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Abstract—Experimental setups of two-channel wavefront sensor (WFS) based on moiré deflec-
tometry have been proposed and developed in recent years. Capabilities of this WFS have been
tested in the atmospheric turbulence measurements. Like other WFSs, it can be used in various
areas. Therefore, we have developed a MATLAB graphical user interface program to allow any user
to easily use it. This program takes simultaneous horizontal and vertical moiré patterns as input data
and reconstructs corresponding wavefront map and its aberration values. Algorithm of the process
is explained step by step in this paper. For a typical input moiré pattern the results such as wavefront
shape and corresponding first ten Zernike coefficients are calculated and are shown as outputs of
the software. In addition, there is a special part in the program for the atmospheric turbulence
applications that calculates strength amount of the turbulence, C2

n, and temporal evolution of the
angle of arrival.
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1. INTRODUCTION

Wavefront sensors (WFSs) have many applications in optical metrology [1], adaptive optics [2],
ophthalmology [3], etc. [4,5]. Measurements methods of WFSs are different. Some of them measure
wavefront curvature such as curvature sensor [6] and some of them measure wavefront slopes such as
Shack–Hartmann WFS [7]. Shack–Hartmann WFS is one of the most commonly used WFS that
measures wavefront slopes. Shack–Hartmann WFS contains a lenslet array that focus an incident
light beam on a detector such as a CCD. Distortions on the incident wavefront cause the movement
of these spots. From the displacements of the spots on the CCD, phase slopes and the corresponding
wavefront aberrations are calculated.

A new two-channel wavefront sensor based on moiré defelectometry (TChMD) was proposed by
Rasouli et al. and developed in recent years [8]. It is used in the turbulence measurements [9, 10], but
like other WFSs, it can be used in various applications. Experimental set-ups of this WFS are shown
in Figs. 1 and 2. The set-up illustrated in Fig. 1a consists of two moiré deflectometers in two channels.
There are two similar gratings in each channel that are separated by a Talbot distance. An appropriate
coordinate system is chosen so that in the first channel the grating rulings are almost in the y-direction
and those in the second channel are almost in the x-direction. When the first gratings are illuminated
by an expanded and collimated laser beam, their self-images are formed on the second gratings, and, as
a result, moiré fringes are formed in both of the channels. In the first channel, moiré fringes are in the
x-direction and those in other channel are in the y-direction. Typical recorded moiré patterns using this
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Fig. 1. (a) Schematic diagram of TChMD wavefront sensor set-up. BS, M, Zk , D, and PL stand for beam splitter,
mirror, Talbot distance, diffuser and projecting lens, respectively. G1, G2, G3, and G4 stands for gratings. (b) Typical
recorded moiré patterns.
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Fig. 2. (a) Schematic diagram of TChMD wavefront sensor set-up on a telescope. CL, BS, M, Zk , D, and PL stand
for collimating lens, beam splitter, mirror, Talbot distance, diffuser and projecting lens, respectively. G1, G2, G3, and
G4 stands for gratings. (b) Typical recorded moiré patterns.

set-up are shown in Fig. 1b. The major limitation of this set-up is that reconstructed wavefronts are in
the size of the gratings. To overcome this limitation, a telescope and a collimating lens could be added to
the set-up (see Fig. 2a). In this case, magnification between first gratings and telescope entrance plane
should be considered in calculations [10]. Typical recorded moiré patterns using this set-up are shown in
Fig. 2b that, due to the telescope obscuration area, a dark zone is created in the center of moiré patterns.

As same as Shack-Hartmann WFS, distortions on the incident wavefront cause distortions on the
moiré fringes. From deviations of the moiré patterns, one can determine phase slopes and corresponding
aberration values. Moiré fringes are analyzed by a method that will be explained in detail in the next
sections. We introduce a MATLAB graphical user interface (GUI) package that can helps anybody to
use our WFS in a wide range of applications.

We consider six main parts in the program of the GUI as follows:
1. This program needs to take two sets of the moiré patterns; in the absence and present of the sample.
2. Removing high spatial frequencies from intensity distribution of the moiré patterns in order to get

clear moiré patterns.
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3. Finding the trace of the moiré fringes of the taken moiré patterns.
4. Finding the intersection points between horizontal and vertical traces for a given pair of moiré

patterns.
5. Calculation of wavefront slopes and corresponding phase values from the displacements of the

intersection points.
6. Decomposition of the wavefront into the primary Zernike modes.
In addition, we have considered a special part in the program for the atmospheric turbulence

applications. One of the physical effects which is observed when a light beam propagates through a
turbulent atmosphere is the fluctuations of light propagation direction. These fluctuations referred to as
the fluctuations of the angle of arrival (AA). By calculation of the variance of AA fluctuations, one can
determine strength amount of the optical turbulence, C2

n. Using the procedure in reference [11], program
calculates temporal evolution of AA and the value of C2

n.
In continuance, we describe physical basis and corresponding equations of calculations in the

program. After that, we will introduce different parts of our GUI package and show how a user can
use it.

2. DATA ANALYSIS

In the TChMD wavefront sensor we need two sets of moiré patterns; moiré patterns in the absence
and moiré patterns in the presence of the sample called reference and deviated moiré patterns, respec-
tively. In some of applications, we deal with dynamic media such as atmospheric turbulence in which
moiré fringes have randomly temporal evolution. In these cases, a long exposure time moiré patterns
are recorded and used as reference moiré patterns. As it mentioned previously, due to the wavefront
distortions moiré fringes deviate from their reference forms. In following, we describe how one can
measure these deviations.

2.1. Getting Low Frequency Illumination

Since low spatial frequency in the recorded intensity distribution specified the moiré fringes, in order
to get more clear moiré patterns, one can remove high spatial frequencies in the intensity distribution
by use of Fourier transform method. In order that, Fourier transform of intensity distribution to be
calculated and in the spatial frequency domain, high frequencies of spectrum are removed; then, inverse
Fourier transform of the spectrum is calculated. In Fig. 3, moiré fringes before and after removing high
spatial frequencies in the intensity distribution are shown and the corresponding intensity profiles along
illustrated white line in the moiré pattern are presented.

2.2. Moiré Fringes Tracing

We call the locus of all of the points with maximum intensity along a given bright fringe as bright
trace and the locus of all of the points with minimum intensity along a given dark fringe as dark trace.
For determining the trace of given moiré fringe, one can use two different methods. In the first method
a rectangular box has been chosen for a given moiré fringe so that only the desired fringe to be confined
inside the box (see Fig. 4a). Intensity values in the box are saved as a matrix data. For a horizontal
bright fringe, the locations of maximum for all of columns of the matrix, and for a vertical bright fringe,
the locations of maximum for all of rows of the matrix are calculated. The locus of these maximum points
is the trace of the fringe. For tracing of dark fringes, it is sufficient to calculate minimum intensities
instead of maximum intensities in the tracing process. We named this method “box selecting method”
in program. According to Fig. 4b, if we cannot choose a box in which to confined only a moiré fringe,
the above method will not be appropriate to the moiré fringe tracing. In this case we need to use other
algorithm to find the trace. In the second method we need select two points for each moiré fringe: one
point at the beginning and another one at the end of a given fringe. Intensity value of the first point for
a vertical fringe is compared with the pixel values on the right and left hand side of this point and for a
horizontal fringe is compared with the pixel values on the top and below of this point. Then, maximum
or minimum value of these three points is calculated and its coordinate is considered as the beginning of
the trace. Then, we move down one pixel for a vertical fringe and move right one pixel for a horizontal
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Fig. 3. (a) and (b) are typical moiré fringes in the study of atmospheric turbulence before and after removing high spatial
frequencies in intensity distribution, respectively, (c) and (d) are the intensity profiles along illustrated white lines before
and after high spatial frequencies removing, respectively.

(a) (b)
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Fig. 4. (a) tracing of a moiré fringe using box selecting method, (b) incorrect tracing of a moiré fringe using box
selecting method, (c) tracing of a moiré fringe using pixel by pixel method.

fringe and repeat the same procedure until we reach the end point of a fringe (see Fig. 4c). We named this
method “pixel by pixel method” in program. In order to increase the spatial resolution of this work for a
given moiré pattern 6 we introduce a new concept that we call virtual traces. As it mentioned previously
one can remove high spatial frequencies using fast Fourier transform. After this work, the moiré fringes
intensity profile in direction perpendicular to the moiré fringes can be written as
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where dm, Ib, Id, and y0b are the moiré fringes spacing, the intensity of bright and dark traces, and
the position of the reference bright trace, respectively. From Eq. (1), mid points between the adjacent

bright and dark traces have an intensity equal to I
(1)
vir =

(
Ib + Id

2

)
. Now, for the case of distorted moiré

pattern, the traces of points with intensities equal to the mean intensity of the adjacent bright and dark

traces I(1)vir =

(
I ′b + I ′d

2

)
to be determined the first order virtual trace. By use of following equation in all

of the columns of the intensity distribution of the moiré pattern, one can find the first order virtual trace

I
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2

)
= I ′

(
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(1)
vir

)
→ y

(1)
vir = y

(
I ′b + I ′d

2

)
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One can potentially produce a large number of virtual traces between two adjacent bright and dark
traces by using their intensities and locations [12]. In order to specify all of traces in the same coordinate
system, we should choose a coordinate system for all recorded moiré patterns.

2.3. Intersection Points

Similar to the array of the focal spots in the Shack–Hartmann WFS, an array of intersection points
of the horizontal and the vertical traces are used in the TChMD WFS. In practice, these intersection
points can be obtained by considering two sets of simultaneous vertical and horizontal moiré traces in
one x-y coordinate system. This work should be done for both of reference and deviated moiré patterns.
For calculation of the coordinates of the intersection points, we used a MATLAB code, intersections.m,
written by Douglas M. Schwarz,1 that we downloaded from the MATLAB web site. One can use
functions such as polyxpoly that is defined in MATLAB toolbox, but the efficiency of the intersection.m
is very high. In program, x and y-coordinates of all of the intersection points are set in m × n matrices
individually that m and n are the total number of horizontal and vertical traces, respectively. We named
these matrices for the reference traces by XI0 and Y I0, and for the deviated traces by XI and Y I. For
example, XIij and YIij are the coordinates of intersection point between ith horizontal trace and jth
vertical trace, but if in a case these traces do not intersect each other the corresponding elements of the
matrices are set as NaN.

2.4. Displacement Vectors and Wavefront Slopes

We define the displacement of the moiré fringes matrices Dx and Dy in x direction and y-direction
respectively, as follows

Dx = XI −XI0, (3)
Dy = Y I − Y I0.

Wavefront slope matrices can be written from the displacement matrices as follows

[
∂U

∂x

∂U

∂y

]
ij

=
d

zk

[
Dy

dmh

Dx

dmv

]
ij

, (4)

where U , d, dmh, dmv and zk are the wavefront function, gratings period, horizontal moiré fringes spacing,
vertical moiré fringes spacing and kth talbot distance, respectively. Different algorithms such as Fried
geometry [13], Hudgin geometry [14], and Southwell geometry [15] are used to determine phase values
from the wavefront slopes.

1 http://www.mathworks.com/matlabcentral/fileexchange/11837
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Fig. 5. Southwell geometry [15].

2.5. Wavefront Reconstruction

Since wavefront slopes are determined exactly on the intersection points and not between two
adjacent intersection points, we have used Southwell geometry in program [15]. In this geometry, the
relations between phase values and wavefront slopes are defined as follows

1

2

(
Sx
ij + Sx

ij+1

)
=

Uij+1 − Uij

l
, (5)

1

2

(
Sy
ij + Sy

i+1j

)
=

Ui+1j − Uij

l
,

where Sx
ij =

∂Uij

∂x
, Sy

ij =
∂Uij

∂y
, and l is equal to the distance between two adjacent intersection points

in the gratings plane. By considering these equations for all of the intersection points, a matrix equation,
S = PU, is obtained, where S is a vector containing all of the slope measurements, P is named
interaction matrix, and U is a vector of unknown wavefront values. By solving this equation, values

of the wavefront function are obtained and phase values can be calculated from Φ =
2π

λ
U .

To determine aberration values, we expand phase function as sum of Zernike polynomials [16]

Φ =

∞∑
i=1

aiZi. (6)

We treat the above equation as a vector matrix multiplication [17]

Φ = ZA, (7)

where Φ is the column matrix of the phase values and Z is a matrix in which each column is one
of the Zernike polynomials, and A is the column vector of the Zernike coefficients. Program shows
the wavefront map, corresponding Zernike polynomials map and their Zernike coefficients in the main
window.

3. USING THE PROGRAM

By opening TChMD.m from MATLAB editor window and running it, the program could be started.
The structure of the program, as a flowchart, is illustrated in Figure 6. Now, we introduce different parts
in the main window of program in the next subsections.
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Fig. 6. Flowchart of the program structure.

3.1. Main Window

The main window of the program is shown in Figure 7. When a user runs the program, the main
window that its name is TChMD will appear. Moiré fringes, wavefront map and aberrations map are
shown in the different panels of the main window.

Moiré fringes—In this panel, the desired moiré patterns are represented. We assume that moiré
patterns are recorded by a specific name that consist two parts; first part is a word and second part is
a frame number. In the main window, user enters the frame number of desired moiré patterns to see
corresponding wavefront map and its aberrations.

Wavefront map—By clicking on the plot button, the wavefront map of the selected moiré fringe will
appear in this panel. User can switch between two-dimensional or three-dimensional plotting of the
wavefront map.

Aberrations—By clicking the plot bottom, the program also calculates the value of the aberrations,
and displays first 10 Zernike polynomials map except piston term in this panel.

3.2. Menus

3.2.1. File menu. When a user runs the program, the first thing that should be done is to specify the
path where the folder of the moiré fringes is located. When user click on “Path Name of Images” from
“File” menu, a small window will be opened in which user can specifies the address of recorded moiré
fringes folder. In addition, user can save wavefront map and aberrations maps by clicking on Save option
in “File” menu.
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Fig. 7. Snap shot of the main window.

Fig. 8. Snap shot of the Set-up Parameters Settings sub-window.

3.2.2. Settings menu. In this menu two sub-windows are available. The first one is Set-up
Parameters Settings sub-window. When user click “Set-up Parameters Settings” from the “Settings”
menu, this sub-window will appear. User can enter WFS specifications such as gratings period, Talbot
distance, telescope aperture diameter, magnification between the first gratings and telescope entrance
plane and etc.

The second one is the Reference Frame Settings sub-window. In this sub-window, user can set the
specifications of the reference moiré fringes such as horizontal and vertical moiré fringe spacing, dark
area radius, bright area radius, and etc. As it mentioned in Section 2.1 for determining the trace of a
fringe, high frequencies of intensity distribution could be eliminated. User sets the filtering radius as
a cut-off spatial frequency in intensity distribution. Intensity profile in the direction perpendicular to
the moiré fringe is plotted before and after elimination process and so user can identify the amount of
the suitable radius. After clicking on the Apply button, Tracing sub-window will appear and user can
determine the traces of the reference moiré fringes. There are two options for tracing method which the
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IMPLEMENTATION OF A WAVEFRONT-SENSING ALGORITHM 691

Fig. 9. Snap shot of the Reference Frame Settings sub-window.

Fig. 10. Snap shot of the Tracing sub-window.

user can select one of them. After that by specifying the number of horizontal and vertical bright and
dark moiré fringes the tracing process could be started. These sub-windows are shown in Figure 8 to
Fig. 10.

3.2.3. View menu. In this menu user can see the Displacement Vectors sub-window (Fig. 11) and
the Trace of Fringes sub-window (Fig. 12).

3.2.4. AA and C2
n menu. This part of the program is designed only for the turbulence study

applications. When user clicks “AA & C2
n” from the menu, user can see the angle of arrival evolution

in successive moiré fringes. In addition, the user can enter the number of frames and the propagation
distance to see the amount of turbulence strength, Cn

2. This sub-window is shown in Fig. 13.
3.2.5. Help menu. We provide a helping file in pdf format to make easily use of the software that is

available in the help menu.

3.3. Program Features

– It is possible to change specifications of set-up in the program for different experimental set-up
parameters.
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Fig. 11. Snap shot of the Displacement Vectors sub-window.

Fig. 12. Snap shot of the Trace of Fringes sub-window.

– Two different algorithms are used in program for tracing of moiré fringes which one is suitable for
small deviation and another one for large deviation of the moiré fringes.

– Moiré fringes and corresponding wavefront and its aberrations are displayed simultaneously in the
main window of the program, so the user can see intuitively how changes in moiré fringes cause the
wavefront distortions.

– For turbulence applications, program has special part that calculate strength of turbulence Cn
2 and

temporal evolution of the angle of arrival.
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Fig. 13. Snap shot of the AA sub-window.

4. CONCLUSIONS

The developed program significantly increases the convenience of experimental measurement of
wavefronts and the subsequent processing of the results of this measurement. Also This program is
not only applicable for turbulence measurements [10, 18, 19] but also it can be used for any applications
of a WFS [20, 21].
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