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det erm né&® ﬁl?""q{o"‘lpe ' ‘YWS ol O (ks elgr < PRYRsing %Eedofmf'{ﬂ"&' hitertp-whitep| at es
(Fig. 11dnsmnde"hndrm-vwwmcmslme)hmméja&ﬁxet&rﬂ)themblashnafpat\mled in front of
the patient's eye and fromwhich the dianeter of the iris is thus read by
taking a fix. This nmethod is susceptible to interference by parallax

dutd ng ohbseargeal swaery derdhe FRmavalg)visial slefiiangies insihg hymenl e (RRKa LASE) nitris

' gradi ng, aRbliM&vestiig for the surgeon to know at which point the patient's visual axis passes through

the cornea. Thereafter, laser ablation can be effected more precisely at this point than
according to the pravious assumption based on the geometric center of the cornea.

20 The interferometric length measurement of the thickness of the cornea, of the anterior chamber
depth and of the lens thickness in the human eye using PCI requires preadjustment of the eye
along its theoretical optical axis in front of the measurement instrument, as opposed to the axial
length measurement which requires positioning of the eye along the actual visual axis.

25 in order to determine the "hor-w-t-w", use was previously made of rulers and templates (Fig. 11
and http://www.asico.com/1578.htm), which are held in front of the patient's eye and from which
the diameter of the iris is thus read by taking a fix. This method is susceptible to interference by
parallax during observation, and the templates previously used have a 0.5 mm grading, allowing
only limited precision. Another known solution are measuring eyepieces employed as fittings on

30 slit lamp devices (Instruction Manual for slit-lamp 30 SL/M, publication no.: G 30-114-d (MA
XI/79) Carl Zeiss D-7082 Oberkochen, page 38). Although such eyepieces prevent parallax
errors, the diameter value has to be read from a scale. .

Further, invasive measurement means are known in the form of mechanical slide gauges which
35 are inserted into the anterior chamber through an incision in the sclera (e.g. US 4,319,564).
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pupil of the eye in the direction of the optical axis, the reflection of the fixation light also being
captured by the CCD camera.

25
It is an object of the invention to provide a device and a method allowing higher precision of the
hor-w-t-w determination in a user-independent manper. According to the invention, this object is
described [typing error; should read "achieved”] by the features of the independent claims.
Preferred further embodiments are the subject of the dependent claims.

30

In a surprising manner, the invention also realizes a practical possibility of describing the point

of intersection of the visual axis through the cornea relative to the center of the pupil and/or the

center of the iris and of enabling a more precise preadjustment of an interferometric length

measurement instrument along the optical axis of the eye, based on the position of said
35 intersection point and on the geometric center of the cornea,



Preferred further enbodi ments are the subject of the dependent clains. 30
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whi ch wasobthis\axis hes beenthit luniil faftér shideneasasmestropaiations ef f ect ed al ong t he
optical axis. This neans that it is not clear whether or not this axis has
been hit until after said neasurenent operation. The fixation light is
moved i n ThEdb@iee st ipmoyed injnerements Pk Quite adew yeriessreeaswemepleorerationss  may

be requi resy batreduitedeurtiDitiel pbift FsccdBRsl Wheiee sidll iflteeroME8 ABRLFenfent is
q@uremaﬁrdac |$§ 10 successful. Such procedure is not acceptable in the
ophthal no

0ql cal routi ne. Enmbodi nent exanple: 15 The invention is described
in greater detail below with reference to the schematic draw ngs, wherein:

Fig. | i ssu@hblotdduleis hotQdccdpiddbid R tHaphGIRRIodicAGoltmel he i nvention, Fig. 2
shows the algorithmfor rough detection of the pupil, Fig. 3 represents the

gray scal e anal ysis/center determ nation, 20 Fig. 4 represents the edge
anal ysi s,Enftiodimest éxamalef | onchart of the edge anal ysi s, Fi g. 6 shows the

detygct i onrnanAbedfdneis Web@bbPh GbatbhGethil Efé'i&lr Wﬂh pﬁbl%cepﬁ) Pﬁbmatrg 'dgawu?gg' S a

“flowchart of the plausibility check, ows t m nat1 on “peam
pat h/ det ek beam path, 25 Fig. 9 | s an overV| ew over the eye to be
measur ed,Figrilgs a fl@vchart emhembmoogeatomingmo bk inviestionent er of Fig. 9,

Fig. 2 shows the algorithm for rough detection of the pupil,
Fig. 3 represents the gray scale analysis/center determination,
20 Fig. 4 represents the edge analysis,
Fig. 5 is a flowchart of the edge analysis,
Fig. 6 shows the detection and determination of the fixation point position,
Fig. 7 is a flowchart of the plausibility check,
Fig. 8 shows the illumination beam path/detection beam path,
25 Fig. 9 is an overview over the eye to be measured,
Fig. 10 is an enlarged view of the center of Fig. 9,
Fig. 11 shows a white-to-white gauge according to Holladay-Godwin.

According to Fig. 8, the eye 1 of the test subject is illuminated by preferably infrared-light

30 emitting light sources 2, which are arranged in a circle around the optical axis, as in WO
00/33729 (e.g. LED). A light source 3, onto which the test subject focuses, is faded in at the
observation system, coaxially to the observation beam path, by a beam splitter 4, said light
source 3 emitting visible light (e.g. LED or laser diode).

35 The image of the eye is imaged, via a telecentric imaging system 5, onto an image sensor 6,
preferably a CCD camera, which is connected to a control and evaluation unit (not shown). The
video signal of the camera is displayed on a screen or LC display (not shown).



Fig.. 11 shows a white-to-white gauge according to Hol | aday- Godwi n.
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the pupil with reflection points 11 of the illumnation, the imge of the
fixation light 12, the iris center 13 and the pupil center 14. Using neans
of i mage Ysingcaeans ofimagh Prosessingnthegisiinces withirpsaid imene) erezdeterpised frermwhich f r om
whitgh  15né fefoviRg VaMidsieen @ taiQiatéPoh thebasil of teaiagk s2aletonthe RBSIrvation oftile | Mage
scal e of the observation optics: 20 the dianeter and the center of the
iris, the dianeter and the center of the pupil, the x and y coordi nates
of the cor nedhe dimmpeteoénd the céntecaf theiris| i ght (15t Purkinje image) relative to
the centey of y coordi nates of the cornea inmage of
the fixation tpé Qﬁmbt%héqd tgggiltér{%gthéﬁgﬂld relative to the center of the
pupi | . Simce thérx anday cedidipates oﬂ‘ the rcerr\ea |"989§an theifikationflighthid* Rurkinie éyegexio not

neggssarily h@g\é@vettgﬂgecengﬁofqhg,g; %ﬁd ellipses with their paraneters of
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the x and' y coordinates of the cornea image of the fxatlon light (1% Purkinje image)

relative to the center of the pupil.

Since the real shapes of the iris and pupil of the human eye do not necessarily have to be
25 circles, ellipses with their parameters of semiaxes and focal points may be determined as weli,
.according to a further embodiment.

With a suitably selected image scale of the imaging optics 5, the measured values can be
determined with a computational precision of <+0.01 mm.

30

The diameter of the iris yields the horizontal white-to-white distance:

white-to-white [in mm] = @i [in pixels)/number of pixels per mm.

The x and y coordinates of the Purkinje image of the fixation light yield the point where the
35 visual axis passes through the cornea, provided that the test subject is focusing correctly, which

the user can check during measurement on the basis of the live video image on the LC display.
The visual axis and optical axis may deviate from each other by up to 8°, because the fovea



.according to a further enbodinment. 30 Wth a suitably selected i nage scal e
‘of the imaging optics 5, the nmeasured-yalues can be deternined with a
.conmput at ironal . precision of <0.01 mm The dianmeter of the iris yields the
horizontal white-to-white distance: white-to-white [in m] =0;r;5 [in -

pi xel-s] / nunber of pixels per mfmm The x and y coordi nates of the Purkinje
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correctly, user can neas E"f the
live videP®hage on the LC display. The visual axi s and optical axis may
devi ate fromeach other by up to 8, because the fovea 5 may be offset from

30 asaII t ' d henat i.c, eye acc ng to
ul Pat rande ooy BEWBH e Vit EaroL D ool BB 01cig e SR Bt Apalty.
Pfort zhei fﬁiatlglshl%dp't exsmple] 98 8he basisTofcthey Gylistrand ey evheteirethei reersbireddffsetand t he

opti cal amusﬁ.ned) befMRef IR imBgalbritBe fidafidh FUi dhdthe ifisCdeniet Q&%}Im ugilYeneXRMP! €,
on t he bals d eye, wherein the neasured F et

Olf’ tche @l | stran
' (di st anc@ & YRP RELH he i mage of the fixation point and the iris center
and/or the pupil center is taken into account. 10 Prior to the

i nty@r f er opgy id %enﬁ@ﬁ%ﬁeﬁetméagurm&mwarﬁeéno% é&r%@éi'tee d§m.oﬁ%v'b§]1§,i on of

both visual axes fromone another is determ ne fixation poi of the
present nUHELAPENEAD 0BG AR SACIPAPREY al ong the visual axis. The anmount and
the direction of the distance of this point to the center of the pupil

(and/ or tﬂ?e fllﬂsﬁp%rhéomt]o? tr%f régb%t e%sﬁ% nbe%tg % [E' Hgaed ao%;n% \51%4? 8)??9'6‘ ric

formul ae yie heotlc i sual
axi s, forameughfjidthe @!EPC'“Q&J Qﬁ'&rdts angs of this PO'N)‘OQ'Gca"tETQiHUIWP'b@DMGthe eeteral axi s
and|50pt| Céflthetinis) 3s determiiedt ance bet ween fixati on point and pupil center (iris
'center) k - distance between nodal point (see D epes reference) and cornea
mnus R 2 (approximately 3.8 . 25 According to this nmeasured val ue, a
pr eadj ust mﬁe t@gonpmetngg{rm@lﬁq yigld\} qsmw@d(ﬁnglg@pmggn mgyoptlcal axis and the visual

axis, for example, as:
a=arctan (a/k)
20 o. - angle between visual axis and optical axis
a — distance between fixation point and pupil center (iris center)
k — distance between nodal point (see Diepes reference) and cornea minus R/2 (approximately
3.8 mm).

25 According to this measured value, a preadjustment of the patient's viewing direction may
advantageously be effected by providing a fixation light to the patient at the calculated angle o,
thus obviating a complex search procedure.

30 Method for determining the positions of pupil, iris and fixation point

Flowchart (Fig. 1):
As input value for evaluation, a digitized gray scale image is used at an image scale allowing
the entire iris to be captured with turned-on surround field illumination.

35
After noise reduction, the evaluation unit determines the -objects: pupil, iris and fixation point
image.
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ba%s of gray scale profiles in the original inmge |eads to great
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f rom noi NOISA/GANEHSI t i oned on the inmge si gnal . A 20x20 nmedian filter is

used for guge aaea@dwﬁ&neonasuswgna@wk ﬂem@s:hltﬁmo@inat m:.g@waué to grEétgar'r’duEhQ 3
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Fig. 3 shromsagnal,meﬂ@&ﬂrgcdaanfﬁteawsadlfgtnonsbmdumnng (x,y), sensed by the CCD
caggra and determned by threshold val ue analysis (threshold value 1), in
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det er mi ngg"“ﬂb dg °88?1'¥ otﬁﬁpﬁﬁ' T§@F 94y a circul ar

For rough detection of the position of the pupil, a binarization method with subsequent search

for joined objects in the binary image is used.

20 Fig. 3 shows an uneven gray scale distribution g (xy), sensed by the CCD camera and
determined by threshold value analysis (threshold value 1), in an X/Y coordinate system. The
theoretical center xo,yo of this area is determined by a centroid analysis, and a circular
model/elliptical model having a radius R is determined. (This will be explained hereinafter).

25 Binarization refers to the pixel-wise gray scale transformation according to

1 if g(x,y)2thr .
b(x’y) = {0 fftfler{)v)ise + wherein:

X horizontal coordinate of a pixel

30 y vertical coordinate of a pixel
a(x.y) gray scale value of the pixel at the location (x,y)
thr non-negative threshold value

The pupil is assumed to be that binary object which exceeds a predetermined minimum and is
35 closest to the image center. Due to its dependence on ambient brightness, a binarization
method with a constant threshold value is not suitable. Therefore, binary objects are determined



model /el liptical nodel having a radius Ris determned. (This wll be
‘expl ai ned hereinafter). 25 Binarizatiop.refers to the pixel-w se gray scale
transformation according to b(x' =vy) - 11 ifg(x,y)>_thr wherein: 0
ot herwi s¢ x horizontal coordinate of a pixel 30 y vertical coordinate of a
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whi Zh, uﬁBﬂt"{?equE‘i”ﬁil:rerrent ed, results in the smallest change in the
bi nary object (i.e. position and size). On the basis of the binary
obj ect a+|oc§:gg to this threshold value, the follow ng factors are

sel ected
determn

Y'Y, 9(x,

*r¥idh ki on of the pupil: 10
(Sum*ratlor? gf(bcly)lg(3§®§§?t§§glr&s’eﬁlp{xﬁgolﬂrﬁ%@%m: a(x, Y)p g =g(x,
Y) =Z g(x, Yywth g(x, y) - _rl (x,y) a binary object tt
ot herwi se (xo,yo0) centroid of the binary object (center coordi nates)
Yo = 28N
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1 .
= ’;Z g(x,») with

_ N (x,y) € binary object
g(x, y)= { 0 otherwise

(Xo,Yo) centroid of the binary object (center coordinates)
R (area of the binary object / n)'? (estimated radius).

Fine detection of pupil and iris - Fig. 4

The edge locations for the pupil and iris (edge = "periphery” of the circle/ellipse) are determined
from gray scale profiles (= scans of the gray scale values of the median-filtered image along
paths) via the center of the roughly determined pupil (see Figure). For the iris, it is assumed,
first of all, that the edge is located in a specific, larger circular ring, arranged concentrically to
the roughly detected pupil. The following algorithm applies analogously to the fine detection of
both the pupil edge and the iris edge.

Scanning was effected by means of search beams (search directions) S starting from xo,yo,
with the search beam direction being successively varied by an angle a. The rough search
range SB on the search beam S is obtained from the already determined rough model of iris
and pupil. The determination of the pupil edge K is effected over the entire circle, while the iris
edge determination only takes place in an angular region around the X axis (2 sectors of a
circle) due to possible lid covering.

In these profiles, turning points are determined by suitable smoothing and numerical
differentiation. A number of methods are known for this purpose (e.g. Savitzky A. and Golay,

reshold value thr* is assuned to be that val ue

Y)
0

Y
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Adaptation of the pupil/iris model - Fig. 5
The number of edge locations (xi, yi) determined in the preceding step allows the parameters of
the pupil model and of the iris model (i.e. either circle or ellipse) to be determined by means of
regression. This is done by minimizing the sum of square errors

25
> O = xCx v ) + 0 -y, p.p)? o min (1)
over the number of possible parameter vectors p (circle: center coordinates and radius; ellipse:
center coordinates, lengths of the main axes, angle(s) between the great main axis and the x
axis). For adjustment of the circle, a solution of (1) is possible in a direct and numerically
30 - efficient manner by the method of singular value distribution. For the solution' of the restricted

root-mean-square value problem for adaptation of the ellipse, there also exist a number of

standard approaches (e.g. in Bookstein, F.L. Fitting conic sections to scattered data. Computer

Graphics and Image Processing, Vol. 9, pp. 56-71, 1979, and Fitzgibbon, AW. and Fisher, R.B.

A buyer's guide to conic fitting. Proceedings of British Machine Vision Conference, Birmingham,
35 1995).
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surface %é%?dmg to Fig. 7 is effected in order to prevent that possibly incorrectly detected elements are
found. Interrogations comprise previously known properties of the examined object, with which
the determined results must be coincident,



15 G'her, non-relevant binary objects (e.g. reflection Inmages of the LED
illumnation) are identified throughspheir greater distance fromthe pupil
tenter and-.-are not taken into consideration. Plausibility check - Fig. 7 20
Bef ore the determ ned coordinates are returned to the calling program a

pl ausi.bility check according to Fig. 7 is effected in order to prevent

t hat possibly incorrectly detected elenents are found. Interrogations
conprise previously known properties of the exam ned object, w th which

the determned results nust be coincident. -10 Patent clainms 5 1. A nethod
for det ePAteAt ¢18iMs st ances in the anterior ocul ar segnent, preferably a
pupil dianeter and/or an iris dianeter, wherein the inmage of at |east part
of &an eye is captured and digitized usi ng an inage capturi ng unit and an
arrangengnt h \ n sis of sai

digiti zgg i ma ;\%eth&l H)'?"dQ@H QH%% Sfatn &/ %atﬁ% aﬁt g%r ?cglar a%%‘?"ﬁm Reefesagly 4 B“R’Jf fected
as a 10 'P@UJ‘QWFé%‘i’@r%'ﬁ%ﬂ'?@ﬁtem\@e@m thatiresgsi of yat telsteraitalf dn @palsymptiredi ahd

parti cul awitivéd thlrfg(-‘zﬁ\nmﬁge &ébtu’zhn@@ﬁﬂ ériooéh ﬂ‘fan érhént Wmluhnaﬂ&??ﬁhé b eaﬁ‘t?t fl'Ct on
es | s ecte

f th
ga5| seml‘o 9%:5%%9? Bstf‘b%é)ﬁp od r"ﬂf‘%‘af |°gﬂr°'dza"a&s'ﬁﬂ?‘i6Se’g?frdeﬁgf“@?‘fﬁ"rﬁ ?fﬁ’cleﬁ @s i sual
axi0s, whequgh detemeinatinn wia ge dntensity thessheld efalysisy inguagticulaxwith redgect tb raqmtaont e
cornea i ﬁleclﬁbiﬁralﬁh R8fe ldé!e@lﬂ)naof iﬂé‘@sm&{‘ot{ Al bdges- ana_/GFoﬂﬁé F’cﬁﬂs ?sseffé eI Tgd 1 n

Claim1, wg) Q #\ ﬂ X he 1 ntersection polnt doﬁms
through fMiPayPhwg Eﬂ“g'f' %te'é’l}'éa'P'él ative to the pup|I and/ or the irisis
determ ned on the basis of the position of a fixation reflection. 20 4.

The methed ag rﬁétﬁx?mpdé.t&mrﬁ; {Hﬁ%ﬁ& agsa\%vﬁﬁel?f the |]nt%{sﬁ§{nogfémqt gg{saq%f"ﬁed on

bet ween the VISU axli s an axlis o
thE basi Yryen theFopsais Jeamised 4sing g Bxatigmlioht-ef | ection rel ative to the pupil
center and/or the iris center. 25 5. The nethod as clal rred |n C|a|m4

wherein gn '?ﬁé&@iﬂﬁ@%smﬁnehgﬁe nf?'iqgﬁew.a (fr{a RRRLHE T %?e rents of

the human eye is preadj uste %"'" @lﬁg?ng sai d
angl e. axis through the comea of the eye relahve to the pupnl and/or the iris is determined on the basis

of the position of a fixation reflection.

20
4, The method as claimed in any one of Claims 1 to 3, wherein the angle between the visual
axis and the optical axis of the eye is determined on the basis of the position of a fixation
reflection relative to the pupil center and/or the iris center.

25 5. The method as claimed in Claim 4, wherein an instrument for interferometric

measurement of the segments of the human eye is preadjusted along the optical axis of said
eye using said angle.



