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1 Introduction  

1.1 Background 
The shape and color of commercially produced surfaces are becoming 
increasingly important, both for aesthetical and practical reasons. In printing 
applications, for instance, a smooth substrate is essential for a good print 
result and it is therefore important to characterize it before printing. 
Available methods for surface characterization are, however, still fairly 
primitive. A standard method uses the air leakage from a pressurized 
cylinder held against the surface as a measure of surface roughness1. 
Correlation with the print result is often poor, which is not surprising since 
the character of the roughness is not considered.  

Existing methods for measuring surface topography in detail are based on 
optical or mechanical scanning systems2. These devices usually need a 
substantial amount of time to scan a surface at a good resolution. 
Consequently, there is a need for methods that can be used for fast and 
detailed characterization of surfaces. This thesis presents two such methods. 

The first method utilizes the analogy between the Fourier transform and the 
far field diffraction pattern of a transparent object illuminated with a point 
source of light. The fact that the Fourier transform is obtained at the speed of 
light makes this Fourier optical technique suitable for in-line image 
processing. For opaque objects, such as paper, the equivalent to a transparent 
object has to be generated with a spatial light modulator, SLM, which in 
practice is the speed-limiting component. Imaging of objects moving at high 
velocities onto the SLM without excessive motion blur is a problem that has 
to be dealt with here. 

The second method is a digital image processing technique. The shading 
pattern in a pair of images of a surface illuminated with light sources at 
different positions is used to calculate the topography and reflectance (or 
color) of the surface. This photometric stereo method can for instance be 
used to measure micro-topography and couple it to the print result. The use 
of trailing light to enhance the surface structure and the use of frequency 
domain linear filtering are common factors for the methods. 
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1.2 Objective 
The aim of this work has been to develop fast methods for optical 
characterization of opaque surfaces. Applications within the paper and 
printing industries have been the main focus, but other applications have also 
been considered. 

1.3 Outline of the thesis 
Apart from the included papers, this thesis presents some mathematical and 
optical background, Sec. 2 and 3. The experimental techniques used are 
described in Sec. 4 and application examples are given in Sec. 5. 
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2 Mathematical tools 

2.1 Fourier analysis 
Fourier analysis was introduced by Baron Jean-Baptiste-Joseph Fourier in 
the beginning of the nineteenth century as an aid for solving the heat 
equation3. His work was first met with skepticism by such prominent 
mathematicians as Laplace, Poisson and Euler, but today Fourier analysis is 
a valuable tool in nearly all fields of physics. 

This section presents a few concepts from the two-dimensional Fourier 
theory. Only aspects relevant for the present work are presented. A more 
complete treatment of the subject can be found elsewhere4. 

 

2.1.1 Useful properties 
 
1. Definition  

The two dimensional Fourier transform F(u,v)  of a function f(x,y)  of the 
spatial variables x and y is defined as: 
 

{ } ( )dxdye)y,x(f)v,u(F)y,x(f vyuxi∫ ∫
∞

∞−

∞

∞−

+−== π2                                      (1) 

 
where u and v are the spatial frequencies in the x- and y-directions, 
respectively. Table 1 lists a few Fourier transform pairs explicitly or 
implicitly used in this thesis. 
 

2. Inversion 

The inverse Fourier transform of F(u,v)  is defined as: 
   

{ } ( )dudve)v,u(F)y,x(f)v,u(F vyuxi∫ ∫
∞

∞−

∞

∞−

+== π21-                                    (2) 
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3. Linearity 

Addition of two spatial functions is equivalent to addition of their Fourier 
transforms: 
 

{a f(x,y) + b g(x,y)} = a F(u,v) +b G(u,v)                                               (3) 

 
4. Partial derivative 

Differentiation in the spatial domain is equivalent to multiplication by the 
spatial frequency in the frequency domain: 
 

 {∂ f /∂x} = 2π iuF(u,v)                          

(4a) 
 

{∂ f /∂y} = 2π ivF(u,v)                          (4b) 

 
Conversely, (partial) integration is achieved through division by the 
corresponding spatial frequency. 
 

5. Convolution 

One of the most useful theorems of Fourier analysis is the convolution 
theorem. Convolution of two functions in the spatial domain is equivalent to 
multiplication of the Fourier transforms of the functions and vice versa. 
  

)v,u(G)v,u(F'dy'dx)'y,'x(g)'yy,'xx(f)]y,x(g)y,x(f[ =








−−=∗ ∫ ∫
∞

∞−

∞

∞−

                            (5) 
 

)v,u(G)v,u(F)]y,x(g)y,x(f[ ∗=                           (6) 
 

6. Mean value: 

If f(x,y)  is zero outside a region A, the mean value f x y( , ) of f(x,y)  is 
given by: 
 

)0,0(1),(1),( F
A

dxdyyxf
A

yxf
A
∫∫ ==                                 (7) 
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F(0,0) is often called the DC-component of f(x,y) . 
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7. Variance 

If f(x,y) is zero outside A, the variance V( f(x,y)) of f(x,y)  is given by: 

 









−=








−= ∫ ∫∫∫

∞

∞−

∞

∞−

2
2

222
)0,0(1),(1),(),(1)),(( F

A
vuF

A
yxfdxdyyxf

A
yxfV

A

                                     (8) 

A frequency band of the power spectrum can therefore be interpreted as the 
variance within this band. 

 

f(x,y)  F(u,v)  

δ(x ,y)  1 
1  i f  |x |<x0  and |y |<y0 ,  

0  elsewhere sin(2πux0)sin(2πvy0)/π  2uv  

exp(-a |x | )  2a / (a2+u2)  

Exp(-πb2(x2+y2))  b - 2exp(-π(u2+v2)/b2)  

Table 1  Fourier transform pairs. 

2.2 Linear filtering 
Linear filtering can be described as a convolution of a function and a filter. 
From the convolution theorem it is clear that any linear filtering can be done 
by multiplication of the respective Fourier transforms. In the Fourier optical 
case, described in Sec. 3.3, the filter is a phase and/or amplitude mask 
inserted in the Fourier plane. 

2.2.1 Low-pass, high-pass and band-pass filtering: 
A low-pass filtering operation accepts low spatial frequencies and attenuates 
high spatial frequencies, resulting in a blurred version of the original image. 
In the Fourier optical case, a low-pass filter can be a small hole in a mask, 
centered at (u,v) = (0,0). A sharp cut off gives ringing in the filtered image 
and a Gaussian function is therefore a better low-pass filter. 
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In a high-pass filtering operation low spatial frequencies are attenuated. A 
high-pass filtered image can be achieved by subtraction of a low-passed 
image from the original image. This operation is often called 
unsharp masking.  

A band-pass or band-rejected image has been both high-pass and 
low-pass filtered. 

2.2.2 Inverse filtering 
It is often desirable to undo the effect of linear filtering. An image blurred by 
linear motion can for instance be described as a convolution of a sharp image 
and a line. If the blurred image is Fourier transformed, the blurring could 
theoretically be removed using division by the Fourier transform of the 
line, HI. As seen in Table 1 this is a sinc function:  
 

)2sin(
1

0ux
u

H
H

I
R π

π
==                            (9) 

 
where x0 is the length of a sharp point in the blurred image. Such an 
operation is, however, extremely noise-sensitive, since the denominator will 
greatly amplify noise when it is close to zero. 

2.2.3 The Wiener filter 
It is therefore better to multiply the Fourier transform of a distorted image by 
a Wiener filter5: 
 

12 ),( −

∗

+
=

vuSNRH
HH

I

I
R                          (10) 

 
where HI is the Fourier transform of the impulse response and SNR is the 
expected signal-to-noise ratio (as a function of the spatial frequencies). It 
can be shown that this is the best restoration filter in a least squares error 
sense if the signal is assumed to be a sample of a two-dimensional stochastic 
process with known spectral density. In the case of linear motion blur, HI is 
given by Eq. 9.  

In the absence of noise, the Wiener filter becomes an inverse filter. If the 
noise becomes dominant the Wiener filter will approach a matched 
filter, HI

*. 
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2.3 Nonlinear filtering 
In contrast to linear filtering operations, nonlinear filtering operations cannot 
be described as a simple convolution of a filtering function and a signal and 
they are normally not reversible. A common example is the median filter. 
Even more common is the thresholding operation6 where all gray level 
values in an image above the specified threshold, T, are assigned 1 and all 
values below T are assigned 0. This results in a binary image, which is often 
used for segmentation purposes. 

2.4 Statistics 
For completeness, the main statistical quantities used in this work are 
defined here: 
 
Standard deviation: 
The standard deviation of a variable, x, is defined as the square root of the 
variance, defined in the continuous case by Eq. 8. In the discrete case the 
standard deviation is given by: 
 

2/1

1

2)(
1

1




 −

−
= ∑

=

N

k
kx xx

N
σ                          (11) 

 
where x is the mean value of x. 
 
 
Correlation coefficient: 
A common measure of the dependence between two variables, x and y, is the 
correlation coefficient, defined as: 
 





 −−

−
= ∑

=

N

k
kk

yx

yyxx
N

r
1

))((
1

11
σσ

                        (12) 

 
The squared correlation coefficient or coefficient of determination, r2, is also 
frequently used. It can take values between 0 and 1, where r2=0 indicates 
that the variables are uncorrelated and r2=1 means that they are 
fully dependent. 
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Histograms 
A histogram is obtained by dividing the interval of values taken by a variable 
into sub-intervals and counting the number of values belonging to each sub-
interval. The mean value, standard deviation and higher order statistical 
quantities can be directly calculated from a histogram. Histograms are useful 
for determining if an image is correctly exposed, and for the selection of a 
suitable threshold value before performing a thresholding operation. 
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3 Optics 
The nature of light has been studied for more than 2000 years. During the 
course of history light has sometimes been thought of as particles or photons 
traveling in straight lines and at other times as a wave motion propagating 
through an aether. Today we usually see light as a quantized electromagnetic 
wave that propagates “on its own”. In many situations it is however 
sufficient to treat light as rays described by simple geometrical relations.  

3.1 Geometrical optics 
There are three principles of geometrical optics: the law of rectilinear 
propagation, the law of reflection and the law of refraction. The first law 
states that light travels in straight lines in homogeneous media. The second 
law states that the angle of reflection, β, is equal to the angle of incidence, α:  
 
α = β                          (13) 
 
The earliest surviving record of the first two laws is found in Euclid’s book 
Catoptrics from 280 B.C. The law of refraction was, however, not 
discovered until 1621, by Willebrod Snell. It was René Descartes who 
published it in his book La Dioptrique7 in 1637. Snell’s law is usually 
written: 
 
n1sinα  =n2  sinβ                          (14) 
 
where α is the angle of incidence, β is the angle of refraction and n1 and n2 
are the refractive indices of the incident and refracting media respectively. 
Snell’s law can be derived from Fermats principle, which states that light 
will take the quickest path between two points. 

3.2 Diffraction 
The deviation from rectilinear propagation was first studied by Francesco 
Maria Grimaldi in the middle of the 17:th century. He called the phenomena 
“diffractio” and hypothesized that it was a consequence of the wave nature 
of light. The first successful attempts to describe diffraction mathematically 
were made independently by Thomas Young and Augustin Fresnel at the 
beginning of the nineteenth century. 
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In diffraction theory, light is treated as a superposition of spherical waves. 
The resulting amplitude is described by the diffraction integral: 
 

∫ ∫
∞

∞−

∞

∞−

′−

′
= dxdy

R
eyxfAA

Ri λπ /2

0 ),(                         (15) 

 
where f(x,y) is a function describing the (complex) transmittance of an 
object illuminated by a plane light wave with wavelength λ and amplitude 
A0. The distance from the object to the point in space where the amplitude is 
calculated, (x´, y´, z´), is given by: 
 

( ) 2/1222 )()( zyyxxR ′+′−+′−=′                         (16) 

3.2.1 Near field diffraction 
In the theory of near field or Fresnel diffraction the spherical waves are 
approximated by paraboloids. This leads to less complicated calculations 
than if Eq. 15 is used directly. 

3.2.2 Far field diffraction 
A further approximation is made in the far field or Fraunhofer approximation 
of diffraction. Here the spherical waves are approximated by plane waves, 
resulting in the amplitude: 
 

( )∫ ∫
∞

∞−

∞

∞−

+−= dxdyeyxfAvuA vyuxiπ2
0 ),(),(                         (17) 

 
where u and v are given by: 
 









′
′

+−=
00

1
R
x

R
xu

λ
                         (18) 

 









′
′

+−=
00

1
R
y

R
yv

λ
                         (19) 

 
x and y are the object coordinates, R0 is the distance from the light source to 
the origin, where the object is located, and R´0, is the distance from the 
origin to the point where the amplitude is calculated. 
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3.3 Fourier optics 
The term Fourier optics originates from the fact that the far field diffraction 
pattern of a partially transparent or reflective object illuminated with a point 
source of light is actually the Fourier transform of the object.  

If a lens is inserted behind the object, the far field diffraction pattern is 
imaged at the focal plane of the lens, as seen in Figure 1. Filtering can now 
be performed with the help of amplitude and phase masks. Ernst Abbe was 
first to realize this in his theory of microscopic imaging8. Porter later verified 
the theories of Abbe experimentally9. 

Duffieux10 introduced Fourier methods in the analysis of optical systems, 
and Peter Elias et. al11, 12 were perhaps first to point out the analogy between 
image formation in optics and information transfer in communication 
systems. The field of optics benefited greatly from these insights. The spatial 
light modulator introduced by Bleha et. al.13 extended the field of Fourier 
optics to incoherently scattering objects, such as paper. 

 

 
Figure 1  The principle of Fourier optics. A Fourier transform of an object 
illuminated with a parallel monochromatic beam of light is obtained in the focal 
plane of the right-hand lens. 

3.3.1 Principle 
This section describes how a lens can be used to obtain a 2-dimensional 
Fourier transform of an image in the form of a transparency. The derivation 
is made for the special, but important, case where the object is placed in the 
front focal plane of the lens. For a more general treatment see for instance 
Goodman14 or Klein and Furtak15. The derivation here is based only on 
Huygen’s principle and geometrical optics. 
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Assumptions: 
 
1. Each point in space that is disturbed by a light wave acts as a point source 

sending out a spherical wavefront (Huygen’s principle). 

2. The amplitudes of interfering waves are added (superposition). 

3. A light ray is perpendicular to the wavefront. 

4. The direction of the light is reversible. 

5. An ideal lens transforms an incoming plane wave into a spherical wave 
converging at its focus at a distance f from the lens. 

6. The ray going through the center of the lens does not change direction. 

 
 

 
Figure 2  Light propagation from an aperture, s, placed in the front focal plane of 
a lens with a  focal  length f. 

 
Consider a case where a screen with a small aperture is placed in the front 
focal plane of a lens as in Figure 2. If the screen is hit by a plane light wave, 
the aperture will act as a point source, emitting a spherical wavefront. 
According to the assumptions above, a plane wave will be obtained on the 
right-hand side of the lens. This wave can be written as: 
 
E=Aexp[i(ωt-k.r´)]                      (20) 
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where k=2π /λ(sinα ,  sinβ ,  1), r´ = (x´, y´, z´) and the amplitude A is 
proportional to the transmittance of the hole. In the Fraunhofer 
approximation, α and β are considered to be small, hence sin α and sin β are 
substituted by x/f and y/f respectively. If we define u = x´/λf , v = y´/λf and 
put z´=0 in the right-hand focus, we can write the wave as: 
 
E = A exp( iωt)exp[-2π i(ux+vy)]                        (21) 
 
In the absence of a screen, the incoming plane wave would converge to the 
right-hand focus. Hence all waves emanating from points in the left-hand 
focal plane will be in phase there. The phase of the wave is therefore set to 
zero at r´ = 0. If several holes are present, the resulting amplitude in the 
right-hand focal plane can be described as a sum: 
 

( )∑ +−=
j

vyuxi
j

ti
tot

jjeAeE πω 2                          (22) 

 
where exp(ωt) has been omitted. For a continuous amplitude transmittance 
distribution (image) f(x,y), the sum is generalized to: 
 

( )∫ ∫
∞

∞−

∞

∞−

+−= dxdyeyxfvuF vyuxiπ2),(),(                         (23) 

 

F(u,v) is recognized as the Fourier transform of f(x,y). 

Both the phase and amplitude of the Fourier transform can be manipulated 
with filters but a detector can only register the intensity, which is 
proportional to |F(u ,v) | 2 , that is the power spectrum. 

3.4 Photometry and Radiometry 
The physical quantities of photometry and radiometry16, listed in Table 2, are 
used to describe the amount of energy that travels through optical systems. 
Photometry normally refers to the psychophysical sensation of light, whereas 
radiometry refers to the actual physical quantities. Spectral radiometric data 
can be transformed into photometric units by multiplication of the 
standardized response function of the eye followed by integration. At the 
peak of responsitivity of the eye, at 555 nm, the conversion factor is 680 
lumen/W. The most common radiometric quantities are presented below. 
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Physical quantity Symbol Radiometric 
unit Psychophysical unit 

Energy Q Joule Talbot 

Energy density U J/m3 Talbot/m3 

Flux Φ Watt lumen (lm) 

Exitance M W/m2 lm/m2 (lux) 

Irradiance/Illuminance E W/m2 lm/m2 

Intensity I W/sr lm/sr (candela) 

Radiance/Luminance L W/m2sr Lm/ m2sr 

Table 2  Photo- and radiometric quantities, symbols and units. 

 
The radiant energy is denoted Q and the energy density per unit volume is 
denoted U. The radiant flux is then given by: 
 
Φ = ∂Q/∂t                          (24) 
 
Power is equivalent to, and often used instead of, flux. The irradiance, E, of 
a surface is the incident radiant flux per unit area:  
 
E = ∂Φ/∂A                          (25) 
 
and the exitance, M, is the flux per unit area emitted by the surface: 
 
M = ∂Φ/∂A                          (26) 
 
The radiant intensity is defined by: 
 
I =  ∂Φ/∂Ω                          (27) 
 
where Ω is the solid angle. The radiance of a surface is defined as flux per 
solid angle and projected surface area: 
 
L =  ∂Φ/∂A∂Ωcosθ                         (28) 
 
This is perhaps the most important radiometric quantity, since the radiance is 
preserved in imaging systems. 
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3.4.1 Lamberts law 
Lambert’s cosine law states that the radiant intensity is proportional to 
surface area and cosθ, where θ is the angle between the surface normal and 
the light direction:  
 

θcos0II =                           (29) 
 
The total flux is then given from Eq. 27: 
 

θϕθθϕ
π π

π

π π

π

ddIdId ∫ ∫∫ ∫
−−

==Φ
2/

0
0

2/

0

cos                         (30) 

 
which can be written: 
 

πθθπθθθπ
ππ

0

2/

0
0

2/

0
0 2sincossin2 IdIdI ===Φ ∫∫                        (31) 

 
The flux can also be written: 
 

αcos0 AE=Φ                          (32) 
 
where E0 is the irradiance on a surface perpendicular to the light direction 
and α is the angle of incidence. The radiant intensity is therefore: 
 

θα
π

coscos0AE
I =                          (33) 

 
The radiance then becomes: 
 

α
π

cos0E
L =                                                (34) 

 
which is equivalent to: 
 
L = M/π                           (35) 
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3.5 Polarization 
A surface is normally illuminated with unpolarized light, and unpolarized 
light is usually also detected. Some commercial densitometers, however, 
have a polarizing filter used to eliminate surface reflections from wet ink. 
Polarization is often neglected in models of light scattering from paper. 

Polarization is, however, a useful experimental aid. If a paper surface is 
illuminated with light polarized perpendicular or parallel to the plane of 
incidence, the specularly reflected light has the same direction of 
polarization, whereas the light that enters the paper is quickly depolarized 
due to multiple scattering and birefringence. Consequently, if different 
polarization directions are used for the illuminating and the detected light, 
only light coming from the bulk of the paper will be observed. This effect 
has been utilized for instance in the work of Bryntse17. 

Fresnel’s laws of reflection determine the amount of light transmitted into 
and out of the paper through the surface. For light polarized in a plane 
perpendicular to the plane of incidence the reflectance is: 

 

)(sin
)(sin

2

2

βα
βα

+
−

=sR                          (36) 

 
where β is determined by Snell’s law (Eq. 14). For light polarized parallel to 
the plane of incidence the reflectance is given by: 
 

)(tan
)(tan

2

2

βα
βα

+
−

=pR                                                (37)  

 
Note that Rp approaches zero when tan(α+β) approaches infinity. The angle 
α for which this occurs is called the Brewster angle. Unpolarized light can 
be seen as an equal mix of s- and p-polarized light. The reflectance is then 
calculated as the average value of the s- and p-reflectance: 
 
R = Rs/2 + Rp/2                         (38) 
 
The transmittance through a surface is calculated as T = 1-R. Figure 3 shows 
the reflectance and transmittance functions for a surface with refractive 
index n = 1.5, in the s-, p- and unpolarized cases.   
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Figure 3  Tranmittance (top) and reflectance (bottom) coefficients for p-polarized 
(dotted lines), s-polarized (dashed lines) and unpolarized light (solid lines). 

3.6 Light scattering 
Light scattering from surfaces is without doubt a very complex subject18. 
The scattering can be modeled from wave theory19, 20 (physical optics) or as 
reflections and refractions (geometrical optics). The latter approach requires 
the surface elements to be larger than the wavelength of the light. In this 
work it is assumed that this assumption is valid and the scattering is divided 
into specular surface scattering and bulk scattering. The effects of (indirect) 
self-illumination, studied by for instance Torrance and Sparrow21, are 
assumed to be small and are not considered here. 

In the light scattering model developed in Paper V and Paper IX the light 
illuminating a surface is assumed to be divided into a specularly reflected, 
surface-scattered part, and a diffuse, bulk scattered part, as illustrated by 
Figure 4.   



19 

 
 

 
 
 
 
 
 
 
 
 
      
 
 
 
 
 
 
 
 
Figure 4  Light scattering model. Lbulk, radiance due to bulk scattering; Lsurf, 
radiance due to surface reflection; n, surface normal 

3.6.1 Specular reflection from a rough surface 
As mentioned earlier, specular reflections are important for the appearance 
of a surface and they can be also used to characterize the surface22, 23. The 
angular properties of the scattered light depend very much on the surface 
structure. If the surface elements are much larger than the wavelength of the 
light, the angular distribution of the reflected light will follow the 
distribution of inclinations of the surface elements, as shown in Figure 5. 

 
Figure 5  Specular reflection from a rough surface. 
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3.6.2 Diffraction from a rough surface 
As derived by Davies24, the specular reflection, RS, from a surface with 
normally distributed heights, with standard deviation σH , will be attenuated 
by a factor: 
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where λ is the wavelength of the illuminating light, and R0(α) is the 
reflectance, according to Fresnel, of a perfectly smooth surface. The ratio 
between the diffuse and total amount of scattered light at normal incidence is 
called total integrated scattering, TIS18: 
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The TIS value can be used to determine σH. 

3.6.3 Diffuse scattering 
It seems natural to define diffuse light as light which is not detected as gloss, 
but it should then be noted that this light comes from two different 
processes; diffraction from a rough surface and bulk scattering. Only the 
latter can be regarded as a diffusion process.  

Lambert’s law, derived in Sec. 3.4.1, states that the radiance (energy flux per 
unit area per unit solid angle) of a perfect diffusely reflecting object is equal 
in all directions, which means that a surface appears equally bright from 
whatever direction it is viewed. This is an experimental finding, valid for 
matte surfaces up to angles of about 60 deg from the normal to the surface16. 
A possible explanation of deviations from Lambertian behavior is losses due 
to specular reflections in the surface, both when the light enters and when it 
leaves the material25. 

3.6.4 Point-spread function (PSF) 
It is improbable that a bulk-scattered light ray exits the paper exactly where 
it entered. This effect, which has been studied by for instance Gustavson26 
and Oittinen et. al.27, gives a shadow around halftone dots. This optical dot 
gain has to be compensated for when printing plates are prepared. In the 
methods described here, the point-spread function can be compensated for 
with a suitable filter, described in Paper V.   
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4 Experimental techniques 

4.1 Illumination 
In the experiments described in this thesis a number of different light sources 
have been used. In the imaging experiments, illumination of the surfaces has 
been provided by halogen lamps or light emitting diode panels. Halogen 
lamps give the highest irradiances, but can give excessive heating of the 
objects and are too slow to use when light pulses shorter than about a second 
are required. Light emitting diodes, LED:s, can be pulsed  at very high 
frequencies and are therefore suitable in situations where static illumination 
cannot be used. 

In the Fourier optical measurements an argon ion laser with a wavelength of 
514.5 nm was used and in the light scattering measurements, described in 
Sec. 4.9 a circularly polarized HeNe laser with a wavelength of 632.8 nm 
was used. 

4.1.1 Calibration 
It is often necessary to compensate for uneven illumination of a surface 
before an image can be analyzed. The most straightforward way of doing so 
is to use an image, E0, of a calibration plate of known constant reflectance 
and then divide the image of the surface to be analyzed by E0. 

Uneven illumination of surfaces with negligible low frequency reflectance 
and height variations can be obtained by division of the image of the surface, 
E1, by a polynomial of low order. If the main variation of the illumination 
takes place in the x-direction a suitable polynomial could be: 
 
E0 = k0 + k1x                            (41) 
 
where the constants, k0 and k1 are chosen to give least square fits of E0 to E1. 
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4.2 Imaging 
Imaging of small surfaces onto image sensors that have a size comparable to 
the surface requires specially designed lenses, often called macro lenses. An 
example of a macro lens designed for imaging in a 1:1 scale is shown in 
Figure 6. For most of the topographical measurements made here a Micro- 
Nikkor 60 mm lens has been used. 

Figure 6  Lens system used for imaging in a 1:1 scale. 

4.3 Optical motion compensation 
Imaging of moving objects constitutes a motion blur problem, which can 
potentially be solved in three ways: 
 

1. By the use of powerful light sources and short exposure times. 
2. By mathematical de-convolution of the motion blur, as indicated in 

Sec. 2.2.3.  
3. By optical motion compensation. 

 
The first solution is most frequently used, but in many situations the required 
irradiance levels are too high to be practically or economically realistic. The 
second solution will reduce motion blur at the expense of noisier images, 
which may not be acceptable. Optical motion compensation is therefore the 
best alternative in many situations. Such compensation can be made by 
parallel translation of light rays or by angular deflection. Parallel translation 
can be achieved with a cubic prism, as shown in Figure 7.  
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An object moving upwards will appear to stand still if the prism is rotated 
clockwise at a suitable (constant) rate. The translation is approximately28: 
 
d = t (1-1/n) tanα                         (42) 
 
where α is the angle between the incident ray and the normal of the first 
surface, n is the refractive index and t is side of the cube. If we assume that y 
is the mid position of the moving object and that α = y/[t(1-1/n)], a ray 
originating from this point and traveling parallel to the x-axis will then 
appear to come from: 
  
y´ = y - d = t (1 - 1/n) (α - tanα)                        (43) 
 
For small values of α, y´ will be close to zero and the object will appear to 
stand still. 

An even better alternative is to use angular deflection using rotating mirrors. 
In Paper II and III it is shown that this type of compensation can increase the 
exposure time by two orders of magnitude compared to what can be 
achieved without motion compensation.  

 
 

 

 
Figure 7  Cubic prism used for optical motion compensation. y, object position; y´, 
apparent position of y; ι, rotation angle and angle of incidence; t, thickness.  
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4.4 Detectors and sensors 
The charge coupled device, or CCD-sensor, was introduced in the late 
sixties29. A CCD-sensor essentially consists of an array of light sensitive 
metal oxide semiconductor (MOS) capacitors, which are normally 
simultaneously exposed and sequentially read out. Originally the output of a 
CCD-camera was an analog signal, but today the camera often performs the 
A/D-conversion, resulting in a digital output. 

4.5 Image acquisition 
In order to interface the camera signal to a computer a framegrabber (or 
digitizer) is necessary. In the case if digital output from the camera the frame 
grabber is essentially an image buffer (or frame store). In the case of analog 
output the framegrabber also decodes and A/D-converts the camera signal.  

 
 

 

Detector 

SLM

LASER

FTL

Illumination 

PBSCObject 

 
Figure 8  Conversion of incoherent to coherent light with a spatial light 
modulator,  SLM. PBSC, polarizing beam-splitter cube; FTL, Fourier 
transforming lens. 

 

4.6 Spatial Light Modulators 
If the object in Figure 1 is opaque or diffusely reflective, like most types of 
paper, the wavefronts coming from different parts of the object will not be in 
phase, due to multiple scattering. Therefore a random phase factor must be 
added to Eq. 22 and 23 and consequently no meaningful Fourier transform 
can be obtained. This problem can be solved with a spatial light modulator, 
SLM, see Figure 8. The object is imaged onto a photo-conducting layer on 
the front surface of the SLM. The voltage obtained addresses the liquid 
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crystals on the back side, so that the polarization state of the coherent laser 
light is modulated. The polarizing beam-splitter, PBSC, works as an 
analyzer. The resulting amplitude-modulated intensity distribution is then 
Fourier transformed by a lens, FTL, as described in Sec. 3.3. If the object is 
moving, the finite response time of the liquid crystals creates a problem of 
motion blur, which is investigated in Paper II. 
 
The SLM in our set-up is based on nematic liquid crystals (NLC). It has a 
good resolution and a continuous gray-scale modulation, but it is much 
slower than the bi-stable ferro-electric liquid crystal (FLC) based SLMs. If 
an FLC-SLM were used, the problems with motion blur would probably be 
less severe and the maximum frame rate would be several orders of 
magnitude higher than the current 25 frames/s.   

4.7 Scanning technologies 

4.7.1 Mechanical stylus scanning  
The perthometer is a mechanical scanning instrument for characterization of 
surface topography. At the Swedish Pulp and Paper Research Institute, STFI 
the instrument is used to examine different paper surfaces. The measuring 
principle is to drag a small diamond stylus (radius of 10 µm) along the 
surface with a small load on it. The tip of the stylus will follow the surface of 
the paper and its movements are recorded, resulting in a surface profile. The 
stylus is mounted on a roll of radius 12 mm (see Figure 9). The purpose of 
this is to filter out effects of large scale “waviness” in the paper. The roll 
also serves as a reference to the stylus. The instrument can also be used 
without the roll, in an absolute mode of measurement. The load on the stylus 
is only 6 mN but since coated paper is a fairly soft material the stylus will 
deform the surface, leaving a trace in the paper. This adds some uncertainty 
to the measurement. The effect of deformation increases with a softer paper 
and should be largest for paper with a thick coating of clay etc. and smaller 
for harder surfaces such as super-calendered paper. 
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Figure 9  Schematic view of the measuring head of the Perthometer. 

 

4.7.2 Optical Scanning 
Surface height profiles can also be obtained by laser scanning. One principle 
uses a laser beam focused onto the surface in a confocal geometry, similar to 
the one found in a CD-pickup. The optical stylus probe is moved over the 
surface using an x-y-table and at each position the probe is adjusted in the 
z-direction until the minimum spot size is obtained. Compared to mechanical 
scanning it offers higher lateral resolution, faster collection of data and non-
contact measurements.  

4.8 Inverse Radiometric methods 
An important clue to visual determination of the shape of opaque objects 
comes from their shading. This becomes obvious for instance when skiing in 
a diffusely lit slope. Orientation becomes difficult when there are few edges 
and little shading. On the other hand, surface irregularities can be clearly 
seen when a surface is lit with nearly parallel light. Methods for 
topographical determination from the shading pattern in one image are 
usually referred to as shape-from-shading methods, whereas methods where 
multiple images are used are called photometric stereo methods. Since 
photometry usually refers to psychophysical quantities and stereo is a prefix 
(meaning depth) this is perhaps not the best nomenclature. A more consistent 
name could be stereoradiometry instead of photometric stereo, but the latter 
has been widely accepted and I therefore conform to this terminology.  
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4.8.1 Shape from shading 
In the early seventies, Horn30, 31 introduced a shape from shading method to 
calculate surface shape from a single image. Shape reconstruction methods 
based on one image, requires several constraints on smoothness and 
reflectance. 

Figure 10a shows an example of a lunar image. If the reflectance of the 
surface is assumed to be constant, the brightness of the image can be 
considered to be proportional to the surface height gradient in the horizontal 
direction, as a first approximation. The gradient can then be integrated to the 
height function shown in Figure 10b. 

 

       
 
                (a)  

 
              (b) 
 
Figure 10  A lunar image (a) and its calculated topography (b). 
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4.8.2          Photometric stereo 
A photometric stereo method based on multiple images was presented by 
Woodham in 198032, who showed that three images with different light 
source positions give an unique solution for inclination and reflectance of a 
surface. Integration of the inclination into a surface height function is a 
nontrivial problem studied by for instance Frankot and Chellappa33. 

We have developed a photometric stereo instrument, seen in Figure 11, 
based on two images, which gives the local reflectance and a partial 
derivative. The integration is subsequently carried out in the 
frequency plane. 

 
 

 
 
Figure 11  Experimental setup for two image photometric stereo measurement. 
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4.8.3 Slope and reflectance from two monochromatic images 
The paper sample in our set-up is illuminated by two light sources, as shown 
in Figure 12.  The angle of incidence should be chosen to give good contrast 
but few shadows. A CCD-camera equipped with a perpendicular polarizing 
filter records two images with illumination from the left- and from the right-
hand sides respectively.  

If the detected part of the scattered light is assumed to follow Lambert’s law, 
the image irradiance E in the recorded images can be written as: 

 

E = E 0 R cos α = E 0 R n . a                          (44) 

 

where R is the reflectance and E0 is the intensity recorded when R = 1 and 
cosα = 1. The unit length surface normal is given as: 
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where f’x and f’ y are the surface height gradients in the x- and y-directions 
respectively. The directions to the light sources are:  
 
a1 = [-sin α0, 0, cos α0]                       (46a) 
 
a2 = [sin α0, 0, cos α0]                       (46b) 
 
The reflectance can be approximated from the sum: 
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Figure 12  Illumination and viewing conditions; L1 and L2, light source 1 and 2; 
ns, surface normal; α1 and α2, angle of incidence for illumination 1 and 2 
respectively; α0, angle between the viewing direction and illumination direction 1 
and 2 respectively; f(x,y), surface height function. 

 

 
 
f’x can be calculated from the ratio: 
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which is equivalent to: 
 

022011

022011

0 //
//

tan
1

EEEE
EEEE

x
f

+
−

=
α∂

∂                         (50) 

 
In Paper V it was shown that a more realistic model than the Lambertian 
model of Eq. 44 is: 
 
E = E 0 R ( cos α - δ ) = E 0 R ( n . a - δ )                         (51) 
 
where the correction parameter δ has been empirically determined to the 
value 0.04 in the case of p-polarized illumination and s-polarized detection. 
In the same way it can be shown that δ = 0.07 for unpolarized illumination 
and detection. With this correction, the ratio in Eq. 49 is changed into: 
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which gives: 
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As pointed out by Larsson34, this is a more adequate expression to use than 
Eq 14 in Paper V, where the scaling factor 1/tanα0 in Eq 50 is approximated 
by 0.82/ tanα0.  

4.8.4 Integration 
The point spread function and the noise in the images must be considered 
when the partial derivative is integrated into a surface height function. The 
calculated derivative is therefore written as: 
 
g(x,y) = df/dx * PSF + n(x,y)                         (54)
    
where * represents a convolution, PSF is a point spread function and n(x,y) 
is the (additive) noise.  
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Fourier transformation of this expression gives: 
 
G(u,v) = 2πiuF(u,v)OTF(u,v) + N(u,v),                           (55) 
 
where u and v are the spatial frequencies of the surface and OTF is the 
optical transfer function, that is the Fourier transform of the PSF. If f(x,y) is 
assumed to be a sample of a two-dimensional stochastic process with known 
spectral density, the best restoration filter in a least squares error sense is a 
Wiener filter: 
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where SNR(u,v) = |F(u,v)|2/ |N(u,v)|2 is the signal-to-noise ratio in the 
frequency domain and HI = 2πiuOTF(u,v). The estimated surface function is 
given by inverse transformation: 
 

fR(x,y)= -1(HRG)                         (57)  
 
where G is obtained from Eq. 55 and HR is obtained from Eq. 56. 
 

4.9 Angle resolved light scattering measurement 
The bi-directional reflectance distribution function35, BRDF, is defined as 
the scattered surface radiance divided by the incident surface irradiance. 
From Eq. 25 and Eq. 28 we get: 

 

BRDF =  ∂ΦR/Φ0∂Ωcosθ                         (58) 

 

where Φ0 is the incident flux, ∂ΦR/∂Ω  is the scattered flux per solid angle 
and θ is the scattering angle, measured from the surface normal. It is a 
function of four angles, two determining the direction from the sample to the 
light source and two determining the scattering direction. For isotropic 
media a single angle is sufficient for specification of the light source 
direction. From Eq. 35 it is clear that a perfect Lambertian reflector will have 
BRDF = 1/π for all angles of incidence and for all scattering directions. 
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The bi-directional transmittance distribution function, BTDF, is defined 
analogously for transmitted light and sometimes the bi-directional scattering 
distribution function, BSDF, is used for both transmitted and reflected light. 

In Paper IX the scattering distributions were measured using the setup in Fig 
13. A HeNe laser with λ = 632.8 nm was used for illumination. The light 
goes through a chopper and hits the sample with a spot size A0 of about 2 
mm2 at normal incidence. A detector connected to a lock-in amplifier detects 
the scattered light. The angle between the laser and the detector direction 
was fixed to γ = 60 deg. The sample was rotated around an axis 
perpendicular  to  the  plane  of  incidence.  The  scattering  angle  is  given  
by θ = γ – α0. 
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Figure 13 Setup for light scattering measurement. CH, chopper; P1 and P2, 
optional polarizers; n, surface normal; α0, angle of incidence; θ, scattering angle. 
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5 Applications 

5.1 Real time surface characterization 
This section describes some applications that have been considered for the 
Fourier optical method. 

5.1.1 Crepe frequency measurement 
In the production of tissue paper the wet paper is dried on a hot cylinder. 
When the paper is subsequently removed from the cylinder, a typical 
wavelength in the machine direction can be seen36. Under a given set of 
conditions this wavelength, called the crepe wavelength, is coupled to a 
number of important quality properties, such as softness and thickness, and it 
is therefore important to keep it as constant as possible. The crepe 
wavelength is typically 0.1-0.5 mm. In Paper I it is shown how the crepe 
frequency, the reciprocal of the wavelength, can be measured using a Fourier 
optical setup. An example of a power spectrum for a tissue paper sample 
with a well-defined crepe frequency is shown in Figure 14.  

 
Figure 14  Power spectrum, with blocked DC-component, for a tissue paper 
sample with well defined crepe frequency. 
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5.1.2 Wire mark analysis 
In modern paper machines the pulp is formed to paper between two weaves 
of nylon threads, called wires37. This process leaves a pattern of marks in the 
paper with a periodicity of a few cycles per mm. If the image of the surface 
is analyzed later in the process, we get peaks in the frequency domain. The 
amplitude of these peaks is a measure of the amplitude in the pattern, that is 
the surface roughness, which is of great importance for the printability. The 
distance between the peaks could be used to monitor the dimensional 
variations of the paper in the various steps of the production process. This is 
important for the mechanical properties of the paper. Figure 15 shows the 
power spectrum of a thin tissue paper analyzed with a traditional Fourier 
optical setup, where laser light has been transmitted through the paper. 
Several sharp peaks are seen in the power spectrum. The peak in the center 
of the image correspond to the total amount of light transmitted though the 
sample. The other peaks correspond to well defined spatial frequencies, due 
to the regular pattern that has been imprinted into the surface from the wire 
in the paper machine. 

 
Figure 15  Power spectrum for tissue paper obtained with a traditional Fourier 
optic setup. 



36 

5.1.3 Measurement of dimensional variations 
From a paper strip taken in the cross machine direction from a production 
web, 17 samples with equal intermediate spacing were cut out and mounted 
on the wheel. The wheel was accelerated to 20 m/s and intensity spectra 
were recorded; see Figure 16, for the first and the last samples. The peaks 
are due to wire marks in the paper. The left- and right-hand peaks were 
found to move radially, which is expected due to shrinkage when the paper 
dries. In the drying process the paper usually shrinks more around the edges 
than in the middle, which is also what was measured (see Figure 17) when 
using the distance between the two peaks as a measure of the shrinkage.  

 

  

  
Figure 16  Power spectra, with blocked dc-component, for the left (upper) and 
right (lower) side of a cross-machine paper strip. 
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Figure 17  Relative shrinkage of the paper in the cross machine direction (CD). 

5.1.4 Anisotropy 
The fibers in the paper are usually more or less lined up in the machine 
direction. This is a desirable feature for some paper types but undesirable for 
others. The orientation of the fibers is reflected in a surface structure 
anisotropy, which consequently, could be an important factor for the control 
process, if it can be measured accurately. 

5.2 Topography and reflectance measurement 
This section presents some of the main results obtained with the photometric 
stereo method. 

5.2.1 Profile measurements 
The photometric stereo method was used to perform two surface profile 
measurements on two different lightweight-coated paper samples. The 
lengths of the profiles were 3.5 and 8 mm respectively and the corresponding 
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lateral spatial resolution was 10 and 20 µm. In the first case the profile was 
also measured with a laser scanning system. In the second case, the profile 
was measured with a mechanical (stylus) scanning device (Perthometer). 
The respective results are shown in Figure 18 and 19. A good agreement is 
seen between the different methods. The standard deviations in the z-
direction between the methods were 0.83 µm and 1.1 µm respectively.  The 
coefficient of determination was r2=0.95 in both cases. 
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Figure 18  Lightweight-coated paper surface profiles measured with the described 
method (solid line) compared to profiles from a mechanically scanned, sample 
(dotted line). 
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Figure 19  Lightweight-coated paper surface profiles measured with the described 
method (solid line) compared to profiles from an optically scanned sample (dotted 
line). 
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5.2.2 Finding defects on floorboards 
In the manufacturing of laminated floorboards it is of interest to find surface 
defects with a smallest depth or height of about 10 µm over an area of 
0.2x1.2 m2. With a measurement area of 0.2x0.2 m2, such defects are easily 
detected. A system with five to six cameras could be used to inspect one 
board at the time. 

An example with a defect is shown in Fig. 20. The image field is here 23x23 
mm2. The defect is very well seen in the height image and the profile at y = 
18 mm shows that it is about 60 µm deep. 
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Figure 20  Gradient along the x-direction (top left), height (top right) and profile 
along y=18 mm (bottom) for a manufactured defect in a laminated floorboard.  
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5.2.3 Missing dots in gravure printing 
In gravure printing, small cups engraved or etched on a copper cylinder are 
filled with ink as illustrated by Figure 21. When the cylinder is pressed 
against the paper the ink is transferred. Hence, both dot size and ink film 
thickness can be modulated in gravure printing. The ink is solvent-based and 
of low viscosity. 

Pores or other topographical variations in the paper surface can cause 
missing dots38, which is the most frequently occurring print quality error in 
gravure printing. Gravure is usually considered to be the most smoothness-
demanding printing technique. Since the fabrication of the printing cylinders 
is both time-consuming and expensive, gravure printing requires a large 
number of copies to be profitable.  

 
  

 
Figure 21  Ink-filled cups of a gravure printing form. 

 
Figure 22a shows the reflectance gravure printed sample with several 
missing dots and Figure 22b shows the surface height in the x-direction 
measured with the photometric stereo instrument. The integrated surface 
height function is shown in Figure 22c.  

A way of determining how suitable a particular surface is for gravure 
printing could be to band-pass the topography, that is to remove variations 
with wavelengths that differ significantly from the raster period, and then 
perform a thresholding operation at a suitable level. The result of such an 
operation, with a threshold at -1 µm is shown in Figure 22d, together with 
the reflectance of the surface. Areas with an a high probability for missing 
dots seem to have been identified. Note that low areas outside the printed 
area are also identified. This can be seen as a prediction of where missing 
dots would occur if printing were attempted there. 

Incidentally, a similar value for smoothness requirements for gravure 
printing was achieved by Bristow and Ekman39 through compressibility 
studies with air-leak instruments. 
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(a)  (b) 
 
 

    
 

     (c)                     (d) 
 

Figure 22  (a) Reflectance of the surface (b) Partial derivative, df/dx. (c) 
Integrated topography, f(x,y), of a paper surface. Dark areas correspond to low 
values and vice versa. (d) Reflectance and  -1 µm height contours in a bandpass-
filtered surface height map. 
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5.2.4 Ink skips in flexographic printing 
The flexographic process can be described as stamping of the paper. The ink 
is transferred from elevated parts of a rubber cliché as shown in Figure 23. 
Missing dots are rarely seen, but ink skips can sometimes occur in the full-
tones. The smoothness-requirements are smaller than for gravure but higher 
than for offset. Flexography is becoming the dominating process for printing 
on board packaging materials.  
 
 

=    ink

 
Figure 23  Flexographic printing cliché. 

 
 

 
Figure 24  Full-tone in a flexograpic print on coated board, 5.5x5.5 mm2. 

 
A sample with ink skips is shown in Figure 24. Note the dark ring around 
the spots. The reflectance and topography of this surface was determined 
with suppression of the slow variations (wavelength longer than 1/3 mm). 
Figure 25 shows the distribution of surface heights and reflectance as a 
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2D-histogram, with contours on a logarithmic scale. It is seen that the 
probability of high reflectance increases with lower surface height. Since 
levels close to zero are much more frequent than other levels it is difficult to 
tell what happens in the more peripheral regions of the histogram. 
Normalization, with respect to both the surface height histogram and the 
reflectance histogram was therefore done. The histogram can be idealized to 
a model for ink film thickness, seen in Figure 26.  
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Figure 25  Normalized surface height and reflectance (gray-level) distribution. 

 
 

   
 
Figure 26 Model for ink film thickness. 
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5.3 Simulations 

5.3.1 Print result simulations 
In Paper IV it is described how the connection between topography and 
reflectance can be used to develop a hypothesis as to how an unprinted 
surface would look if it were printed. Such a hypothesis is shown in Figure 
27, where Figure 27a shows the actual reflectance of a 5.5x5.5 mm2 area. 
Only the left-hand part of the surface is printed. The topography of this part 
was used to establish a relation between reflectance and surface height, 
similar to the diagram in Figure 26. The diagram is then idealized into a 
function consisting of two straight lines, meeting at a threshold. This 
function and the topography of the right-hand part of the surface are used to 
calculate the reflectance image shown in Figure 27b. The right-hand half of 
this image is thus a prediction of the print result, while the left-hand half can 
be compared with the actual print in Figure 27a, as a test of the model. 
There are of course other parameters, such as film splitting and surface 
tension that affect the print result, but the simulation seems to give a very 
realistic result. 
 

    
 
       (a)                    (b) 
Figure 27  (a) Reflectance of a flexograpic print. (b) Simulated reflectance, based 
on the surface height function and the reflectance of the left-hand half of (a). 
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5.3.2 Gloss simulations 
In Paper IX the possibility of using surface slope data obtained with a 
photometric stereo method for simulation small-scale gloss variations of 
printed paper samples is investigated. A micro-gloss measurement setup was 
used to register several images showing the small-scale gloss variation of a 
printed light-weight coated paper sample. In a photometric stereo instrument 
two images where the sample, illuminated from the left- and right-hand side 
respectively, was then used to calculate a height gradient of the sample. The 
calculated gradient was used to simulate gloss images similar to the real 
images, registered by the micro-gloss measurement setup. The coefficient of 
determination between simulated and real gloss images was r2>0.66, which 
is significantly better than what has been obtained previously40. Topography 
measurement with photometric stereo methods therefore shows a great 
potential for prediction of important print quality parameters, such as small-
scale gloss variations. An example of a real and a simulated image is shown 
in Figure 28. 
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Figure 28  Actual gloss image(left) and corresponding simulated result (right). 
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6 Concluding remarks 
A Fourier optical method suitable for real time image analysis of moving 
surfaces in paper and printing machines has been developed. A central 
component for this method is a purpose built optical motion compensation 
system necessary for imaging of the moving surfaces onto a spatial light 
modulator, used for the transformation of reflectance distributions into 
transmittance distributions.  

Studied applications of the Fourier optical method include crepe frequency 
measurement in tissue paper production and in-line monitoring of 
dimensional variations of paper in a paper machine. Previously it has also 
been shown that a similar method can be used to detect missing dots in 
gravure printing41, 42. 

During the development of the first method questions were raised about how 
the illumination conditions affect the image of a surface. This led to a light 
scattering model for opaque objects, which was shown to correlate very well 
with angle resolved light scattering measurements performed on a selected 
set of paper samples. 

The light scattering model was used in the development of a photometric 
stereo method. This method has been used to measure the reflectance and 
topography of opaque objects. Surface height profiles measured on coated 
paper samples have shown excellent correlation to profiles measured with 
scanning stylus methods, with coefficients of determination up to r2=0.97. 

The main advantages of the photometric stereo method are its high speed, 
the scalability and the ability to simultaneously obtain reflectance and 
surface height maps that exactly correspond to each other. The last property 
has been used in studies of the relation between print result and topography 
in gravure and flexographic printing. Other considered applications include 
detection of surface defects on for instance laminated floorboards as well as 
analysis of rubber surfaces. Samples with a size ranging from a few mm2 to 
about one m2 have been studied successfully. The height resolution in the 
first case is about 0.2 µm. The time required for a measurement of the height 
of 1024x1024 surface elements is currently in the order of one second, which 
should be compared to the several hours of scanning, required to sample the 
same area, at equal resolution, with a mechanical stylus instrument. 

The light scattering model has also been used for simulations of small-scale 
gloss variations, based on topographical data obtained with the photometric 
stereo method. The result is very realistic images that correlate relatively 
well with real images of curved samples, with a coefficient of determination, 
r2>0.66. 
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