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Principle of local wave front conjugation in ray tracing aberrometry

MpoaHanuanpoBaHbl OWMWOKN UW3MepeHus,
BO3HMKalLWMe M3-3a UCMOJNIb30BaHUA OMNTUYe-
CKOW CUCTEMbl rfla3a Kak COCTaBHOWM 4YacTu
abeppomeTpa, KOTOpble B COBPEMEHHbIX CKO-
POCTHbLIX aBTOMaTU4YecKux abeppomeTpax He
yuutbiBaroTcA. Cratbs npeactaBnsieT co6om
NonbITKY BOCNOMIHUTL 3TOT npoben. BoinonHe-
HO MoAenupoOBaHMe C NMOMOLLbIO NPOrpamMmMHoO-
ro naketa ZEMAX ana metoaa XaptmaHa-lLeka
n meTopa peutpencuHra. NokasaHo, YyTo B nep-
BOM crny4yae owuWOKM npeacTaBnslOT cobon
NPOCTON HAaKNOH BOJIHOBOro (ppOHTa, KOTOPbLIN
FNIerko UCKIr4vaeTca npu obpabotke. Bo BTO-
pomMm crniyyae owubKu MMeKT Gonee CIoXHble
3aBucumocTun. NpeanoxeH NpuHUUN NoKanbHO-
ro conpsikeHusi BOJIHOBOro (ppoHTa gns penT-
percuHroBon abeppomMeTpuu, OCHOBaAHHbLIN Ha
ynpaBneHMn HaKnoHOM BXOoAsllero B rnas us-
JNyYeHus.

Measurement errors, having their origin in
using the optical system of an eye as a part of
the aberrometer, are analyzed. Today, fast
automatic techniques did not care about this
kind of errors. The article attempts to fill in the
gap. The simulation is made with the ZEMAX
software for outgoing (Hartmann-Shack) and
ingoing (ray tracing) technologies. It is shown,
that in the first case, the errors correspond to
simple tilts to be easily excluded at processing.
In the second case, the error dependencies are
more complicated. The principle of local wave
front conjugation for ray tracing aberrometry,
based on the control of the tilt of the beam en-
tering the eye, is proposed.

Introduction

Early techniques for measurement of aberra-
tions of the human eye known as a spatially re-
solved refractometry, used a subjective feedback
from the patient [1]. Later, the efforts were
undertaken to make the measurements objectively
[2]. The tendency to automate the measurements
and make them faster resulted in several
commercialized technologies. One of them is a
Hartmann-Shack wave front sensor [3] whose prin-
ciple was borrowed from the astronomy and mili-
tary applications.

In another, ray tracing approach, a point-by-
point procedure is applied to probe the eye with a
thin laser beam and to get the image of its projec-

tion on the retina [4, 5]. The principle of simultane-
ous projection of regular structure of light on the
retina was implemented in the aberrometer [6]
based on the principles of Tscherning aberroscope
[7]. A skiascopic principle of aberration measure-
ment was implemented in Nidek aberrometer [8, 9].

Physiologically, the most correct is the ray trac-
ing aberrometer since it uses the natural paths of
light in the eye projecting the image of outer world
on the retina. In the aberrometer using the Hart-
mann-Shack sensor, the path from the eye is not
identical to that along which the optical system of
the eye traces the image of the outer world. In
Tscherning and skiascopic aberrometers, measur-
ing light is projected on retinal area not correspond-
ing to the area used for vision.

For higher accuracy, several methods and de-
vices were proposed even with the goal to achieve
a supernormal vision [10]. Applying this approach
to measure the aberrations, the output signal was
used to control a wave front conjugation device like
a deformable mirror [11] or a phase compensator
[12]. The adaptive optic is adjusted in response to
a signal generated by the aberration sensor [13] to
provide the wave front conjugation.

Some efforts have also been undertaken to de-
sign a Hartmann-Shack wave front sensor [14] us-
ing low-cost devices such as complementary
metal-oxide semiconductor (CMOS) image sensors
instead of charge-coupled devices (CCD). Novel
architectures known as embedded Hartmann-
Shack sensors were recently developed in which
the wave front is sensed directly on the image sen-
sor [15]. But the problem of high-cost wave front
conjugation with active optics still remains, espe-
cially when using photolithographic high spatial
density MEMS (Micro-Electro-Mechanical Struc-
ture) technologies [16].

Since the coordinates of the elementary mirrors
controlling the wave front tilt do not coincide with
the coordinates of the eye aperture in which the
wave front is measured, the data to control the mir-
rors should be approximated from the data ac-
quired in the points where the wave front was
measured.

1. The eye as a part of the optical system of ab-
errometer

There are also other sources of error, often
thought inevitable, since the optical system of the
eye plays a twofold role: as an object of study and
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as a part of the aberrometer. This situation creates
uncertainty of the results for both ingoing and
outgoing techniques. In the ingoing techniques,
coordinates of the laser beam on retina are the
source of information for subsequent calculations
being distorted by the optical system of the eye
itself when the coordinates are evaluated through
the eye media. In the outgoing techniques, the
uncertainty is created due to distortions of the path
of the laser beam on its way to retina where it
forms a secondary point source of the light. A term
“double-pass” was introduced [17] for dealing the
situation. It was shown that odd components of the
Zernike decomposition compensate themselves on
their path back [18]. These considerations are true
only if the inward and outward paths are the same.

To resolve the “double-pass” problem, many ef-
forts were made to modify the inward or outward
paths in a way to decrease the influence of the
pass, which distorts the information [19]. The term
was even in use “one and a half pass” [20] to
describe the layouts where the influence of the
distorting pass was lessened. This term is hardly
correct because there is no half passage in either
forward or backward direction. As well, the double
pass in its strict definition practically never occurs.
An interesting approach was tested [21] in which
autofluorescence of retinal lipofuscin was used
excited by the laser irradiation at shorter
wavelength and detection of light signals with the
longer wavelengths. This technique causes the
same uncertainty of the beam propagation path to
the retina with the only exception of different wave-
lengths in inward and outward directions.

To model the effect of the optical system of the
eye as a part of the aberrometer, ZEMAX Optical
Design Program (Focus Software, Inc., Tucson,
AZ, USA, license EE-13008) was used. The eye
was interpreted in paraxial approximation with.

Object,
Circular aperture
(Laser beam)

Paraxial and
Zemike Std Sag

aberrations added in the form of Zernike Standard
Sag surfaces (Zernike Std Sag) with number of
terms 37. To simulate the laser beams, circular ap-
ertures were placed in the required positions and
their Max Radius and Aperture Decenter were con-
trolled as Surface Properties.

1.1. Hartmann-Shack case

The layout of the model of the Hartmann-Shack
aberrometer is presented in Fig. 1, where a shows
the ingoing ray course, and b - the outgoing ray
course. The radius of the object is set to infinity.
The X- and Y-Fields in the System menu are set to
zero. Directly after the object, a circular aperture is
installed with zero X- and Y-Decenter. In the results
that will be described below, its Max Radius was
set to 0,02 mm. The retina was simulated with the
spherical surface having the radius 12 mm. The
coordinates of the spot R on the retina, denoted as
image height h;,, , are read off in the Spot Diagram
window in the Centroid mode.

In the outward direction (Fig. 1b), the point R hav-
ing the coordinates of the centroid of the retinal spot
serves now as a point source of radiation. Image
height h;»,y measured when simulating the ingoing ray
tracing is set as an object height h., in the Fields
group of the System menu. At the exit of the eye, in
addition to the paraxial and Zernike standard sag sur-
faces, a circular aperture surface is added. The aper-
ture is denoted as a point C. Its position (height) can
be varied. Its Max Radius is set to 0,02 mm. The rays,
leaving the aperture in the point C, cross the image
(detector) plane in the point D having the coordinates
(height) hge , which is read off in the Spot Diagram
window in the Centroid mode, in the same manner as
in the inward direction.
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Fig. 1. The layout for modeling the Hartmann-Shack aberrometer
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The detector plane is positioned in the back focal plane
of the paraxial surface. For the sake of simplification,
we excluded the stages of relaying telescope and
lenslets, since they do not influence the results except
possible linear scaling.

Some examples of the modeling are presented for
Z;, and Z47 in Fig. 2. As mentioned above, we used the
Zemike standard sags in the form interpreted in the
manual [22], which can be easily converted to the form
recommended by the ANSI standard [23]. The values
for Z; and Z;; were set to 0,02 mm. The image size
was get hing = 0,141 mm for Z7, and hjmg = - 0,260 mm
for Zi7. Then, using these values as hg, = 0,141 mm
for Z7, and hgy,; = - 0,260 mm for Z;7, hge: Wwas measured
for aperture heights between -4,0 mm and +4 mm. The
profiles of hg are shown in Fig. 2a and Fig. 2b with
dotted lines. The solid curves in the same graphs rep-
resent the case as if there were no aberration in the
inward direction (ho, = 0 mm). Fig. 2¢c and Fig. 2d show
the difference between the simulated measurements of
heet for the cases with and without inward aberrations.
This difference corresponds to the error of measure-
ment of each of these Zerike components.
The variations of the error were very small: measured
values of hgy were O,141i8:888 mm for Z; and

~0,260%099% mm for Z.

, mm

Pupil coordinate, mm

This high constancy of the error means that
only the tilt will be induced in the measured data,
which is easily excluded at processing. The con-
clusion for the Hartmann-Shack case is, that there
is no problem due to using the eye as a part of the
aberrometer.

1.2. Ray tracing case

The layout of the model of the ray tracing aber-
rometer is presented in Fig. 3, with the ingoing (a)
outgoing (b) ray course. The simulation parameters
are set the same as in the Hartmann-Shack case. In
the inward direction, the circular aperture can
change its position, corresponding to the coordinate
of eye probing. In the outward direction, the front fo-
cus of the detector lens is set to coincide with the
back focus of the paraxial eye. To simplify the simu-
lation, the focal length of the detector lens is set the
same as the focal length of the paraxial eye.

The results of modeling of the measurement er-
rors for several Zernike coefficients (Z;, Z17 Z19, Z21,
Zyg, and Z3¢) are presented in Fig. 4. Some of error
dependencies, like Z; and Zjs, are smooth, the
other ones have higher variability.
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Fig. 2. Height of the object (solid line) and height of the image (dotted line) vs the pupil
coordinate in a back projection of the light exiting from the eye with the aberration
Z7; =0.02 mm (a) and Z;7 =0.02 mm (b). Error of measurement of the aberrations with the
Hartmann-Shack aberrometer for Z7 (c) and Z;7 (d)
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Fig. 4. Error of measurement of the aberrations with the ray tracing aberrometer vs the pupil coordi-
nate in the eye having a single aberration of Zernike standard sag 0,02 mm: a-Z7; b-Zi7; ¢ - Z49; d -
Zy1; @ - Zy9; F-2Z31; 9 - Z33; h - Z35
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Fig. 5. Relative error of measurement of different Zernike coefficients containing sine
multipliers (filled-in columns) and cosine multipliers (empty columns)

The relative root mean square values (RMS values
related to the value of the corresponding Zernike
coefficient) for some Zernike coefficients containing
sine and cosine members are given in Fig. 5.

It is obvious, that the ray tracing technique
needs modification to compensate for the meas-
urement errors.

2. The principle of local wave front conjugation

A proposed solution is interpreted by the Fig. 6,
where a illustrates a hyperopic type of non-
homogeneity, and b - a myopic case. In the stan-
dard ray tracing mode [4], the beam exits the de-
flector center of deflection in the point O1 and en-
ters the eye in parallel to the optical axis of the

: Deflector

|

sy
:
1
1

ll|06

Deflector

instrument at the height h; crossing the anterior
surface of the cornea in point C. The beam hits the
retina in point R, at the height d, from the central
point R for the hyperopic type of non-homogeneity.
For the myopic type, the retina is hit in the point R,
at the height d,,,.

To solve the problem of wave front conjugation
in the point C of the entrance into the eye, the tilt of
the beam inside the eye is to be changed from ¢,
to ¢,. This can be done by changing the height of
the beam at the deflector center of deflection from
hy to h, and inclining the beam by the angle Sy, for
the case of hyperopia or by B,, for myopia. It means
that the height of the beam in the center of deflec-
tion must be shifted from point O, to point O..

Fig. 6. Principle of the local wave front conjugation for the errors of the hyperopic

type (a) and of the myopic type (b)
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It can be done with an additional deflector and a
collimating lens. Since the information on tilts G or
B is got with errors, the correction of the position
of R, or R, will not result in achieving zero values
of d, or d, in the very first correction, and another
iteration may be necessary, similarly to the sys-
tems with the simultaneous total wave front conju-
gation. Fig. 7 illustrates the results of the consecu-
tive wave front conjugation procedures showing the
retinal spot diagrams after the initial probing (a),
the first (b) and the second (c) iterations.

Fig. 7. Retinal spot diagrams:

a - without local wave front conjugation;
b - with the local wave front conjugation,
first iteration;

c - with the local wave front conjugation,
second iteration

Conclusion

The proposed principle of local wave front con-
jugation allows decreasing of the measurement er-
ror by an order per iteration. Depending on the type
of aberration, it means that the error from 20% will
be reduced to 2% after the first iteration, and to
0,2% after the second iteration. In most cases, a
single iteration can be enough. When the level of
measurement noise is low and the uncertainties
following from the extrapolation procedures are
lessened due to a high number of probing points,
the second iteration may solve the problem with
even higher accuracy.
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