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Evaluation of Systematic & Colour Print Mottle

Jessica Christoffersson

Print mottle is a problem that has been hassling the printing business for a long time. Along with
sharpness and correct colour reproduction, absence of print mottle is one of the most important factors
of print quality. The possibility to measure the amount of print mottle (reflectance variation) may in
many ways facilitate the development of printing methods. Such a measurement model should
preferably follow the functions and abilities of the Human Visual System (HVS).
The traditional model that STFI-Packforsk has developed to measure print mottle uses frequency
analysis to find variations in reflectance. However, this model suffers some limitations since is does not
perfectly agree with the functions of the HVS and does only measure variations in lightness. A new
model that better follows the functions of the HVS has thus been developed. The new model does not
only consider variations in lightness (monochromatic) but also variations in colour (chromatic). The new
model also puts a higher weight on systematic variations than on random variations since the human eye
is more sensitive to ordered structures. Furthermore, the new model uses a contrast sensitivity function
that weights the importance of variations in different frequencies.
To compare the new model with the traditional STFI model, two tests were carried out. Each test
consisted of a group of test patches that were evaluated by the traditional STFI model and the new
model. The first test consisted of 15 greyscale test patches that originated from conventional flexo and
offset presses. The second test consisted of 24 digitally simulated test patches containing colour mottle
and systematic mottle. 
The evaluation results in both the traditional and the new model were compared to the results of a visual
evaluation carried out using a panel of test persons. The new model produced a result that correlated
considerably better with the visual estimation than what the traditional model did.

print mottle, systematic mottle, ordered disturbances, colour, mottle, contrast sensitivity, visual print
quality evaluation, STFI-Packforsk
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Abstract 
 

Print mottle is a problem that has been hassling the printing business 
for a long time. Along with sharpness and correct colour reproduction, 
absence of print mottle is one of the most important factors of print 
quality. The possibility to measure the amount of print mottle 
(reflectance variation) may in many ways facilitate the development of 
printing methods. Such a measurement model should preferably follow 
the functions and abilities of the Human Visual System (HVS). 

The traditional model that STFI-Packforsk has developed to measure 
print mottle uses frequency analysis to find variations in reflectance. 
However, this model suffers some limitations since is does not 
perfectly agree with the functions of the HVS and does only measure 
variations in lightness. A new model that better follows the functions 
of the HVS has thus been developed. The new model does not only 
consider variations in lightness (monochromatic) but also variations in 
colour (chromatic). The new model also puts a higher weight on 
systematic variations than on random variations since the human eye is 
more sensitive to ordered structures. Furthermore, the new model uses 
a contrast sensitivity function that weights the importance of variations 
in different frequencies. 

To compare the new model with the traditional STFI model, two tests 
were carried out. Each test consisted of a group of test patches that 
were evaluated by the traditional STFI model and the new model. The 
first test consisted of 15 greyscale test patches that originated from 
conventional flexo and offset presses. The second test consisted of 24 
digitally simulated test patches containing colour mottle and systematic 
mottle.  

The evaluation results in both the traditional and the new model were 
compared to the results of a visual evaluation carried out using a panel 
of test persons. The new model produced a result that correlated 
considerably better with the visual estimation than what the traditional 
model did. 



 

Sammanfattning 
 

Flammighet i tryck (eng. print mottle) är något som länge gäckat 
tryckeribranschen. Avsaknad av flammighet är tillsammans med bland 
annat skärpa och korrekt färgåtergivning en av de viktigaste faktorerna 
när det gäller tryckkvalitet. Möjligheten att mäta mängden flammighet 
(variation i reflektans) kan på många sätt förbättra utvecklingen av 
tryckmetoder. En sådan mätmetod bör följa det mänskliga ögats 
funktioner och förmåga att uppfatta störningar i tryck. 

Den traditionella modellen som STFI-Packforsk utvecklat för att mäta 
flammighet använder sig av frekvensanalys för att hitta variationer i 
reflektans. Denna modell har vissa svagheter då den inte till fullo följer 
det mänskliga ögats funktioner samt att den endast kan mäta 
variationer i ljushet. En ny modell som bättre stämmer överens med 
ögats funktioner har därför utvecklats. Den nya modellen tar både 
hänsyn till variationer i ljushet (monokromatiska variationer) och 
variationer i färg (kromatiska variationer). Den nya modellen viktar 
även systematiska variationer högre än slumpmässiga variationer, då 
det mänskliga ögat är mer känsligt för dessa. Dessutom används en 
kontrastkänslighetsfunktion som viktar betydelsen av variationer i 
olika frekvenser. 

Den nya modellen har jämförts med den traditionella STFI modellen i 
två test. Varje test bestod av en grupp av prover som utvärderades både 
av den traditionella STFI modellen och av den nya modellen. I det 
första testet användes 15 prover från vanliga flexo- och offsetpressar. I 
det andra testet användes 24 prover med både färgvariation och 
systematisk variation. Variationerna i dessa prover hade genererats 
fram genom en datorsimulering. 

Resultaten från utvärderingarna med den traditionella modellen och 
den nya modellen jämfördes med resultaten från en visuell utvärdering 
som utförts av en grupp testpersoner. Resultaten från den nya modellen 
korrelerade avsevärt bättre med den visuella bedömningen än vad 
resultaten från den traditionella modellen gjorde. 
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Chapter 1 

Introduction 

1.1 Background 
STFI-Packforsk, the Swedish Pulp and Paper Research Institute, has for more than 
a decade been developing and using a program called STFI Mottling for evaluating 
print mottle. The program has been useful at printing development research 
facilities for investigating the quality of a print in the aspect of mottle. The model 
in the program is not perfect though. Over the last couple of years, new aspects of 
print mottle have come forward and the model is therefore in need of an 
improvement. A new model, which considers the new aspects of print mottle, is 
therefore to be developed. 

Print mottle comes in many forms. Traditionally, as the name implies, it defines 
blotches in the print when a homogenous area is desired. A more general physical 
definition would be unwanted variations in print density. These variations may be 
interpreted as spots as well as streaks, bands or other forms of texture. Since our 
eyes have evolved to detect patterns, systematic variations are normally more 
disturbing to us than random variations. This should hence be taken into account 
when developing a new model. 

Furthermore, the STFI Mottling program does only consider variations in lightness. 
Therefore, the program does not notice a variation in colour, which our eyes notice, 
if the lightness level is the same. The ability to measure colour print mottle has thus 
also been a desire when developing a new model. 

1.2 Problem 
An efficient mottle evaluation method should represent what the Human Visual 
System register. However, the STFI Mottling program is not able to evaluate 
colour mottle. A variation in colour would therefore go unnoticed by the program. 
In addition, the program does not consider systematic mottle any different than 
random mottle and is therefore not representative to what our eyes register in a 
print. 
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1.3 Aim 
A new and improved model for evaluating print mottle is to be developed, based on 
the work presented by Fahlcrantz (2003, 2004, 2005). The new model should be 
able to evaluate greyscale images as well as colour images, i.e. printed areas made 
up by both one and several printing process colours. Also, the new model should be 
able to weigh systematic mottle differently than random mottle. Thus, the new 
model should follow the contrast sensitivity of the human eye and consider (a) 
random variation, (b) systematic variation, (c) lightness variation and (d) colour 
variation. Preferable, the mottle value should be ranged so that a user of the 
traditional STFI Mottle program would feel comfortable with the output values, i.e. 
recognise him/herself. 

In the context of a master thesis work such as this, it is also important to 
underscore that the goal here is not to develop a new commercial software, but to 
design a model that later can be designed as a fully functioning software. 

1.4 Method 
A natural starting-point will be acquired by examining the STFI Mottling program. 
The traditional STFI Mottling model is implemented in Matlab®, and so will the 
new model be. First task is trying to reproduce the STFI Mottling program by using 
two-dimensional Fast Fourier Transform and get the same output values as the old 
implementation, which is made by the use of one-dimensional Fast Fourier 
Transform. Thereafter comes the task of implementing new aspects of print mottle 
such as contrast sensitivity, colour print mottle and systematic print mottle.  

The ability of the new model as well as the traditional model will then be 
investigated with the help of real and simulated test patches that are to be visually 
evaluated by a group of test persons. This would give a fair understanding of the 
relationship between visual and instrumental evaluation and thereby realise 
whether or not the new model is an improvement. 

1.5 Disposition of the report 
The report is divided into three main parts. The first part, Theory, contains chapter 
2 through 6. The chapters present the theoretical background needed to understand 
the discussion of print mottle. Chapter 2, 3, 4 and 5 give an overall description of 
print quality, the Human Visual System, psychophysics and frequency analysis, 
while chapter 6 present the new model and the theory behind it. 

The second part of the report, containing chapter 7 and 8, is called Measurements. 
Chapter 7 describes how the visual and instrumental evaluations have been carried 
out while chapter 8 presents the results of the tests. 
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The third part of the report, Discussion and Conclusions, analyse the results of the 
tests and discuss in what way the new model is different from the traditional STFI 
model and whether or not the change has been for the better.  
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Chapter 2 

Definitions 

2.1 Print quality 
The quality of a print is based on the visual experience of human observers. In the 
end, it is the person looking at a print that decides whether or not she experiences 
good quality. Any instrumental measure developed must thereby be validated 
against subjective quality evaluations.  

Print quality is dependent on a few different factors, which can vary independently. 
For a print to be defined as being of good quality, all of these factors have to 
achieve reasonable levels. The most important factors are sharpness, contrast in 
lightness and in colour, colour balance and optical homogeneity (no unwanted 
variations in reflectance). 

Even if print quality is based on subjective evaluations, there is a need for 
instrumental measures. By analysing a print, certain parameters can be measured 
and evaluated. If these measurements correlate well with subjective print quality 
evaluations, the instrumental measures can to some extent be said to estimate that 
certain parameter of print quality. 

2.2 Print mottle 
In this master thesis, one of the parameters of print quality is considered, namely 
the type of optical inhomogeneity that is known as print mottle. Print mottle is here 
defined as perceived inhomogeneities in a print due to spatial variations in the 
amount of reflected light from a homogenous light source. Easier to grasp may be 
that print mottle means noise when the goal was to print a homogenous area. 

Print mottle comes in many forms, and in different scales, see Figure 2.1. Print 
mottle can be random, i.e. similar to clouds, or systematic, like stripes or other 
patterns. Random print mottle can be large-scaled, called cloudiness, or small-
scaled, called graininess. In a detailed, busy image, print mottle might hardly be 
visible, but in an image with large homogenous tone areas print mottle can be very 
disturbing. 
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Figure 2.1: Examples of print mottle. The images show (a) 
small-scale and (b) large-scale random mottle as well as 
systematic mottle in the form of (c) stripes and (d) wire mark 
texture. 

Variations in reflectance arise for different reasons. The paper itself may vary in its 
lightness or colour. The amount of gloss on the paper may vary, causing annoying 
changes in reflection instead of the pleasing, luxurious appearance sought after. 
Though, most often when discussing print mottle, the variations are in the amount 
of ink on the paper, something that on the other hand is highly affected by the 
character of the substrate, the ink and the printing process. 

Ink layer thickness variations are in offset printing caused for example by not 
enough pressure, leading to that only the higher parts of the paper will come into 
contact with the ink film. Another reason may be wet trapping or ink refusal. This 
can happen in multicoloured offset printing when one colour is printed on top of 
another. Since the ink is wetting the paper, the ink transfer to the surface of the 
paper in the latter print stations may not work properly as the wetted paper refuses 
the ink.  

Another type of variation in reflectance is small white dots called UCA, uncovered 
area. This is caused as fragments of paper come loose and get caught on the print 
plate. This phenomenon is however generally considered to be separated from print 
mottle as a parameter of print quality. The distinction is not totally clear though, 
since a high amount of UCA’s, especially if the areas are not completely 
uncovered, visually starts to appear very much like mottle. 
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Chapter 3 

The eye 

3.1 The structure of the eye 
With three fourths of our body’s cells of sensibility located in our eyes, vision is 
the most important sense for experiencing the world. Since the model for 
evaluating print mottle should be based on human vision, some knowledge of how 
the eye works is required. 

The eye is a sphere with a diameter of about 25 millimetres (Figure 3.1). The 
eyelashes and the eyebrow outside of it protect the eyeball from foreign objects, 
perspiration and direct rays from the sun. 

 

Figure 3.1: A schematic view of the eye and its structure. 
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The cornea is a transparent, nonvascular and relatively thick outer layer that helps 
focus light. The iris is a muscle that controls the size of the pupil. The pupil is the 
hole in the middle of the iris where the light passes through into the eye and defines 
the level of illumination on the retina. The size of the pupil is largely determined 
by the overall level of illumination and may vary between three and seven 
millimetres.  

The lens divides the eye into two chambers. The lens is transparent and elastic and 
varies in index of refraction so that it is possible to focus on objects in the distance 
as well as nearby. The region between the lens and the retina is the vitreous 
humour, consisting of essentially water and with a viscosity similar to that of 
gelatine. This makes it possible for the entire eyeball to be flexible and therefore be 
more resistant to injury. 

The retina is a thin layer of cells found in the back of the eye. This is where the 
photosensitive cells, called photoreceptors, of the visual system are located. The 
choroid provides nutrients to the posterior surface of the retina. It has a dark brown 
appearance, which prevents internal reflections as it absorbs any light that may 
pass through the retina without being absorbed by the photoreceptors. 

The optic nerve consists of more than 1 million nerve fibres that carry out the 
information of about 130 million photoreceptors, meaning there is a noticeable 
compression of the visual signal. This is the reason for peripheral input to be so 
heavily low pass filtered by the retina, there is simply not room enough for more 
information. 

Since the optic nerve takes up space otherwise occupied by photoreceptors, there is 
a small area in each eye where no visual stimulation is possible, called the blind 
spot. The fovea, on the other hand, is the region of the most acute vision. The fovea 
is a cavity in the centre of what is called the yellow spot. The support tissue is 
much thinner than on the rest of the retina, thus providing the best spatial and 
colour vision. In the fovea, nerve fibres are displaced radially away, allowing light 
to strike the photoreceptors almost directly instead of first traversing the other 
layers of the inverted retina.  

3.1.1 The photoreceptors 
The retina is layered and consists of nerve cells (ganglion cells), relay nerve cells 
(bipolar cells) and light-sensitive photoreceptors (Figure 3.2). The photoreceptors 
come in two fundamentally different forms, rods and cones. There are about twenty 
more times of rods than cones, approximately 5 million cones and 100 million 
rods. 

The rods are smaller than the cones, and several rods share the same neural 
pathways to the brain. The cones however have a reversed relationship where 
several neurons participate in the encoding of the signal from each cone. This 
makes visual perception under scotopic viewing conditions very poor compared to 
visual acuity under photopic conditions, even though there are many more rods.  
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Figure 3.2: The retina, located in between the vitreous humour 
and the choroid, with the photoreceptors called rods and cones. 
There are about 20 times more rods than cones. 

The rods are slender rod-like elements while the cones are more narrow conical 
elements (Figure 3.3). The rods operate at low light intensities and do not register 
colour. They are responsible for vision in dim light such as at nighttime, called 
scotopic vision. The rods dominate the retinal periphery, meaning they are located 
everywhere on the retina except in the fovea. 

The cones are responsible for the colour vision and are stimulated only by fairly 
high light intensities. The cones are responsible for the acute vision of daylight, 
called phototopic vision. There are three types of cones, which are sensitive to 
different parts of the wavelength spectra. The majority of the cones are located 
only near and within the fovea, where our sharpest vision is found. 

 

Figure 3.3: Rods and cones contain light-absorbing pigments 
located in their outer segment. These are called photopigments 
and they initiate vision. 
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3.1.2 The three types of cones 
There are three types of cone photoreceptors based on the wavelength sensitivity of 
the photopigment in its outer segment. These types are commonly called L-cones, 
M-cones and S-cones, referring to long-, middle- and short-wavelength peak 
sensitivity (Figure 3.4).  

 

Figure 3.4: Sensitivity curves of S-, M- and L-cones defining 
the range of wavelengths that the different types of cones are 
sensitive to. 

The fovea is completely inhabited by cones but the relations between cones are not 
identical. There is a relatively small amount of S-cones, and about twice as many 
L-cones as M-cones, with the relative population of 1:20:40. 

3.2 The eye and print mottle 
As stated earlier, the new print mottle evaluation model should as accurately as 
possible follow the functions of the human eye. Of course, the Human Visual 
System does not end with the eye, but continues to the brain. The nerve fibres in 
the retina go through the retina and get bundled up together in a thick cord, the 
optic nerve, which is about 1,5 millimetres wide. This cord of nerve fibres goes 
through the eyehole heading for the brain, where the image is processed further.  

Later processes involved in the process of visual perception make the Human 
Visual System more sensitive to systematic variations than to random variations. 
This is mainly because it is valuable to be able to detect boundaries of objects, 
which dominate natural scene images. Also, as the difference between scotopic and 
photopic vision implies, lightness variations are more disturbing to us than colour 
variations. This will be discussed further in chapter 6.3.4, Colour contrast 
sensitivity. 
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Chapter 4 

Psychophysics 
Psychophysics is the scientific study of the relationships between the physical 
measurements of stimuli and the sensations and perceptions that those stimuli 
evoke. Psychophysics is used to study all dimensions of human perception. When it 
comes to visual experiments, there are two types normally used; threshold and 
matching experiments oppose to scaling experiments. Threshold experiments are 
useful when measuring sensitivity to changes. Scaling experiments are used for 
specifying relationships between stimuli. 

The science of psychophysics has been developed during a few hundred years, but 
definitely took off with German physiologist Weber in the early nineteenth century. 
Weber made tests to find the just noticeable difference (jnd), the smallest change 
visible. This can be applied in almost every kind of perception, and has certainly 
been useful in visual experiments. Weber noted, not surprisingly, that as the initial 
stimuli increased, the change of stimuli had to increase proportionally for the 
change to be noticed. Weber’s law was therefore established as the ratio ∆Φ/Φ 
being constant, where ∆Φ is the change in stimuli and Φ is the initial magnitude of 
stimulus. The constant c differs for different types of sensory stimuli. 

Φ
∆Φ

=c       (4.1) 

Weber’s law, intuitive as it may seem, holds approximately true for many 
perceptual stimuli. Problem arises for very low and very high levels of stimulus, 
and several more complex relationships have been suggested. 

German philosopher Fechner founded his work on that of Weber. He became 
known as the father of psychophysics when publishing Elements of Psychophysics 
in 1860. Fechner stated that the perceived magnitude of a stimulus is rather 
proportional to the logarithm of the physical stimulus intensity, resulting in a non-
linear relationship.  

)log()( 1 Φ=Ψ cx     (4.2) 

Deriving Equation (4.2) transforms Fechner’s law into the law of Weber. Equation 
(4.3) shows the derivation.  
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Φ
∆Φ

=∆Ψ→
Φ

=
∆Φ
∆Ψ

22
1 cc    (4.3) 

Since founded on Weber’s law, Fechner’s law is only valid to the extent that 
Weber’s law is correct. However, Fechner’s law has been found to be quite useful 
in many Vision Science experiments. 
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Chapter 5 

Frequency analysis 
In 1822, French physicist Jean Baptiste Fourier published his work “The analytical 
theory of heat”. The work argued that a periodic waveform of any complexity 
could be analysed by a linear sum of harmonically related sine and cosine waves. 
This method, known as Fourier analysis, has been of great use in many fields of 
modern science, non-the least in Vision Science. 

The idea of Fourier analysis is to break down complicated signals into components 
at various frequencies. With the help of Fourier analysis, an image can be 
transformed from the spatial domain, where we normally observe an image, into 
the frequency domain. In the frequency domain, each point represent a particular 
frequency contained in the spatial domain image.  

The Fourier transform produces a complex number valued output image, which can 
be displayed with two images, either with the real and imaginary parts or with the 
magnitude and phase parts. The magnitude part contains information about how 
much contribution each frequency component makes to the whole signal, while the 
phase component describes where in the signal this contribution is located. For 
evaluating print mottle, the information about the amount of print mottle is of more 
interest than where in the image the variation is located. Therefore, only the 
magnitude part is used. 

The number of frequencies in the frequency domain corresponds to the number of 
pixels in the spatial domain, meaning that the image in the spatial domain and the 
image in the frequency domain are of the same size. The connection between 
spatial and frequency domain can be described by a frequency being the number of 
pixels over which a pattern repeats itself in the spatial domain. The magnitude of 
an image point in the frequency domain, displayed as the intensity in that point for 
two-dimensional images, reveals the amount of variation in that particular 
frequency (Figure 5.1).  

Normally when working with frequency analysis, the image in the frequency 
domain is shifted so that the DC-component is displayed in the centre of the image. 
The DC-component is the average intensity, or the mean reflectance of the print 
divided by the number of pixels in the image, N. The further away from the centre 
an image point is in the frequency domain, the higher its corresponding frequency. 
The maximum frequency, which can be represented in the spatial domain, is 
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variations of N/2 pixels. The minimum frequency is one cycle per image and is 
located in the pixels next to the DC-component. 

 

    

    

Figure 5.1: Examples of the Fourier transform. The top images 
show the image in the spatial domain, while the images below 
show the corresponding image in the frequency domain. The 
pair of images illustrate (a) small-scale random mottle, (b) 
large-scale random mottle, (c) stripes and (d) wire mark 
texture. 
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Chapter 6 

Measurement of print mottle 

6.1 The traditional STFI model 
The traditional STFI model uses the one-dimensional power spectrum of the 
Matlab® Fast Fourier Transform (FFT) to get the standard deviation of reflectance, 
σR, to find a measure of print mottle. The model uses wavelengths 1-8 millimetres 
band-pass image analysis (Johansson, 1993).  

However, the perceived mottle in a printed image does not only depend on the 
reflectance variation of the image, but also on its mean reflectance. According to 
Fechner, the perceived magnitude of a stimulus is proportional to the logarithm of 
its physical intensity; 

)log(*1 RcP =      (6.1) 

where P is the perceived intensity of the stimulus and R is in this case the mean 
reflectance level of the print. Through differentiation, this means that the perceived 
reflectance variation, dP, can be described as 

R
dRcdP

R
c

dR
dP

22
1

=⇔=     (6.2) 

In the traditional STFI Mottling model, this has been used to calculate the 
Coefficient of Variation, cvR. The mottle value of the evaluated print is produced 
by dividing the standard deviation of the reflectance, σR, with the mean reflectance, 
R. 

R
cv R

R
σ

=      (6.3) 

The traditional STFI Mottling model also multiplies the value of mottle with 100, 
producing a value in percent. The model thus looks like: 

∫=
125.0

1

2)(100 duu
R

cvR σ     (6.4) 

where σ is the standard deviation and u is the frequency in cycles per mm. 
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6.2 The new model – Greyscale print 
mottle 

First step in developing the new model is to produce a code doing exactly what the 
traditional STFI Mottling program does. This means taking in a greyscale image 
and generate a number that represent the amount of mottle in the image without 
considering colour or order.  

There are some differences between the old and the new model at this stage 
though. While the traditional model uses wavelengths 1-8 mm, the new model uses 
a contrast sensitivity function (CSF) to weigh the wavelengths 0.25-16 mm. Also, 
instead of dividing the standard deviation by the mean reflectance, the new model 
divides the standard deviation by the square root of the mean reflectance. 

6.2.1 Contrast sensitivity  
Spatial and temporal characteristics of the Human Visual System are typically 
explored by measuring contrast sensitivity functions. A CSF is defined by the 
threshold response to contrast as a function of spatial or temporal frequency and is 
generally measured with stimuli that vary sinusoidally across time or space (Figure 
6.1). 

 

Figure 6.1: Example of a sinusoidal pattern with different 
frequencies. 

When discussing print mottle, contrast sensitivity is of great significance. Contrast 
sensitivity indicates how the eye’s ability to detect a stimulus varies with the 
frequency of the stimulus. Many contrast sensitivity functions have been suggested, 
but in this case the most convenient mathematical approximation is that of Barten 
(1999), which has been used in the new model. This CSF is able to determine the 
contrast sensitivity for different luminance values, different image sizes and most 
importantly different frequencies. 

For luminance contrast, black and white that is, the CSF has peak sensitivity at 
around 0.3 cycles per millimetre (Figure 6.2). The function approaches zero at zero 
cycles per millimetre since that would be define a uniform field without variation. 
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The function also approaches zero for cycles per millimetre exceeding 10, since the 
human eye no longer can distinguish details that small.  

 

Figure 6.2: Spatial contrast sensitivity function for luminance 
contrast. The new model uses wavelengths within 0.25-16 mm 
corresponding to 4 and 0.0625 cycles per mm respectively.  

The traditional STFI Mottling program uses the wavelength bands of 1-8 mm since 
these are the frequencies the human eye is most sensitive to. This is firmly 
established, but other wavelengths are however also of importance. The new model 
therefore uses a contrast sensitivity function that considers wavelengths 0.25-16 
mm and weigh these based on the contrast sensitivity of the eye, demonstrated in 
Figure 6.3. This creates a new model that follows the functions of the eye more 
precisely than the traditional model. 

  

Figure 6.3: The traditional STFI model (left image) uses the 
wavelengths of 1-8 mm for evaluating mottle. The new model 
(right image) uses the whole spectrum of 0.25-16 mm, but 
weigh each frequency to agree with the human contrast 
sensitivity. 
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6.2.2 Greyscale scanner calibration 
The actual print that is going to be evaluated by the implementation has to be 
scanned to get into digital form. People using the implementation might use 
different scanners or different scanner settings.  

The greyscale scanner calibration in the implementation is done with the help of 
ten NCS (Natural Colour System) greyscale surfaces that are scanned along with 
the print (Figure 6.4). Since the reflectance of the ten NCS surfaces are known, the 
greyscale level they achieve in the scanner can be used to translate and calibrate all 
scanned greyscale values into correct reflectance values. This is done with a 
calibration curve (Figure 6.5). In case the scanner provides a very bad calibration 
curve, the implementation will warn and stop. 

 

Figure 6.4 (left): Example of a scanning. On the top are the ten 
smaller NCS areas needed for the calibration. Beneath are the 
twelve squares that are to be evaluated for mottle. 

Figure 6.5 (right): Example of a calibration curve. The ten 
greyscale NCS calibration surfaces are scanned along with the 
print. Their original reflection values are known according to 
an Elrepho reflectometer measurement and can be compared to 
the greyscale value they receive when scanned. 

6.2.3 The new model 
The new model uses the two-dimensional power spectrum of the Matlab® Fast 
Fourier Transform (FFT) to find the standard deviation of reflectance, σR, to find a 
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measure of print mottle. The new model evaluates the images within wavelengths 
0.25-16 millimetres. Wavelengths smaller than 0.25 mm would be of little use 
since the human eye is basically unable to detect such small variations. 
Wavelengths wider than 16 mm might be of some use, but the printed squares 
normally used in the visual evaluation are for practical purposes squares of about 5 
centimetres, thus it is not possible to extract wider wavelengths from the FFT. 

Just as the traditional STFI model, the new model is dependent on the mean 
reflectance of the image. The design used in the traditional model, Equation (6.3), 
is rather successful, as long as the mean reflectance is somewhat the same in the 
analysed prints. However, the method may overestimate perceived mottle in very 
dark prints and underestimate it in very light prints. Therefore, an alternative 
formula has been evaluated, presenting much better correlation with visual 
evaluations (Fahlcrantz, Johansson, Åslund, 2003). The new model uses this 
alternative, namely dividing the standard deviation by the square root of the mean 
reflectance; 

R
cv R

R
σ

=      (6.5) 

Logarithmic integration has shown better correlations with perceived image quality 
(Barten, 1999). Therefore the value of mottle is divided by the constant ln(2) as 
well as divided by the frequency u since this is what is produced when 
differentiating log2(u). 

)2ln(
1)(log2 u

u
du
d

=     (6.6) 

The value of mottle is also multiplied with 100 to get a percentage value. A similar 
range of value to that of the traditional STFI Mottling program is thus received. 
The model at this stage will appear as Equation (6.7).  

∫⋅
⋅

=
0625.0

4

22 )()(
)2ln(

100
u
duuCSFu

R
M σ   (6.7) 

where σ is the standard deviation, CSF is the contrast sensitivity function and u is 
the frequency in cycles per mm (Fahlcrantz, 2004). For clarification, the longer 
wavelength of 16 mm is the lower frequency of 0.0625 cycles/mm while the 
shorter wavelength of 0.25 mm is the higher frequency 4 cycles/mm. 
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6.3 The new model – Colour print 
mottle 

One of the reasons the traditional STFI Mottling program does not correlate 
perfectly with visual evaluations is that it is not able to evaluate colour mottle. This 
limitation is in most cases not significant, since prints evaluated are often in 
greyscale and also since our eyes primarily recognise changes in lightness. 
However, being able to also evaluate colour images correctly is a desirable feature 
of the new model. 

6.3.1 Definitions of colorimetric terms 
To be able to discuss colours and colour systems, one must first be sure that 
everyone is using the same words. Therefore the colorimetric terms must be 
defined properly. The most commonly used terms are hue, saturation and lightness.  

Hue is defined as an attribute of a visual sensation according to which an area 
appears to be similar to one of the perceived colours red, yellow, green and blue, or 
to a combination of two of them. The hue is thus the quality that provides the 
colour with its name (Figure 6.6). 

Saturation is defined as an attribute of a visual sensation according to which the 
perceived colour of an area appears to be more or less chromatic. Saturation is thus 
to what extent a colour is seen as pure or not. Saturated colours appear to hold light 
of just a few wavelengths and not have any parts of grey or white in them. 

Lightness is defined as an attribute of a visual sensation according to which an area 
appears to reflect more or less light. The lightness thus describes the lightness 
intensity, reaching from white to black.  

 

Figure 6.6: The colorimetric qualities hue, saturation and 
lightness of colours cyan, magenta and yellow. 

Pure light can be described by one single wavelength. Natural light, however, is 
always a combination of pure lights. Natural light is described by its spectrum, a 
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curve that defines how much each wavelength contributes. White light consists of 
about the same amount of light of all visual wavelengths.  

6.3.2 Colour systems 
A picture consists of thousands of different colours but it is impossible to use 
thousands of colours when printing the picture onto a paper or showing it on the 
screen. Therefore, it is necessary to be able to reproduce these colours by using 
only a few primary colours. Several different colour systems have been developed 
whose aim is to print on paper, show on monitors or define how humans register 
the colour. 

RGB 

RGB is an additive colour system whose primary colours are red (R), green (G) 
and blue (B). The system forms different colours with the help of light sources and 
is used mainly by monitors. Mixing for instance red and green gives yellow, while 
green along with blue produces cyan and blue along with red gives magenta. When 
no light source is lighted, we will see nothing at all, black that is. When all three 
light sources are fully lighted, the eye interprets it as white, see Figure 6.7. By 
letting the three light sources be lighted with different strengths, a high number of 
different colours can be created. 

 

Figure 6.7: RGB is an additive colour system. Red and green 
gives yellow, green and blue gives cyan and red and blue gives 
magenta. No colour means black, while all three colours 
together produces white. 

CMYK 

CMYK is a subtractive colour system whose primary colours are cyan (C), 
magenta (M) and yellow (Y). The system is used in printing and forms different 
colours by adding them on to each other. A white paper without anything printed 
onto it reflects white whereas all three primary colours printed onto each other 
reflect black, no reflection at all (Figure 6.8). This is however not always the case, 
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and the supposed black colour might give a slightly brown-grey impression. 
Therefore, a forth colour, black (K), has been added to the colour system. The 
greater reason for this is that black is used regularly and printing three colours 
instead of one would be unnecessary expensive. Also, printing three colours on top 
of each other would leave the paper wet and problems like mottling and 
missregister would easily arise. 

 

Figure 6.8: CMYK is a subtractive colour system. Cyan and 
magenta gives blue, magenta and yellow gives red and cyan 
and yellow gives green. No colour means white, while all three 
colours together produces black (or close to black). 

CMYK being a subtractive colour system derives from the fact that the printed 
colour filters the white light falling onto the surface, reflecting only certain 
wavelengths and absorbs others, so that it is interpreted as one colour. For instance, 
a surface with magenta printed onto it is interpreted as magenta since the green 
light component is absorbed, while the red and blue light components are reflected 
(Figure 6.9).  

   

Figure 6.9: The incoming light is filtered, depending on its 
wavelength, when hitting the surface. The light that is reflected 
gives the surface its colour. A blue surface would absorb 
(subtract) red and green and only reflect wavelengths 
containing blue colour. A magenta surface would absorb green 
while reflecting red and blue which makes us see the colour 
magenta. 
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CIEXYZ 

The colour system CIEXYZ was created by the Commission Internationale 
d’Éclairage (CIE) in the 1930’s. From extensive researches they formed the 
standard observer, the average way a human apprehend colours. It was found that 
the human colour vision could be described by three sensitivity curves, 
corresponding to the three types of cones in the eye of the normal person.  

When light falls onto a surface, it has a certain composition of wavelengths. The 
surface itself reflects certain wavelengths better than others, depending on the 
colour of it. The tristimulus curves of the standard observer define how the human 
eye is more sensitive to certain wavelengths. Multiplying the three curves of the 
standard observer with the incoming light and the reflection of the surface produces 
the CIE-values X, Y and Z, which represent a colour (Figure 6.10). 

 

Figure 6.10: The incoming light is a composition of 
wavelengths. The surface reflects the different wavelengths 
differently. The standard observer defines how the human eye is 
sensitive to different wavelengths. By multiplying the three 
tristimulus curves with the incoming light and the reflection of 
the surface, X, Y and Z, which are the CIE-values, are 
produced. 

Equation (6.8) define X, Y and Z in CIEXYZ. R(λ) is the spectral reflection factor 
and S(λ) is the spectral illumination. 
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Achromatic colours give X = Y = Z and the ideal white point is represented by X = 
Y = Z = 100. The Y-value is proportional to the luminance of the stimulus. 
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CIEL*a*b* 

CIEL*a*b* is a development of CIEXYZ where the system has been adjusted to 
correlate better the human interpretation of colours. Since CIEL*a*b* also consists 
of three values, the system can be described as three-dimensional, forming a colour 
space (Figure 6.11). The L*-axis goes from 0 (black) to approximately 100 (white). 
The a*-axis range from about –100 (green) to 100 (red) and the b*-axis range from 
about –100 (blue) to 100 (yellow). CIEL*a*b*is a physically exact colour system 
that is unit independent. This means that it can be used in scanners, monitors and 
printers.  

 

Figure 6.11: CIEL*a*b* represent a colour with the help of 
three values; the L*-channel for lightness, the a*-channel 
between red and green and the b*-channel between yellow and 
blue. 

Equation (6.9) define L*, a* and b* in CIEL*a*b*. XN, YN  and ZN are the 
tristimulus values of an appropriately chosen reference white.  
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NCS 

NCS (Natural Colour System) is a Swedish colour system. The system divides the 
colour into lightness, hue and saturation and can be seen as a double-sided cone as 
illustrated in Figure 6.12. NCS is a system chiefly used in the business of textile 
and painting. The system discriminate colours as the eye perceives them and 
thereby the system is easy to use and relate to but not very physically correct. 
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Figure 6.12: NCS represent a colour with the help of three 
values; lightness, hue and saturation. 

6.3.3 Colour spaces 
A colour space is the range of colours a certain colour system can reproduce. 
Different colour systems have different sizes of their colour spaces. The greater a 
colour space is, the greater the number of colours the colour system can reproduce 
and consequently a picture more true to life. 

A RGB usually has a larger colour space than a CMYK (Figure 6.13). The colour 
space of the eye, which is the largest one the presented, has its three corners in the 
cones of the eye, which are sensitive to red, green and blue.  

 

Figure 6.13: RGB (the larger inner circle) has a slightly larger 
colour space than CMYK (the smaller inner circle). The 
diagram is shaped from the spectrum of the human eye.  

The colour space of a print is determined by the paper, the printing method and the 
printing colours. For example, coated paper would generally give a larger colour 
space than newsprint paper. HiFi-colours, which is six colours; CMYK plus orange 
and green, would give a larger colour space than ordinary CMYK print. 
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6.3.4 Colour contrast sensitivity 
The human eye is more sensitive to changes in the L*-channel, meaning greyscale 
lightness, than in colour. Also, it is more sensitive to changes in the a*-channel 
than in the b*-channel. According to Barten’s contrast sensitivity function (1999), 
the relationship between channels is approximately 8:2:1. This means that a change 
in the blue and yellow scale would have to be about eight times larger than a 
change in the black and white scale for the human eye to regard them as equally 
disturbing (Figure 6.14).  

 

Figure 6.14: Humans are most sensitive to changes in the L*-
channel and more sensitive to changes in the a*-channel than 
in the b*-channel. The relationship is approximately 8:2:1. 

6.3.5 Colour scanner calibration 
The print that is going to be evaluated by the implementation has to be scanned to 
get into digital form. Like in the greyscale case, the scanner that is used might have 
its characteristics and flaws that have to be corrected with a scanner calibration. In 
the case of a colour print evaluation, the calibration is done in advance, preferably 
regularly as well as after an adjustment has been made to the scanner.  

The colour scanner calibration is made with the help of an IT8 and 50 NCS 
surfaces containing ten degrees each of black, red, blue, green and yellow (Figure 
6.15). A 20-term non-linear polynomial regression is used for the calibration, since 
this has proved to be appropriate in this case (Sokolowski, 2003). The 288 surfaces 
of the IT8 and the 50 NCS-surfaces are scanned to RGB meaning that every pixel 
receives a certain value of R, G and B.  
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Figure 6.15: The calibration set used in the implementation. It 
consists of an IT8 and 50 additional NCS surfaces in black, red, 
green, blue and yellow. 

The R, G and B-values are mixed into 20 components; R, G, B, RG, GB, RB, R2, 
G2, B2, RGB, R3, G3, B3, RG2, R2G, GB2, G2B, RB2 and R2B. The values of the 338 
surfaces are known in the L*a*b*-space. Thereby, a calibration matrix A can be 
derived from Equation (6.10). 

))((*)**( ARGBbaL =     (6.10) 

With the calibration matrix A it is possible to convert any scanned image to 
correctly calibrated L*a*b*-values, illustrated in Figure 6.16.  

 

Figure 6.16: Since the scanner rarely is perfect, there will be 
changes in the colour when a print is scanned. In the new 
implementation, matrix A is used to calibrate and correct the 
colour as well as transforming it into L*a*b*-space.  
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When a coloured print is scanned and goes through the implementation, it is 
calibrated into L*a*b*-values and thereafter evaluated for mottle in each of the 
three channels. 

6.3.6 The new model 
The new model is able to distinguish a greyscale image from a colour image. If the 
image is in greyscale it will be evaluated as explained in 6.2.3. If the image is a 
colour image it will be evaluated as a colour image explained as follows. 

The image scanned in RGB is calibrated into L*a*b*-space as described in chapter 
6.3.5. The three images of L*, a* and b* are then evaluated the same way as a 
greyscale image described in chapter 6.2. However, variations in the L*, a* and b* 
channels are not equally disturbing to the eye. Therefore different contrast 
sensitivity functions have to be used for the different channels. The L*-channel 
uses the same contrast sensitivity function as greyscale images does, while the a*- 
and b*-channels have others, see chapter 6.2.4. 

In L*a*b*-space, there is less need to divide the mottle-value with the square root 
of the mean reflectance. This however causes evaluations made in greyscale and in 
colour to produce different ranges of mottle-values. To make it easier for the user 
to compare two mottle-values, even if one is scanned in greyscale and the other in 
colour, the two kinds need to be of the same range. To achieve this, the mottle-
value of the three channels are multiplied with R1/6. This originates from the fact 
that dL* can be defined as followed: 

32*
Y
dYdL =      (6.11) 

The Y-value is proportional to the luminance of the stimulus, as defined in 
CIEXYZ, and can be translated into the mean reflectance R. Since an agreement 
with the greyscale mottle-value is desired, one wants to find x to manage a match 
in Equation (6.12). 
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which is true if x is R1/6. The three values of mottle for L*, a* and b* are thus 
defined as in Equations (6.13) through (6.15). 

∫⋅
⋅

=
0625.0

4

2
*

2
*

6/1

* )()(
)2ln(

100
u
duuCSFuRM LLL σ  (6.13) 

∫⋅
⋅

=
0625.0

4

2
*

2
*

6/1

* )()(
)2ln(

100
u
duuCSFuRM aaa σ  (6.14) 



 

29 

∫⋅
⋅

=
0625.0

4

2
*

2
*

6/1

* )()(
)2ln(

100
u
duuCSFuRM bbb σ  (6.15) 

where σx is the standard deviation for the respective channel, CSFx is the contrast 
sensitivity function for the respective channel and u is the frequency in cycles per 
mm. 

A general value of mottle is gained by simply using the Euclidian distance of the 
three values of mottle in L*, a* and b* as:  
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6.4 The new model – Systematic print 
mottle 

Another desired feature for the new model is to consider systematic print mottle. 
The traditional STFI Mottling program does not care what the variation looks like. 
The program treats random and ordered noise equally, while investigations show 
that our visual system register them quite differently. A great improvement would 
thus be for the new model to treat noise, ordered or random, as we observe it. 

6.4.1 Different types of systematic mottle 
The Human Visual System is very good at detecting patterns, since we are 
instinctively searching for order in life. When it comes to print mottle, however, 
order turns into a negative term. Observers normally rate systematic print mottle as 
more disturbing than random when the amplitude of the variation is similar 
(Johansson, Lindberg, Nyström & Lundby, 1999).  

Systematic noise is more common in digital prints than in traditional printing. This 
means that the problem has increased over the last decades, and it is therefore of 
growing interest to be able to measure ordered disturbances. The most usual types 
of systematic mottle are stripes, wire mark textures and bands, illustrated in Figure 
6.17.  

Stripes or streaks often arise in inkjet printers and is probably the most common 
form of systematic noise in print. Stripes usually appear because of the space that 
the inkjet head makes when it changes lines is either too short or too long. 

Textures of the sort of wire mark pattern may appear in copiers. The texture of the 
paper itself may also have an impact. 

Bands are defined as broad, isolated stripes. Bands often arise when there is a wet 
paper trapping problem. Harmonics can be described as several slimmer bands. It 
might appear as sinus patterns and is perhaps the most disturbing sort of systematic 
noise. 

 

Figure 6.17: Examples of systematic print mottle in the form of 
(a) stripes, (b) wire mark texture, (c) bands and (d) harmonics. 
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6.4.2 Wavelengths bands and orientations 
With frequency analysis, one can find the interval in which systematic noise exists 
as well as the size and orientation of it. If systematic noise exists, there are a few 
peaks in the spectrum that are noticeable higher than average. If the spectrum is 
smooth and there are no such exceptional peaks the noise is of a stochastic nature 
(Figure 6.18). 

 

Figure 6.18: Example of 1-dimensional Power Spectrum 
(frequency domain). The left image illustrates the power 
spectrum of an image with stochastic noise. The right image 
illustrates the power spectrum of an image with systematic 
noise. The DC-component has been set to zero for illustrative 
purposes. 

To find out whether or not the spectrum is smooth, the new model uses the Chi-
Square Measure approach as:  
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where u is the frequency in cycles per mm, ϕ is the orientation and m and n is the 
number of elements in U and Φ. U, Φ defines the local area around (u,ϕ) in the 
power spectrum. p(u,ϕ) is the probability distribution: 
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The spectrum is divided into smaller areas to find out the amount of systematic 
mottle in each area. Since the spectrum is equal on both sides, only the right half is 
needed. First of all, the spectrum is divided into six wavelength bands, 0.25-0.5 
mm, 0.5-1 mm, 1-2 mm, 2-4 mm, 4-8 mm and 8-16 mm. Each wavelength band is 
divided into four orientations, one horizontal, one vertical and two diagonal as 
shown in Figure 6.19. The horizontal orientation consists of the two areas of 3π/8 
to π/2 as well as -π/2 to -3π/8.  
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Figure 6.19: Illustrating how the spectrum is divided into four 
orientations and six wavelength bands.  

For these 24 areas a normalized Chi-Square measure is calculated as: 
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where E[Q] is the expected Chi-Square value for an area in the spectrum with m x 
n data points for a stochastic patch. An area with a high peak compared to the 
expected value would produce a large Q*-value (>>1) indicating high order in that 
wavelength band and orientation, while a smooth area would produce a small Q*-
value (=1). 

A cosine weight function w(u,ϕ) is used to avoid sharp cut-offs between the 
regions. The weight function declines with increasing distance from the centre of 
the analysed area from one to zero as illustrated in Figure 6.20. A peak in the 
spectrum that is located in the middle of an area would be one hundred percent 
belonging to that area while a peak located at the border of an area would be partly 
belonging to the area it is in and partly to the neighbouring area. 
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Figure 6.20: Illustrating how a weight function is used to avoid 
sharp cut-offs between the regions divided by orientation and 
wavelength. The closer a point is to the centre frequency and 
orientation, the larger (darker) the value of the weight function 
w(u,ϕ) becomes. 

6.4.3 Descreening 
Prints are normally created by raster dots. A coloured area is normally a mix of 
raster dots in cyan, magenta, yellow and black. Depending on the colour, the dots 
are printed in different angles. Black, being the darkest colour, is usually printed 
with an angle of 45 degrees. This angle is the most difficult to notice a pattern in. 
Yellow, the lightest colour and thereby the least contrast to a white sheet of paper, 
is positioned at 0 degrees. Cyan and magenta are printed with angles of about 15 
and 75 degrees respectively (Figure 6.21). These particular raster angles are 
normally used in offset printing. For other printing methods, different raster angles 
may be used. 
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Figure 6.21: Illustrating the different raster angles for different 
printing colours. Black is printed with an angle of 45 degrees, 
while magenta, cyan and yellow are printed with 75, 15 and 0 
degrees respectively (left). By changing size of the raster dots, 
virtually any colour can be achieved by using only the four 
printing colours (right). 

Raster can be defined as a systematic noise. However, raster is normally so small 
that the human eye is unable to detect it. Since our brain is not disturbed by the 
raster dots, neither should the model. Therefore, the model needs to “descreen” the 
evaluated image so that it does not count raster as a systematic noise.  

A raster angle is chosen, typically π/4 (45º) for black raster dots. The systematic 
noise found within π/4 ± π/8 in the two high-frequency bands, 0.25-0.5 and 0.5-1 
mm, is considered. If a peak contains more than one percent of the total power in 
0.25-16 mm. This likely indicates that it is due to a raster peak, and its value is set 
to the mean value of the spectrum. 

Descreening is normally available by the program that performs the scanning, thus 
producing a similar result. However, the actions of that descreening-function are 
unknown to us. Therefore it is better to use this integrated descreening-function, 
which is controllable. The traditional STFI mottle evaluation model does not need 
a descreening-function as it considers wavelengths 1-8 mm and raster spacing are 
with very few exceptions smaller than that. 

6.4.4 The new model 
From Equation (6.19), a value of order is produced for the 24 areas of the spectrum 
separated by wavelength and orientation. If systematic mottle is found, it should be 
weighted into the mottle-value. Depending on in which wavelength band and 
orientation in the spectrum a point is located it will be filtered with the 
corresponding value of order. 

However, an attenuation caused by the systematic mottle value is not desired. If no 
systematic mottle is found and the order value is less than one, the mottle value 
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should thus not be affected. Therefore the model chooses the maximum of 1 and 
the order value as in Equation (6.20).  

))(,1max()( puorduord =     (6.20) 

where ord is the value of order found by Equation (6.19) and p is defined by the 
wavelength band.  

An adequate weight of the order value is found when taking the square root of it, p 
equal to 0.5 in Equation (6.20). However, studies show that the human eye seems 
to be more disturbed by systematic mottle in the lower frequencies (longer 
wavelengths). Therefore, the value of order in low frequencies, 8-16 mm, is 
augmented. Also, to avoid that peaks accidentally caused by raster become of too 
much importance, the value of order in the high frequency bands of 0.25-0.5 mm 
and 0.5-1 mm are attenuated. Table 6.1 shows how the different wavelength bands 
are differently weighted.  

p = 0.125 0.25 mm < u < 0.5 mm 
p = 0.25 0.5 mm < u < 1 mm 
 1 mm < u < 2 mm 
p = 0.5 2 mm < u < 4 mm 
 4 mm < u < 8 mm 
p = 0.625 8 mm < u < 16 mm 

Table 6.1: Weighing the importance of order for different 
wavelengths. 

The final value of mottle in the new model thus comes from Equation (6.21) 
(Fahlcrantz, 2004). 
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where u is the frequency in cycles per mm, φ is the orientation, σ is the standard 
deviation, CSF is the contrast sensitivity function and ord is the order value. 

In the case of a colour scanning, the final value of mottle will be defined by the 
three values of the channels L*, a* and b*. The final value will, equivalent to that 
in chapter 6.2, be derived from Equation (6.22)-(6.25). 
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Equations (6.21)-(6.25) produce the final new model. This new model is able to 
measure lightness variations and colour variations as well as treat ordered 
variations oppose to random variations similar to how the Human Visual System 
judge them. 
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Chapter 7 

Method 

7.1 Purpose of tests 
To find out whether or not the new model performs better than the traditional 
model, two tests were carried out. Each tests contains a number of test patches. The 
test patches are evaluated visually by a group of observers using one-dimensional 
magnitude scaling, described in chapter 7.2. The test patches are also evaluated 
instrumentally by the new model and the traditional model. 

The first test consists of 15 greyscale patches that originate from conventional 
flexo and offset presses. These patches will give a fair view of how the two models 
handle raster and varying mean reflectance levels. 

The second test consists of 24 digitally simulated patches. The patches contain 
variations in greyscale or in colour, as well as variations that are random or 
systematic. These patches will give an indication of how the two models handle 
colour variations and systematic variations. 

The aim is to find a model that correlates well with visual assessments. Comparing 
the visual results with the instrumental results, the two tests will provide an answer 
to how the new model performs appose to how the traditional model performs. 
Further descriptions of the two tests are given in chapter 7.3 and 7.4. 

7.2 One-dimensional magnitude scaling 
The visual evaluation within this thesis has been made with one-dimensional 
magnitude scaling. This is a well-tested method of scaling for deriving 
relationships between perceptual magnitude and physical measures of stimulus 
intensity.  

The observers, one at the time, are asked to make their judgment on a single 
perceptual attribute, in this case how disturbing they perceive the variation of the 
samples laying in front of them. When the observer has arranged the samples 
according to increasing magnitude of this particular perceptual attribute they are 
asked to attach a magnitude the samples. The sample that has been placed in the 
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middle is given a value of 100. If the variation of a sample is perceived as twice as 
disturbing, it will receive a value of 200. If the variation of a sample on the other 
hand is perceived as half as disturbing, it will be given a value of 50. According to 
these premises, all the samples will be given a value, see Figure 7.1.  

 

 

Figure 7.1: Example of one-dimensional magnitude scaling. 
The observer has to begin with arranged the nine samples in 
order. The sample with the least disturbing variation should be 
placed to the far left and the sample with the most disturbing 
variation should be placed to the far right. The observer has 
then given them a value compared to the middle one which 
obtains the reference value 100. 

To achieve an as general result as possible from these visual experiments, it is of 
course better to have many observers. When all observers have made their rating, a 
mean value is obtained by the geometric distance generated according to Equation 
(7.1). 
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 , i =  1…M, j = 1…N  (7.1) 

where M is the number of patches that have been evaluated and N is the number of 
subjects who has participated in the visual evaluation. 

7.3 Test 1 – Greyscale patches, raster 
influence 

7.3.1 Material 
For the first test, 15 test patches are used. They are squares of approximately five 
centimetres originated from conventional presses, flexo and offset. The 
reflectances of the patches range from about 0.27 to 0.50. The test patches are 
shown in Figure 7.2. 
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Figure 7.2: The fifteen test patches used for the first test. The 
patches originate from conventional flexo and offset presses. 

7.3.2 Structure of the test 

VISUAL EVALUATION 

Subjects 

10 persons, 5 male and 5 female observers, ranging from persons with no earlier 
experience of print mottle evaluations to expert judges, participated in the visual 
evaluation. All the observers had normal or corrected to normal vision. 

Procedure 

The visual evaluation was conducted in a perception laboratory with a homogenous 
light source 1500lx, 5000K). The observer was asked to place the 15 test patches in 
order described in chapter 7.1 with the one perceived to have the least disturbing 
variation to the far left and the one with the most disturbing variation to the far 
right. The observer was asked to try not to emphasis the difference in reflectance 
levels but consider only the disturbance of the variation. When ready with the 
positioning, the observer marked the middle test pattern with the value 100. In 
relation with the one marked with the value 100, the rest of the test patches were 
marked with values corresponding to the amount of perceived mottle.  

INSTRUMENTAL EVALUATION 

The test patches are scanned in RGB at 300 ppi with an Epson 1680 pro scanner. 
The RGB-image is converted to greyscale according to Equation (7.2). This model 
is used for instance by Photoshop.  

2.212.22.22.2 )1166.0649.0243.0( BGRY ++=  (7.2) 
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They test patches are analysed in greyscale by the traditional STFI Mottling 
evaluation method. The test patches are also analysed by the new model in three 
different cases. First case is in greyscale using the descreening function, second 
case is in greyscale not using the descreening function and the third case is in 
colour using the descreening function. 

7.4 Test 2 – CMYK patches, systematic 
& colour mottle 

7.4.1 Material 
For the second test, 24 test patterns are used. They are squares of approximately 5 
centimetres, digitally simulated and printed on the same substrate with a high 
quality inkjet printer. This printer only adds a very small amount of stochastic 
noise, which can be considered to be similar in magnitude on all the samples. The 
variations introduced by the digital simulation are therefore basically the only 
variable that varies between the samples. 

The patches are all of the same reflectance level, but have varying noise, both in 
magnitude and in character. Some have coloured noise and/or ordered noise such 
as streaks, texture or bands, while others only have lightness noise and/or random 
noise. Half of the test patches are shown, with exaggerated contrast, in Figure 7.3. 

 

 

Figure 7.3: Twelve of the twenty-four simulated patches used in 
the second test, here shown in greyscale with exaggerated 
contrast. The patches contain variations in greyscale or in 
colour, as well as variations that are random or systematic.  
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7.4.2 Structure of the test 

VISUAL EVALUATION 

Subjects 

11 persons, 5 male and 6 female observers, ranging from persons with no earlier 
experience of print mottle evaluations to expert judges, participated in the visual 
evaluation. All the observers had normal or corrected to normal vision. 

Procedure 

The visual evaluation was conducted in a perception laboratory with a homogenous 
light source (1500lx, 5000K). The observer was asked to place the 24 test patterns 
in order described in chapter 7.1 with the one perceived to have the least disturbing 
variation to the far left and the one with the most disturbing variation to the far 
right. The observer was asked not to focus on the type of mottle but rather the 
disturbance of the variation in general. When ready with the positioning, the 
observer marks the middle test pattern with the value 100. In relation with the one 
marked with the value 100, the rest of the test patches were marked with values 
corresponding to the amount of perceived mottle. 

INSTRUMENTAL EVALUATION 

As in the first test, the test patches are scanned in RGB at 300 ppi with an Epson 
1680 pro scanner. The RGB-image is converted to greyscale according to Equation 
(7.2). 

They test patches are analysed in greyscale by the traditional STFI Mottling 
evaluation method. The test patches are also analysed in greyscale and in colour by 
the new model. 
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Chapter 8  

Results 

8.1 Test 1 – Greyscale patches, raster 
influence 

8.1.1 Results 

VISUAL EVALUATION 

The results of the subjective evaluation are presented in Table 8.1 as a geometric 
mean value. Concordance among observers, expressed as the arithmetic mean of 
the inter-individual correlation coefficients, was 0.62. Expressed as the median of 
the inter-individual correlation coefficients, the concordance was 0.67. 

INSTRUMENTAL EVALUATION 

The results for the traditional STFI print mottle evaluation by 1-8 mm band-pass 
image analysis (Johansson, 1993) are presented in Table 8.1. A high value 
indicates that a high amount of print mottle was found in the patch. 

The results from the new instrumental evaluation method are also presented in 
three cases in Table 8.1. A high value indicates that a high amount of print mottle 
was found in the patch. 
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Patch Visual Ratings Traditional 
Model 
(greyscale) 

New Model 
(greyscale, with 
descreening) 

New Model 
(greyscale, no 
descreening) 

New Model 
(colour, with 
descreening) 

1 105,6 2,04 1,41 1,51 1,26 
2 111,1 1,22 1,73 1,72 1,66 
3 173,5 2,50 1,35 2,25 1,20 
4 204,7 1,65 1,67 1,66 1,58 
5 79,4 1,73 0,98 1,14 0,87 
6 94,2 1,40 1,24 1,22 1,23 
7 190,3 1,65 1,50 1,50 1,40 
8 88,1 1,06 1,50 1,33 1,25 
9 77,1 1,91 1,22 1,30 1,14 
10 66,5 1,35 1,29 1,24 1,33 
11 55,5 1,65 1,02 1,09 0,91 
12 52,3 1,68 0,96 1,04 0,88 
13 214,1 1,40 1,84 1,88 1,76 
14 51,9 1,57 0,97 3,01 0,88 
15 107,8 1,18 1,45 1,46 1,44 

Table 8.1: Visual and Instrumental results from Test 1. 

8.1.2 Correlation between visual and instrumental 
evaluations 

The correlation coefficient between the instrumental evaluations and the visual 
ratings was 0.17 with the traditional model, and 0.77 with the new model when 
scanned in greyscale (Figure 8.1 and 8.2). The test patches were also evaluated by 
the new model without using the descreening function. The correlation with visual 
ratings was then 0.24 (Figure 8.3). Furthermore, the test patches were evaluated by 
the new model in colour. The correlation with visual ratings was then 0.74 (Figure 
8.4). 

 

Figure 8.1: The Traditional STFI Model - Instrumental 
Evaluation versus Mean Visual Mottle Level Ratings 
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Figure 8.2: The New Model - Instrumental Evaluation in 
Greyscale versus Mean Visual Mottle Level Ratings. The new 
model uses the descreening function. 

 

Figure 8.3: The New Model - Instrumental Evaluation in 
Greyscale versus Mean Visual Mottle Level Ratings. In this 
case the new model does not use the descreening function. 
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Figure 8.4: The New Model - Instrumental Evaluation in 
Colour versus Mean Visual Mottle Level Ratings. The new 
model uses the descreening function. 

8.2 Test 2 – CMYK patches, Systematic 
& Colour mottle 

8.2.2 Results 

VISUAL EVALUATION 

The results of the subjective evaluation are presented in Table 8.2 as a geometric 
mean value. Concordance among observers, expressed as the arithmetic mean of 
the inter-individual correlation coefficients was 0.54. Expressed as the median of 
the inter-individual correlation coefficients, the concordance was 0.57. The result 
of one person was removed since this person clearly had misinterpreted the task. 
The correlation between this person and the other subjects was 0.01.  

INSTRUMENTAL EVALUATION 

The results for the traditional STFI print mottle evaluation by 1-8 mm band-pass 
image analysis (Johansson, 1993) are presented in Table 8.2. A high value 
indicates that a high amount of print mottle was found in the patch.  

The results from the new instrumental evaluation method are also presented in two 
cases in Table 8.2. A high value indicates that a high amount of print mottle was 
found in the patch. 
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Table 8.2: Visual and Instrumental results from Test 2. 

8.2.2 Correlations between visual and instrumental 
evaluations 

The correlation coefficient between the instrumental evaluations and the visual 
ratings was 0.53 with the traditional model, and 0.85 with the new model when 
scanned in greyscale. Scanned in colour the correlation was 0.91 with the new 
model. In Figure 8.5-8.7 the instrumental evaluations by the two methods are 
plotted against the mean visual mottle level ratings. 

Patch Visual Ratings Traditional 
Model 
(greyscale) 

New Model 
(greyscale) 

New Model 
(colour) 

1 35,9 1,24 0,74 0,68 
2 53,4 1,38 0,84 0,79 
3 69,1 0,59 0,46 0,89 
4 57,5 0,60 0,78 0,98 
5 33,7 0,40 0,28 0,54 
6 127,8 1,23 1,95 1,69 
7 51,2 1,09 1,47 1,28 
8 181,8 0,88 2,13 1,84 
9 168,4 1,47 2,26 1,85 
10 58,5 1,15 1,35 1,21 
11 112,9 1,45 1,98 1,73 
12 163,9 1,12 2,15 1,88 
13 95,6 1,92 1,14 1,02 
14 117,1 2,00 1,24 1,15 
15 134,3 0,86 0,54 1,36 
16 98,4 0,81 0,92 1,22 
17 75,4 0,43 0,27 0,83 
18 177,8 1,97 2,74 2,09 
19 111,8 1,64 1,93 1,70 
20 190,0 1,55 3,18 2,69 
21 203,4 2,00 2,68 2,53 
22 126,7 1,67 2,11 1,91 
23 171,7 2,22 2,87 2,46 
24 199,3 1,43 3,36 2,91 
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Figure 8.5: The Traditional STFI Model - Instrumental 
Evaluation versus Mean Visual Mottle Level Ratings.  

 

Figure 8.6: The New Model - Instrumental Evaluation in 
Greyscale versus Mean Visual Mottle Level Ratings.  
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Figure 8.7: The New Model - Instrumental Evaluation in 
Colour versus Mean Visual Mottle Level Ratings. 
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Chapter 9 

Discussion 
The traditional STFI mottle evaluation model is incomplete in the sense that it does 
neither consider colour mottle nor systematic mottle. Based on recent research, a 
new model for evaluating print mottle has thus been developed. Within the frame 
of this thesis, the new model has been put together and two visual evaluations have 
been executed to get a fair estimate on how the new model performs compared to 
the traditional model. 

What separate the new model from the traditional model are basically four things. 
To begin with, the new model uses 1/√R where the traditional model uses 1/R to 
compensate for the difference in mean reflectance level. Secondly, the new model 
uses a contrast sensitivity function to weigh the importance of wavelengths within 
0.25-16 millimetres, while the traditional model uses the wavelengths of 1-8 
millimetres without applying a weight function. Furthermore, the new model is 
able to evaluate colour print mottle, while the traditional model is only able to 
distinguish variations in lightness. Finally, the new model is able to estimate 
systematic variations differently than random, while the traditional model does not 
consider them any differently.  

All of these modifications has been done for one purpose, namely to make the 
model as similar as possible to the functions and abilities of the human eye. At the 
end of the day, the relevance lies within what humans register, neither more nor 
less. 

Two tests have been carried out to verify the ability of the new model compared to 
the traditional one. The first test consisted of a set of 15 greyscale test patches from 
traditional flexo and offset printers. This test was mainly done to see how the new 
model reacts to raster dots. The second test consisted of 24 test patches constructed 
by digital simulation. This test was performed to see how the new model handles 
colour mottle and systematic mottle. Both tests were visually evaluated by a group 
of observers as well as instrumentally evaluated in by the new model and the 
traditional model. 

In the first test, correlation between observers was 0.67. A comparison between the 
visual evaluation and the instrumental evaluations clearly proves that the new 
model performs better than the traditional STFI model. In the case of the greyscale 
scan the new model has a value of correlation of 0.77 while the traditional model 
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only performs a correlation value of 0.17. In the case of the colour scan the new 
model performs slightly worse, 0.74. Out of interest to see how the importance of 
the descreening function, an instrumental evaluation with the new model and the 
descreening function turned off, gave a correlation of 0.24. The problem is found to 
be a patch with large raster, producing a high order value. Evidently, the 
descreening function is necessary when evaluating wavelengths smaller than 1 
millimetre as the new model does. 

 

Test 1  Test 2  

Traditional Model  
(greyscale) 

0.17 Traditional Model 
(greyscale) 

0.53 

New Model  
(greyscale, with descreening) 

0.77 New Model  
(greyscale) 

0.85 

New Model  
(greyscale, no descreening) 

0.24 New Model  
(colour) 

0.91 

New Model  
(colour, with descreening) 

0.74   

Table 9.1: A compilation of results of the two tests carried out, 
expressed as the value of correlation between visual and 
instrumental evaluations. 

It is interesting to notice how badly the traditional model correlates with the visual 
evaluation. The new model does not correlate perfectly either, but clearly 
outperforms the traditional model. Since the patches differ from about 0.27 to 0.50 
in mean reflectance, the modification of using the square root of the mean 
reflectance might be of great importance.  

In the second test, correlation between observers was 0.57. When evaluated with 
greyscale, the new model has a value of correlation of 0.85 and when evaluated 
with colour a value of 0.91. The traditional model achieves a value of correlation of 
0.53 in greyscale. 

The patches in the second test are of the same mean reflectance, which probably is 
the reason for the traditional STFI model to achieve a better result than the first 
test. 

Results suggest that the ability to evaluate colour mottle improves the model, but 
not to a great extent. However, 0.85 in the greyscale case is not bad at all, thus 
implying that variation in lightness indeed in most important. The traditional model 
does only consider variation in lightness. The difference between the new model 
and the traditional model in the greyscale case implies that the ability to consider 
systematic mottle is of great importance. 

The fact that the patches in the second test differ widely in sort and amount of 
mottle makes it difficult for the observers to rate them, thus proving a low level of 
correlation between observers. Still, even though correlation between observers is 
low, the geographic mean values from the ten observers provide a fair view of how 
humans grade the patches. A larger group of observers would naturally present an 
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even better view, but the group of ten subjects was considered adequate for this 
test. 

One can discuss whether the importance of being able to measure colour mottle 
overrides the problems with colour calibration. Colour calibration is very difficult 
and imperfection may cause more damage than only being able to evaluate mottle 
in luminance. In the second test, results are improved when measured with colour, 
increasing from 0.85 to 0.91. It is noted that the improvement has been in the 
patches with coloured mottle. However, in the first test where the patches are in 
printed in greyscale, results are poorer when measured with colour, dropping from 
0.77 to 0.74. This probably depends on the colour calibration not performing 
perfectly. A conclusion is thus that the model should not perform the colour 
calibration and evaluate colour mottle unless a high amount of colour mottle is 
expected to be found. Otherwise, evaluating print mottle in greyscale only is more 
reliable. 

So, are the two tests conducted within this thesis enough to make a fair estimation 
of the new model versus the traditional one? Well, more tests are usually a way of 
making things more clear. In this case, further tests on the impact of colour mottle 
would be interesting. Nonetheless, the results presented here together with the 
results presented by Fahlcrantz, Johansson & Åslund (2003), Fahlcrantz (2003), 
Fahlcrants & Johansson (2004) and Fahlcrantz & Sokolowski (2005) are 
convincing, and it is fair to conclude that the new model outperforms the traditional 
one in all areas concerned. 

A suggestion to further develop the new model is to conclude the aspect of locality. 
The importance of locality has not been evaluated yet, but it is suggested that 
mottle that is locally concentrated is more disturbing than mottle spread out over 
the patch.  

Another aspect, which probably does not have that great an impact on the result, 
but would be a slight improvement of the model, is the perception of different 
angles in systematic mottle. Vertical order is most likely easier to detect than 
horizontal, and horizontal order in turn is easier to detect than diagonal. This aspect 
also needs further investigation but can easily be implemented as a weight function 
similar to that of frequencies. 
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Chapter 10 

Conclusions 
The model that STFI-Packforsk uses today to obtain the amount of print mottle in a 
print is based on 1-8 mm band-pass image analysis (Johansson, 1993). This model 
is limited in the sense that it only considers variations in lightness while it is 
indifferent to variations in colour. Furthermore, it does not consider random 
variations any different than systematic variations, while our Human Visual 
System is considerably more disturbed by systematic variations. 

A new mottle evaluation model, that better follows the functions and abilities of the 
Human Visual System, has thus been implemented. The new model is based on the 
work presented by Fahlcrantz (2003, 2004, 2005) and considers additional aspects 
of print mottle such as contrast sensitivity, colour print mottle, systematic mottle 
and the influence of the mean reflectance level. 

The capability of the new model compared to that of the traditional STFI model 
have been evaluated by two tests. The results of these two tests indicate that the 
new model outperforms the traditional STFI print mottle evaluation model. This is 
especially clear when test patches have mottle of distinctive systematic 
characteristics or when the variation is solely in the a*- and b*-channels as well as 
when patches within one test set is of varying mean reflectance. 

 



 

55 

References 
Barten, P. G. J (1999), Contrast Sensitivity of the Human Eye and Its Effects on 
Image Quality, SPIE Optical Engineering Press, ISBN 0-8194-3496-5 

Fairchild, M. D. (1997), Color Appearance Models, Addison Wesley Longman, 
Inc, ISBN 0-201-63464-3 

Fahlcrantz, C-M., Johansson, P-Å., & Åslund, P. (2003). The influence of mean 
reflectance on perceived print mottle, Journal of Imaging Science & Technology, 
Vol. 47, 54-59. 

Fahlcrantz, C-M. (2003). Evaluating Systematic Print Mottle. Journal of Graphic 
Technology, Vol. 1, No. 2. 

Fahlcrantz, C-M. & Johansson, P-Å. (2004), A comparison of Different Print 
Mottle Evaluation Models, PAGA Proceedings 

Fahlcrantz, C-M. & Sokolowski, K. (2005, working paper). Evaluating Colour 
Print Mottle. 

Gonzalez, R. C. & Woods, R.E. (2002), Digital Image Processing, Prentice-Hall, 
Inc ISBN 0-13-094650-8 

Johansson, K., Lundberg, P., Rydberg, R. (2001), Grafisk Kokbok 2.0, Arena, 
ISBN 911-7843-161-1 

Johansson, P-Å, (1993), Print mottle evaluation by band-pass image analysis, 
Advances in Printing Science and Technology 22, Pentech Press, p. 403 

Johansson, P-Å, Lindberg, S., Lundby, H. & Nyström, S. (1999), Optical 
Homogeneity of Traditional and Digital Prints, Advances in Printing Science and 
Technology 26, 139-147, Pira Int. 

Sokolowski, K. (2003). Colour scanner calibration – A Comparison of Different 
Methods, Master’s Thesis, Stockholm: Royal Institute of Technology, Department 
of Numerical Analysis and Computing Science, TRITA-NA-Eyynn 

Wandell, B. A. (1995), Foundations of Vision, Sinauer Associates, Inc, ISBN 0-
87893-853-2 

 


