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To determine the effect of twilight myopia on retinal quality image and to explain the Purkinje effect,
the numerical model of Gullstrand’s eye was modified. Modification was concerning on addition of the iris in
vision path and chromatic properties for the optical elements of modeled eye. Applied changes allowed to simulate
propagation of light rays under photopic and mesopic vision conditions. The obtained results were used to simulate
retinal spot diagrams, during day and under low light intensity, as in the case of twilight.
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1. Introduction

In recent years, intensive research on personalization
and adaptation to environmental conditions of an eye
refraction correction, has been performed. Among the
studies in the scope of personalization of the visual sys-
tem correction, one can mention e.g. research on the
inclusion in the construction of progressive glasses of
such factors as disparity vergence or phoria and many
other [1]. In the case of adapting to specific environmen-
tal conditions, there can be distinguished several leading
paths, such as works on progressive glasses for children in
order to stop the myopia epidemic [2, 3], eye glasses ded-
icated for driving vehicles under mesopic conditions [4, 5]
or special lean coatings, protecting the eye from excessive
exposure to blue light [6].

This paper is focused on analyzing the effects lying
under miopic refraction shift which is correlating with
studies performed on eye glasses dedicated for driving
vehicles under mesopic conditions.

In order to perform quantitative analysis of that effect,
the Gullstrand eye numerical model was modified.

2. Methodology

2.1. The Gullstrand eye numerical model

According to the Gullstrand model, the eye is built of
5 refractive areas which creates 7 refractive surfaces. The
cornea of the eye consists of two surfaces, and a lens of
four (two per nucleus and a capsule). The model has two
states of accommodation: 0 D — relaxed and 10.87 D
— accommodated, but the presence of an iris, as well as
chromatic properties of refractive areas, are not described
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in formalism. There exists also a simplified version of the
Gullstrand eye model, but it will not be discussed here.
Below, in Table I, are gathered parameters describing
presented model [7].

TABLE I

Parameters describing Gullstrand schematic eye [7].

Parameter Relaxed Accommodated
Index n

cornea 1.376 1.376
anterior chamber 1.336 1.336
lens capsule 1.386 1.386
crystalline lens 1.406 1.406
vitreous humor 1.336 1.336

Radius r [mm]
cornea 7.7 7.7
anterior chamber 6.8 6.8
front lens capsule 10 5.33
crystalline lens 7.911 2.655
rear lens capsule −5.76 −2.655

vitreous humor −6.0 −5.33

retina −17.2 −17.2

Thickness [mm]
cornea 0.50 0.50
anterior chamber 3.10 2.7
front lens capsule 0.546 0.6725
crystalline lens 2.419 2.655
rear lens capsule 0.635 0.6725
vitreous humor 17.185 16.80

Focal length [mm]
object −17.055 −14.169

image 22.785 18.930
Refractive power [dpt]

cornea 43.053 43.053
crystalline lens 19.11 33.06
schematic eye 58.636 70.57

(169)
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2.2. Modifications of numerical model

In order to describe more complex vision processes,
like myopic shift or the Purkinje effect, the Gullstrand
eye was modified.

Changes were concerning on addition of the iris in vi-
sion path and chromatic properties for the optical ele-
ments. The pupil in vision path was added at a dis-
tance of 3.2 mm from the front apex of the cornea,
which corresponds to the edge of the front of the lens
when it is maximally accommodated. Basing on [8],
the diameter of the iris during photopic light conditions

was assumed to be equal to 3 mm and in case
mesopic, 6 mm.

The chromatic properties — wavelength dependent in-
dex and the Abbe number of all optical elements — were
described basing on Liou et al. as well as Chauuhuri and
Lakshminaiiay [9, 10].

Performed changes in chromaticity of schematic eye
elements as well as addition of the iris in vision path
(of 3 mm diameter), resulted in modification of vitre-
ous body thickness. All parameters for relaxed eye after
changes are gathered in Table II.

TABLE IIParameters describing modified Gullstrand schematic eye.

Parameter Radius r [mm] Distance [mm]
Index n

Abbe number
656.3 nm 587.6 nm 486.1 nm

cornea 7.70 0
1.380 1.383 1.387 52.64

anterior chamber 6.80 0.5
front lens capsule 10.00 1.331 1.334 1.337 56.43
crystalline lens 10.00 3.6 1.388 1.390 1.394 62.41
rear lens capsule 7.91 4.146

1.408 1.410 1.414 69.04
vitreous humor −5.76 6.565
retina −6.00 7.2 1.388 1.390 1.394 62.41
cornea 1.331 1.334 1.337 56.43
anterior chamber −24.00 23.8

3. Results and discussion

Figure 1a presents eye model with diaphragm (iris) of
3 mm diameter, and corrected thickness of vitreous body,
in respect to chromaticity of optical elements. The figure
also shows the traces of rays through the optical system
of the modeled eye, where focal point of that system lies
exactly on retina.

In Fig. 1b there are presented spot diagrams for retinal
image (central plot) and defocused by 1 mm and 2 mm in
longitude axis in both directions. The diameters of spots,
in defocused spot diagrams, were used to determine the
position of the smallest blur spot, and calibration of the
model. Precisely, they were used to apply the change
in vitreous body thickness and position of the retina, so
that the focal point lies precisely on it. The diameter of
the smallest blur spot illustrates the value of spherical
aberration, and is equal to 0.016 mm.

Figure 2a presents eye model after changing the di-
aphragm size (iris) to 6 mm. The figure also shows the
traces of rays in such defined eye, as well as value and
direction of the focal point shift. Obtained defocus to-
wards the front of the eye was equal to 0.72 mm. This
corresponds to shifting the eye to myopia by the value
of 2.88 D. This result differs from the literature data.
The largest value of the ocular myopic shift was equal
to 0.75 D [11]. One of the explanations regarding the
existing difference is shown to us by the analysis of spot
diagrams (Fig. 2b).

Fig. 1. (a) Modified schematic eye model with di-
aphragm diameter of 3 mm, with marked ray trace,
(b) direct spot diagrams of retinal image, and after its
defocus by the marked value.

The size of the smallest blur spot, for the eye with a
diaphragm diameter of 6 mm, was 0.22 mm, which gave
13.75 times the value of that parameter as for the eye
with a diaphragm of 3 mm and was defocused towards
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Fig. 2. As in Fig. 1, but for diaphragm diameter of
6 mm.

the front of the eye. This shows a significant spherical
aberration of the model, and that is where we see a dis-
crepancy in the power range in case of shifting the eye to
myopia.

The obtained results have been additionally corrected
by the shift resulting from the Purkinje effect, which is
related with the shift of the focal point of the eye, from
the yellow to red focus. This is manifested in the fact that
with the dilated pupil, during the twilight photometric
conditions, the observed image is reddened. The correc-
tion was determined by changing the wavelength while
analyzing the course of rays through the model. The ob-
tained focal point defocus, corresponded to the change
in the power of the system by 0.2 D. In addition, it was
assumed that the lights illuminate the area in front of the
car while driving, but to a limited extent. It has been
assumed that the focus point of sight is located at a finite
distance, i.e. around 3 m. This corresponds to correction
of an optic system power for about 0.33 D.

4. Conclusions

The performed modifications to the Gullstrand model,
in the form of added pupil of the eye and the chromaticity
of the optical elements, allowed to simulate the twilight
myopia and the Purkinje effect.

Numerical calculations of physiological changes in-
duced by adaptation to environmental conditions dur-
ing driving under twilight view state, allowed to deter-
mine the quantitative limits of the observed defocus ef-
fect. The size of the defocus was compared with the
experimental data measured by Lopez-Gil et al. [11].
Differences in the value of image defocus, for theoreti-
cal calculations (2.88 D) and experimental measurements
(0.75 D), have been attributed to the imperfections of the
Gullstrand eye model, in which all optically active sur-
faces are spherical. This translates into a large spherical

aberration of the optical system, which in turn results in
a significant shift of the spot of the slightest blur towards
myopia, for the wide open pupil. In the real eye, both
the corneal surfaces and the lenses have an aspherical
topography, which significantly reduces spherical aberra-
tion [12]. Additionally during driving the observed object
lies in a finite distance and our eye starts to use instead of
yellow — the red focal point (the Purkinje effect), these
conditions reduce the displacement effect (to 2.35 D),
however, final results are still not equated with the ex-
perimental ones. Obtained results unambiguously indi-
cate the applicability of correction in the form of diffusing
glasses for twilight driving, however, the discrepancy be-
tween experimental and theoretical data indicates that
further studies of this effect are needed on more sophisti-
cated models, which additionally are taking into account
the asphericity of the different surfaces of the eye.

Based on the obtained results, it also can be concluded
that the modified model can be used perfectly to explain
the observed effects of twilight myopia and the Purkinje
effect in a simple way.

It should be also mentioned that described case (eye-
glasses reducing twilight myopic shift during driving) is
not the only practical application of performed simula-
tions. Developed changes, in terms of the myopic shift,
related with pupil size changes, can be also used to mod-
ify the autorefractometer programs by adding a test op-
tion correlating with use of the tropicamide. Such a study
would give information about correction of power result-
ing from pupil size changes after palsy, which would make
the result of the research more real.
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