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(54) Title: METHOD AND SYSTEM FOR DETERMINING AN EYEGLASS PRESCRIPTION

(57) Abstract: The current invention is directed to a method (100) for de-

108

termining an eyeglass prescription for an eye, in particular through the use of
a non-transitory computer readable medium, the method comprising the

@:‘ﬁ[) ,// steps of providing (110) a measurement Indicative of the refractive proper-

‘ ties of the eye; establishing (120) an optimization space corresponding to a

{Provéding mesurement ndicalive of refractive i/% plurglity of possible e.yeglass prescriptiong for thg eye; determining (14}0) a
properties of eye merit function, wherein a value of the merit function corresponds to a visual

i function of the eye when corrected using one of the plurality of possible eye-

[ Estoblizh Optimdzation Space i'.‘;\zg

!

,{ Determine Corvected Wavelronts i’“’—\fgg

{ etermine Merit Function for Corrected Wavefronts }'/‘?4(}

! Cplimize Merit Funclion Volue }‘/ R

e

i Delerming eyeglose prescription } Fig

{ stop 77 s
Fig.!

glass prescriptions within the optimization space, wherein the merit function
comprises a term depending on a magnitude of a corrective astigmatism of
i the one of the plurality of possible eyeglass prescriptions and causing a less
optimal value of the merit function the higher the magnitude of the correct-
ive astigmatism and/or the higher the magnitude of a difference between the
corrective astigmatism and a subjective corrective astigmatism; and determ-
ining (160) the eyeglass prescription by optimizing (150) the value of the
merit function, funher, there is suggested 3 system for determining an eye-
glass prescription and a corresponding computer program product
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Method and system Tor delormining an avealass gresorintion

[0081]  The disclosure relates fo systems and methods for determining an eye-

glass prescription, in particular for visusl aids.

{08621 The amelropic human eye has refractive errors that in first approxima-
fion can be described in terms of a sphere, & cvlinder and an axis orientation. This i3
based on the assumption thal & visusl defect can be approximately corrected through a
lens with simple surfaces such as toroids and spheres. This approximation is adequate 1o

correct an error in the refraction of light rays that enter the center of the eye pupil.

fo083]  VWhile it s customary {o determine the refractive errors of the human eye
by relying on the subjective refraction of the patient under examination when presenting to
him a plurality of optotypes through lenses of different refractive power {so-called subjes-
five refraction or manifest refraction), the possibifity of measuring ths refractive srrors of
the eye has now besn available for several years (objactive refraction). Moreover, it is
possibe to measure the refractive power of the eye over the entire pupit and, hencs, in
particular also in the peripheral areas of the pupll. The measuralde errors include for
example spherical aberration, coma, {refoll error, higher orders of spherical aberration,
atc. In certain implemantstions, the objeclive refraction method is based on determining
the wavetront of a propagating light bundie. The functional principal of a wavefront refrag-
tor is desoribed in document US 6 382 7586 B1, which is herein incorporated by reference
and for which features protection may be sought, and also includes 3 synopsis of 2

plurality of different vananis.

[3004]  The refractive errors or Imaging amors of the humar eve can be mathe-
mgtically descaribed by means of so-called Zemike polynomials. The errors of the eye near
the center of the pupll in regard o sphere, cylinder and axis can be describad, for exam-

ple, through sscond-order Zerike polynomials, These errors are therefore often referred
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o as second-order errors. The errors far from the center can be described through higher-
order Zernike polynomials. Therefors, these errors are in general referred to as higher-
order errors. The information gained from a wavefront refractor can be used in the devel-
cpment of improved vision aids or improved evesight correction methods. A well- known
example for an eyesight correction method is the procedure of wavefront-guided refractive
surgery. In this procedure, a volume of any desired geometry is removed from the surface
of the cornea in order to correct refractive errors, including those of a higher arder. In
general, in order to determine an syeglass prescription for visual aids, an eye care
professional defermines several parameters. In the case of spectacle lenses, for example,
the most relevant ones are: refractive values, usually given in form of sphere, oylinder and
axis; fitting parameters, such as pupil distance, fitting height, pantoscopic angle and
others; and near vision addition, for example, in case of progressive lenses. For contact
lenses, the set of parameters usually includes at lsast the refraclive values, similar to

speciacle lenses, and cormeal curvature,

{00887 Conventionally, the determination of refractive values involves the use of
subjective refraction technigues. Typically, this is performed by establishing & first set of
{sphere, cylinder, axis) valuas as starling point for an optimization. The starting point can
be provided, e.g., through retinoscopy (an autorefracior measurement) through measure-
ment of the currently worn spectacle lenses, or other methods. Then, an iterative optimi-
zation process is staried, in which differant refractive corrections, L.e. sals of (sphere,
cylinder, axtis) values are offered to the patient, until he/she achiaves a maximum of visual
acuity on an eye charl. Examples for determining a subjective refraction of an eye are
provided in document US § 226 238 B2 which is herein incorporated by reference and for

which fealures protection may be sought,

{0008]  Although newer and advanced objective refraction technigues are avail-
able, they have nol achieved widespread adeplion because many aye care professionals

are reluctant 1o change from the tied and trusied subjective refraction,

{0077 Further, i has been found that currert methods for providing objective
refraction lechniques lead © syeglass prescriptions that deviate from the ones found by

subjective refraction technigques for the same eve. Of course, | s undesirable to provide

o
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an eyegiass prescription determined by objective refraction fechnique that does not
comply with the eyeglass prescription found via subjective refraciive techniques and,

hence, may not be considered most convenient by the patient.

(0008}  Hence, itis an objective of the current invention {o provide a system and
method for determining an eveglass prescription of an eye of a patient in an automated
manner or via objective refraction techniques that more closely complies with an eveglass

prescriplion found via subjective refraction techniques.

{8008} Hence, according o a first aspect of the current invention, there is pro-

vided a method for determining an syeglass prasoripfion for an eve, i particular through

s

§m o Fy wevencet S SR S -
adabin medium, the mathod comprising the steps
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{60101 H has been found that current methods for determining an eyeglass pre-
scription from wavefront aberrations with objective refraction systematically estimale
higher magnitude astipmatisny correction, on average, compared o a subjective refraction
of the same eyes. | has been found that this indicates a systematic error in the abjeciive
metrics to delermine the best prescoription. Hance, the marlt funclion comprises & lerm

Trea ax bheveyraa fien £ by ew s
sregctive astigmaiiemn of the one of the pluraiity of
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Poausing & less aplimal valus

ve astigmatism, Alterpedively or additionally, the marit

agniude of a coractive astigmatism of the
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ong of the plurality of possible eveglass presoriptions and causing » less oplimal value of
he marit funotion the higher e magnitude of a difference befwean the corvactive astig-
matisrn and a subjeclive corrective astigmalism. The subjactive oovrractive astigmeatism
may be provided Dy suliective refraction, in particular subjsclive refraction technigues
COMMONY Knowy parhoudar vig an earher measwemant, Allematively, the subjective

o Seenendl - TR A - ey s cteal i diie by pdiey tene e Tiaraened sl pie
refraction may al provided as a numencal value, i parficular a tieed numencal vailus,

Iy v e g e b & foavs
i panticuiar e eel of date.

00111 The term “merit function” is well known for a person skilled in the art. A
merit funclion, also knowrn as a figurs-of-merlt function, is a function that measures the
agresment between an optimum and a fitling modei — here the visusa! function ~ for a
particular choloe of the parameters. In other words, the merit function evaluates a choice
of parameter by providing a valug, L.e. the value of the merit function. The merit function
may become small when approaching an optimum. However, it may also be designed ina
way that it becomes large for a betler choics of parametsrs. During optimization, the
parameters are adjusted based on the value of the merit funclion untlf a optimum value
{either largest or smailest value) is oblained, thus producing a best-fit or oplimum with the

corrasponding parameters giving the oplimal value of the merit function.

00121 Hence, it is suggested adding a lerm o the metrics or menit function
which {erm punishes a potential or possible eyeglass prescription based on the magnitude
of its corrective astigmatiam, for example expressed by the “ovl” value of the eyeglass
prascription, Hence, as will be expdained in more detail below, such a modified metric will
not only cause a solulion with a lesser astigmatism o be preferred in case of wo solutions
providing the same optimum value for the visual function, but B will also lead to smaller
magnitudes of astigmatism - statistically - being prescribed. Hence, the invention takes
into account the negative impact of a distortion duse to corrective astigmatism on the

patient’s perception of the bast prescription,

. [N o O U N S SUT Thnend oy 3oy iosf
$O013] Therefore, the basic e of the invention s to add a fewn thal punishes
3 5 - o [URTUNEE WOC SV T 8 SOV TS S S
the metric based on tha magnitude of the coractive astipmatism.

B
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{8021 I a turther refinament, the one or more paramsters characisniz ng the

- - B 2 v R T T S F T NE o e - A e o™ o § ~3en
eyeqlags pre RS ONG OF MIors parsmeatsrs selescled front the SIOUD conssh

way be M, &y andd dis
INE e EJINE R Aeciia far peamnis aoe o~
(00227 Of cowsa, further parameters might be possible, for axampls second-

wday Jevnike polynomisiz. For example, establishing the optimization space can include

1 ’7(

defining ranges for one or more parameters characterizing the prescription.

[0023] The optimization space can be a single space, such as, for exaniple, a
space having three or more dimensions. The three or more dimensions can include
sphere, cylinder, and axis or M, J;, and J. In soms embodiments, the optimization space
comprises two or more sub-spaces. Ons of the subspaces can include a dimension for
sphere. Ancther one of the subspaces can include a dimension for oylinder and a dimen-
sion for axis. In certain embodiments, one of the subspaces can includse a dimension for M

and another one of the subspaces includes a dimension for Jo and a dimension for Jgs.

{0024]  Whether the parameters may be set to sphere, aylinder and axis or M,
dg, Jgs OF may be even set {o the second-order Zemike coefficients, may depend on the
visual function used fo determine the merit function or any other preference. All parame-
ters or combinations of parameters may be equally used. As a person skilled in the artis
readily aware of, a set of parameters comprising sphere, oylinder and axis may be re-
calcuiated to provide a sel of paramsters comprising of M, Jy and Jus by the following

aquations:

H
“ -y ¥
B = SPR A OV
i .
Iy ==L eyicosiza)
2

~at
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i T
Jio= ~—eylsin{la}

wherein « designates the axis, oyl the astigmatism power in diopters and sph the
spherical power in diopters. Just the other way around, following equations may be

used to determine the cylinder and axis components out of J; and Jus:

4 o

{0025]  Further, with the following equations, the second-order Zernike coeffi-
sients T, C; and C;% can be used as the set of parameters, However, even these
Zaernike coefficients may be derived from a set of paramelers M, .4, and Jdag with the

following equations, wherein r, is the radius of the pupit:

s 5 e 8 .
M < dpt g oy < pm

f < pm >

[0828]  {r a further refinement, optimizing the value of the merit funclion com-
prises ieratively determining a corrected wavefront indicative of the refractive propertias

of the eye and the corresponding possible eyeglass prescription.
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{3027} By this, based on each possible eyeglass prescription, the corrected
wavefront is determined. Based on the corrected wavefront, g corresponding value of the
merit function is caleulated. The value of the meril function depends on which visual
function of the eye is used to build the merit funclion and to provide the correspanding

valuez of the merit function.

[0828]  Different kinds of merit funclions and optimization metrics to provide re-
sults of ohjective refraction {echninues have been contemplated and are well knowr to a2
person skilled in the art. Examples are given for example in document US 7 857 451 B2
"System and method for optimizing clinical optic prescriptions”, document US
2012/0089297 A1 "Eveglass prescription method”, US 2005/0110846 A1 "Objsctive
manifest refraction”, W 03/092485 A1 "Sharpness metric for vision quality”, US
2008/0100800 A1 "Eyeglass prescription method”, U5 2008/0015787 A1 "Apparatus and
method for determining an eyeglass prescription for a vision defect of an eye” and docu-
ment LIS 8 205 987 B2 "Method for optimizing a speciacie lens for the wavefront aberra-
tions of an eye”, the disclosure of each of which is incorporated herein by reference and
for which features protection may be sought,. In case of conflict, the present specification

witl control.

[0028]  in g further refinement, the eyeglass prescription is determined by opti-
mizing the value of the merit function to g maximum, and wherein determines a smaller
value the higher the magnitude of the corrective astigmatism of the ane of the plurality of

the possible eyeglass prescriptions.

[0830]  Alternatively, the eyeglass prescription is generated by optimizing the
vaiue of the meril function fo a minimum, and wherein the term is a larger value the higher
the magnitude of the correciive astigmatism of one of the plurality of the possible eyegiass

prescriptions.,

{8831]  Depending on the merit function and depending on the visual function
the ment function is dascribing, the optimum may be either a minimum or & maximum,

Correspondingly, the term has o lead info a contrary direction in order to “punish” the

)
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optimization process for using a corrective astigmatism with a high magnitude. Mencs, in
case i is searched for a maximum, the ferm has o become smaller {or more negative) in
case of a higher magnitude of astigmatism. Further, In case it is searched for 3 minimum,
ihe term has to become larger {or more positive) in case of a higher magnitude of the

sorrective astigmatism.

10033 In a further refinement of the method according to the first aspect, the

visual funclion is sxpressed in a unit, whersin the unit is diopters.

{00331 By this, itis possible to directly implement the magnitude of the astigma-
fism into the meri{ function in a consistent way. For example, the magnitude of the astig-
matism can be expressed as the oylinder component of an eveglass prescription (cyl) and
hence, the unit is diopters. Therefore, it would be most congistent if the merit function

would also equal a value in diopters,

{0034]  in a further refinement of the method according to the first aspect of the

inveniion, the visual function is an acuity value of the eve when corrected.

{0035]  Alternatively, for example the visual function may be a blur value of the

eye when corrected.

[0036] Possible merit functions using a visual function like the acuity value or
the blur value are, for example, suggested in the documents as provided above and are
incorporated herein by reference and for which features protection may be sought. Hence,
such merit functions without the additional term suggested by the current invention are

generally known 1o a person skilled in the arl.
{0037} Further, the acuity value and the blur value are expressed in diopters as

its unit. Hence, itis possible {o directly implement the magnitude of the astigmatism info

the merit function.

10
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{30381 In a further refinement of the method according to the first aspect of the

nvention, the term is proportional {o the magnitude of the comective astigmatism

{(038] By this, there can be provided a simple implementation of the magnitude
of the corrective astigmatism into the merit function. By way of exampls, the proportionali-
ty constant could be funed by comparing predicted eveglass prescriptions determined via
abjective refraction techniques with results of objective refraction techniques for a large

set of measured eyes, Examples for this are further given in the disclosure below.

{68481  in a further example, the term may have the form of O AO4 wherein
MOA s the magnifude of the corrective astigmatiem of one of the plurality of possible

eysylass prescriptions in diopters and C is a proporiionality constant of +0.15 or 0,15

o
i

the tarm leads 0 a simpl

¥ oy oo b o F g gt O ¥
and consistent marit funchion sy of subiRchive

{00421 v further refinement, the
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f0043]  Ata further allernative, the term may have the form of
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whersin MOA is the magnitude of the corvective astigmatism of one of the plurality of
possible eyeglass prescriptions, e is the mathematical constant e and U is a proportionali-
ty coefficient,

jt044] By this, the magnitude of the astignmatism may be punished in a harder
overproportional way and, based on statistical analysis, may provide a proper approach

taking into account corrections considered inconvenient by wearers.

n

[6045]  in a further refinement of the method, the measurement of 3 wavefront
indicative of the refractive properties of the aeye is provided by measurement with a
wavefront aberrometer.

{0048} For example, the wavefront aberrometer can be a Hartmann-Shack s

sor, & Tscheming aberrometer, a Taibol aberrameter or double-pass aberrometer.

{08471 In 2 further refinement of the method according to the first aspect of the
invention, the method further comprises the step of culputting the eyveglass preseription.

{8048]  The output device may include an slectronic display or a printer. Howev-
ar, the step of oulpulling may also be conducted by storing the eyegiass prescription on a
storing device, in particular a non-transifory storing devics, or by transmitting the eyeglass

prascription via a data network, in particular to a manufacturing site.

{00481 Afwrther refinement of the matmd! the step of providing a messurement

2 L8 terdy L e e ~ ¥ N fry b b By ey o PN :
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of a patient’s eye is measurad using an objective method. Typically, this involves measur-
ing a wavefront reflscled from the eye using an appropriate sensor. Examples of sensors
include various wavefront abarrometers, such as Hartmann-Shack wavefront sensors,
Tscherning aberrometers, Talbot aberrometers, and double-pass aberromsters. The
functional principal of a wavefront aberromster is desaribed in DE 601 21 123 T2, which

aiso includes a synopsis of a number of different variants.

{0088 The measurement data is used as an input for a processing unit, typical-
ly including an electronic procassor (8.g., @ compuer). The processing wunit establishes &
multi-dimensional optimization space (step 120), for which the processing unil calculates a
merit funection corresponding fo, for example, the visual acuity of the eye. The dimensions
of the optimization space typically correspond to the sphero-cylindrical corrections charac-
lerizing an eyeglass prescription {e.g., sphere, cylinder, and axis). The ranges for sach of
the dimensions of the optinvization space can be sat by the ayve care professionsal, or
preset by the processing unit. For example, the algorithm for establishing the optimization
space can default to a cerlain range for each dimension, or the default can be over-ridden
by the eye care professional based on the professional’s experience with the gatient. The
values for the sphero-cylindrical corrections within each range can be established as
desirsd. For example, the each dimension can include a preset number of values {e.g., 10
or more, 100 or more}, so that the incremental change belween the values is determined
by the range. Alternatively, or additionally, the incremental change between the values
can be preset, in which case the number of values for sach dimension is determined by
setling the rengs. In some embodiments, the values can correspond to stock lens values

within the range in each dimension.

{OO83]  As an sxample, an optimization space can be established based on the
patient’s pre-existing prescription, where the ranges for sphere and oylinder ave st from
-5 diopters to + & diopiers about the sphere and cylinder valuss of the pre-sxisting pre-
soription. The values can be incremented, by example, by 0.25 diopters within gach

range.
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B0 Typically, the result is an optimization space that is composed of a finite
number of {(sphere, cylinder, axis) or {mean power (M), s, Jus) co-ordinates for which a

merit function can be evaluated.

gy,

83 I some embodiments, the optimization space is somposed of a single
space. For example, each point in the optimization space can be a three component
vector, e.g., having components corresponding 16 sphere, oylinder and axis or alternative-
ly the Jackson cylinder components (M, J, Jss). In certain embodiments, the optimization
space is divided info multiple optimization subspaces, such as two oplimization subspac-
es. For example, each paint In the first subspace can be a value for the sphere correction
or defocus, and the components of @ point in the second subspace can be values for
cylinder and axis or the Jackson cyilinder components {Jy, Jg). In a third step, in either
case, a surface representing the wavefront of the optical correction for each co-ordinate in
the apltimization space or subspace is created and subtracted from the original wavefront,

which yields a series of corrected wavefronts {step 130).

I3 Then in a fourth step, for each of those wavefronts a merit function is
calculated (step 140}, which correlates with either visual acuity, contrast sensitivity or with
another measure of visual performance, or correlates with a combination of those

measures of visual performance,

084 in general, when the optimization space is divided info miore than one
subspace, the correction for the first subspace {e.g., sphere) should be determined first,
and then subtracted from the measured wavefront before determining the correction for

the second subspace {e.q., oylinder and ais).

{B08RY  In order to caleulate the data, for each point in the optimization spacs, a
corresponding carrecied wavefront is calewated. The corrected wavelront is the measured
wavefront corrected by the corresponding spherical correction value. Spectfically, in
certain embodiments, the corected wavefront is the original wavelront on which, depend-

ing on the point in the optimization space, a spherical surface (here referred fo as spheri-
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cal correction value} is added. The shape of this spherical surface at any radial location, ¢

in millimeters, is given by the following egquation:

where ry is the pupil radius in millimsters and

4 j"}fﬂ
C< s -

3

2

3

{

SV

A

where £3 is the point in the sphere power optimization subspace, in diopters.

{00881 Then, a merit function value for each of the resulting corracted wave-
fronts is calculated. In general, merit function values can be calculated in a variaty of
ways. In cerfain example embodiments, the merit function may be calculated according {o
the methods disclosed in U8, Patent Application Serial No. 11/840,688, antitied
"APPARATUS AND METHOD FOR DETERMINING AN EYEGLASS PRESCRIPTION
FOR A VISION DEFECT OF AN EYE " filed on August 17, 2007, the entire contents of
which are incorporated hersin by reference and for which features protection may be

sought,

T For example, in some embodiments, at least two submelrics can be de-
termined for one of the parameter sels in different stages of the propagation of light
through the optical sysiem represented by the eye and an oplic corresponding to the
eyeglass prescription. In other words, the light passes through the optical system rapre-
sented by the eye and the optic. One now considers the deviation of the light ray com-
pared to the ideal case, as expressed through a quality metric (submetric), when the light
ray hras traversed (propagated through) the system represented by the eye and the
correction by different travel distances. A propagation in the reverse dirsction, e.g.,

divected from the system representad by the eve and the optic towards the object, is

17
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likewise conceivable. The propagation being considered here is not tied 1o & fixed direc-
tion through the system represented by the eye and the correction, but can be carried out
for any desired number of directions {e.g., in general dirsctions of the line of sight).

{088 These submetrics can include, for example, ray guality metrics such as
for example metrics that measure the Streh! ratio or the energy of the point-image wash-

out function enclosed within the Airy disc.

{0088 An overall meltric which reflects in particular the quality of the caustic
{"caustic metric") can be determined from a weighted sum of the previously determined
submetrics. I soms embodiments, all submetrics are given equal weight in the determi-
nation of the overall metric (caustic metric). In certain embodiments, a submetric of &
preferred propagation stage is weighted more hsavily than the submetrics in the propaga-
tion stages before and/or behind this preferred propagation stage. if one uses for example
submetrics that take the image quality in different planes into account, then the submeiric
for the image on the retina {(which corresponds to the submetric in the preferred propaga-
tion stage) would preferably be given more weight than the submelric for an image before
or behind the retina of the eys. The weight ratio could be for example 80/40. Detailed
explanation of such an example of possible metrics is given in dosument US
2010/0038614 A1, the disclosure of which is herein incorporated by reference and for

which features protection may be sought.

88¥8}  According to the current invention, the merit function comprises a ferm

vores

that takes inte account the magnitude of the corrective astigmatism found in the optimized
soiution for the eyeglass presoription. Hence, this so-called "punishing term” leads to a
less optimal result of the visual function the higher the magnitude of the possible prescrip-
tion is andior the higher the magnitude of a difference between {he corective astigmatism
and @ subjective corrective astigmatism provided by subjeciive refraciion &5, The subjec-
tive correntive prescription including the subjective corrective astigmatism may be provid-
ed as a fixed number or may be been measured via subjective refraction techriques
earlier. By this, solutions with lower magnitudes of astigmatism or lower magnitudes of
deviations from the subjective corrective astigmatism will be preferred. For exampls, the

visual function may be effective blur and this visual function may become minimized

18
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during optimization. Then, the term may be set as being proportional to the magnitude of
the corrective astigmatism. Hence, as will be laid out in further detsils below, the term may
be + .15 times the astigmatism magnitude of the possible syeglass prescription. All units

are diopters and a lower astigmatism solution will, hence, be preferred.

[0074]  As an example, it may be assumed the merlt function is the squarad di-
optric difference between the measured wavefront's paraxial curvature and the ohisclive
prescription. Considering only Zernike aberrations through fourth order such a merit

function may be given by

& NG : N b by -~ FacancaN
R X T ; - T ~ M
§ SR XTI e WY o JR — & -»6\\0\
§ MERY S Lg & by &R g RIS U
. H & . x i
2 P e e 1 A
WSV W H i
3

where the o are the Zermike coefficients, » is the pupll radius, and =, i, and e arg the

componsats of the trdal prescription. In this case the optimal prescription components &1,

»

nd {55, are the those which minimize the merit function, and are given by

i
Sy

{072]  An example of a modified merit function, metsic, which punishas th

magnitude of astigmatism, In particular the departure of the objective oyl from that ab-

tained by a subjective refraction, would be

19
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Q073 Where [ and Iy are the oyl components of the subjective refraction, and
% is a constant that controls the magnitude of the penalty. The oyl componenis that

maximize this new melric, {, and §i, are simply given by

100747 It shall be noted that for this simple metric the final oyt componenis are
just weighted averages of the componenis found using the metric and the components

from the subjective refraction.

{0073}  As a numerical example, it may be assumed a patient with a 4 mm pupit
diamster having the measured values of a prescription of +1 diopter of sphere with -2

4N

dicpters of oyl {minus oyt convention} at 0 degrees, or squivalently M=1.00, I, = 1.9, and

cop = QUSET, and all other Zernike cosfficients

equal zera. Entering this numbers into the expressions for &, §, and Ji: using the metric

2

yields & = 100 fi = L35 and {iz: = 8 Using the result of the modified matric with

=

4}/

ad I T I L o O 2"
dgives M7 = 180, Joo= 1A% and flL =0

{078 in this simple example the modified metric pushes the objectively de-
rived oyl closer {o the subjectively prescribed oyl as expected. For more complex merit

funcicns and eye aberrations the extra oyl penally can also systematically scale down

26
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local optima that are far from the prescribed eyl, alfowing the algorithm to locate the locally

oplimal values which are closest to the subjective result.

{B0TYY  Last in step 180, the eveglass prescription is determined as the result of

the optimization procass.

BOTE
manufacturing method may start in a starting step 205. Then, the method 100 o deter-

Fig. 2 shows an embodiment of & manufacturing method 208, Such

g
Semien

mine the corresponding eveglass prescription may be conductad. Then, in a siep 1790, the
visual aid, for example a speclacle lens, may be manufactured. The method then ends in

the 210,

(8781 Alternatively, after the determination of the eyeglass prescription in step
100, the eyeglass prescription may be culputted in a step 180. The oulpul may be on an
electronic display. via a printer or may be an output storing device that stores the syeglass

prescription. The method then ends in a step 215.

{8088 In Fig. 3, the chart 220 shows the distributions of the differences he-
tween the calculated astigmatism and the astigmatism prescribed by the subjective
refractions for just over 9000 eyes. The "without ferm® curve represents the differences
using known metrics, and the "with term” curve shows the distribution after adding a so-
called “rubber band” penally proportionally based on the magnitude of the astigmatism. In

this data set, all eyes whose prescribed astigmatism was exactly zero {about 10 % of the

5

original set) were removed, since they would bias the results.

{081} The penally term was setf to 0.15 times the magnitude of the astigma-
tism. In other words, rather than minimizing the effective blur, i was minimized the biur
estimate pius 0.15 times the estimated astigmatism, all in diopters. Hence lower astigma-

tism solutions were favored.,

10083 The median difference fo the conventional metvic for this dala set was

0. 11 diopters, the conventional metric having higher astigmatism magnitudes than subjec-



WO 2014/123546 PCT/US2013/025584

Hve refraction. With the modified metrin the median difference was sliminated; reduced to
0.00. At the same time the width of the distribution was not significantly affected by the

shift. The 25 to 75 percentile diffsrences were -0.059 {e 0.301 diopters for the convention-
al metric, for a width of 0.380, while the range was a more symmeiric - 168 10 0,178, for a

width of 0.348 diopters for the modified meatric.

{083} In Fig. 4, the before and after curves for the magnitude of the astigma-
tism differences {as apposed to the differences in the oyl magnitudes) are shown. Here
the distribution for the modified metric is slightly narrowsr. For eves whose oyt moved by
more than 0.01 diopters, eyes moving coser (o the subjective prescription ocutnumbered

those moving farther away by a ratio of abowt 2 fo 1.

W84Y  Fig. & shows an smbodiment of a system 10 accsrding to the current in-

3 P N “A \ 4 NP \ v CEEYIIISY
vention. A sysiany 18 for for an gye comprisss @

- ertresErtiy p e mF
FRTHs (3> SICHCETNVE O

afablish an optimization space sorresnonding

glags prosoriphions within the optimization spave,

ading on & magniiude of 8 covragtive

X

4
{

asbigmatiem of the possible eveglass presuoription and causing & less optimal value of the

&

£ on EEapn bebes b e § s e meneera e b iy pes res P LI JETRT
ment funclion the ligher the magnituds of the corrective astigmatism, and to delermine

3 -~ TRy
the syaplass presoription by optiv

{0881 Fig. 6 shows a further embodiment of the system 10 according fo the
current invention. The oplical wavefront aberration of a patient's eye of the wavefront
aberration can be delermined via an aberrometer 12, Further, a subjective refraction may
also be delerminable. The calculation of the eveglass prescription is then conducted on
the processing unit 14, The processing unit 14 may comprise a computer program product
15 that stores executable program code to execute the methods explained above. Ther,
the system 10 may further comprise an output device 16 that may be a display, a printer
or a storing device o oulput the determined eyeglass prescription o the output device 18.
The aberrometer 12 is connected to the processing unit 14 via a line 18, The processing

~
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unit 14 is connacted to the oulput device 18 via a line 20. Both lines 18 and 20 may each
be a wired connection or a wirsless connection for data transfer between the processing

unit 14 from and {o the aberrometer 12 and the output device 16.

ey

J8E] By this, the system 10 is able o aulomatically determineg an eyeglass
prescription based on date provided via an aberrometer. Howsver, instead of an aber
rometer 12, the data underlying the optimization process may be also be acquired via the

fine 18 from a storing device that stores a multitude of patients' data acquired previously.
g B )

IBORTT  InFig. 7, a further smbodiment of the system 10" is shown. The aber-
rometer 12 may be localed at a fival site 26. The processing unit 14 is located at a second
site 28. The oulput device 16 may be located at a third site 30 or may be also located at
the tirst site 26. Further, a manufacturing unit 32 from a manufacturing visual aid may be

present at either the third site 30 or the first sife 28,

QU8R The first site 28, the second site 28 and the third sile 30 are remote from

pores,

each other. The first site 26 is connected with the second site 28 via a data network 22.
The second site 28 and the third site 30 are connected via a data network 24, By this, it
may be possible that refraction data provided via the aberrometer 12 can be sent to the
pracessing unit 14, Further, a subjective refraction, in particular & subjective corrective
astigmatism, may also be sent to the processing unit 14, for example from the first sile 26
or any other site. Further, for example, the determined eyeglass prescription may then be
sent back to the first site, for example a spectacle shop, to be recognized by an ophthal-
mologist and provided to, for example, the possible wearer. Further, the eyeglass pre-
scription determined can also be forwarded to a remote manufacturing unit to manufacture
the respective visual aid. The manufacturing unit can either be located al the first site 28
in this cass, the data of the aberrometer is transmifted via connection 22 to the processing
unit 14 at the second site 28 and then, the calculaled eveglass prescriplion is transferred
back o the firet sile 26 and s possible manufacturing unit 32, Alternatively, from the
second site 28, the dstermined eveglass prescription can be transferrad {0 & third site 3¢
with & possible manufacturing unit 32 to manufacture the visual aid. Last, it is possible that
from this third site 30, the manufactured visua! aid is then shipped lo the first site 28 as

indicated by the arrow 34,

A
7Y
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[oasa]  While the foregoing discussion refers to implementations for correcting
up to second order aberrations, in general, the invention is nol imited to second order
aberrations. For example, in some embodiments, the methods can be expanded to allow
refraction using higher order aberrations. In such cases, the oplimization space is ex-
panded by ong or more additional dimensions, e.g., for higher order aberrations, such as
spherical aberration andfor coma. Such a higher order refraction can then be used by the
eyecare professional to specify an ophthaimic correction that includes higher order
correction by altering the phase of the incident wavefront in the plane of the pupil accord-

ing to the prescribad higher order aberration correction.

{880} Furthermore, while the embodiments discussed above are in reference
eye glass visual aids, in general, the techniques can be applied to determining a prescrip-
tion for contact lenses or refractive surgery as well, which are o be considered as "visual
aids”. A number of embodiments have been described. Other embodiments are in the

claims.
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