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Computational Fourier Optics Simulation using a virtual laboratory
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INTRODUCTION

The optical quality of any optical element is limited by wavefront aberrations and
diffraction. The diffraction effects are associated with limited aperture size (more
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noticeable with small pupil). However, with pupil larger than 3.00 mm the aberrations
are the main contributor to image degradation [1].

Nowadays, the use of wavefront sensors and the Zernike expansion are used to
describe the wavefront error of any optical element. The wavefront error provides
information about the type and magnitude of each aberration presented in the optical
element and it is an accepted measurement in research to know the optical quality.

From the measured wavefront error, the Point Spread Function (PSF) can be
calculated using Fourier analysis. The PSF is commonly used to describe the
performance of optical systems [2].

The appearance of any image can be computed only convolving the initial object by
the PSF. The Fourier transform is a versatile tool used in many fields of science,
mathematical or physical tool to alter a problem into one that can be more easily
solved [3].

In this work we present a virtual laboratory developed in MATLAB GUI (Graphical
User Interface) to be used in Photonic Devices course at “Escuela Técnica Superior
de Ingenieria del Diseno” as a computing tool which allows doing different Fourier
optical computations and creating image simulations that include diffraction and
aberrations.

As an example, this virtual laboratory allows the engineering students to know
objectively how an optical system, such as an ophthalmic lens, provides the
appearance of a determined scene or optotype. Moreover, the software allows
visualizing what kind of aberrations affect more to the image quality, the interactions
among them and the effect of the pupil size on the final image.

1 BASIC THEORY

Defocused images and optical computations were simulated numerically using the
standard Fourier techniques by means of the Optical Transfer Function (OTF)
computed for an optical system following the procedure sketched in Fig. 1.

The Zernike coefficients were obtained from the phase map, which is provided by
commercial machines as do the topographers and the aberrometers, as

M

Wix,v) = Z a;Z (xy), (1)

i=1

where M is the number of Zernike modes employed in the wavefront reconstructions,
Z;(x, v) are the Zernike polynomials and a;(x.v) are the Zernike coefficients.

Then, the pupil function that incorporates the complete information about imaging
properties of any optical system is calculated as

P(x,v) =A(x,v) exp|—i i—'_ Wz, v)|, (2)

where A (x,y) is a circular aperture representing the pupil with a normalized amplitude
transmittance and A is the computerized wavelength.
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The Point Spread Function (PSF) and the OTF were both numerically calculated by
means of a Fourier transform (FT). By multiplying the OTF with the Fourier spectrum
of the set of optotypes or scene and doing an Inverse Fourier Transform (ITF), the
simulated image of the test is obtained.

In the particular case of an ophthalmic lens the wavefront phase of Eq. (1) can be
expressed as

Wix,y) =azZ;(x,v) + a2, (x,v) +aZ.(xv), (3)

where Z(x, v), Z.(x,v), and Z.(x v) are the Zernike polynomials corresponding to
astigmatism at 45°/135°, defocus, and astigmatism at 0°/180°, respectively.

The conventional script notation of an ophthalmic lens Sphere (5), Cylinder () and
Axis (@) (5;C x a) was converted to power vector coordinates (M, ],.J.z) using the
following equations

.-'er=5—§ ,j,;_=—§ccrs?m Jae =—§sin2ﬂ: 4)

Then, the Zernike aberrations coefficients were calculated using the following
expressions [4]

e A MR e
fy = - fy = 23 ty = 2.8 (5)

R; being the pupil radius.

Pupil Function

, > PSF=FT(P(x,
S:Cxa | ppay)=d(x,y)-exp(-i2a/)W(xy) (Pe5))
A
i | OTF=FT (PSF)
M, Jy, Jyse v
l FT-'[OTF-FT(Object)]
as, dy, ds Rp———
> W) =) aiZixy) il
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Fig. 1. Scheme of the optical computations using Fourier techniques

1.1 Graphical interface

The designed graphical interface using MATLAB GUI is shown in Fig. 2. Following
the input and output parameters are described.

INPUT PARAMETERS

General Parameters

- Wavelength of the light in nm (4).
- Viewing distance in m.



43rd Annual SEFI Conference June 29-July 2, 2015 Orléans, France
- Pupil radius in mm (Ez).
Object test

- Choose the object test [optotype (a set of characters, boxes or the Siemens
star) or natural scene] used in the simulation. Representation of the object
test.

Zernike coefficients

The Zernike coefficients are calculated up to M = 14. The software allows
different ways of choosing the Zernike coefficients:

1) Introduce the values of all the Zernike coefficients in microns.

2) Calculate them from a conventional script notation (5;C * «) of an ophthalmic
lens by using Eq. (4) and Eq. (5). Introduce the Sphere, Cylinder and Axis of a
lens.

3) From an aberration map provided by commercial machines as do the
topographers and the aberrometers. Option: Load.

OUTPUT PARAMETERS

Wavefront map obtained using Eq. (1). The representation of the wavefront map
gives information about the aberrations presented in the optical system.

Point Spread Function (PSF) calculated by means of a Fourier transform (FT) of
Eq. (2). The representation describes the response of an imaging system to a point
source or point object.

Simulated Image appearance of a determined scene or optotype (without tilts and
up to fourth order Zernike polynomials)

2 RESULTS

Using the designed MATLAB GUI, engineering students perform some educational
studies of the image forming quality. Furthermore, the effect of the defocus on
different pupils size may also be compared.

2.1 Effect of defocus and astigmatism on the simulated image

Ophthalmic lenses with different spherical and cylindrical powers (5;C X &) have
been simulated in order to qualitatively study the effect of the second order
aberrations in known conditions.

Fig, 1 shows the simulated images of a set of optotypes under a monochromatic
illumination (A = 635 nm) and with R, = 2.25 mm.
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Fig. 2. Graphical interface of the MATLAB GUI.
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Fig. 3. Image forming simulation for ophthalmic lenses with different spherical and
cylindrical powers, Rp,=2.25 mm

2.2 Interaction between spherical aberration and defocus to improve the visual
performance

Engineering students notice how pairs of Zernike modes interact to increase and
decrease the visual performance.

Fig. 4 shows the interaction between two aberrations, spherical aberration a;>= 1um
and different values of defocus as The combination of both aberrations provides
better image than having only spherical aberration.
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Fig. 4. Image forming simulation. Interaction between two Zernike modes (spherical
aberration+ defocus)

2.3 Effect of pupil size in the simulated image
Finally, engineering students observe the effect of the pupil size on image forming.

Fig. 5 shows the simulations for two different size pupils (R,= 2 mm and Rp=5 mm)
and two different defocus (S=0 D and S=0.25 D). For small pupil sizes, diffraction
effects are predominant over the aberrations.

However, the blurring effect of aberrations becomes more noticeable for large pupils.
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Fig. 5. Simulated image for different pupils size

3 SUMMARY AND ACKNOWLEDGMENTS

We have presented a virtual laboratory developed in MATLAB GUI that is useful to
explain the effect produced by different aberrations when forming images by
simulating the image forming capabilities of the configured pupil.

With this software engineering students can simulate the image of a known object
provided by any combination of Zernike function by means of a friendly interface.
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