anot her..al ternativ nt of the
Thvent on. onte e TRAEEIAE S BHURTH G SOp oL Atrs HERE L PEREe t he
reflection fromthat surface and provide correction for chromatic
aberration as shown in Fig. 3. Referring to Fig. 3, a front surface 31, a
first conpensati ngwaqms@mg sipfgcesis sengnrd t@@rﬁ)@f#%@thehgr bath esphedee 33 are
provi ded. Bac ed for
t he second conpené’ ? h?ne%rlc B{cf)r\ég%ﬁiﬂ%h&n%?é%?&%h? fbrﬁl:g'xgada &%&Imqeﬁyc(s:

di sper si OﬂOOmeBnatiﬁ.llyfaa)tmmfstrihhetlgfﬁitﬁlimdfthﬁi@ﬁhtfaﬁd/of beckfsurfate. conpensat i ng

| ayer 32. Suitable |als usef ul correct for chromafic a erratlon are
maderial 5t hatAPHEBFSrias BRI rfgg ’§tdF8%qd}°é’H§6ﬁlep%ﬁPb%ma’Ea Rd¥r

infra-red wavgl engifs céﬁ‘?éc‘n%né&d‘é% I’ll%u}fhéetlb ﬁséartogﬁ)\@(ﬂgﬂhE?Adlﬁgﬁs?ﬁrﬂﬁétﬂe In

t he visible wavel ength range. es o ~ r~ zoos 11 su materi al s
i ncl ude, wi t hcarteckipnd.t ati on, napht hal ocyani ns exhi biting strong Iigand
filed absorption in the 900 to 1000 nmrange and d2 to d4 netal conpl exes
with near infra-red ligand filed absorptions, ~, Fe2+, Co2+, N 2+ chel ates,

and the |ijke. 5 Prgaf@eadsbf tHEreschhiaer?iog, ﬁ@@&%&ﬁfdcﬂ&ﬁ%(ﬁlﬁfeﬂlhs used to
correct for chromatic aberration. In yet another alternative, the

constraint predidemiy thamuiiifacal add pywerethrdesk sufase ehthedensrrawst be placedhe
conpensatin f rther
Feduce: asti grain ¥ BrRtisaEs SRR ntRlaY o ETKELA AR, dreBritPical” |

resul ting sagmetidoaal iInthis yasdos comperisatinganizee eannunfacmehd th’ebalclevel of

prismjunp by a t|n the ts attached . to the mi nim zation of the
pri sm di scont i CF?? IT%I‘?\E ‘qurﬁa’i%l"ctlpbqyl‘ffr‘ﬁ’&@segsqmplf?r ltzﬁﬂ%aﬁﬁg’eaﬁﬁ nui ty

is equal tp OTllﬁﬁﬁs&H%QseéQﬁiétor%o?e gbrRpdrRhting s%?faéé% béeBlecdtBd h6ft Matae ment,
one or nore compénsating surfaces are used, all of which surfaces are
continuous, dswtsaprovideall ofghe lenspstianatismivempensation. sti || anot her

enbodi ment, the conpensating surfaces each are conposed of continuous and
di sconti nuous portions. 20

In an embodiment of the present invention, the compensating surface may

form the back lens surface, prior to application of any coatings, provided that no

25  toric correction is required. The compensating surface may also be provided with
radially symmetric aspheric corrections to minimize spherical aberration and further
improve image quality. One ordinarily skilled in the art will recognize that the
shape of the compensating surface will be determined by whether that surface is
being used as the back surface of the lens or a surface intermediate the front and

30 back surface.



_The invention will be clarified further by a consideration of the
follow ng, non-limting exanples. 1 6 JAN 2003 12 Exanples Exanple 1 A
front surface of a lens of the invention was designed by dividing a @23z
di ameter surface is divided as shown in Fig 1 into twenty-five segnents,
101 through 125. Each segnent was defined in terns of the tenth order,
Zerni ke polynom al set forth on Table 1. The weights attached to the

m nim zation of sag discontinuity at the segnents' borders were adjusted
until the sag discontinuity was 0.01 microns. On Table 1 is listed the
coefficients of the tenth order polynomal to used to fit segnent 101. In
Fig. 4 is shown the radius distribution over the overall optical zone of
the front surface. CodeV, a conmercially avail able optical design software

avai l abl e from Optjcal Research Associ ates, Pasadena California, was used
to nodel the opti cH®B3ek Feanaod dhedens ofithe Byentionds arayidaddyidedngdhe al ues as

needed in or - - f . ) 00 di opt er s
to 1.75 di opt%ggfg{:@lfggﬁ}%%ﬁe& ?‘?amu%eg cotrBoRily ROWR babd AT 16ril

Ter nCoef f i £i enmtrviesran®etfaf iacadial shpheriCashiponérs tha? i OGFBIEd dud¢rms of a conic
y-1. 3287E- 08X- 5. 71%4E- 14({1.5&’;627 -02X y3.2104E- 09x é- ld &8‘[05&_ 13- 3. 2144E- 04X
y- 2. 1453E- 08Xe§11o0- 4 g hpekisurlaco isclenigpe scg@ignie dgtined by tenth order X, y

y2. 1387E- 13y-plyiftasilts QAdr Aerdtkd 36efBiBientk 2as3A &¥eatd oflthe fbAEarkibcodapehbitfapl 1X
y- 1. 2660E- 13X y- 4. 6118E- 05X y1.5823E- 10X y- 2. 1756E- 14xy2. 8283E- 06X

y1. 4535E- 11X sprfaces1 dbe baspcuwryveaesfbebadsurfaceria gglected o provide shemphericpl 6537E- 07x

V5. G116, 06, P ABE T BeadEci fnagom ROy le et spherical
Y1. 0258E- 1dy GrdG3EpSets Ghd BRXEuiR% My BEAPRerlZdko PRATE MgheryordordBI4E- 11X

y-5.3647E-14x y1.2154E-07X y-1. 2730E- 11X KZ. 8809E- 14X y1. 3703E- 09X
y- 1. 0932E- 11)¢oyegtiansgf theiSornife cogffioigpisgsugh ps thy4lwdordexcorrection for coma,

y3. 9563E- 14Xy, - - = 2 BOE1 7= 08X

y4. 7034E- 11Xy°4*B%%ééﬁfg@f?}g%ﬁﬁéﬁﬁﬁspé@%%5%@%@@ %'é%ﬁo‘ﬁﬁy 5}?‘%?1025 09~y~I
-1.3198E- 12 or@inarij/AKilRd0Gn 118 dExthapthe qRalBy Bf dpe ré&tinadl imageriatigpifichetlyx and vy
coordi nates of_.t segnents that constijute a.conpensali.ng surface of the
Covent o, - sarelte b E0geni e Ao SGRhiebelcFed ABRRE o Bsh it e
channel Wi h tfe v @rde? 08eftitichRRoAPNARE Ebciamii Bfigmaaaient 52 is the

di stance zone and is left spherical. Segnment 51 is described by the tenth

order polynom al set forth on Table 2 obtained by optim zing this segnent
for mini mum 1 0 ast YRt 4L AGnRSShe) BBRSPAEY dorfbniBh AaRGE Surface as
Preferably, the lens is made by fabricating a lens that has a front surface of a
specified geometry and a compensating surface with the desired geometry. The
20 optical material used to form the lens of the invention may be any melt processable
thermoplastic resin, including without limitation a polycarbonate of bisphenol-A, or
a thermoset resin, including without limitation diethylene glycol bisallyl carbonate.
The material may be formed into a lens by any known method, such as injection,

compression, or cast molded, or a combination thereof, using any convenient means

25 of polymerization.

In the case in which a back surface is provided in addition to the
compensating surface, the lens may be formed by any known method. Preferably, a
preform, that is a front surface and a compensating surface with the desired

30 geometries, is placed with its concave surface in juxtaposition with a toric mold the

molding surface of which is designed to provide the desired back surface geometry,



optim zation protocol assigned specified weights to sag constraints at the
top, y = 10.0, line, second order derivatives using the continuity
conditions shown on Table 1, Zernike coefficients, and the spot siz¢ gofAN 7063
image forned at the inmage surface. The sag discontinuity with the channels
segnent 602 was maintained to a value of 15 0.01 mcrons. On Table 2 is
|isted the coefficients of the polynom al devel oped to descri be segnment 53.
The wi ngs, segnments 54 and 55, are tenth order polynomals optimzed with
sag, slopes, Zernike coefficients and spoj size at the inmage surface. 20 25
30 ~ 6 JAN~uU3 14 Table 2

Ter mCoef fici ent Ter mCoef fi ci ent Ter nCoef fi ci ent4. 0730E- 03X-1. 1190E- 03x- 1. 7264
E-03-1. 1712E- 04X- 1. 2035E- 04X3. 5938E- 054. 4477E- 06x2. 9691

E- 07x1. 1208E—08 . 2584 Eng1 8916E- .12y 9233 02x 1.02 5E—0§ .

y-1. 1153E- o3>§“§ As 8 grailah psphs TIES&%%C?E g5035e etpeeh ey opmang ehodgisy 7

V- 3, 0455 08XiNeu ARARENIRN Ml 8898 hich Byndn g&gﬁﬁr&m fBerk § o, GBbferont

y1l. 9888E- 05X y1. 3878E-0 2. 6856E- 06X y2. 42 12X y1. 1505E-0

y2. 4296E- 10X lyzermzaaanﬂyw@@meﬁo OﬁwefgrnlﬂbEal@iar)msn@BmE@twsm the

y- 6. 1659E- 06X E- 07X yz2 15 4, 9346E:

y- 4. 6135E- 12y2 %%5;1%?‘ W%%&gg‘ﬁ“ﬁé %hé ’b‘é"%{’ 1Ok B
1. 0659E- 06X 179 &rizhByn do HaOHE AP 8EsQ 1
Y- 5. 169E. 08X @%%-OQ)I(MMI%%%E-M?(H 1&@% e e

y-9. 2168E- 13 %HE@BB@'@%-IB aguafpred grbodimsety Be-bpgiksyrfaze ppades pajy toric

V9. 0083E- 14- LRI PRt s RNy kg 4 B piilieeognize thatitis possivle

3970E- 14Xy6 5. 0%Adani Qysired@rdvktr By Bading bwfise sadtingktogthe backssusfaoenn a
di sconti nuous conpensating surface of the invention, or surface wwth a sag
di scontinuity exceedi ng about 2 mcrons. The spherical zone is represented

by segment 601 andLrFa{haﬂﬁﬁ{au@ngbbﬁﬁieﬁgoﬁﬂe HRBRMor L 8dr ZPREviddd a1l Segment
is spherical and the 602 segnent Is described by a t'enth order pol ynom al

obt ai ned by olpnundmibylgletﬁﬂm smégxmnd tlianonmemammgqsmsfaqegmms @brlaatcﬁb%@t i mage
|0 quality at _agn f.ace. opt.im zation 0, si gned

speci i ed woi kel PRREAESAER rerfe e i thing b3 S0 iR PATEs
order derijyat] 8®s Stitghl€ aterialsiiholude) Rahbitdfisitffon\balgeuredrRteathettasse | bed in
Tabl e 1, Zerni ke coefficients, and the spot size of the |mage formed at the

i mage surfacema@rlﬁiﬂu@ﬁqrporai@maehlahlwq@zs\mfmowrfeswwemé ViaE! 4es0de.i bed by a

tenth order p w %ﬁg t he

channel seg ms‘%tb mé’gg&f)en%%k%v&% Meﬁthggryo?egt Sljnglfgﬂ%a %&?z eta%l&g 6 JAN 2003

IS W ngs, 604arandti6 hidieties eudhodsi aﬂmxyhalted%sphpsolamriambzmﬂ dindrilavee agiyiaton t he
e to, a.nmax

sag constraint, all t he sag. di scontinuit ]
speci fied val GEBR! e%grqu%t}coquyu gﬁhﬂ“‘é upmas gp%#@ ‘frﬁ eW"PE’F“‘H@PlW&P i ves as
vel | as thg sgeand af!)%dtl‘é% @h%r@ lytsﬁ]ﬁdéeﬁ dﬂf& y&B&irhides. e)sltsécon-ﬁh%/ewe' ght on
prlsmcontlnwtyls rel axe toa owprlsm contlnwty upto ITB.XIme
| evel of 0. 25balindpd by the compensating surface and the back lens surface is provided that 1s

fabricated of a material with a refractive index of less than about 1.57. The

efficiency of compensation provided by the compensating surface will depend on the

difference of the refractive indices of the two layers. The departure from sphericity,

25 as measured by sag required for compensation, increases with the difference in

refractive indices of the layers. In the embodiment, some or all of the desired

spherical power may be provided by the layer bound by the front and compensating

surfaces and the toric power may be provided by the layer bound by the

compensating and back surface. The difference in refractive indices used preferably

30 is the maximum that is obtainable considering the material selected and the need to

minimize interfacial reflection.



10 ~ 6 JAN 2003 What is clained is: 16 1. A lens having an astigmatism
caused by at | east one surface of the lens, the lens conprising a front
surface and a conpensating surface wherein the 5 conpensating surfadeé JAN 2003
conpensates for the |lens astigmati sm the conpensating surface conprising a
plurality of segnents wherein each of the plurality of segnents is defined
by a tenth order x, y polynomal with Zerni ke coefficients. 2. The | ens of
claiml1l wherein the lens is a spectacle lens. to 3. The lens of claim2
wherein the spectacle lens is a progressiye addition lens. 4. The |ens of
claim1l1, further conprising at |east one additional conpensating surface
wherein the at | east wherein the at | east one additional conpensating
surface 15 conpensates for the lens astigmtism 5. The lens of claim1

wherein one of the at |east one additional conpensating surfaces is_ a
di scont i nuous sur f A€&" aBemativeembadiment ot ﬁzj las ofdbe yarmPRrae okl ol thet

| east one Suré&}ﬁﬁ%ﬁ&ti&rp@esir&ﬂﬁwr %ﬁ%ﬂ\ﬂ%ﬁ&tﬁggﬁﬁ%i @eiﬁm&&?&ra@éﬂriﬁ Gfeand a

di sconti nuous conpensating surface Wherel R the corfpensating surface
conpensat es f fonttsuefate nEhelsitck gutdedsifabhieated nf 4 ineteciehipement refigesvr hdee
conpensates fo he S,asti ti.sm the coppensating surface conprising a
o urals oy of Sttt b SAaupEing TSt SloninnRRERTe of Bfedig iafie tabvre
defined by a {@mB 18/efeio bele¢. POl ynomi al with Zerni ke coefficients. 7. The

|l ens of claim6 wherein the lens is a progressive addition spectacle |ens.
30 ~ s ~ar~ 2003

Such a lens may be formed by molding, casting, or grinding the front surface

—y

10 of an optical preform, the geometry of which provides some or all of the spherical
and add power desired. The concave surface of the preform forms the compensating
surface, which surface is molded, casted, or ground to provide the desired
compensating geometry. The preform is of a material having at least a 1.57
refractive index. The back lens surface is formed on the preform by any convenient

15 means, preferably by providing a mold and polymerizing a resin layer situated
between the concave preform surface and the mold surface. The resin refractive
index is selected so as to provide the desired difference in indices between the layer
bound by the front and compensating surface and that bound by the compensating
surface and the back surface of the lens.

20

In another alternative embodiment of the invention, one or more
compensating surfaces are used to reduce the reflection from that surface and
provide correction for chromatic aberration as shown in Fig. 3. Referring to Fig. 3,
a front surface 31, a first compensating surface 32, and a second compensating

25  surface 33 are provided. Back surface 34 provides toric correction. The material
used for the second compensating layer 33 may be selected to have a chromatic
dispersion opposite that of the material used for the first compensating layer 32.
Suitable materials useful to correct for chromatic aberration are materials that
incorporate chromophores strongly absorptive at near infra-red wavelengths while

30 having little or no optical absorption in the visible wavelength range. Examples o



17 8. The lens of clam 6, Further conprising at |east one additional
conpensating surface wherein the at |east wherein the at |east one

addi tional conpensating surface 5 conpensates for the lens astig @j
The |l ens of claim8 wherein one of the at | east one additional n%én@"t @1
surfaces is continuous. 10 10. The lens of claim7, further corrpr|5| ng at
| east one additional conpensating surface wherein the at | east one

addi ti onal conpensating surface conpensates for the lens astigmatism 11.
The |l ens of claim 10 wherein one of the g{ | east one additional
conpensating 15 surfaces is continuous. 12. A lens having an astigmatism
caused by at | east one surface of the lens, the lens conprising a front
surface and asuch maiteriadmisclmddrmréﬁwt limgatsan, haplshalbeyaring exlibitingspems Hgamig

sur f ace conpeeaceenam ipe vENS 1030 riiTRbeS A Bk Y e RoRPIES Bu e
conprising a jpktrad ll% ahdiled ﬁlﬂ%ﬁﬂfoﬁs T RPN @AG IN;Of chEﬁ%sPiﬂdrtﬁé llké’ of

segnents is defined by a tenth order x, y pol ynom al with Zernike

coeffici ent s. Preferabinanoreikangnecompanseinghifase is 4 to eareect for shipmpgicessi ve
addi ti on spect %ﬁla{? 5 lens. 14. The lens of claim 12, further conprising at
| east one adaatl onal” conpensating surface wherein the at | east wherein the
at | east one additi onal conpensati ng surface conpensates for the | ens
astigmati sm 30 16 JA~~ The | ens of claim 14 wherein one of

the at |east one akidfct ?ramlaﬁr a&teWﬁ@Yrsarb? REISH A BONIIING SAgiCOBUIHITYRFENESH 5 16.
The | ens of Cédzacggceglmwsto?a{e cﬁ)ﬂ{ﬂéﬁéﬁﬁhg%ﬁéceln@ﬁ%ﬁ &E@tl@%ﬁ&éﬂh%ﬁlm order

conpensating s erein the at st one t1onal” conpensating
surface coopendattis rédice btegrhaism iaghe gpgatensmlt is important to ensure that the

resulting sag discontinuity does not introduce an unacceptable level of prism jump
by adjusting the weights attached to the minimization of the prism discontinuity
during the optimization process until the discontinuity is equal to or less than about

0.5 diopters.

15
In yet another embodiment, one or more compensating surfaces are used, all
of which surfaces are continuous, discontinuous, or a mixture thereof. In still
another embodiment, the compensating surfaces each are composed of continuous
and discontinuous portions.
20

The invention will be clarified further by a consideration of the following,

non-limiting examples.



|0 17. The lens of claim 10 wherein one of the at |east one additional
conpensating surfaces is discontinuous. 18. ,A nethod for providing a | ens
conprising the steps of a.) dividing a front surface of a lens into e AN 3003
plurality of segnents, each of 15 ~ the plurality of segnents of a size
suitable far a tenth order x, y polynomal with Zerni ke coefficients to
define the geonetry for each segnent: b.) providing a conpensating surface
divided into a second plurality if segnents of a size suitable for a tenth
order x, y polynomial wth Zerni ke coeffigients to define a geonetry for
each segnent wherein the conpensating 20 surface conpensates for the |ens
astigmatisnm and c.) optim zing the conpensating surface to reduce a |l ens
astigmati smof the lens. . AFN AN2. A A ByandiiflesN\3. A°. A QY. A A A" . A3.. A3, . A
AU?) . AY . AA . A5~25, " z1r% w
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15 Table 1
Term Coefficient Term Coefficient Term Coefficient
X 2.9959E-04 X4Y*“ -1.3287E-08 X -5.7194E-14
Y 1.3627E-02 XY’ 3.2104E-09 XY -1.1805E-13
G -3.2144E-04 XY° -2.1453E-08 X'Y* -1.3143E-13
XY -2.6844E-05 XY’ 1.6867E-08 X°y’ 2.1387E-13
Y* -2,2985E-04 Y° -1.1813E-09 XYY" 2.9089E-14
X’ -1.2719E-06 X’ 3.1168E-11 XYY" -1.2660E-13
XY -4.6118E-05 XY 1.5823E-10 XY® -2.1756E-14
XY* 2.8283E-06 X Y* 1.4535E-11 XY’ -1.0163E-14
Y’ -2.3678E-05 XY’ 1.7491E-10 XY® -1.3631E-13
X -4.6537E-07 XY 4,0348E-12 Y~ 3.6008E-13
XY -3.9656E-07 XY’ 7.3962E-10 xX™ 4.6851E-15
X“Y* 5.6116E-06 XY° 7.6436E-11 XY 2.8582E-14
XY’ -1.5922E-07 Y’ -1.8914E-10 X°y* 1.0258E-14
Y* 9.4637E-07 X® -5.1259E-12 X'y’ 1.1640E-14
X -1.3593E-09 XY -1.4894E-11 X°Y* -5.3647E-14
X*Y 1.2154E-07 X Y* -1.2730E-11 X°Y? 2.8809E-14
XY 1.3703E-09 XY’ -1.0932E-11 XY° -4,3787E-15
X“Y? -1,1170E-07 xXy* 5.0458E-11 XY’ 3.9563E-14
XyY* -1.9973E-08 XY’ -1.8795E-11 X“Y?® -5.3160E-14
Y’ 4.2527E-08 XY° 4,7034E-11 XY’ 4.0808E-15
X° 2.1750E-09 XY’ -5.5050E-12 YWV 6.3549E-15
XY 3.3402E-09 Y® -1.3198E-12
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1109 () -1 cérg'gsﬁ%g(s)urf%gé&c%z thé Imvle;ltllon[ PS%glmer]iP 5? contains the optical center of
the optic and is the channel with a blend zone to the spherical section. Segment 52
is the distance zone and is left spherical. Segment 51 is described by the tenth order
polynomial set forth on Table 2 obtained by optimizing this segment for minimum

10 astigmatism and best image quality at an image surface as described above. The
optimization protocol assigned specified weights to sag constraints at the top, y =
10.0, line, second order derivatives using the continuity conditions shown on Table
1, Zernike coefficients, and the spot size of the image formed at the image surface.
The sag discontinuity with the channels segment 602 was maintained to a value of

15 0.01 microns. On Table 2 is listed the coefficients of the polynomial developed to

describe segment 53. The wings, segments 54 and 55, are tenth order polynomials

optimized with sag, slopes, Zernike coefficients and spot size at the image surface.
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X¥Y -1.1567E-04 XY -1.1316E-05 XY -8.3565E~07
XY -3.0455E-08 XY -5.9808E-10 XY -4 9098E-12
Y¢ -1.0978E-04 XY*“ -9.1776E-05 X“Y* 1.9888E-05
XY*- 1.3878E-05 X*Y*“ 2.6856E-06 X°Y* 2.4296E-12
X°Y“ 1.1505E-08 X'Y* 2.4296E-10 X°Y*“ 2.7402E-07
Y’ 5.9516E-05 XY’ -9.1729E-07 XY? -3.9879E-05
XY’ -6.1659E-06 XY’ -4.9.074E-07 XY’ -2.1523E-08
Xy’ -4.9346E-10 XY’ -4.6135E-12 Y+ -2.7018E-06
XY*? -1.0059E-06 X4Y* -1.8065E-7 X°Y* -7.8954E-09
X*y* 1.0659E-06 XY 1.4961E-11 X°y* 2.7573E-13
Y° -1.3605E-06 XY’ -4.998E-07 X“Y° -5.169E-08
X°Y> -2.9916E-09 XY° -8.5253E-11 XY’ -9.2168E-13
Y° -2.1353E-09 XY® -6.8412E-09 X“Y° 5.5626E-10
XY° 2.0654E-11 X0 3.1664E-13 YT 3.6560E-10
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X° -1.3447E-11 XY® 8.6794E-13 X4Y® 3.0496E-~14
Y’ -5 3970E-14 XY’ -5.0927E-15 Y -2.0114E-14
Example 3
5 In Fig. 6 is shown a discontinuous compensating surface of the invention, or

surface with a sag discontinuity exceeding about 2 microns. The spherical zone is
represented by segment 601 and channel 602, having an upper blend zone. The 601
segment is spherical and the 602 segment is described by a tenth order polynomial
obtained by optimizing this segment for minimum astigmatism and best image

10  quality at an image surface. The optimization protocol assigned specified weights to
sag constraints at the top, y = 10.0 line, second order derivatives the continuity
conditions of which are as described in Table 1, Zernike coefficients, and the spot
size of the image formed at the image surface. Similarly, the add power zone
segment 603 was described by a tenth order polynomial maintaining the sag

15  discontinuity with the channel segment 602 to below the value of 0.01 microns. The
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surface wherein the at least wherein the at least one additional compensating surface

15 compensates for the lens astigmatism.

5. The lens of claim 1 wherein one of the at least one additional compensating

surfaces is a discontinuous surface.

20 6. A lens having an astigmatism caused by at least one surface of the lens, the
lens comprising a front surface and a discontinuous compensating surface wherein
the compensating surface compensates for the lens astigmatism wherein the
compensating surface compensates for the lens astigmatism, the compensating
surface comprising a plurality of segments wherein each of the plurality of segments

25 is defined by a tenth order x, y polynomial with Zemike coefficients.

7. The lens of claim 6 wherein the lens is a progressive addition spectacle lens.
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lens comprising a front surface and a continuous compensating surface wherein the
compensating surface compensates for the lens astigmatism wherein the

20 compensating surface compensates for the lens astigmatism, the compensating
surface comprising a plurality of segments wherein each of the plurality of segments

is defined by a tenth order x, y polynomial with Zemike coefficients.

13.  The lens of claim 12 wherein the lens is a progressive addition spectacle

25 lens.

14, The lens of claim 12, further comprising at least one additional compensating
surface wherein the at least wherein the at least one additional compensating surface
compensates for the lens astigmatism.
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16.  The lens of claim 13, further comprising at least one additional compensating

surface wherein the at least one additional compensating surface compensates for the

lens astigmatism.

10 17.  The lens of claim 10 wherein one of the at least one additional compensating

surfaces is discontinuous.

18. A method for providing a lens comprising the steps of:
a.) dividing a front surface of a lens into a first plurality of segments, each of
15 " the plurality of segments of a size suitable for a tenth order %, y polynomial
with Zernike coefficients to define the geometry for each segment:
b.) providing a compensating surface divided into a second plurality if
segments of a size suitable for a tenth order x, y polynomial with Zernike
coefficients to define a geometry for each segment wherein the compensating
20 surface compensates for the lens astigmatism; and
c.) optimizing the compensating surface to reduce a lens astigmatism of the

lens.



