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Abstract — Computing numerical ap-
proximations of the Huygens-Fresnel principle in
three dimensions is a rather time (and hardware)
demanding task, but thanks to massive par-
allelization in GPGPU enabled graphics cards
these computations can be sped up considerably.
A newly developed software framework is capa-
ble to simulate a large portion of wave propaga-
tion related problems. It seems suited to gener-
ate laser speckle images for various real physical
setups which were used to measure the surface
roughness of sheet metal or the oil film thick-
ness on top of it. This paper gives a short sur-
vey on rough wetting theory, it introduces the
core parts of the software, and finally it shows
some test cases using apertures and their known
Fraunhofer diffraction patterns.
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1. INTRODUCTION & MOTIVATION

Corrosion of iron and its alloys, commonly
termed ‘rust’, can be a severe problem in auto-
motive sheet metal production. In finished prod-
ucts the metal is usually coated by varnish or
any other protective coating. Prior to this fin-
ishing the metal is often protected by a thin film
of oil. The very thickness of this film is of con-
cern for any manufacturer of sheet steel. It must
maintain a minimum thickness to fulfill its pro-
tective purpose but it should not exceed a max-
imum thickness because it could affect subse-
quent processes and produce unnecessary costs.

Numerous methods to determine the layer
thickness of fluids on smooth surfaces are
known. To name a few examples some tech-
niques employ changes in capacitance [1], Ra-
man backscattering [2], the temperature gradi-
ent [3] or ultrasound [4]. However, if the surface

is rough and the film thickness is in the range
of the roughness the film fills in the pits and
grooves of the surface so that adhesive forces be-
tween the materials and cohesive forces within
the film reach an equilibrium. The film thick-
ness varies rapidly over distance, thus integral
effects like the change of capacitance or prin-
ciples based on long wavelength radiation yield
unreliable results due to their rather low spatial
resolutions.

Rough wetting seems to be a clue, since An-
delman et al. [5, 6] established a connection be-
tween the profile of the surface/fluid interface
of an oil covered rough plane and the profile of
the fluid/air interface atop. It was found out
that the liquid acts as a low-pass to the underly-
ing surface roughness, i. e. the wet surface seems
to get smoother with increasing thickness of the
film and roughness measurements can provide
information on the film thickness.

Preceding evaluations by Lettner et al. [7]
focused on laser speckle techniques [8, 9] to
measure surface roughness, and thus oil film
thickness, locally. Various measurement setups
were devised and tested thoroughly, but the
adjustment and evaluation of the different
devices proved to be tedious. Within short time
the wish to simulate the respective outcomes
lead to the development of the custom software
toolbox presented throughout this paper.

Numerical laser speckle simulations, like
the ones given by Goodman [10] or Equis
and Jacquot [11], often use relations in the
Fourier domain which make inherent use of the
Huygens-Fresnel principle under a paraxial ap-
proximation. Diffuse reflections of laser light on
any rough surface do not satisfy this assump-
tion. That is why the core part of this contribu-
tion employs a numerical approximation of the
Huygens-Fresnel principle in the spatial domain.
It involves a sum over all elements of an electro-
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Fig. 1: A liquid film between a vapor and a
rough solid surface. The solid/liquid and lig-
uid/vapor interfaces are at heights (s(p) and
Cr(p) above the {£,n,0} reference plane [5].

magnetic field within an aperture plane to com-
pute the field in a single arbitrary location in
another plane of interest. Only mild approxima-
tions, a discretization of both electromagnetic
fields and the use of finite precision arithmetics
[12] affect the computation result.

Laser speckle related simulations require
high spatial resolutions in the order of the used
wavelength, e.g. 550 nm for green light, which
yield rather large matrix sizes when using re-
alistic dimensions for the setup. Computations
on a sequentially working CPU proved to be
unfeasible due to the long computation time
needed to solve even simple problems, e.g. we
estimated a week to solve the wave propagation
from a 2000 x 2000 points source aperture to a
512 x 512 points destination field. Fortunately,
the freeware software toolbox ‘GPUmat’ for
Mathworks” MATLAB provides a convenient
way to access the general purpose computation
capabilities on the graphics processing units
of NVIDIA CUDA"™ enabled graphics cards.
It speeds up computing, depending on the
respective problem size, by at least a factor of
30 to 50. The GPU accelerated solver finished
above example problem in approximately six
hours, 36 times faster than the same algorithm
running on an Intel® Core™2 Q9550 2.83 GHz.

This papers subsequent sections are con-
cerned with the physical models and principles
which were used to simulate the wave propaga-
tion of monochromatic light, the validation of
the simulation results and a short conclusion.
Finally, an acknowledgement and references con-
clude the paper.

2. ROUGH SURFACES

In this section a short introduction to the
theory of rough wetting is followed by an algo-
rithm to define an artificial surface.

A Rough Wetting

Complete wetting with zero contact angle de-
scribes a thin layer of liquid completely cover-
ing a solid surface [13, 14] as shown in Fig. 1.
The solid surface (s(p) is specified for each vec-
tor p = {&,n} in a two-dimensional reference
plane [5]. Andelman et al. determined the lig-
uid /vapor interface (1, (p) above the solid surface
by minimizing the free energy F which is built
up of solid/vapor, solid/liquid and liquid/vapor
surface tensions, molecular interactions between
the solid and the liquid surfaces and the chem-
ical potential of the film. Linearization of the
resulting integro-differential equation yields

(olq) = (s(@K(q) / (1+4°€%) (1)

where q is a frequency in periods/m, (L (q),
s(q) and K (q) are the Fourier transforms of the
liquid /vapor interface, the solid/liquid interface
and a convolution kernel K(q). & is the surface
tension dependent healing length, whereas K(q)
contains energy related terms. Equation 1 acts
as a low-pass filter on (s(q), i. e. fast varying un-
dulations of the metal surface are damped and
the liquid surface gets smoother with increasing
film thickness.

B An Artificial Surface

As a consequence for the proposed simulation
model a surface (g, art(p) has to be generated. It
is defined in a two step process, where at first an
artificial Fourier transform (go(q) of the surface
determines most of its spectral properties and a
subsequent scaling in the spatial domain guaran-
tees a desired surface roughness. The spectrum
for all frequencies q is given by

Csol@)| = ala). @)
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where a(q) : R?> — R in Eqn. 2 may be an
arbitrary function, e.g. a low-pass, which acts
only on the magnitude of 557 art(d). The com-
plex phase of each component of the spectrum is
distributed uniformly on the unit circle by Eqn.
3 and finally the symmetry relation in Eqn. 4
guarantees (go(p) € R.

In the simplest case the function a(q) may
be a rotationally symmetric Gaussian low-pass
15)

a(a) = exp (— |a| /(207), (5)

where ¢ is the standard deviation of the Gaus-
sian curve. A more sophisticated approach is to



make the function dependent on the direction
of the vector q = {q1,¢2} to simulate different
spectral distributions along the spatial dimen-
sions ¢; by using different standard deviations

{0-1,0-2}:
a(q) = exp (— (q1/01)° = (q2/02)* + 1).

The function evaluates to equal values on ellipses
around the origin. This way grooves and rills can
be simulated, albeit the parameters for real sur-
faces have to be determined by spatially resolved
roughness measurements [16, 17].

Above formulae determine the relative mag-
nitudes |Cso(q)| of the spectrum and give a
rather arbitrary surface roughness (so(p) in the
spatial domain. In order to conclude the arti-
ficial surface generation a linear scaling by its
absolute mean surface roughness 1/R, and the
desired roughness R, q4cs has to be performed:

G, anp) = Golp) - 222, (6)

with the mean surface roughness

| NoM
R, = WZZ |Cijl s Gij € Gso(p), (7)

i=1j=1

where N and M are the number of sampled
points ¢;; along the §- and n-directions of {go(p)-

For the numerical simulation of the dis-
cretized problem proper spatial resolutions
{A¢&, An} along the respective dimensions have
to be chosen. The discrete Fourier transform
of size N x M and frequency resolution Aq =
{1/(N A¢),1/(M An)} is defined according to
Eqns. 2 to 4 and an appropriate low-pass fil-
ter function is applied. At this stage aliasing is
of no concern, since no sampling operation was
involved in construction of {so(q) or (s, ar(p)-
However, the surface might be interpolated at
new coordinates in a later stage of the simula-
tion where aliasing might occur.

To simulate rough wetting a ‘master surface’,
which should approximate a measured specimen
of a dry surface, is generated. Wet surfaces are
simulated either by a linear scaling of the mas-
ter’s roughness or by further low-pass filtering.
The latter also allows control over the spectral
distribution.

3. LIGHT & LASERS

Now, equipped with a suitable rough surface
it is to be illuminated by monochromatic light.

Fig. 2: Monochromatic light with a wave vec-
tor k is cast onto a rough surface. The distance
p from the intersection point I of vector k and
the reference surface {( = 0 is projected onto the
wave vector and on the wavefront. This gives
its propagation distance d and its beam radius
r, respectively. dy depicts a negative and ds a
positive phase term to add to the reference wave-
front. {&,n,(} is the surface’ coordinate system
and {z,y,z} is the global reference coordinate
system.

A Illumination

The irradiance of monochromatic light in
matter is given by

1(r) ~ =2 B0, (8)

where c is the speed of light in vacuum, n is the
refractive index of the medium, ¢¢ is the vacuum
permittivity and E is the complex amplitude of
the electric field. For a TEMyg mode laser beam
of half-power diameter D the intensity I(r) de-
creases with distance r to the principal axis of
the laser and shows a Gaussian beam profile, but
for r < D the intensity can be assumed to be
constant. The electric field oscillates unison on a
plane wavefront, i.e. propagation by a distance
d along the wave vector k equals a multiplica-
tion of the field by a phase term ¢ = exp (1kd),
where k = |k| is the wave number.

Figure 2 depicts the basic principle to as-
sign a complex electric field value to every point
p = {£,n, ¢} on a surface. In a first step the in-
tersection of the laser axis with the surface refer-
ence plane is determined and the surface point is
assigned a vector to this intersection point. Its
projection onto the wavefront yields the radius r
and onto the laser axis gives the distance d and
thus the additional phase term to add.

The numerical approximation is straight for-
ward, given a list of surface points, a wavelength
and a function describing the electric field of the
laser beam on a reference wavefront.



B Reflection & Polarization

Specular reflection is the mirror-like re-
flection of light on a surface, i.e. the angle of
incidence between a light ray and the surface
normal equals the angle of reflection between
the surface normal and the reflected ray. In
the simulation either the surface normal of
the reference plane or local surface normals
for every point can be used to calculate the
direction of reflection in every point. While
the former gives pure specular reflection for
the whole surface, the latter results in diffuse
reflection with an indicatrix dependent on the
spatial derivatives {g—g, gTC;} of the surface. In
software these are computed in every point
of the grid by using finite differences from its
next four neighbors. Their surface normals are
computed by normalizing the cross product of
these vectors.

Polarization effects are not yet implemented
but would easily fit into the simulation frame-
work. Necessary changes would be the use of
a second electric field variable perpendicular to
the first one, i.e. {E,, E,} field components.
Reflection or transmission on or into a medium
with another refractive index alter both com-
ponents according to the Fresnel equations [18].
Both fields are independent otherwise so that
their combined observed intensity on a screen
equals the superposition of their respective in-
tensities. This addition to the software pack-
age renders the simulation of other optical com-
ponents like polarizers or birefringent materials
possible, albeit it doubles computation time and
disk space requirements.

4. LIGHT PROPAGATION

The central task of the MATLAB toolbox is
the computation of an image on a screen adja-
cent to a light reflecting surface or an illumi-
nated aperture. This section covers the basic
principle to calculate the electric field and the
problems which come with its approximation.

A The Huygens-Fresnel principle

Light propagation and diffraction is appro-
priately described by the Huygens-Fresnel prin-
ciple [19], which is shown in Fig. 3 for rectangu-
lar coordinates. It is given by

E(z,y) = %//E(f,n) exp (1hr) cosfds, (9)
)

r

where A is the wavelength, r = |r| is a vector
from an aperture to the a parallel screen, i. e. the

Fig. 3: A so-called ‘phasor’ or complex pointer
of the electric field E(£,n) rotates by k |r| while
propagating from the aperture ¥ to the screen.
The integral over contributions from all points
in the aperture give the electric field E(z,y).

distance z is constant, 6 is the angle between r
and the aperture surface normal n and E(z,y)
and E(&,n) are the complex electric fields on the
screen and the aperture Y, respectively.

Only two approximations are made by using
above principle. A scalar instead of a vector
theory is used, but this is valid as long as the
dimensions of the diffracting geometry are large
in comparison to the wavelength A\. The second
is the assumption that the observation distance
is many wavelengths from the aperture, r > A.

Note that the Huygens-Fresnel principle is
only valid for plane apertures, so for rough sur-
faces an additional approximation is necessary
to simulate diffraction. Fortunately r > ( is
true and a surface aperture can be approxi-
mated by using the full, three dimensional co-
ordinates {&,7,(}.

Projection on a rough surface is not an issue
because one could use an infinite number of
screens with different z = 2y + (nax, Where
Cmax 1s the maximum amplitude of the surface
roughness with respect to the mean value. Ex-
tracting only the electric field values at locations
{z,y, z} delivers the field on the rough aperture.

The discretization of Eqn. 9 is rather sim-
ple by replacing the integral with a sum over
sampled values E(&;,n;) and ds with the area
A& x An of a grid cell on the source aperture.
However, the operation has to be carried out
for every point on the screen and thus is com-
putational costly. As of today only MATLAB’S
vectorization methods and massive paralleliza-
tion on the graphics card renders the problem
solvable on a desktop computer in a reasonable
time. In the current implementation 14 N x M
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Fig. 4: The diffraction of a 1mm? quadratic
aperture viewed at a screen which is located a
1000 m away. The simulation result in red color
fits the theoretical Fraunhofer diffraction pat-
tern in blue color exactly. Note that only 64
points of the approximation are plotted as dots
to easily distinguish both curves. The difference
between both approximations is plotted in green
color, with its greatest magnitude estimated as
3.36 pW/m?.

sized arrays with double precision data and one
complex data array for the electric field on the
screen are stored in 1.5 GB GPU memory, hold-
ing up to 3000? values in each aperture array.
Larger matrices can be split in partitions, com-
puted separately and be finally superposed, due
to the summing nature of the Huygens-Fresnel
integral.

B Diffraction € Examples

A Fraunhofer diffraction pattern of a rectan-
gular aperture was chosen to validate the results
of the software framework. The intensity on a
screen located at a distance z for an aperture
with side lengths {2w,,2w,} and a monochro-
matic light source with wavelength X is given by
10]

2 2
I(x,y) = Asinc? (g) sinc? (ijzy) )
(10)

with peak amplitude

2w, 2w 2

Figure 4 shows the simulation result which fits
the theoretical prediction both in magnitude and
locations of the minima and maxima.
Diffraction is also observed due to the par-
tition of the aperture in discrete pixels. These
form a grid structure which produces an addi-
tional diffraction pattern to the one of the finite

y in mm

x in mm

Fig. 5: Two half-images of simulation results
for a 2.56 x 2.56 mm? rectangular aperture. It
is illuminated by a spatial unit pulse and ob-
served on the curved surface of a lens located
at a normal distance [ = 2f of twice its focal
length f = 50mm away. In the left half-image
an additional diffraction pattern due to the dis-
cretization of the aperture is seen. It can be
suppressed by introducing uniformly distributed
jitter to the £/n grid coordinates, which yields
the result in the right half-image. Note that the
image makes use of a logarithmically scaled col-
ormap representation to exhibit fine details.

aperture. The effect of a 5 x 51m? resolution of
a 2.56 x 2.56 mm? rectangular aperture is shown
in the left part of Fig. 5. To lessen the effect,
which is not present in reality, an additional uni-
formly distributed jitter {d¢€,dn} in the ¢- and
n-coordinate is introduced, i.e. E(&;,n;) is re-
placed by E(& +d&;,n; +dn;) with |d¢| < AE/2
and |dn| < An/2. This resembles a Monte-
Carlo simulation of the input aperture, where
the maximum distance between two samples is
then given by /(4 A&2 + 4 An?) if two neigh-
boring points get assigned maximum jitter val-
ues in opposite directions. The simulation result
is shown in the right part of Fig. 5, where only
the diffraction pattern of the aperture and not
the one due to the source grid pixels is visible.
Unfortunately, the angles of vectors r;; of
points on the source grid to a single point on
the screen get steeper with lesser observation
distance. The phase differences between neigh-
boring rays grow and thus errors are introduced,
e. g. the field values at the perimeter of the lens
should vanish in Fig. 5. A finer discretization of
the source grid lowers the threshold distance for
a valid simulation, but increases the complexity
of the problem, i.e. the computation of diffrac-



tion patterns in the absolute near field requires
an unreasonably fine spatial resolution. How-
ever, objective speckle patterns, simulated with
this software framework, show a ‘natural’ be-
havior, i. e. the speckle size correlates negatively
with surface roughness. The statistical process
of speckle pattern generation is intact, albeit it
uses far too less data to produce ‘exact’ speckles.

5. CONCLUSION

We showed that an artificial surface akin to
a real, measured surface can be generated by
means of a Fourier transform and that problems
related to light propagation can be solved by
means of GPGPU accelerated algorithms. The
numerical approximation of the Huygens-Fresnel
integral is well suited to simulate diffraction pat-
terns in the optical far field. It performs good
below the near/far field threshold of the Fraun-
hofer approximation, but poorly in the near
field. Unfortunately, the simulation of reason-
ably sized lenses belongs to the latter regime.
Despite these drawbacks objective speckle pat-
terns are conditionally valid.
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