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Malcolm (From Bra Böckers lexicon, 3rd edition 1987, my translation)
Malcolm III Canmore was the king of Scotland from 1059 to his death 1093. He conquered Macbeth who had earlier murdered his father Duncan I. Malcolm supported
the Anglosaxsons against the Norman kings in England. He was however, forced to
temporary acknowledge the superiority of Wilhelm the conquerer.
—
In the early nineties we needed a name for the instrument we were developing at
Halmstad University for measuring print properties. Our cooperation partner at that
time, Swedish Newsprint Research Center (TFL), owned a densitometer from Macbeth. I therefore named the instrument Malcolm to show that we were using new
approaches different from the traditional ones, when developing the instrument and
methods.
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Abstract
In the newspaper printing industry, offset is the dominating printing method and
the use of multicolour printing has increased rapidly in newspapers during the last
decade. The offset printing process relies on the assumption that an uniform film of
ink of right thickness is transferred onto the printing areas.
The quality of reproduction of colour images in offset printing is dependent on a
number of parameters in a chain of steps and in the end it is the amount and the
distribution of ink deposited on the substrate that create the sensation and thus the
perceived colours. We identify three control points in the offset printing process and
present methods for assessing the printing process quality in two of these points:
• Methods for determining if the printing plates carry the correct image
• Methods for determining the amount of ink deposited onto the newsprint
A new concept of colour impression is introduced as a measure of the amount of ink
deposited on the newsprint. Two factors contribute to values of the colour impression, the halftone dot-size and ink density. Colour impression values are determined
on gray-bars using a CCD-camera based system. Colour impression values can also
be determined in an area containing an arbitrary combination of cyan magenta and
yellow inks. The correct amount of ink is known either from a reference print or from
prepress information. Thus, the deviation of the amount of ink can be determined
that can be used as control value by a press operator or as input to a control system.
How a closed loop controller can be designed based on the colour impression values
is also shown.
It is demonstrated that the methods developed can be used for off-line print quality
monitoring and ink feed control, or preferably in an online system in a newspaper
printing press.
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Chapter 1

Introduction
Printed media is one of the most common ways of communication. It covers a variety
of products such as books, brochures, magazines, newspapers and others. Despite
the exploding amount of information available on the internet, the diversity of printed
products is not declining. Newsprint takes a special place in this collection of printed
media. In the newspaper printing industry, offset is the dominating printing method.
Offset printing is an indirect lithographic printing technology spreading since the
1970’s and is the far most used printing method today.
Traditionally the printing industry has been regarded as a craftsman like industry.
This is still true to some extent, but modern newspaper printing is more of an advanced process industry where care is taken to make the process consistent and predictable. The demand for increased print quality requires better ways of judging
the print quality then what is possible using only the naked eye. We need objective
means for determining values characterizing those properties of the printed result
that can be translated into actions to take for decreasing the deviation from the desired result. The objectivity means that we have to measure the properties in some
way.
The result obtained from the offset printing process is dependent on a variety of
parameters. We can divide the parameters into nine different groups depending on
the origin: press, ink, inking system, blanket, printing plates, dampening solution,
dampening system, substrate and print job. Most of the parameters usually change
slowly over a long period of time such as days or months. These changes can be
kept under control by overview and maintenance of the equipment. Some of the
parameters change from one print job to another, others during the print run. To
compensate for variations of the parameters, the operator has to constantly monitor
the print and take appropriate actions during the print run.
The use of colour printing in newspapers has increased rapidly during the last decade.
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It is not wrong to state that newspaper producers today have the capability to produce
colour print on the majority, if not on all pages. In colour printing, four layers of
different colours are printed separately, one on top of the other, to give the impression
of large colour gamut through colour mixing. In four colour printing the inks are
cyan, magenta, yellow and black. To print a colour image it has to be separated into
the four basic colours, or separations. Printing in colour increases the demand for
measuring even more and raises the need for methods capable to measure not only
each single ink, but also the overprints of the inks.
In the offset printing process, where there is a need of measuring multiple properties,
a imaging based monitoring system is advantageous since such a system gives a
possibility to implement methods for measuring a variety of properties with only
one sensor. Therefore, the methods developed in this work utilize an imaging based
system.
The offset printing process relies on the assumption that for each separation an uniform film of ink of right thickness is transferred onto the printing areas. Print quality
is a complex matter dependent on a variety of factors. The amount and the distribution of ink deposited on the substrate are two key properties affecting the print
quality. In this thesis, we present methods for assessing the amount of ink transferred
onto the the substrate. From only one measurement on a multi coloured halftone area,
the average amount of cyan, magenta, yellow, and black inks in the area is provided.
In contrast to the colour shift measurements, such as ∆E, the obtained values are
easy to interpret for the press operator. It is demonstrated how the obtained values
can be used directly for print quality monitoring and manual as well as automatic ink
feed adjustments.
The thesis is organized as follows: In Chapter 2, the offset printing process is described with the focus on newspaper printing. The related work is discussed in
Chapter 3. Chapter 4 presents the proposed way of monitoring the amount of ink
in well known screen areas, as well as the way of determining the amount of ink deposited on the substrate. In Chapter 5, the method for monitoring the amount of ink
in an arbitrary inked area is presented. The estimated deviation of the amount of ink
has to be interpreted and translated into control actions taken to compensate for the
deviation. In Chapter 6, we show how a closed loop controller can designed based
on the measures described in Chapter 4 and 5. Finally discussion and conclusions
are presented in Chapter 7 along with the suggestions of further improvements.

Lars Bergman

Chapter 2

Offset printing
Offset printing is an indirect lithographic printing technology. It is the far most used
printing technology today. The offset printing technology is used for a wide varity
of product types ranging from art print to mass produced advertisements.
The lithographic printing method was invented in the end of the 18th century. It uses
stone material as a printing surface. Lithography originates from the Greek word
lithos that stands for stone. In lithographic print, the areas we want to transfer ink
– the printing areas – and non printing areas are on the same level. This is possible
by exploiting the feature that oil and water are mutually repellant. The non printing
areas are water accepting and the surface in the printing areas is altered to be water
repellant and ink accepting. By dampening the surface we can apply the printing
ink with a roller and be certain that it will only be transferred to the printing areas.
When the substrate is pressed onto the surface the ink will be transferred onto it.
Additionally will some of the water be transferred onto the substrate, which can
cause problems in some cases, as we will see later.
In offset printing, contrary to the lithographic printing, the substrate is not put in
a direct contact with the printing surface. The ink is instead transferred from the
printing surface to the substrate via a flexible intermediate carrier called blanket,
therefore the name offset. In modern offset printing, printing plates have replaced
the stone material as the printing surface. The surface of the plates can be altered
to be either ink accepting or water attracting, often photographically. For further
reading about printing technologies see [1, 2].
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2.1 Ink
Ink contains three basic ingredients: pigment, vehicle and additives. The pigment
is made of solid particles that give the colour to the ink. The vehicle is the fluid
that carries the pigments and makes them adhere to the substrate. The additives are
included to give the right characteristics to the ink.
After the ink has been transferred onto the substrate it has to be anchored to it. This
process is called drying and is a two stage process. In the first stage, the ink must set
or stick to the substrate. In the second stage, a stable linkage between the ink and the
substrate is created while the ink solidifies. This is achieved by either a chemical or
physical reaction. In heatset printing external energy for example in the form of hot
air, IR, UV or microwaves is applied to dry the ink. In coldset printing the physical
interaction between ink and paper or evaporation of a fluid is used to dry the ink. To
print newspapers coldset printing is usually used.

2.2 Substrate
The substrate can be fed through the press in the form of sheets or as a web. Web-fed
presses can run at a higher speed than sheet-fed presses, since the substrate guides
it self through the press. But web feeding is associated with the following problems
not found in sheet-fed presses:
i To keep the web stable in its path through the press a certain amount of tension
has to be applied. If the applied tension is to low the web will not run stable in
the press and the result is decreased printing quality, unwanted wrinkles, and
folds, or the web will break. On the opposite, if the applied tension is to high
the web will break.
ii The applied tension will cause dimension changes of the substrate.
iii The dampening solution will change the dimension of the substrate such as
paper and will thereby influence the web tension. Changes in the printing
speed will indirectly change the web tension. Printing starts and stops will be
especially critical.
iv Defects in the substrate can cause web breaks. Web breaks cause rather lengthy
and thereby costly stops in the printing process. The term runability is used to
sigify how the substrate behaves in the press.
Newsprint is inexpensive paper made of mechanical pulp (grained wood). The wood
contains lignin and therefore the paper yellows rather quickly. Today newsprint often
contains a large portion of recycled fibers even up to 100 %.
Lars Bergman

Chapter 2 Offset printing

5

Figure 2.1: Example of a double sided offset printing unit.

2.3 The printing unit
The offset printing unit, the scheme of which is shown in Figure 2.1, consists of the
following parts:
• The inking unit.
• The dampening unit.
• The plate cylinder with the printing plates.
• The blanket cylinder with the blanket.
• The impression cylinder. In a double sided printing unit, the opposite blanket
cylinder replaces the impression cylinder.
The inking and dampening units are shown in detail in Figure 2.2.

2.3.1 The inking unit
The inking unit supplies ink to the printing areas on the printing plate to maintain a
constant film thickness on the plate. The inking unit must replace the "used up" ink.
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Figure 2.2: Left: Example of a dampening unit. Right: Example of an inking unit.
In a typical newspaper press inking unit, the ink is fed from a tray or a fountain by a
fountain roller trough an adjustable aperture formed by a metal blade, the ink knife or
ink doctor, via a series of intermediate rollers to the ink form rollers onto the plate.
The ink knife is divided into sections called ink zones across the press. Figure 2.2
shows a typical newspaper press inking unit.
The amount of ink fed is controlled by adjusting the width of the aperture with a
mechanism often referred to as an ink key, and by adjusting the speed of the fountain
roller. The intermediate rollers are used to make the ink film uniform, and have the
effect that ink is transported not only in the printing direction but also in the cross
direction. The amount of ink needed in an inking zone is determined by the inked
area in that zone. So, the intermediate rollers have to make the ink uniform without
disturbing the ink supply in different zones. To maintain an even ink film thickness
in the printing direction, the arrangement of the ink form rollers is vital.

2.3.2 The dampening unit
The dampening unit supplies a constant film of dampening solution to the non printing areas of the printing plates. Since some of the dampening solution is printed via
the blanket, some is emulsified into the ink and printed with it, and some is evaporated. A constant supply of the solution has to be maintained to the printing plate.
The dampening solution can be supplied in a variety of ways:
• Like in the inking unit, from a fountain with a roller except that the solution is
lifted out with the roller so there is no knife.
• With a brush system that sprinkles the dampening solution onto the roller.
• With a spray system where water is sprayed onto the roller.
The spray system is the one, where it is most easy to control the amount and disLars Bergman
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tribution of the dampening solution. The film of dampening solution is then made
uniform by intermediate rollers and fed to the printing plate with one form roller, as
shown in Figure 2.2.
The dampening solution is water with additives to reduce the surface tension. The
chemical and physical interaction between the dampening solution and the ink is
vital to keep the printing and non printing areas separated. If the separation can not
be maintained, toning occurs, the printing plate carries ink also in the non printing
areas. If the supply of dampening solution is to high scumming occurs. To much
dampening solution will be emulsified into the ink making the print grainy. The
water in the dampening solution makes the fibers in paper swell, causing a growth in
the dimension of the paper. The effect on newsprint paper is especially large.

2.3.3 Plate cylinder with the printing plates
An offset printing plate is typically an aluminum plate with the surface grained to be
hydrophilic and coated with a thin (1µm) layer of photo alterable material. The plate
making process consists of removing the coating from the non printing areas.

2.4 Monochromatic printing
An image such as a photograph is a continuous-tone (contone) image built up of
shades of gray or different tones. The shade of gray is often expressed in terms of
density characterizing the ability to absorb light.
In offset printing, it is not possible to vary the ink thickness or density locally in
different print areas. To be able to reproduce a continuous-tone image, the image
has to be converted into a halftone image. In a halftone image, the different tones
are made up of dots of different size but equal density. The halftone dots can be
modulated in a variety of ways.
The traditional way is to divide the image into a structured grid – a screen – and in
each screen cell an image element – a halftone dot – is varied to create the different
tones [3]. This is often referred to as amplitude modulated (AM) screening. Another
way is to modulate the number, or frequency, of equal sized small dots, referred to as
frequency modulated (FM) screening. There also exist combinations, hybrid screens,
of these two.
The term screen ruling is used to express the size of a screen cell. The more narrow
the screen is the more natural the image appears. However a higher screen ruling put
higher demands of the printing process and the substrate. A typical newsprint screen
is an AM screen with a screen ruling, or actual screen frequency, of 85 lines/inch
Using Multicoloured Halftone Screens for Offset Print Quality Monitoring
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(LPI), meaning there are approximate 3 dots per millimeter.
The process of converting the continuous image into the halftone image is referred to
as screening or halftoning. Traditionally amplitude modulated or monospaced clustered single dot screens are used in newspaper printing. Each screen cell contains
one single, often a round dot, that is size modulated. When tone values become high
enough, approximately 50 %, the dot touches the cell boundaries and thus has to
change the shape. When the tone value increases further, we can talk about modulating holes (that is what are left in the corners) instead.
One disadvantage of single dot screens is that the size of the dot in low tone values
or the hole in high tone values becomes very small. Printing small dots or holes requires a well controlled and calibrated printing press and high quality substrate. This
is one reason why frequency modulated screens are not of common use in newspaper printing. There exist hybrid screens – amplitude modulated screens for the mid
tones and frequency modulated fixed size dots or holes for the lower and higher tone
values. The advantage of such a screen is that the otherwise required small dots can
be avoided. But such screens are not of common use yet.
Modern halftoning is performed digitally. Digital representation means finite spatial
resolution and discontinuity in the tone steps. The area coverage and thus tone levels
are fixed to discrete steps. The possible screen angles are also fixed to discrete steps.
Higher number of steps needs higher output resolution and thus higher bandwidth.

2.5 Colour printing
Using a single ink we are able to reproduce a monochrome continuous-tone image.
The far most used ink is the black ink. It has a hight contrast to the substrate and
produces sharp edges well suited for text and thin lines.
To be able to reproduce a continuous tone colour image, we have to use more than
one ink. By printing inks of different colours on top of each other we are able to
produce colour prints. The far most used combination of colours is cyan (C) – a
greenish blue, magenta (M) – a purplish red, yellow (Y), and black (K, where K
stands for "Key" colour). These four colours are often referred to as process colours,
and multi colour print using these CMYK process colours are often named fourcolour print. By adding black, lines, letters and such can be printed in a shaper
way, and the amount of the three chromatic inks is reduced. Coldset printing, such
as newspaper printing, is specially sensitive to high amounts of ink because the ink
drying relies on the fact that one or more components of the ink are transported into
the bulk of the paper. Figure 2.3 shows a colour halftone screen produced using cyan,
magenta, yellow and black inks. Correct colour reproduction requires that the inks
are printed in the correct proportions.
Lars Bergman
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Printing four colours means that the substrate has to pass four printing units. Of
course it is possible to use only one printing unit and let the substrate pass four
times each time with different ink, but this is not practical, especially in newspaper
printing. One common way of arranging the printing units in newspaper printing is to
stack the four printing units on top of each other. This pile of printing units becomes
rather high, therefore the name four-high. In a four-high printing press, there is a
relatively long distance between the printing units.
There are some problems in connection with four-colour printing that do not exist in
single colour printing:
• The prints have to be aligned to each other, referred to as registering the
prints.
• Each colour has to be printed with the right amount of ink or the resulting
colour will differ from the desired one.
• For each printing unit the substrate passes it becomes less receivable for
new ink. This is because in the areas where ink is printed, new ink has to
stick to an inked surface and not to a unprinted substrate. Moreover, the
bulk of substrate such as paper can only contain a certain amount of liquid.
In each printing unit, dampening solution is applied to the substrate. The
more moisture the substrate is the less receivable it is for new ink and will
eventually not be able to receive more ink at all.
• The dampening solution will cause paper fibers to grow. This effect is called
fan-out. The fan-out effect is dependent on a variety of parameters mainly:
the substrate, the amount of dampening solution applied, the printing speed
and the distance between the printing units, e.g. the run-time between the
printing units. The relatively long distance between printing units in a fourhigh press causes a correspondingly large fan-out.
To print a colour image, the original image, often represented in the RGB-colour
space, has to be converted to the CMYK colour space. This process of converting
the original continuous-tone image into the four continuous-tone colour images is
called colour separation, and the corresponding images are called separations.
The total space of reproducible colours with a given set of process colors is called
colour gamut. The colour gamut of a typical set of process colours is rather small
in comparison to the volume of the RGB-colour space of colour photos and of most
input devices such as scanners and cameras. The colour separation process must
therefore be able to handle colours that can not be printed. This technique is called
gamut mapping. Gamut mapping is a complicated process, still a field for research
[4, 5, 6]. Figure 2.4 illustrates colour gamuts attainable by different reproducing
techniques. The gamuts are given in the CIELAB colour space [7].
Using Multicoloured Halftone Screens for Offset Print Quality Monitoring
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Figure 2.3: Example of a four colour screen with typical screen angles. Note the
rosette formation.
Due to different distortions in the printing process, the printed halftone dots are larger
than the ones found in the corresponding separations. Two effects can be recognized
which affect the size of a halftone dot: mechanical and optical change of the dotsize. The mechanical dot-size is the active printing area on a printing plate or the
actual inked area in the print. The optical dot-size is the apparent optical size of
the dot. Due to optical effects such as light spreading, mainly in paper but also in
ink, optical dot-size is most often larger than the mechanical. The colour separation
process therefore has to include compensations for the optical and mechanical effects
as well as the optical properties of the substrate and ink, and the interaction effects
between those. The erroneous mechanical size of the halftone in the printing plates
can be avoided or heavily reduced with the right control and maintenance of the plate
making equipment of today.
Due to a high pressure in the printing nip (the contact area between two rollers) the
ink is squeezed and the halftone dots will therefore mechanically grow slightly in the
print.
In newspaper printing, the dominating effect to compensate for is the optical enlarged
appearance of the halftone dots referred to as Dot Gain. The cause of this optical
enlargement of the halftone dots was first described by Yule and Nielsen [8]. They
also proposed a way of modelling this effect. Several other attempts have been made
to model this optical dot gain [9, 10]. The optical dot gain in newsprint can be as
much as over 30 %.
Interference or Moiré and rosette patterns are two undesirable effects present in multi
colour printing. The screens of the individual colour separations are therefore often
rotated with respect to each other with angles chosen so that these effects are avoided
as much as possible. Figure 2.3 shows an image of a typical halftone screen used in
newspaper printing.
Lars Bergman
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Figure 2.4: Colour gamuts in the CIELAB colour space for different reproduction
processes. Yellow – Colour photograph (diapositive); White – High-quality offset
printing; Gray – Newspaper printing
Finally, the colour separated halftoned image has to be rendered to the output image,
which is an exact image of the printing plate. This output image is our print original.
All the steps from the original image to the print original are included in the concept
prepress. In digital prepress, the halftone image rendering is done in a process called
Raster Image Processor or RIP.
The task of the plate making process is to make an exact copy of the print original on the printing plate. Checking the size and shape of the halftone dots on the
printing plate is vital for achieving the high print quality. An overview of the colour
reproduction in the printing process can be found in [11].

2.6 Plate making
In modern newspaper printing, the dominating method for printing plate making is
the so called Computer to Plate or CTP technique. CTP is the term used for the
technique of computer-controlled direct imaging of printing plates from digital data.
In a typical CTP-device a computer controlled laser prints the image on the plate by
Using Multicoloured Halftone Screens for Offset Print Quality Monitoring
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altering the coating of the plate in the printing or alternatively the non-printing areas.
In the post processing step, the coating in the non-printing areas is removed and the
plate is treated as being light resistant.
It is vital that the laser is kept focused, otherwise the light energy applied is spread,
which leads to growth of the imaged areas causing dot gain and decreased exposure
of the coating. This can lead to that the coating is not developed properly and will
be unstable in the printing process.
To fix the plate in a right position in the press, holes and slits are punched in the
plate. Positioning of these is vital otherwise the corresponding ink will be missaligned with respect to the others.

2.7 Printing
A typical newspaper printing press is a web fed coldset offset press without ink monitoring or a closed loop controller system. During the printing process the operator
has to monitor and adjust the amount of ink deposited on the substrate to maintain a
correct colour reproduction. The amount of ink deposited on the substrate is dependent on several parameters.
There are five key issues affecting the amount of ink deposited on the substrate an
operator has to deal with during a print run:
• The size of the inked area. The size of the inked area is job dependent and
will not change during the print run.
• The feed of ink.
• The feed of dampening solution.
• The substrate.
• Environmental parameters, such as temperature and humidity. The temperature and humidity will stabilize after a while and normally the variations can
be neglected.
The behaviour of the substrate, newsprint, will vary during the whole print run.
Newsprint is fed to the press from reels and a print run will consume several reels of
newsprint. The intra reel substrate variation is usually less than the inter reel one.
The amount of ink to be fed is dependent on the size of the inked area, while the
amount of dampening solution is dependent on the amount of ink. Increased amount
of ink requires increased amount of dampening solution. The relationship is not well
Lars Bergman
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understood yet. Unfortunately there is no way of determining a good balance of the
ink and dampening solution . Usually the operator has to relay on his experience.

2.8 Summary
The offset printing process relies on the assumption that an even film of ink of the
correct thickness is transferred to the substrate in the printing areas. Thus it is vital
for achieving high print quality that ink and dampening solution can be supplied
evenly and steady to the printing plates. Controlling the amount of ink deposited on
the paper is very important.
The quality of reproduction of colour images in offset printing is dependent on a
number of parameters in a chain of steps and in the end it is the distribution and
the amount of ink deposited on the substrate that creates the sensation and thus the
perceived colours. In this chain we can identify three check-points:
I The print original.
II The printing plates.
III The print.
If we can identify relevant measurable properties and requirements for the properties
in each check-point, we can use them to secure the process in that point. If all of
the properties fulfill the requirements, we can assure a correct reproduction of colour
images.
The output from the prepress is the print original, and it carries the image of the
printing plate. The task of the printing process is to make an ink copy with the
correct ink film thickness of the printing areas of the print original on the substrate
by using the printing plates.
The methods presented in this thesis are not intended to solve any of the problems in
the prepress part of the newspaper offset process. Consequently the print original is
assumed to be correct.
To fulfill the requirements of check-point II we need methods to investigate the printing plates to assure that they carry a correct copy of the print original. To fulfill the
requirements of check-point III we need methods to determining the amount of ink
deposited on the substrate.
In Chapter 4 and 5 of the thesis, we present methods for assessing the process quality
in check-point II – monitoring the printing plates – and check-point III – monitoring
the print regarding the amount of ink deposited on the substrate.
Using Multicoloured Halftone Screens for Offset Print Quality Monitoring
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In the first part of Chapter 5, we present a method of determining the dot-size on
printing plates. The proposed method does not require any calibration and is not
sensitive to the colour of the surface. The method can also be used for determining
the approximate mechanical dot-size of the printed halftone dot as well. In the second
part of Chapter 4 and in Chapter 5, we present a method of determining the amount
of ink deposited on the substrate.
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Chapter 3

Related work
In the graphic arts industry, traditionally, a densitometer has been the main measurement tool to obtain information for quality evaluations and process control. In the
newspaper printing industry, instruments have mainly been used to calibrate the process in order to obtain information for adjusting the prepress part of the process. The
use of instruments to monitor for example the amount of ink during normal production is not very common. One reason can be that traditional methods need some form
of designated measuring areas, and such are regarded superfluous. In the newspaper
printing industry, the operator has traditionally relied on his eyes for monitoring the
quality of the print.
Bearing in mind the high printing speed in modern presses and the increased use of
four-colour prints we realize that a printing operator has difficulties in monitoring
and controlling the process off-line and can often only manage to tackle the huge
deviations. Monitoring the print quality parameters on line, by putting a monitoring
system in the press will support the operator in the decision process. By using a
closed loop system to control the printing process, the workload of the operator will
be decreased significantly and the operator will get more time to manage the overall
print quality.
Surprisingly, few approaches and tools for monitoring print properties or controlling the print quality online can be found in the literature. In the existing solutions,
the most common print property used is ink density, therefore, designated measuring areas are needed. However, commercial systems for monitoring and controlling
registration are more common.
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3.1 Traditional methods of print quality monitoring
There are two main traditional approaches to quality monitoring in the newspaper
printing industry, namely monitoring by measuring density and the approach based
on the concept of gray-bars.

3.1.1 Density
Traditionally light absorbtion ability of a material is described as density [1]. High
density means high absorbance. The instrument used to measure density is called a
densitometer. Density is given by:
Dink = log10 (1/R)

(3.1)

R = Im /Ii

(3.2)

where R is the reflectance of the sample, I m is the reflected light intensity, and I i
is the intensity of the incident light. The use of logarithm makes the density values
additive or subtractive in respect to light intensity.
Usually an operator is interested in density in the inked area in respect with the unprinted paper. This is often called relative density. Relative density can be obtained
by subtracting the density measured on the unprinted paper from the density in the
inked area. It can also be estimated by replacing I i in (3.2) with the intensity measured on the reference area, in our case the unprinted paper.
Density in chromatic printing inks is measured in a narrow spectral band where the
ink has a high absorbance and thus a high contrast to the substrate. Figure 3.1 shows
reflectance spectra for the cyan, magenta, yellow, and black inks, the corresponding
densitometer filter transmittance functions as defined by DIN 16536.
Several print property measures are based on density. The halftone dot-size A p is
one and is defined according to Murray and Davis [12] as:
Ap = Dhalf tone /Dsolid

(3.3)

where Dsolid is the density measured on the solid ink area and D half tone is the
density measured on the halftone area. A p is often referred to as optical dot-size.
From Ap we can determine the dot-gain A gain :
Again = Ap − Anom
where Anom is the nominal dot-size.
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Figure 3.1: Reflectance spectra for cyan, magenta, yellow, and black inks shown
as solid lines, and the corresponding densitometer transmittance filter functions, as
defined by DIN 16536 shown as dashed lines. Example of transmittance spectra for
the red, green, and blue filters for a CCD-camera are shown as dotted lines.

3.1.2 Gray Bars
Gray Bars are test patches made up of two fields. One gray balance field and one
black field. Gray-bars are assembled to be an easy aid for an operator to, without the
use of any instrument, determine the amount of the inks deposited on the substrate
in respect to each other. Figure 3.2 shows a gray-bar commonly used in newspaper
printing industry. The gray-bars are not suited for determining the overall level of
ink using only the naked eye.
The idea behind the gray balance field is that the right amount of the three chromatic
inks, cyan, magenta, and yellow, will produce a neutral colour. If cyan, magenta,
and yellow inks are printed with the same halftone screen the result is a brownish
tint. The solution in that case is to increase the amount of cyan with approximately
5-10%.
The halftone value in the black field has to be selected so that the black field appears as dark as the gray balance field when the two fields are printed with the right
amount of inks. One common combination of halftone values for a gray-bar used in
newsprint is 30% cyan, 22% magenta, 22% yellow, and 33% black. The use of graybars for monitoring the amount of ink has become very popular in the newsprint
industry lately [13] even though using the the naked eye only an unbalance between
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Figure 3.2: A gray-bar commonly used in newspaper printing. The left patch is
made of 33% black, the right of 30% cyan, 22% magenta, 22% yellow ink.
the amount of inks is easily detected. The approach of using the gray-bars for monitoring the amount of ink is to:
1. Detect an erroneous amount of one or more of the chromatic inks, seen as
a colour cast in the gray balance field.
2. Detect an erroneous amount of all the chromatic inks if compared to the
black ink seen as a difference in darkness between the gray balance field
and the black field.
The use of gray balance fields does only reveal an erroneous relative amount of inks
in respect to each other. The overall level of the inks have to be determined in another
way.
A result of measuring the amount of ink on gray-bars is sensitive to erroneous dotsizes. It is therefore vital that dot-sizes on the printing plates are correct. Otherwise the operator can be misled to compensate for an erroneous halftone dot-size
by changing the density. This will cause incorrect reproduced colours in areas with
other halftone dot-sizes.
Experience shows that despite the easiness for anyone to detect an unbalance between the inks it is not always easy, even for a skilled operator, to decide what action
to take to reduce the deviation from the correct amount of ink. This leads to a conclusion that operator needs support in form of an instrument suggesting what to do.

3.2 CCD-camera based monitoring systems
The print quality in newspaper printing is constantly changing due to variations in the
process. To reduce these quality changes the operator has to constantly monitor and
Lars Bergman
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control the process. Taking into account the high printing speed, the large amount
of pages and the high amount of colour pictures printed in modern newspapers one
realizes that it is very difficult for an operator to achieve high quality level by monitoring and controlling the process manually. The solution is to put a system in the
press for monitoring the print quality parameters online and to control the process by
a closed loop controller.
A densitometer is not well suited to be put online for two reasons. First, there is
a problem of synchronizing the measurement with the print, a misalignment is not
possible to detect. Secondly, it is not possible to detect defects in the measuring
area. Examples of defects are: non printed areas, dirt, and density variations in
the printing area. A CCD-camera based imaging system is more suited for online
implementation. Such systems have the possibility to detect the misalignment and
adjust the measuring area accordingly. It is also possible using such a system to
detect defects in the measuring area.
Recently measuring instruments based on a colour CCD-camera imaging system
have been increasingly used as alternatives to the traditional instruments such as
densitometers for colour printing quality control. Despite the fact that colour CCDcameras are currently not primarily designed to measure colours, there are several
advantages of using colour CCD-camera based systems for colour print quality monitoring:
• Ability to measure multiple printing quality parameters simultaneously.
• Possibility to record an image, which can be further analyzed for obtaining
various parameters characterizing the printing process.
• Greater ability to detect measurement errors.
However, despite the aforementioned advantages, the following two drawbacks impede the use of colour CCD-cameras for colour print quality monitoring:
1. The dynamic range of most of the CCD-cameras limits the range of densities that can be measured accurately. CCD-cameras with high dynamic
range exist but are expensive.
2. Measuring density with colour CCD-cameras is not possible without an
additional technique, because spectral responses of filters implemented in
colour CCD-cameras differ from those used in traditional densitometers.
The filters in a CCD-camera is designed to give as good colour reproduction as possible using three channels, and are rather broad. The filters in
a densitometer are designed to give as good contrast as possible between
the ink and the substrate, are more narrow, and their transmittance filter
functions covers different parts of the spectra, see figure 3.1.
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Today off-line CCD-camera based systems are commercially available. Example of
instruments based on CCD-camera imaging systems are the ones designed to measure print properties on the specially designed Minitarget [14] test patch.
A review on colour measuring systems used for newspaper printing can be found in
[15]. As to the research related literature, we have found only three papers devoted
to online print quality monitoring and/or closed loop control systems. The CONES
system [16] is an off-line expert system designed to capture the knowledge of an
experienced press operator and to "learn" the actions he takes to compensate for the
colour deviations in the print. The system uses the deviation in ink density between
a reference print and the corresponding actual print as input to a neural network,
which is trained to determine which ink needs adjustment and the amount of change
needed. A rule based expert system uses the rules to determine which ink keys need
adjustment and how much to adjust these ink keys. The output is ink key adjustment
suggestions to the operator.
The CLOOP [17] is a closed loop system that measures solid ink density in a colour
bar. The authors have solved the problem of synchronizing and detection of defects
in the measuring area by using a CCD-camera. The density is then measured with
a spectrophotometer. The output from the system is control signals to the inking
system.
The ARGUS system [18] is a more complete guidance tool for the operator. It offers
four colour measurement values to the user: ink density, registry information, grey
balance, and colour deviation information. The first three values are measured in
areas automatically determined from the Post Script page description. The colour
deviation is measured in areas defined by the user. Additionally the ARGUS system can calculate ink preset values from the post script information. The ARGUS
system uses a matrix 3-chip colour CCD-camera and stroboscopic light mounted on
a traversing unit making it possible to acquire images anywhere from the print. To
enable positioning at a certain point in the print, the system relies on printed reference points. The ink density show the highest accuracy amongst the parameters
measured. Colour deviation and grey balance values are given in the CIE L ∗ a∗ b∗
colour space. The accuracy achieved on tested areas of halftone newsprint is moderate . The calculation of the registry values is based on the cross-correlation of the
CMYK-separations. The results are not accurate enough for registry control – mainly
due to difficulties in estimating the CMYK-separations from the RGB-signals.
Some commercial online ink amount monitoring and closed loop control systems exist, but they are not mainly aimed towards the newspaper industry. Two examples of
online systems are "Color Quick" and "Intelligent Density System". These systems
show a high resemblance with two of the systems presented above. More information
on these two systems can be found at www.gmicolor.com and www.qipc.com.
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3.3 Summary
The oldest way of quantifying the amount of ink in a print is to measure density
and the measurement is normally obtained in solid print areas. But obtaining print
quality properties in solid ink areas has one drawback, the properties do not reveal
how the process affects the print in halftone areas.
It is easy to obtain reference values for monitoring the amount of ink by measuring
ink density in solid ink areas. The values are determined once and for all when the
prepress parameters are determined. Obtaining reference values for monitoring the
amount of ink in halftone areas is more complicated [19].
All the methods and systems mentioned are dependent on the availability of areas
with special properties. This limitation is fatal if such areas can not be found or must
not be printed.
Monitoring the amount of ink in solid print areas does not exploit information on
how the process influences the dot-size, only the density. Monitoring the amount
of ink in halftone areas reveals the influence of printing process on both the density
and halftone dot-size, but requires a way of determining the correct amount of ink
for example by using a proof print or from prepress information, such as the print
original.
An off-line monitoring system is a helpful tool when controlling the process manually. However a closed loop control system requires an online monitoring system.
An advanced online monitoring system should:
1. Be able to determine the amount of ink in any inked area. Such a system is not
restricted to specially dedicated areas.
2. Be able to determine the correct or expected amount of ink from prepress
information, such as the print original. In this way it is possible to determine
the deviation of the amount of ink in respect to the correct amount anywhere
in the print.
To be able to make measurements in more than one position in the cross-direction
of the press, an online monitoring system have to either offer the possibility to move
the sensor to the desired positions, a traversing system, or have multiple sensors,
one for each desired position. CCD-camera based monitoring systems are especially
well suited to be put in an online traversing system, because they offer the possibility
to measure multiple printing quality parameters simultaneously, to compensate for
misalignments, and to detect defects in the measuring area.
In the following two sections, it is shown how we design a colour CCD-camera based
off-line ink monitoring system. First monitoring on gray-bars is considered. Then
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we extend the approach by making it applicable on an arbitrary inked area of CMY
inks.

Lars Bergman

Chapter 4

Monitoring the amount of ink in well
known areas
We make two assumptions in the definition of a well known area. First, we assume
the printed halftone area to have the same properties, halftone values, from print to
print. Meaning that we have the same target values each time, and that we can obtain
reference values in advance by measuring a reference print in the form of a "perfect"
or "golden" print. The determined values can be easily interpreted and translated
to control actions since the operator can expect the same behavior each time. We
also assume the area to contain the same halftone value, one for each separation, all
over the area. This reduces the need for being very accurate when positioning the
measuring device.
Because the offset process relies on the assumption that each separation is printed
with the correct ink film thickness our objective is to determine the deviation of the
amount of ink separately for each separation. A colour shift measure, such as ∆E,
does not reveal the deviation for each separation. Thus, for the press operator it is
difficult to exploit ∆E for adjusting the ink flow.
Monitoring the amount of ink in well known areas consists of two steps. First, we
determine the amount of ink for each separation on the print. The determined amount
of ink is then compared with the target values in order to assess the deviations.
The aforementioned gray-bars fulfill our assumptions about the suitable measuring
area. Of course, before using an area such as a gray-bar to monitor the amount of
ink we must assure that the halftone dots on the printing plate have the expected
size. We do not measure the mechanical dot-size in the print because the mechanical
size of the halftone dot on the print is heavily dependent on the amount of ink fed
to the printing plate [18]. An increased amount of ink gives an increased halftone
mechanical dot-size on the print and the vice versa.
Using Multicoloured Halftone Screens for Offset Print Quality Monitoring
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Figure 4.1: Image of halftone dots on a printing plate. On the right, the detected
halftone dots are shown.

4.1 Determining the inked area
Check-point II in the graphic process is the printing plates. To fulfill the objective of
assessing the quality of the printing process we need to determine the dot-size on the
printing plate. By comparing it with the dot-size in the print original we can get the
discrepancy value.
To solve the task we have developed a calibration free segmentation technique which
can be used to determine the dot-size on any kind of media, regardless of the colour
of the halftone dots or the background Paper A. Since the method is calibration free,
the result obtained does not contain errors due to calibration media or calibration
procedure. The segmentation is accomplished in two stages through classification of
image pixels. In the first stage, rough image segmentation is performed. The results
of the first segmentation stage are then utilized to collect a balanced training data set
for learning refined parameters of the decision rules. Figure 4.1 shows the analysis
result obtained using the method proposed for an image of a printing plate. From the
segmented image, determining the average dot-size is easily done.
The reflected light on printing plates origins from surface reflections only, thus there
is no interior light spreading and therefore no optical dot-gain. Consequently, measuring the dot-size with our method on printing plates, the revealed dot-size can be
assumed to show the approximate mechanical dot-size of the actual print area. However, measuring dot-size on a substrate such as newsprint, due to the optical effects
such as light spreading in the interior of the paper, the measured dot-size values are
highly dependent on the method used. Dot-size measured on newsprint with an optical instrument, such as a densitometer, will reveal a significantly larger dot-size value
than the mechanical one. Because we determine a local inked area in an image, we
Lars Bergman
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Figure 4.2: Left: Densities measured on a series of sheets printed with constant densities of cyan and magenta and varying density of yellow. Right: The corresponding
colour impression values obtained in an area of approximately 8% cyan, 50% magenta, and 65% yellow.
can expect being able to measure a dot-size more closely to the true mechanical one,
than if it is done with a densitometer. To determine the magnitude of the difference
between the dot-sizes obtained with our method and the "true" mechanical dot-sizes,
we compared the results obtined from our method and the non-optical instrument
PIXE, Paper A [20]. The results have shown that our method is accurate enough to
measure mechanical dot-size on newsprint as well as on printing plates.

4.2 The concept "Colour Impression"
The colour impression is a term used to characterize the perceived amount of ink
deposited on a substrate, and should not to be confused with the term impression used
in the printing industry. Two factors contribute to values of the colour impression,
the halftone dot-size and ink density, Paper B. The values represent the observed
average amount of ink in an area separately for cyan, magenta, yellow, and black.
Colour impression is presented as a CM Y or CM Y K colour vector, where each
component represents the amount of the corresponding ink. The space chosen is
easy for the operator to interpret. A value of 0 corresponds to the unprinted paper
and a value of 100 to a solid ink area with the correct density.
Values of the colour vector components are obtained by registering the RGB image
from the measuring area, transforming the RGB image to its device independent
L∗ a∗ b∗ counterpart. Then mapping the set of the average L ∗ a∗ b∗ values for the area
to the triplet or quadruple of CM Y or CM Y K values, respectively. Artificial neural
networks are used to learn and perform the mapping Lab → CM Y (K), Paper B
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Figure 4.3: Relation between magenta component of the colour impression and magenta solid ink density.
[21, 22]. To train the networks a test-print containing areas of varying dot-size is
used. The test-print is printed with the correct ink density, and the true amount of ink
is therefore assumed to be the one determined on relevant single ink step wedges.
Traditionally, the solid ink density is regarded to be the best print property for determining the amount of ink. Therefore, we investigated the correlation between the
colour impression and ink density values. Three series of test-prints were produced
with constant density for two of the inks and the density for the third ink was varied
in controlled steps. We call the series cyan, magenta, and yellow test series. To assess the correlation solid ink densities were measured on colour bars and the colour
impression in the corresponding column in a halftone area. Figure 4.2 shows the
solid ink densities and the corresponding colour impression values obtained on the
yellow test series. The left hand part of Figure 4.2 shows the solid ink density for
the cyan, magenta, and yellow inks. The corresponding colour impression values
obtained in a halftone area with approximately 8% cyan, 50% magenta, and 65%
yellow are shown on the right hand side of Figure 4.2. Observe that the densities
do not carry information on the halftone values but the colour impression values
do. Figure 4.3 illustrates the high correlation between the solid ink density and the
colour impression values for the magenta test series.
Gray-bars are well suited for measuring the colour impression – the amount of ink.
The gray-bars have approximately the same properties each time they are printed,
so it is possible to obtain reference values from a "golden" print. The gray-bars
are made of halftone areas, and therefore information on how the printing process
influences the halftone dots is taken into account when measuring on the gray-bars.
The bars contain all inks. The black is separated from the chromatic print, which
increases the measuring accuracy.
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Figure 4.4: Example of colour impression values as presented to the operator in the
instrument Malcolm. A colour impression value of 0 corresponds to the unprinted
paper and a value of 100 to a solid ink area with the correct density. The values shown
under the bars represent the deviation of the colour impression from the desired.
The advantage of adopting the colour impression is that we can use a colour CCDbased system to monitoring ink in halftone areas. Provided we have reference values,
we can measure the deviation of the amount of ink from the desired in an area containing any combination of the chromatic inks or black ink.
The measuring approach is implemented as a tool in the commercially available instrument Malcolm [23]. Figure 4.4 shows how colour impression is presented to the
operator in the instrument Malcolm. The bars from the top to the bottom show the
colour impression values obtained for black, yellow, magenta and cyan inks respectively. From the left to the right the bars represent values for nine different inking
zones. The numbers shown below the bars represent the deviation of the colour
impression values from the desired ones.

4.3 Obtaining target values
When using the well known measuring areas we can easily obtain the target values,
or correct amount of ink, by measuring the colour impression on a "perfect" or "good
enough" print. The target values have to be obtained using the substrate, printing inks
Using Multicoloured Halftone Screens for Offset Print Quality Monitoring

28

Chapter 4 Monitoring the amount of ink in well known areas

and the press to be used in the printing process. Fortunately the target values do not
change over time and can therefore be obtained in advance in a print run when special
care can be taken of determining and adjusting the amount of inks.

4.4 Summary
The CCD-camera based calibration free technique allows us to monitor the accuracy
of halftone dot-sizes on the printing plates. Therefore we have the possibility to
fulfill the desired control task in the check-point II.
The CCD-camera based calibration free technique also allows us to estimate the
approximate mechanical halftone dot-size on newsprint.
The colour impression values measured using a colour CCD-camera based system
provides an estimate of the amount of ink in a newspaper halftone print area for each
separation. The colour impression values integrate both the halftone dot-size and ink
density. Values of the colour impression space are easily interpreted by the press
operator.
Provided gray bars and target values we can obtain colour impression deviation values, which are easily translated into control actions. Thus we can fulfill the control
task in the check-point III.
The target values can be obtained from a reference print, or from the prepress information.
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Chapter 5

Monitoring the amount of ink in
arbitrary inked areas
In this chapter, we extend the methods presented in the previous chapter to be usable
for measuring the amount of ink in an arbitrary inked area, Paper C. When measuring in arbitrary areas, we can not expect having any "golden" print to obtain target
values, as in the former case. Instead, we want to use information from the print
original to calculate the target values.
When using gray-bars as measuring areas, the problem of positioning the measuring
device is a simple task. The gray-bars do only contain one single halftone value for
each separation and the area is well limited by the edges.
Extending the methods for measuring the amount of ink in an arbitrary inked area,
therefore, poses two problems to solve: How to obtain the target values from the
print original, and how to assure comparing the same areas in the actual print and the
print original.

5.1 Estimation of reference values
In the print original, we have information in the form of halftone dot areas or nominal values for each separation, cyan, magenta and yellow. To obtain the target values these nominal CM Y values have to be mapped to the expected amount of ink

or colour impression values CM
Yt . To obtain the mapping, we apply the spectral
Neugebauer equations based modelling in the way similar to the one suggested in
[24]. By using the dot-gain curves obtained from the modelling we get the desig
nated target CM
Yt values:
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Figure 5.1: Print original CM Y image used to evaluate the method described. The
image contains 216 test-patches with all combinations of cyan, magenta, and yellow
inks in 20% steps.

Ĉt = Gc (C)

(5.1)

where Ĉt is the target value for the cyan ink, C is the halftone cyan dot-size in the
print original, and G c is the dot-gain function for the cyan ink. The target values for
the magenta and yellow inks are obtained likewise.
The actual colour impression values in the print are obtained in the same way as it

was explained in Chapter 4, except that CM
Yt values are now used as target values
when training the artificial neural network.

5.2 Comparing Printed Result and the Target
To assess the actual colour impression on an arbitrary area of a multicolour print,
first an RGB image of the area is recorded. The RGB values are transformed to
their L∗ a∗ b∗ counterparts and the mapping L ∗ a∗ b∗ → CM Y is then performed by
the neural network. To be able to compare the actual colour impression values with
the targeted ones, we have to match the image pair – the recorded image of the print
and the corresponding area of the print original image.
The images can be shifted, rotated, scaled, and skewed in respect to each other.
During our test we assumed the skewing is negligible. To perform the matching
of the image pair, we exploit properties of the Fourier transform [25] allowing to
obtain the shift, rotation, and scaling parameters needed. The method has shown
good performance even on images with quite large discrepancy, such as the images
used in our tests – the digital target bitmap image the printed result image obtained
by scanning the printed result.
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Figure 5.2: Left: Scanner image before matching obtained from the test print containing the 216 test-patches. Right: Scanner image matched to the print original
shown in Figure 5.1.

5.3 Results
To evaluate the proposed methods we used a test image containing 216 test-patches
with all combinations of cyan, magenta, and yellow inks in 20% steps. The CMY
print original image is shown in Figure 5.1. The print was scanned and matched
against the print original. Values where then obtained for each test patch from the
print original and the scanned image. The scanner image obtained from the test print
is shown in Figure 5.2: to the left – before matching with the print original image,
and to the right – after the matching.

To evaluate the accuracy of the estimated CM
Yp values, the maximum error values
were obtained for the yellow ink. The size of the maximum errors or deviation from
the estimated target values were +3.6% and −3.2%. This can be regarded as dot-size
errors. For cyan and magenta inks, the maximum errors obtained were approximately
30% lower. Thus, the estimate is accurate enough for the practical use in newspaper
printing. Figure 5.3 shows the error map for the yellow ink – the deviation of the


Yt , obtained
actual CM
Yp values from the values of the correct amount of ink CM
from a test-print with the correct ink density.

5.4 Summary
By employing the methods developed we can estimate the deviation of the amount
of ink deposited on a newsprint from the correct amount obtained from the print
original in an area containing any combination of the chromatic inks. We can assure
comparing the same areas in the actual print and the print original by matching the
areas. Thus, we can fulfill the control task up to the check-point III for any combinaUsing Multicoloured Halftone Screens for Offset Print Quality Monitoring
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Figure 5.3: Yellow separation error map showing the deviation of the actual CM
Yp

values from the target CM
Yt values. The yellow separation nominal halftone values
are shown on the left in percentage.
tion of the three chromatic inks. Since the methods developed utilize a CCD-camera
based system, they are well suited for online implementation in a printing press.
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Chapter 6

Controlling the amount of ink in the
printing press
In this chapter, we discuss how the proposed methods for monitoring the amount of
ink can be used for controlling the ink feed.
The basic parameter determining the amount of ink to be fed, the setting of the ink
keys and the ink fountain roller speed in an inking zone, is the ink demand. In its
simplest form ink demand can be expressed as the relative printing area on the print
original and thus on the printing plate. High ink demand means high amount of ink
to be fed through the inking system and vice versa. The setting of the ink keys and
the ink fountain roller speed are mainly determined by the ink demand in that zone.
The operator controls the amount of ink deposited on the substrate by controlling the
flow of ink to the printing plates, the ink feed. The ink feed is primarily controlled
by adjusting the ink keys but also by adjusting the speed of the ink fountain roller.
Ink does not flow only in the machine direction in the inking unit. Depending on
how the ink knives, intermediate rollers, and ink form rollers are organized in the
inking unit, some amount of ink will flow in the cross direction as well. The ink will
flow towards the ends of the rollers in the inking unit and ink will flow from one ink
zone toward the adjacent zone where the ink feed is lower. The operator has to take
this issue into consideration when adjusting the ink feed in the press. Adjusting the
ink feed in one inking zone will effect the amount of ink deposited on the substrate
in the neighboring ink zones as well. Therefore we have to include information from
the adjacent ink zones when modelling ink feed in the actual ink zone, aiming to use
the developed models for ink feed control.
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6.1 Controlling the printing process manually
Visual inspection and manual adjustment of the ink feed is the usual way of controlling the printing process. An operator learns by experience how the printing process
behaves and how the printing press reacts upon his adjustments. The operator creates
unawarely an intuitive way of modelling the printing process. However the operator
will not be consistent in his judgements. His behaviour will be affected by a number
of parameters such as lightning conditions, tiredness, eyesight and so on. Different
operators make different judgements about the print and different adjustments under
the same conditions. It is also known that operator’s knowledge of an offset printing
press is specific to that particular press.
The primary step to increase the print quality when controlling the printing process
manually is to use an instrument for assessing the printed result, independently of
the operator.
Malcolm measuring colour impression values is an example of such an instrument.
The instrument is designed to aid the operator in determining the amount of ink.
Provided gray bars and reference values the instrument gives the deviation from the
desired amount of ink for all four process colours with one single measurement. The
instrument is also designed to present the results obtained from several measuring
points and for all inks in a clear and easy to grasp way. Figure 4.4 shows an example
of how the colour impression values for nine ink zones and all inks are presented to
the operator in the Malcolm instrument.
Experience has shown that operators are quit cautious in their adjustments of the
printing process. Figure 6.1 shows the actions taken by the operator based on colour
impression values and the result after his adjustments. The deviation from the correct
amount of ink is large even after the adjustments.
Off-line measurements are rather time consuming. Bearing in mind the high printing
speed and large number of pages in the modern newspaper printing industry, it is
easy to realize that off-line monitoring can only be used for tackling huge deviation
related problems.

6.2 Controlling the printing process automatically
Three basic choices have to be made when attempting to automate the ink feed control. More specifically, one must choose the way to quantify the degree of deviation
of the amount of ink deposited on the substrate from the desired one, the way to
model the process, and the way to control the process.
Building models of dynamical systems by observing input and output data (system
Lars Bergman

Chapter 6 Controlling the amount of ink in the printing press

35

Figure 6.1: The desired colour impression values, the colour impression values before and after the operator adjustments and the actions taken by the operator based on
the colour impression values. Note the moderate adjustments and thereby the rather
large deviations from the correct colour impression values even after the adjustments.
identification), is a necessary step in investigating the system behaviour and constructing system controller, paper D.
Numerous parameters need to be measured or estimated for modelling the printing
process. We categorize the parameters of the printing process into three groups,
namely observable (output), adjustable, and additional parameters. Our observable
parameters are the colour impression values. The adjustable parameters are the parameters used to control the ink feed. The primary adjustable parameter is the ink
key level. Additionally it may be necessary to control other press parameters such
as ink fountain roller speed, the feed of dampening solution and others. In addition
to the observable and adjustable parameters, we use a set of additional parameters
characterizing the printing process. Some of them are determined in advance and do
not change during the print run, others constantly change during the print run. The
following set of parameters have been used to model the printing process:
1. The copy number, used as a measure of printing time and therefore indirect
indicator of the temperature of the printing rollers.
2. The printing speed in copies per hour.
3. The ink fountain roller speed – in most presses the ink fountain roller speed is
changed when print speed is changed in order to compensate for the change in
ink flow due to the speed change.
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Figure 6.2: The actions of the inverse model based controller and the resulting colour
impression values after the adjustments, using the same input data as in Fig. 6.1.
4. The level of ink in the ink tray. The level influences the pressure at the outlet
and therefore it does influence the ink flow in the press.
5. The estimated ink demand – the desired amount of ink for a given area (ink
zone).
6. The estimated ink demand for the left-adjacent ink zone.
7. The estimated ink demand for the right-adjacent ink zone.
8. The ink key setting.
9. The ink key setting for the left-adjacent ink zone.
10. The ink key setting for the right-adjacent ink zone.
11. The colour impression – our resulting parameter.
We can use different approaches when building a press controller. The controller can
be based on a forward model which predicts the observable parameters, or an inverse
model which predicts the adjustable parameters.
We built and tested four different controllers based of the aforementioned set of
parameters for modelling the printing process. The controllers investigated were:
The model predictive controller – controller which has been recognized as being
an effective tool for tackling some of the difficult control problems in industry, the
fuzzy logic based controller, the inverse press model based controller, and the press
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operator model based controller. The press operator model based controller models
the behaviour of the press operator, while the inverse model based controller models
the inverse dynamics of the press. There is an analogy between these two controllers.
An ideal operator would behave as a good inverse model based controller.
The inverse printing press model based controller did show the best performance
among the controllers tested. The obtained controlling accuracy of the ink flow was
higher than that obtained from the experienced printing press operator. Figure 6.2
shows the controller actions and the resulting colour impression values after the adjustments, using the same input data as in Fig. 6.1.

6.3 Summary
Colour impression have shown to be well suited for both manual and automatical
ink feed control in the printing process. The inverse printing press model based controller has shown the best performance among the controllers tested. The obtained
controlling accuracy of the ink feed was higher than that obtained from the experienced press operator.
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Chapter 7

Discussion, conclusions and future
work
The key issue for good reproduction of images in offset printing is establishing the
correct amount of ink deposited on the paper. The reproduction quality of colour
images in offset printing is dependent on a number of parameters in a chain of steps.
However, we have identified three control points in the offset printing process to
assure the correct amount of ink is deposited on the substrate.
An option for colour image segmentation applied for assessing the size of halftone
areas of printing plates or paper has been developed. The segmentation is based on
classification of image pixels and does not require any calibration and is not sensitive to the colour of the surface. The method developed outperformed the other
segmentation techniques tested.
We have also presented approaches to solving the task of establishing the correct
amount of ink deposited on the substrate. The introduced colour impression concept
is well suited for measuring on gray bars and provided that a reference print is available the deviation of the amount of ink deposited on the substrate from the correct
one can be determined based on the colour impression values. From only one measurement a trained neural network is capable of estimating the amount of each cyan,
magenta, yellow, and black inks deposited on paper in the measuring area. To our
knowledge, this is the only method capable of integrating the ink density and tone
values when measuring the amount of ink on multicolour halftone pictures.
The colour impression based approach can be used for an area containing any combination of the three chromatic inks. Reference colour impression values for an
arbitrary area can be obtained from the print original. We have demonstrated that it
is possible to match the measuring and the reference areas. Thus, we can determine
the deviation of the amount of ink deposited on the substrate from the correct amount
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in an arbitrary inked area that does not contain any black ink. This gives the opportunity to measure the amount of ink deposited on the substrate without any specially
designated measuring areas.
Because the offset process relies on the assumption that each separation is printed
with the correct ink film thickness, it is desired to determine the deviation of the
amount of ink separately for each separation. A colour shift measure, such as ∆E,
does not reveal the deviation for each separation. By contrast, each component of
the proposed colour impression vector characterizes one separation and, therefore, is
easily interpreted by the operator. To our knowledge, this characteristic property of
the method developed is unique if compared to other techniques used in the printing
industry. In contrast to ∆E and density, the obtained values are easily translated into
ink flow adjustments, performed manually as well as automatically.
We have demonstrated the possibility of monitoring the amount of ink deposited on
the paper in the newspaper printing process. It has been shown how the determined
amount of inks can be used in combination with other process information to generate control signals for the inking system of the press.
In the offset printing process, where there is a need of measuring multiple properties,
an imaging based monitoring system is appreciated, since such a system gives a
possibility to implement methods for measuring a variety of properties with only
one sensor. Therefore, the methods developed in this work utilize a CCD-camera
based imaging system.

Future work
Measurement of all process colours
To be able to measure the amount of cyan, magenta, yellow, and black inks, each
in an arbitrary inked area, methods for determining the colour impression values
must be modified. Preliminary tests with methods used to measure the amount of
ink deposited on the substrate in a picture containing all four process colours have
shown promising results.
Registration
Another key issue for a correct reproduction of images in offset print is the registration of the separations. We believe that the information from the print original on the
image recorded from the printed result can be used for measuring the miss-alignment
of the separations.
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An online system
One way to reduce the rather large quality variations during the print-run and achieve
a high quality print through the whole edition, is to control the amount of ink using
an online close loop system. The methods presented are originally developed for offline use. However, they are well suited for use in an online ink monitoring system as
well. Monitoring the observable parameters online is essential for a closed loop ink
controlling system.
Colour reproduction
The methods presented in this thesis are not intended to solve any of the problems in
the prepress part of the newspaper offset process. Consequently the print original is
assumed to be correct. The implementation and use of the methods developed give
the possibility of establishing the quality of the printing process along the steps from
the print original to the printed result. Information on the deviation of the printed
result from the intended one can then be used in the process of adjusting the prepress
part of the offset printing process.
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Abstract
We present an option for colour image segmentation applied to printing quality assessment in offset lithographic printing by measuring an
average ink dot size in halftone pictures. The segmentation is accomplished in two stages through classiﬁcation of image pixels. In the ﬁrst
stage, rough image segmentation is performed. The results of the ﬁrst segmentation stage are then utilized to collect a balanced training data
set for learning reﬁned parameters of the decision rules. The developed software is successfully used in a printing shop to assess the ink dot
size on paper and printing plates.
q 2004 Elsevier B.V. All rights reserved.
Keywords: Colour image segmentation; Fuzzy clustering; Quality inspection; Colour printing

1. Introduction
The motivation for this work comes from the printing
industry. Offset lithographic printing is the most widely used
commercial printing process. It is used to produce high
quality pictures in the production of magazines, catalogs,
newspapers, etc. The pictures are created by printing cyan
(C), magenta (M), yellow (Y), and black (K) dots of varying
sizes upon each other through screens having different raster
angles [1]. Fig. 1 (left) illustrates an example of an enlarged
view of a small area of a newspaper picture that contains dots
of all the four inks.
Colour observed in a local area of such pictures depends
on proportions of the four inks deployed on that local area of
paper [2]. To obtain high quality prints a relatively high
precision of determining the proportions of inks is required.
Therefore, there is a great need to accurately measure the
percentage of area covered by inks of different colours. Since
four separate printing plates—one for each ink—are used to
print such pictures, the expected and the actual percentages
* Corresponding author. Tel.: C46 35 167 140; fax: C46 35 216 724.
E-mail addresses: lars.bergman@ide.hh.se (L. Bergman), antanas.verikas@ide.hh.se (A. Verikas), marija.bacauskiene@ktu.lt (M. Bacauskiene).
0262-8856/$ - see front matter q 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.imavis.2004.11.003

of an area covered by the different inks can be measured
separately for each ink. Fig. 1 (right) presents an example of a
halftone cyan area, on which the percentage of cyan needs to
be accurately determined. Thus, to measure the percentage,
we need to solve an image segmentation task. Though only a
bi-level segmentation is required, colour information needs
to be taken into consideration, since yellow ink is used and,
moreover, the four inks can be printed on coloured
backgrounds.
Various colour image segmentation techniques have
been proposed. The most commonly used approaches
include: histogram thresholding [3–5], feature/colour
space clustering [6,7], edge detection approaches [8,9],
neural network based approaches [10–14], region-based
approaches [15,16], Markov random ﬁeld [17] and mixtureof-Gaussians modelling [18], physics-based approaches
[19], and combinations of above [20–23]. A recent survey
of colour image segmentation methods can be found in [24].
All the existing colour image segmentation approaches
are strongly application dependent and suffer from different
characteristic drawbacks. For example, histogram thresholding does not consider spatial details and does not work
well for images without obvious peaks and valleys. Feature
space clustering based methods do not utilize spatial
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Fig. 1. Left: An enlarged view of a part of a newspaper picture that was
created by printing dots of cyan, magenta, yellow and black inks. Right: An
example of an image containing very small areas of one colour and large
areas of other colour.

information too. How to select features for obtaining
satisfactory segmentation results remains unclear. Regionbased approaches are quite expensive in computation time
and sensitive to the examination order of regions and pixels.
Edge detection approaches are quite sensitive to noise and do
not work well for images containing ill-deﬁned edges. Neural
network based approaches usually require long training time
and initialization may affect the results. Markov random ﬁeld
modelling is quite expensive in computation time.
In this work, our objectives are a relatively high
segmentation speed and accuracy and low sensitivity to
noise. Observe that the relatively high segmentation
accuracy needs to be obtained even for the images containing
very small areas of one colour and large areas of other colour.
Fig. 1 (Right) provides an example of such an image.
The approach we adopted in this work consists of three
phases. In the ﬁrst phase, we cluster a relatively small
number of randomly selected pixels represented by a 3dimensional colour vector. Parameters of the clusters found
are then used for rough image segmentation. In the second
phase, the segmented image is preprocessed and based on
the segmentation results a new set of pixels is selected. An
equal number of pixels from the different colour clusters is
included in this new data set used for a reﬁned estimation of
parameters of the clusters. In addition to the 3-dimensional
colour vector, information from a local neighbourhood is
also used to represent pixels in this new data set. In the third
phase, the Minimum Fuzzy Cluster Volume clustering algorithm is applied to the data set. Then, by assigning
image pixels to the clusters found the ﬁnal image
segmentation is obtained.
The remainder of the paper is organized as follows. In
Section 2 we brieﬂy describe the colour space used. Section
3 presents the approach proposed. Section 4 describes the
results of the experimental investigations. Finally, Section 5
presents conclusions of the work.

(1)

where E(l) expresses spectral properties of the illumination source, O(l) is spectral reﬂectance function of an
object, and F(l) stands for three spectral sensitivity
functions of the colour camera. However, different
acquisition equipment give us different RGB values for
the same incident light. One more drawback of the RGB
colour space is that the metrics does not represent colour
differences in a uniform scale, making it difﬁcult to
evaluate the similarity of two colours from their distance
in the space.
To meet the requirement of uniformity of distribution
of colours the Commission Internationale de l’Eclairage
(CIE) has recommended using one of two alternative
colour spaces: L*u*v* or L*a*b* colour space [25,26]. It
is a common practice to use the L*a*b* colour space for
describing absorbing materials such as pigments and dyes
[1]. Therefore, we used the L*a*b* colour space in this
work.
To map the RGB values into the L*a*b* colour space,
the RGB values are ﬁrst transformed to the XYZ
tristimulus values as follows:
X Z a11 R C a12 G C a13 B

(2)

Y Z a21 R C a22 G C a23 B

(3)

Z Z a31 R C a32 G C a33 B

(4)

with the coefﬁcients aij being determined by a colourimetric characterization of the hardware used. XYZ
tristimulus values can describe any colour. It is often
convenient to discuss ‘pure’ colour in the absence of
luminance. For that purpose, the CIE deﬁnes x and y
chromaticity co-ordinates: xZX/(XCYCZ) and yZ
Y/(XCYCZ). A colour plots as a point in an (x,y)
chromaticity diagram. However, the distribution of
colours observed in the chromaticity diagram is also
non-uniform. A dominant wavelength correlates very
non-uniformly with the perception of hue and excitation
purity with the perception of saturation.
Having XYZ tristimulus values the L*a*b* colour space is
deﬁned as follows [26]:
L Z 116ðY=Yn Þ1=3 K 16;
L Z 903:3ðY=Yn Þ;

if Y=Yn O 0:008856

if Y=Yn % 0:008856

(5)
(6)

a Z 500½ðX=Xn Þ1=3 K ðY=Yn Þ1=3 

(7)

2. Colour space used

b Z 200½ðY=Yn Þ1=3 K ðZ=Zn Þ1=3 

(8)

Colour image acquisition equipment such as a CCD
colour camera obtains the RGB values, which can be
directly used for representing colours in the RGB colour

where Xn, Yn, Zn are the tristimulus values of X, Y, and Z for
the appropriately chosen reference white. If any of the ratios
X/Xn, Y/Yn, and Z/Zn is equal to or less than 0.008856, it is
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replaced in the above formulae by:
7:787f C 16=116

(9)

where f is X/Xn, Y/Yn, or Z/Zn, as the case may be [26]. New
measures are provided in the colour space which correlate
with hue and saturation more uniformly. For example, CIE
hue-angle: Hab Z arctanðb =a Þ [26].
The Euclidean distance measure can be used to measure
the distance (DE) between the two points representing the
colours in the colour space:
DE Z ½ðDL Þ2 C ðDa Þ2 C ðDb Þ2 1=2

(10)

3. The approach
The technique developed consists of three steps. In the
ﬁrst step, rough image segmentation is performed. Then,
in the second step, the binary erosion operation is
applied to the segmented image. Finally, reﬁned image
segmentation based on the data collected from the eroded
image is accomplished. We adopted the Fuzzy Kohonen
Clustering algorithm [27] to learn parameters of clusters
utilized for accomplishing the rough image segmentation
and the Minimum Fuzzy Cluster Volume algorithm [28]
to learn parameters of the clusters for the reﬁned
image segmentation phase. Next, we describe the
proposed image segmentation procedure and the main
topics of it.
3.1. Segmentation procedure
The image segmentation procedure is encapsulated in the
following eight steps.
(1) Randomly select N/P!Q training pixels, where P
and Q are the image sizes in the vertical and horizontal
directions, respectively.
(2) Run the Fuzzy Kohonen clustering algorithm for
the selected pixels using the Euclidian distance
measure.
(3) Segment the image by assigning each pixel into one of
the clusters found. Use the minimum distance classiﬁer
with the Euclidian distance measure for the
classiﬁcation.
(4) Perform the binary erosion operation on all parts of the
segmented image.
(5) Using the eroded image, randomly select a new set
of N pixels subject to the constraint that each cluster
obtained in Step 1 is represented by an equal number
N/K (KZ2 in our case) of pixels. If N/KObNmin,
where Nmin is the number of pixels left in the
smallest cluster after the erosion and b is a constant,
set the number of pixels selected from each cluster to
bNmin.
(6) For each selected pixel, calculate the local information,

3

as described in Section 3.4, and append this value as an
extra component to the colour vector representing the
pixel.
(7) Run the Minimum Fuzzy Cluster Volume
clustering algorithm for the selected pixels.
(8) Segment the image by assigning each pixel into one of
the clusters found. Use the minimum distance classiﬁer
with the Mahalanobis distance measure [29] for the
classiﬁcation.
The rationale for executing the erosion operation is to
prevent the training data collecting process from selecting
pixels of uncertain colour-pixels located on colour
edges.
To speed up the whole image segmentation process, the
phase of rough segmentation is based on colour information
only. However, to obtain an accurate image segmentation,
the local spatial information is also utilized in the ﬁnal
segmentation stage. The rough image segmentation phase is
required for collecting a balanced training data set utilized
to estimate parameters on which the stage of reﬁned image
segmentation is based.

3.2. Fuzzy Kohonen clustering
The clustering algorithm used is summarized in the
following four steps.
(1) Initialize the weight vectors wi(0)—centres of the
clusters—of all the K (2 in our case) nodes with small
random values. Choose the distance kxKwikS measure
between two vectors, where xZ[L*,a*,b*]T, the maximum number of learning iterations tmax, a small positive
constant 3O0, and a constant mO1 (the degree of
fuzziness).
(2) Compute all the K!N learning rates aki,t, kZ1,.,K,
iZ1,.,N, where N is the number of pixels used in the
learning process, according to the following formulas:
aki;t Z ðmki;t Þmt
mki;t Z

(11)

X  jjxi K wk jjS 2=ðmtK1Þ
j

!K1

jjxi K wj jjS

(12)

where
jjxi K wk jjS Z ðxi K wk ÞT SK1 ðxi K wk Þ
where S is the input data covariance matrix.
P
ðm Þmt x
wk Z Pi ki mt i ; k Z 1; 2; .; K
i ðmki Þ
mt Z m K tDm

(13)

(14)
(15)
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Dm Z ðm K 1Þ=tmax

(3) Update all the K vectors {wk,t} according to the rule:
PN
aki;t ðxi K wk;tK1 Þ
(17)
wk;t Z wk;tK1 C iZ1 P
N
iZ1 aki;t

according to the following rules:
8
½d2 ðxj ; wk Þ1=ð1KmÞ
>
>
>
; if dM ðxj ; wk Þ K nO 0c k
<X
K
1=ð1KmÞ
mkj Z
½d
ðx
;
w
Þ
2
j
k
>
>
>
: kZ1
0=1;
if dM ðxj ; wk Þ K n% 0d k

(4) Compute the difference between the weight vectors in
two subsequent cycles:

where n is the dimensionality of x, m is the degree of
fuzziness, dM(xj, wk) is the Mahalanobis distance given by

(16)

(22)

Et Z kwt K wtK1 jj Z
2

K
X

T
dM ðxj ; wk Þ Z ðxj K wk ÞSK1
k ðxj K wk Þ

kwk;t K wk;tK1 jj

2

(18)

kZ1

d2 ðxj ; wk Þ Z

If Et!3 Stop; Else iterate steps 2–4.
3.3. Erosion
For an image I and a structural element W the erosion of I
by W, denoted I2W, is deﬁned as
I2W Z fxjðWÞx 4Ig

(19)

and jSkj is the determinant of the matrix.
In (22), mkjZ1, if
iZ1;.;K

ðWÞx Z fcjc Z w C x;

for w 2Wg

(20)

is the translation of W by xZ(x1, x2).
3.4. Local information
The local information g(x, y) at the pixel (x, y) is given by
the local average in a small square window w centred at the
pixel (x, y):
w
w
X
X
1
dðx C i; y C jÞ;
2
ð2w C 1Þ iZKw jZKw

x Z w; w C 1;/; P K w K 1

(24)

where SK1
k is the inverse of the fuzzy covariance matrix Sk
PN m
T
jZ1 mkj ðxj K wk Þðxj K wk Þ
Sk Z
(25)
PN m
jZ1 mkj

k Z arg min d2 ðxj ; wi Þ

where

gðx; yÞ Z

jSk j1=2 ½dM ðxj ; wk Þ K n
PN m
jZ1 mkj

(23)

and mkjZ0, otherwise.
P
m x
wk Z Pi ki i ; k Z 1; .; K
i mki

(26)

(27)

The same rule (18), as in the Fuzzy Kohonen clustering
algorithm, is used to terminate the learning process.

4. Experimental investigations
(21)

y Z w; w C 1;/; Q K w K 1
where d(x,y) is a distance image. The distance image is
obtained by calculating the Euclidian distance, given by Eq.
(10), between the colour of the pixel being considered and
the mean colour of the largest cluster found in the ﬁrst
clustering phase. The mean colour is given by the average
L*, a*, and b* values calculated over the pixels assigned to
the largest cluster.
3.5. Minimum Fuzzy Cluster Volume Clustering
We initialize the Minimum Fuzzy Cluster Volume
clustering algorithm with the cluster centres wk, kZ1,.,K
and the memberships mkj obtained from the Fuzzy Kohonen
clustering algorithm.
In each iteration of the Fuzzy Volume algorithm, the
memberships mki and the cluster centres wk are updated

A one-chip CCD colour camera has been used to capture
colour images. The resolution used was such that an image
consisting of 768!576 pixels was recorded from an area of
approximately 8!6 mm2. In all the experiments, the data
used were normalized to zero mean and variance one.
To compare segmentation results obtained from the
technique developed, we have chosen the Stochastic
Expectation Maximization (SEM) algorithm [30]. The
SEM algorithm is a contextual adaptation of the traditional
EM algorithm. Based on the observation that adjacent pixels
are likely to possess the same labels, priors in the SEM
algorithm are modelled as a second-order Markov random
ﬁeld.
As in all image segmentation tasks, there is no objective
method to assess segmentation results. An independent
evaluation against correct ink coverage values is quite
difﬁcult, since these values remain unknown. Therefore, in
our tests, we mainly resorted to a careful inspection by a
human eye. Additionally, to assess the results obtained from
the technique proposed, we employed the particle induced
X-ray emission (PIXE) [31] at a nuclear microprobe
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technique [32]. Using the non-optical PIXE based technique
a very accurate estimate of the amount of ink pigment on
paper can be obtained [32]. However, the PIXE measurements are very expensive and time consuming. Therefore, in
[32], only six screen dots have been analysed. To assess our
technique, we used the data provided by the authors of [32].
4.1. Parameter settings
There are several parameters to be chosen, namely the
degree of fuzziness m, the small constant 3 used to stop the
learning process, the number of training pixels N, the size of
the window w for calculating local information, the size of
the structural element W to fulﬁl the erosion operation, and
the parameter b controlling the number of pixels selected for
the second learning phase. The values of mZ1.8, 3Z0.001,
NZ10,000, wZ1, WZ3, and bZ0.8 worked well in all the
tests performed. The segmentation results were quite
insensitive to the choice of the parameter values, except
the size of the local window w. The use of wO2 deteriorated
the segmentation accuracy of the images containing very
small areas of one colour and large areas of other colour. An
example of such an image is shown in Fig. 2.
4.2. Segmentation results
Fig. 2 presents a typical example of an image, in which
the percentage of the area covered by a printing ink needs to
be determined. Figs. 3–5 display intensity histograms of the
Red, Green, and Blue bands of the image, respectively. As
can be seen from the ﬁgures, the histograms contain only
one peak. Thus we cannot expect obtaining an accurate
estimate of the area by simple histogram thresholding.
Fig. 6 exempliﬁes an image of an enlarged view of a
small printing plate area made aiming to get a halftone with
5% ink coverage—a nominal ink dot size of 5%. However,

Fig. 2. An example of an image containing very small areas of one colour
and large areas of other colour.

Fig. 3. Intensity histogram of the Red band.

due to inaccuracies and some unavoidable factors occurring
in the printing process, the actual ink dot size may
signiﬁcantly differ from the nominal one. The actual ink
dot size in the halftone area shown in Fig. 6 is much larger
than 5%. To estimate the actual ink dot size the image was
segmented into ‘dots’ and ‘background’ parts. In Fig. 6, the
segmentation result, obtained employing only the ﬁrst phase
of the segmentation procedure, is provided for the left part
of the image. By contrasting the left—segmented and the
right—unsegmented parts of the image we can easily notice
that the estimated ink dot size is too high. This estimation
error occurs due to the fact that the clustering algorithm
favours equally populated clusters, while the background
area happens to be much more densely represented in the
randomly selected training set.
Fig. 7 illustrates the segmentation result of the image
shown in Fig. 6 when both phases of the segmentation
procedure developed are utilized. One can easily notice that
this segmentation result is much closer to the ‘ground truth’
than the one shown in Fig. 6.

Fig. 4. Intensity histogram of the Green band.
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Fig. 7. An image of an enlarged view of a small printing plate area made
aiming to get a halftone with 5% ink coverage. The left part of the image is
segmented using both phases of the sementation procedure proposed.
Fig. 5. Intensity histogram of the Blue band.

Three factors—equalization of the number of pixels
representing the ‘dots’ and ‘background’ parts of the image
in the training set, the use of local information, and
elimination of pixels of ‘uncertain colour’ from the training
set—contribute to improving the accuracy of the estimate of
the ink dot size. Amongst them, the ﬁrst factor is the most
signiﬁcant one.
We experimented with images taken from halftone areas
of different nominal ink dot sizes. Images of different
colours, including yellow, taken from both printing plates
and paper have been used in the experiments.
Table 1 summarizes the results of the experiments
when images taken from a printing plate were utilized.
The halftone areas used were manufactured in cyan on
grey background. For each nominal ink area—column
NA % in Table 1—10 images from different physical
areas were recorded. In the table, the estimated mean ink
dot size—the average percentage of the area covered by
ink—and the standard deviation, calculated from these 10
trials are provided. The standard deviations are shown in
parentheses.

Fig. 6. An image of an enlarged view of a small printing plate area made
aiming to get a halftone with 5% ink coverage. The left part of the image is
segmented using the 1st phase of the segmentation procedure proposed.

Four segmentation alternatives have been examined:
(1) segmentation by the SEM algorithm;
(2) segmentation using only the ﬁrst phase of the procedure
proposed—column ‘Phase 1’ in Table 1;
(3) segmentation using the ﬁrst phase of the segmentation
procedure when the colour vector representing a pixel is
augmented with the local information term—column
‘Phase 1C LI’
(4) Segmentation using both phases of the procedure and
the local information term—column ‘Phases 1&2C
LI’.
As can be seen from the table, the four alternatives give
comparable results when segmenting images with approximately equal number of pixels in the ‘dots’ and
Table 1
The nominal and estimated average ink dot size for the different image
segmentation alternatives
NA
(%)

SEM

Phase 1

Phase 1CLI

Phases
1&2CLI

5
20
45
80
95

14.34 (0.31)
25.15 (1.01)
45.17 (0.93)
78.14 (0.64)
91.12 (0.29)

12.94 (0.46)
24.63 (0.98)
45.27 (1.23)
78.84 (0.75)
92.07 (0.35)

11.76 (0.43)
23.56 (0.92)
45.31 (1.13)
79.65 (0.67)
93.11 (0.31)

09.38 (0.32)
22.64 (0.75)
44.92 (1.02)
81.92 (0.59)
95.21 (0.18)

Fig. 8. An image of an enlarged view of a small printing plate area made
aiming to get a halftone with 95% ink coverage. The left part of the image is
segmented by the SEM algoritim.
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Fig. 9. An image of an enlarged view of a small printing plate area made
aiming to get a halftone with 95% ink coverage. The left part of the image is
segmented according to the second segmentation alternative.

‘background’ areas of the images. However, when the
number of pixels in these areas signiﬁcantly differ, the
procedure proposed is much more accurate than the other
segmentation alternatives tested. The equalization of the
number of pixels representing the ‘dots’ and ‘background’
parts of the image in the training set plays the major role in
gaining the segmentation accuracy. We recall that the
Nominal Area (NA) provided is not the ‘ground truth’, on
the contrary, we attempt to determine the ‘ground truth’
through image segmentation.

Fig. 10. An image of an enlarged view of a small printing plate area made
aiming to get a halftone with 95% ink coverage. The left part of the image is
segmented according to the third segmentation alternative.
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Figs. 8–10 present one more image segmentation
example. The left part of the image shown in Fig. 8 is
segmented by the SEM algorithm. The result presented in
Fig. 9 is obtained from the third image segmentation
alternative. The result obtained using the fourth image
segmentation alternative is presented in Fig. 10. Again, by
contrasting the left and the right parts of the images, one can
clearly see the superiority of the fourth image segmentation
alternative.
The developed software was installed in a newspaper
printing shop in Sweden and is successfully used on
production line to assess the ink dot size on both paper
and printing plates.
4.3. Tests using the ‘PIXE data’
Six screen dots printed in cyan ink on ordinary newsprint
have been used in this experiment. The dots were scanned
using both a CCD colour camera and the non-optical PIXEbased method. The same resolution of 2 mm/pixel has been
applied in both techniques. A 3-CCD colour camera was
used in this experiment [32]. While the CCD colour camera
records a 3-band intensity image, the use on the PIXE-based
technique results in an image of the amount of ink pigment.
The data obtained from the two techniques were preprocessed to bring them into the same coordinate system [32].
The pigment images were thresholded based on knowledge
on the composition of the ink and paper used [32]. The
thresholding technique is known to be very accurate and
robust.
Fig. 11 illustrates a pair of binary images of the same
screen dot. The left-hand side image is the thresholded
pigment image obtained from the PIXE-based technique.
The right-hand side image is the ‘optical’ image obtained
from the technique proposed. One can easily notice that the
optical image does not contain small holes and small
isolated ‘islands’. The holes and islands disappear due to
light scattering in paper. The dot detected by the image

Fig. 11. Left: A screen dot detected by the PIXE technique. Right: The same dot detected by the technique proposed.
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analysis based approach is 2.28% larger than the one
identiﬁed by the PIXE-based technique. The same range of
discrepancy between the optical and non-optical measurements was observed for the other ﬁve screen dots. Bearing
in mind the light scattering phenomenon in paper, the
obtained estimate of the dot size can be considered as very
accurate.

5. Conclusions
We presented an option for colour image segmentation
applied to printing quality assessment. The segmentation is
based on classiﬁcation of image pixels. Parameters of the
decision classes are obtained by clustering a small number
of randomly selected pixels—a training data set—represented by a colour vector augmented with one additional
component providing information from a local neighbourhood of a pixel being considered. The segmentation is
accomplished in two stages. In the ﬁrst stage, rough image
segmentation is performed. The results of the ﬁrst
segmentation stage are then utilized to collect a balanced
training data set for learning reﬁned parameters of the
decision classes. The ﬁnal segmentation is obtained by
assigning image pixels to the decision classes represented
by a set of the reﬁned parameters.
The use of balanced training data sets and the local
information signiﬁcantly improved the image segmentation
accuracy if compared to the results obtained when using
‘pure’ randomly selected training data sets. Small training
data sets utilized allowed to signiﬁcantly seed up the whole
image segmentation process. The developed software is
successfully used in a printing shop to assess the ink dot size
on paper and printing plates.
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Abstract: This paper presents a method for colour measurements directly on printed half-tone
multicoloured pictures. The paper introduces the concept of colour impression. By this concept we mean the
CMY or CMYK vector (colour vector), which lives in the three- or four-dimensional space of printing inks.
Two factors contribute to values of the vector components, namely, the percentage of the area covered by
cyan, magenta, yellow and black inks (tonal values) and ink densities. The colour vector expresses integrated
information about the tonal values and ink densities. Values of the colour vector components increase if
tonal values or ink densities rise and vice versa. If, for some primary colour, the ink density and tonal value
do not change, the corresponding component of the colour vector remains constant. If some reference values
of the colour vector components are set from a preprint, then, after an appropriate calibration, the colour
vector directly shows how much the operator needs to raise or lower the cyan, magenta, yellow and black ink
densities in order to correct colours of the picture being measured. The values of the components are
obtained by registering the RGB image from the measuring area and then transforming the set of registered
RGB values to the triplet or quadruple of CMY or CMYK values respectively. Algorithms based on artificial
neural networks are used for performing the transformation. During the experimental investigations we have
found a good correlation between components of the colour vector and ink densities.
Key words: colour printing; colour classification; neural networks; graphic arts

1 Introduction
Multicoloured pictures in newspapers are most often created by printing dots of cyan (c), magenta (m),
yellow (y) and black (k) inks upon each other through screens having different raster angles. Fig. 1 illustrates
an example of an enlarged view of a small area of a newspaper picture, that contains dots of all of the four
inks. A key factor in high quality multicolour printing of pictures is to measure and control the amount of the
four inks transferred to the paper. This paper deals with the measurement of the amount of inks.
Nowadays, the usual way to obtain the quantitative values for controlling the amount of inks in
newspaper printing is by measuring the ink densities in specific printed test areas in the newspaper, for
example in a colour bar. Such test areas are seldom accepted by the publisher. Besides, such measurements
are indirect and hard to handle for the operator controlling the printing process. The operator is faced with a
hard task of deciding how to change densities of the four inks in order to improve the quality of pictures. This
often leads to over-inked printing. The over-inked printing results in higher costs for inks as well as serious
problems of smearing and printing through. Findings of one of the authors show that an operator controlling
the printing process can easily come to the zone of over-inked printing [1]. Fig. 2 illustrates the relation
between the amount of cyan pigment and the saturation signal measured on the cyan half-tone printed dot [1].
A very accurate method for determining the actual position and amount of ink pigment on paper has recently
been established [2]. The measurement technique used in this method is Particle Induced X-ray Emission
(PIXE) at a nuclear microprobe [3]. The relation shown in Fig. 2 has been obtained by using the PIXE
technique. As can be seen from the Figure, for small pigment values an almost linear relation holds between
the amount of pigment and the saturation signal. However, “when the pigment value further increases a

maximum saturation value seems to be attained” [1]. Printing with an amount of ink larger than that yielding
the maximum saturation value we call over-inked printing.
By measuring solid print ink densities an operator can only obtain very fuzzy information about how to
control the printing process. This can easily result in attempts to correct the printing process by increasing ink
densities in spite of the fact that the process is already running in the over-inked phase. The operator would
feel much more secure having an instrument, instead of a densitometer, which, when placed on a
multicoloured picture, would show how much he or she needs to increase/decrease the amount of cyan,
magenta, yellow and black inks, if compared with some reference preprint. Another important tool printing
shops lack today is an instrument providing a possibility to examine the obtained picture at a microscopic
level and compare the picture with the desired result. By examination at a microscopic level we mean an
inverse colour separation of an image taken from the printed picture and an examination of the obtained
printed result separately for each ink used. This would give a better understanding of the interaction of
different types of paper, ink and printing devices.

Fig. 1. An enlarged view of a part of a newspaper picture that was created by printing dots of cyan, magenta,
yellow and black inks.
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Fig. 2. A correlation plot between the saturation signal and the cyan pigment mass.
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In this paper, we present a method and a tool for colour measurements directly on printed half-tone
multicoloured pictures as well as for inverse colour separation. We introduce the concept of colour
impression [4]. By this we mean the CMY or CMYK vector (colour vector), which lives in the three- or fourdimensional space of printing inks. Two factors contribute to values of the vector components, namely, the
percentage of the area covered by cyan, magenta, yellow and black inks (tonal values) and ink densities. The
values of the components are obtained by registering the RGB image from the measuring area and then
transforming the set of registered RGB values to the triplet or quadruple of CMY or CMYK respectively. An
intermediate step of the inverse colour separation can be involved when performing the transformation of the
set of RGB values to the quadruple of CMYK. By inverse colour separation we mean the decomposition of the
RGB image into nine binary images, namely, “white image”, “cyan image”,…, “green (cy) image” ,…, “cmy
image” and “black (k) image”. Values of all pixels of the white image are equal to zero, except those
corresponding to the areas of the picture that have not got any ink during the printing process. Values of such
pixels are equal to one. Accordingly, values of pixels collected into the green (cy) image are set to one if they
correspond to the areas of the picture printed with both cyan and yellow inks. The meaning of the other types
of binary images is straightforward. We note that such an inverse colour separation is valuable not only as an
auxiliary tool for performing the transformation from RGB to CMY, but also on its own, since it provides a
possibility to inspect the printing result. We use algorithms based on artificial neural networks for performing
the inverse colour separation and the transformation as well. The algorithms will be described later in more
detail.
The colour vector expresses integrated information about the tonal values and ink densities. This is a
valuable property, since we never know exactly what actual tonal values we will obtain. Values of the colour
vector components increase if tonal values or ink densities rise and vice versa. If, for some primary colour,
ink density and tonal value do not change, the corresponding component of the colour vector remains
constant. Such a behaviour of the colour vector makes it much easier for the operator to adjust the printing
process. If some reference values of the colour vector components are set from a preprint, then the colour
vector directly shows how much the operator needs to raise or lower the cyan, magenta, yellow and black ink
densities in order to correct colours of the picture being measured. During the experimental investigations we
have found a good correlation between components of the colour vector and ink densities.
The rest of the paper is organised as follows. In the next two sections we briefly describe the concept of
colour impression and the tools used. The fourth section presents the colour space used. The approach to data
normalisation is given in the fifth section. The method for inverse colour separation is briefly described in
section six. The seventh section presents a method for accomplishing the transformation from the set of RGB
values to the colour vector. The eighth section summarises the results of experimental investigations. And
finally, section nine presents conclusions of the work.

2 The concept of colour impression
Colour impression of a printed picture depends both on actual tonal values and ink densities. By actual
tonal values we mean the nominal tonal values + the mechanical dot gain + the optical dot gain. An operator
controlling the printing process never knows the actual tonal values and controls the process by adjusting
densities of inks. This is not an easy task for the operator, since it is not clear how big adjustments should be
made for cyan, magenta, yellow and black respectively. The degree of adjustments needed can depend on the
type of paper and inks, humidity, the duration of the printing process and other factors.
The reason for introducing the concept of the colour vector of colour impression is to integrate
information from both actual tonal values and ink densities, and to show how much an operator controlling
the printing process needs to raise or lower the cyan, magenta, yellow and black ink densities in order to
correct the colours of a picture being measured in reference to some preprint.
Fig. 3 shows the main window of the colour impression software. The components of the colour vector
are shown on the right-hand side of the window as colour bars as well as numbers below the bars. Values of
the components range between 0 and 1000. The white strips on or above the colour bars indicate values of the
colour vector components measured on some reference picture. Having this information the operator can see
exactly how the feeds of inks should be changed. For example the figure shows that cyan should be increased
by 41 units, magenta increased by 1 unit and yellow decreased by 6 units (see the bottom right corner of the
window). The left-hand part of the window displays the image used to calculate the colour vector
components.

3 Tools
The equipment we use consists of a one-chip Hamamatsu CCD colour camera C4200, a frame-grabber,
a PC and software. The resolution used was such that an image consisting of 512x512 pixels was recorded
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from an area of 2.8x4.0 mm 2 . All pictures we used were printed on an ordinary newsprint paper of
approximately 45 g / m 2 weight.

Fig. 3. The main window of the colour impression software.

4 Colour space used
The colour space we adopted uses colour difference signals. Let r denote the RGB triplet given by

r = ³ E ( λ ) R ( λ )F( λ )dλ

(1)

where E (λ ) expresses spectral properties of the illumination source, R(λ ) is spectral reflectance function of
an object, and F( λ ) stands for three spectral sensitivity functions of the colour camera.
If we assume the random variables R , G , and B to be of equal variances ( σ 2 ) and covariances (only
variances of the variables have been normalised to be equal to one in our experiments), the covariance matrix
of these variables can be written as [6]:

¦

ª1 r r º
»
«
= σ 2 «r 1 r »
«¬r r 1 »¼

(2)

where r is the correlation coefficient. The eigensolution of the covariance matrix gives the following
eigenvectors ( e i ) and the corresponding eigenvalues ( λ i ) :
e 1 = {111
, , }t

(3)

e 2 = {1,0,−1} t

(4)

e 3 = {1,−2,1} t

(5)
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λ 1 = σ 2 (1 + 2r )

(6)

λ 2 = λ 3 = σ 2 (1 − r ) ,

(7)

where t means a transpose. The linear transform of the {R, G , B} vector by the eigenvectors produces other
random variables f 1 , f 2 , and f 3 :
f1 = R + G + B

(8)

f2 = R − B

(9)

f 3 = R − 2G + B

(10)

which are almost uncorrelated and have zero covariances.
f 1 , f 2 , and f 3 are the variables of the colour space we use. The choice of a non-uniform devicedependent colour space as well as the use of a CCD colour camera for measuring colour prints can be a point
of contention. The choice of colour space was based on experimental testing. Five colour spaces, namely,
RGB, HSI, CIELuv, CIELab and f 1 f 2 f 3 have been tested in the inverse colour separation (colour
classification) and compared experimentally. The f 1 f 2 f 3 colour space provided the highest classification
accuracy [5]. Note that we make only relative comparisons when measuring on colour prints. Moreover, the
device we developed is tuned to a customer’s data set during the training process as it is explained in the
following sections. Undoubtedly the CIELuv or CIELab colour spaces could be used.

5 Data normalisation
We use artificial neural networks to solve the task. In order to accelerate training of the networks, each
input variable should be pre-processed so that its mean value, averaged over the entire training set, is close to
zero, or else it is small compared to its standard deviation. Therefore, the colour space variables f i are
normalised in the following way.
Let f and s 2 be the average and the variance of the colour space variable f . The normalised variable

f n is then given by
fn =

f −f
.
s

(11)

As it is explained in Section 8, data for training the networks are recorded from a set of colour patches.
Instead of averaging over the entire training set when calculating f and s 2 , we average only over the data
recorded from white paper and eight solid print colour patches, namely, cyan, magenta, yellow, cyan+yellow,
cyan+magenta, magenta+yellow, cyan+magenta+yellow, and black (k).
Assume that the networks were trained on some set of colour patches. Let’s say that the patches
represent a reference colour print and we wish to use the networks, without retraining them, for processing
some test colour print that possesses slightly different spectral properties compared to the reference print. We
use a least-squares regression technique to make a linear mapping between the colour variables of the
reference and the test colour prints. Assume for a while that f expresses the mean vector of the f i triplets
averaged over some colour patch and that we registered the f s from the eight solid print colour patches and
paper for the reference print as well as for the test print. We then collect the measurements f i (i = 1,...,9)
from the reference print into a 9x3 matrix F . Similarly, we collect the corresponding f i from the test print
into a 9x3 matrix X . We wish to map X to F . Assuming a linear mapping, the following objective function
minimises the sum of squared errors for such a mapping:
N

E = ¦ f it − x it M

2

,

(12)

i =1

where N = 9 and M is the unknown transformation matrix sought. The least-squares solution is

M = ( X t X) −1 X t F .
The triplet of values y i after the mapping is given by
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(13)

y it = x it M .

(14)

To include a larger number of data points when determining the mapping, a method described in [7] can be
used.

6 Inverse colour separation
As mentioned above we use algorithms based on neural networks for performing the transformation
from RGB to CMY as well as the inverse colour separation.
6.1 The neural network
A neural network is a parallel, distributed information processing structure of processing elements
interconnected via signal channels called connections. The strength of the connections are characterised by
weight values. The processing elements are sometimes referred to as units, nodes or neurons. Each processing
element has a single output connection that branches into as many connections as desired. The information
processing that goes on within each processing element can be defined arbitrarily with the restriction that it
must be local. Most of known neural networks have their processing elements divided into subsets, called
layers. Fig. 4 shows a typical feedforward (no recurrent connections) neural network with explicit division of
processing elements into three layers. The layer related to the input is called an input layer, and that related to
the output is called an output layer. The internal layers are referred to as hidden layers. The type of function
performed by a network of a given structure depends on values of weights that are determined by minimising
some error functional. The estimation process of network weights, which is most often done by using the
error backpropagation algorithm [8], is called learning or training. See for example [9] for a deeper study of
feedforward neural networks. In our work we use neural networks of the type presented in Fig. 4.
Let o (j q ) denote the output signal of the j th neuron in the q th layer induced by presentation of an input
pattern, and wij( q ) the connection weight coming from the i th neuron in the (q − 1) layer to the j th neuron
in the q th layer.
Then
o (j q ) = f (net (j q ) ),

(15)

nq −1

net (j q ) =

¦ wij(q ) oi(q 1) ,
−

(16)

i =0

where net (j q ) stands for the activation level of the neuron, nq −1 is the number of neurons in the q − 1 layer
and
f (net ) is a sigmoid activation function (neuron’s
f (net ) = 1 (1 + exp( −a net )) , where a is a slant parameter.
O2

O1

transfer

Om
...

..

..
x1

x2

xn

Fig. 4. A feedforward multilayered neural network.

6

function)

given

by:

When given an augmented input vector x = [1, x1 , x 2 ,..., x n ]t in the input ( 0 th) layer, the output signal
of the j th neuron in the output ( L th) layer is given by
(1)
o (j L ) = ψ (x) = f ( ¦ wij( L ) f ( ¦ wki( L −1) f (...( ¦ wtm
x t )))).
i

k

(17)

t

When the output values o (pjL ) induced by presentation of a particular input pattern x p are compared
with the desired output values d pj , a mean squared output error cost function is formed as
P

E o = ¦ E op =
p =1

1 P
¦
2 p =1

¦ (d

pj

− o (pjL ) ) 2

(18)

j

where P is the number of learning samples. Training the network is done by minimising the error function
(18).
When solving the inverse colour separation (colour classification) problem the desired output values
d pj are encoded according to the scheme 1-of-m, i.e. d pj = 1 , if c p = j and d pj = 0 , otherwise; where
c p ∈ I = {1,2,..., m} is the class label of p th input pattern (pixel in our case), and m is the number of colour
classes. See the next subsection for a discussion about the number of colour classes.

6.2 Inverse colour separation
We perform the inverse colour separation by determining the colour of every pixel of the image taken
from a printed picture. When mixing dots of cyan, magenta and yellow colours, eight combinations are
possible for each pixel in the picture. The combination cmy produces the black colour. However, in practice,
black ink is most often also printed. We assume the black ink to be opaque and therefore
c+k=…=c+m+y+k=k. Therefore, we have to distinguish between 9 colour classes, namely c, m, y, w (white
paper), cy, cm, my, cmy (black resulting from overlay of cyan, magenta, and yellow) and k (black resulting
from black ink or black ink plus any other component).
Since we need to distinguish between nine colour classes, our network has nine output nodes (one for
each class). The variables f 1 , f 2 , and f 3 serve as input to the network. In order to achieve an acceptable
classification error and a high average classification speed we use a hierarchical-modular neural network
[5,10]. Actually, we use a hierarchical committee of neural networks of the type presented in Fig. 4 [10]. The
committee solves the classification task in two stages. In the first stage each pixel is assigned to one of six
clusters of colours, namely, c, w, y, cy, m-my and cm-cmy-k. In the second stage the clusters m-my and cmcmy-k are further divided. We use this approach since the colours m-my and cm-cmy-k form two clusters of
highly similar colours when pictures of newspaper printing quality are considered. In addition to the variables
f 1 , f 2 , and f 3 , we extract some features (minimum, maximum, average values of the variables f 1 , f 2 , and
f 3 ) from the surroundings of the pixel being analysed when classifying pixels from these clusters of similar
colours. See [10] for details on the classification procedure.
As a result of the classification procedure an image is decomposed into as many sub-images as there are
colour classes in the image being analysed. Fig. 5 shows an example of the classification result. The central
part of the image is classified by the developed neural network. An image presented in the figure is taken
from a picture printed with two colours, namely, yellow - 50% (50% of the area is covered by yellow dots)
and magenta - 100%. Therefore, the image contains two colour classes - m and my. The figure shows that
even if the printing process used for this article is of excellent quality, borders between m and my areas can
hardly be determined. Note, that colour classes cm, cmy and k overlap even more.
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Fig. 5. An image that contains m and my classes of colours. The central part of the image is classified.

7 Transformation from RGB to CMY
7.1. Structure of the transformation network and data
In order to reduce variance of the transformation result, we use a committee of neural networks of the
type presented in Fig. 4. The architecture of the transformation network is given in Fig. 6. Each member of
the committee performs the same task, i.e. estimates the CMY output values for the same RGB input. The
outputs of the members of the committee are then combined to obtain the committee output. It is well-known
that a combination of many different estimators can improve the accuracy of the estimate.
Each member of the committee is trained by minimising the following error function
N iW

E 1 = E o + β ¦ ( wij ) 2

(19)

j =1

where N iW is the number of weights in the i th member of the committee, β is a constant and E o is given
by (18). The second term of the error function performs regularisation. If the regularisation parameter β is
properly chosen, the regularised network can perform better on unseen data [9,11].
The input to the transformation network is given by the mean values of the variables f 1 , f 2 , and f 3 ,
averaged over a certain area on a printed picture, when performing transformation from RGB to CMY. The
eight-dimensional vectors serve as inputs to the network, if CMYK co-ordinates need to be calculated. The
three- as well as the eight-dimensional vectors are measured on a number of test patches. An example of
several such patches is given in Fig. 7.

x

Committee of Networks
x

x

x

Network 1

Network 2

Network N

Combine networks outputs
CMY (CMYK)

Fig. 6. Architecture of the transformation network.
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Fig. 7. An example of several test patches used to collect data for training the transformation network.
In order to obtain the eight-dimensional vector, first the inverse colour separation is performed on a test
patch. After the separation, the eight-dimensional vector x = [ x1 ,..., x8 ] is obtained in the following way. The
t

components x1 , x 2 and x 3 acquire the mean values of the variables f 1 , f 2 , and f 3 calculated over a set of
pixels coming from the colour classes {w, c, m, y, cy, my}. Similarly, the values of x 4 , x 5 and x 6 are
determined by using a set of pixels from the colour classes {cm, cmy, k}. Finally, the values of x 7 and x 8 are
set to a fraction of the pixels in the first and the second sets respectively.
In order to train the network each input vector must be paired with the desired output vector, namely, the
values of the colour vector components. We recall that values of the colour vector components depend on
both actual tonal values and ink densities. Since all the test patches were printed keeping the same, nominal,
ink densities, we used an estimate of the actual tonal values of the patches as the desired output vector. Fig. 8
gives an example of an image taken from one of the test patches as well as the result of the inverse colour
separation. The cyan, magenta and yellow areas are highlighted in the corresponding pictures. As can be seen
from the figure, after the colour separation the estimate of the actual tonal values can be easily obtained. In
what follows, “the actual tonal values” mean the estimate of the actual tonal values.

Fig. 8. An example of a colour separation result.
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7.2. Combining answers of committee members
It is well-known that a combination of many different estimators can improve the accuracy of the
estimate. A variety of schemes have been proposed for combining multiple estimators. The most often used
approaches include: weighted average [15-21], average [22], selection of the best in some region of the input
space [12], fuzzy integral [13,14].
We can say that a combiner assigns relative weights of importance to estimators in one way or another.
The weights can be data dependent [12,17], or can express the worth averaged over the entire space [15,16].
The use of data dependent weights, when properly chosen, provides a higher accuracy of the estimate [12,10].
In this work we integrate two methods, namely, a weighted average and the selection of the best in some
region of the input space when combining outputs of the committee members. Let o i (x) denote the actual
output of the i th member of the committee. A weighted combination of outputs of a set of N networks (a
committee output) can then be written as
N

o( x) =

¦ v i ( x) o i ( x)

(20)

i =1

where the weights vi (x) need to be determined. Note that the weights depend on x . First we choose a
number N rf of reference points m i in the colour space and determine the prediction error for each member
of the committee in the neighbourhood of every reference point. The average squared prediction error for the
i th member in the neighbourhood of the j th reference point can be written as

[

eij = E o i (x) − d(x)

2

]

(21)

where d(x) is the desired output vector and E [ .] denotes the expectation calculated in the neighbourhood of
the j th reference point. In the experimental tests presented in this paper, we calculated the average empirical
error instead of the expected error. The weight of the i th committee member in the neighbourhood of the
j th reference point is given by
v ij =

exp( −η eij )
N

(22)

¦ exp( −η eij )
i =1

where η is a constant. Since the weights vij can be different in various regions of the colour space, we say
that the weights vi depend on x . Now, given input x , the output of the committee is determined in two
steps. First, the nearest reference point k is found:
k = arg min d (x, m i )
i =1,..., N rf

(22)

where d (x, m i ) is the distance between vectors x and m i . Then the output of the committee is given by
N

o(x) = ¦ vik (x)oi (x) .

(23)

i =1

8 Experimental tests
Experiments we present here mostly concern the transformation from RGB to CMY and the colour
impression. We do not give experiments with the inverse colour separation, since they have been described
elsewhere (see e.g. [4,5,10]).
8.1. Training the transformation network
In order to collect data for training the network, 216 test patches, like those presented in Fig. 7, were
designed and printed. Two hundred exemplars of such test sheets were printed. The nominal tonal values in
the successive test patches were varied in 20% steps, namely 0, 20, 40, 60, 80, 100, for each cyan, magenta,
and yellow. For example, nominal tonal values in the test patches presented in Fig. 7 vary as follows. Cyan from top to bottom: 0, 20, 40, 60, 80, 100%, magenta in the same way from left to right, and yellow is
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constant and equals 80%. The test patches measured 14
. x14
. cm 2 and were printed with approximately the
same ink density, namely: cyan - 0.99, magenta - 1.05, and yellow - 0.91.
In order to account for local variations in ink densities and spectral properties of the paper, twelve
measurements were made (twelve different colour images taken from 12 different test sheets were recorded)
for each of the test patch. Mean values of the variables f 1 , f 2 , and f 3 were calculated from each of the
images and collected into a Mx3 (M=216*2=2592) matrix X to form input data for training the
transformation network. Then the actual tonal values were determined for each of the images by performing
the inverse colour separation. By collecting the actual tonal values into a Mx3 (M=2592) matrix D , we
obtained the desired output values for training the network. Five sixths of the data were used for training the
network and the rest for validation and testing.
We included seven members in the committee for the transformation network. In order to make outputs
of the members of the committee less positively correlated, the members were trained on partly different
training sets. One seventh of the data were different when training each member of the committee.
8.2. Data used to test the colour impression concept
During the training process, the neural network learns the non-linear relationship, for constant ink
densities, between the RGB and the actual tonal values. However, the RGB values measured on an arbitrary
colour patch depend on both actual tonal values and ink densities. Therefore, to prove the usefulness of the
colour impression concept we need to show that there is a good correlation between the ink densities used and
the colour vector components measured. Three series of test-prints, we call them the cyan series, the magenta
series and the yellow series in the sequel, were produced where the solid print densities for the cyan, magenta,
and yellow inks were systematically varied, one at a time. A sketch of the test-print layout is shown in Fig. 9.
Five measuring areas in half-tone pictures were chosen to measure the colour vector components. Solid print
ink densities were measured by a densitometer on colour bars situated in the same columns as the measuring
areas. Fig. 10 shows the half-tone pictures used to measure the colour vector components. The five measuring
points are marked by the white circles.

Measuring points

Solid print bars

Half-tone pictures

Fig. 9. Test-print layout.
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Fig. 10. The half-tone pictures used to measure the colour vector components.

8.3. Results of the tests
We measured the ink densities and colour vector components in all five measuring points and for each
series of the test-prints. Fig. 11 and Fig. 12 illustrate the results of the measurements for the cyan series when
measuring the colour vector components in point No 4 (the girl picture). In both figures * is used to plot the
measurements of cyan, x - the measurements of magenta, and o - the measurements of yellow.
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Fig. 11. Densitometer measurements for the cyan series.
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Fig. 12. Colour vector components for the cyan series when measuring in point No 4.

As can be seen from Fig. 11 and Fig. 12, there is a good correspondence between the patterns of
variation of the colour vector components and the densitometer measurements. The value of the correlation
coefficient between cyan components of the colour vector and solid ink density has been found to be
rc = 0.971 . The result of the colour separation related to point No 4 is given in Fig. 13. We note that the
content of cyan in point No 4 is very low. However, in spite of that, the colour vector follows quite well the
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pattern of the cyan solid ink density. It should be noted that the ink density pattern presented in Fig. 11 is a
smoothed one, since the values presented are the average values of several measurements. Actually, a
variation of 5-10% was observed on the same test-print when ink density was measured.
On the other hand, some discrepancy between measurements of ink densities and the corresponding
components of the colour vector is very likely to happen, since these two types of measurements are
performed in different environments. The colour vector components are measured directly on half-tone
pictures, while ink densities are measured on solid print areas. When measuring the colour vector components
we take into account distortions that come from overlay of several inks. We can say, that components of the
colour vector reflect the reality of the print, while the solid ink density measurements reflect the greatly
simplified reality.
Fig. 14, Fig. 15 and Fig. 17, Fig. 18 illustrate result of the measurements for the magenta and yellow
series, respectively. The values of the correlation coefficient for these series have been found to be
rm = 0.981 and ry = 0.986 . In Fig. 16 we also present a relation between the magenta component of the
colour vector measured for the magenta series and magenta solid ink density. As can be seen from the figures
presented, there is a good correspondence between the components of the colour vector and solid print ink
densities. Similar values of the correlation coefficient have also been obtained for the other measuring points.
Fig. 16 shows that an almost linear relation holds between the solid ink density and the colour vector
component. The relation shown in Fig. 16 coincides with the observation made about the behaviour of the
saturation signal for small pigment values (Fig. 2).

Fig. 13. The result of colour separation related to point No 4.
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Fig. 14. Densitometer measurements for the magenta series.
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Fig. 15. Colour vector components for the magenta series when measuring in point No 4.
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Fig. 16. Relation between magenta component of colour vector and magenta solid ink density.
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Fig. 17. Densitometer measurements for the yellow series.
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Fig. 18. Colour vector components for the yellow series when measuring in point No 4.

9 Discussion and conclusions
Nowadays, the usual way to obtain the quantitative values for controlling the amount of inks in
newspaper printing is by measuring the ink densities in specific printed test areas in the newspaper, for
example in a colour bar. By performing such indirect measurements an operator is faced with the hard task of
deciding how to change densities of four inks in order to improve the quality of pictures. Besides, such test
areas are seldom accepted by the publisher.
In this paper, we have presented a method for colour measurements directly on printed half-tone
multicoloured pictures. We introduced the concept of the CMY or CMYK colour vector, which lives in the
three- or four-dimensional space of printing inks. Two factors contribute to the values of the vector
components, namely, tonal values and ink densities. The colour vector expresses integrated information about
the tonal values and ink densities. If some reference values of the colour vector components are set from a
preprint, the colour vector then directly shows how much the operator needs to raise or lower the cyan,
magenta, yellow and black ink densities in order to correct the colours of the picture being measured. The
values of the components are obtained by registering the RGB image from the measuring area and then
transforming the set of registered RGB values to the triplet or quadruple of CMY or CMYK values
respectively. We presented a neural networks based approach for performing such a transformation as well as
for inverse colour separation.
Experimentally we have shown the validity of the proposed approach of colour measurements in halftone multicoloured newspaper pictures. We have found a good correlation between components of the colour
vector and ink densities.
The ability of the tool developed to perform the inverse colour separation provides a possibility to
examine the obtained picture at a microscopic level and to compare the picture with the desired result
separately for each ink used. This gives a possibility to study the interaction between different types of paper,
ink and printing devices.
The system developed provides a way of fast and objective comparison between two pictures and also
enables the user to examine variations in the printing process over time. The comparison can be made even
when printing on coloured paper. The use of the system can result in reduced consumption of inks and,
therefore less severe problems of smearing and printing through.
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compared to the approved reference print. The initial comparison is visual. If deviations discernible to the human
eye are detected, then a densitometer or spectrophotometer
is used to obtain a numerical assessment of the deviations.
Deviations in print consistency from the reference print occur as a result of changes in operating conditions and press
variability. The types of adjustments that are frequently
required during a job run are often attributed to adjusting
the proportions of each ink dispersed on the corresponding plate. It is not uncommon for a press operator to alter
the amount of ink by nearly 20% during a job run to maintain the same printing quality [1]. Each individual operator
performs inking adjustments based on his perception of the
relationship between the proportions of the different inks
and their overlap that results in the full-colour printed picture. The perception is very subjective and so is the printed
result.
To measure the ink proportions, usually small test areas are printed. Fig. 2 presents an example of two types
of such areas. Full tone test areas of cyan, magenta, yellow, and black colours, as those shown on the upper part
of Fig. 2, are usually used for densitometer or spectrophotometer based ink density measurements.

Abstract— In this paper, we present a neural networks and image
analysis based approach to assessing colour deviations in an offset
printing process from direct measurements on halftone multicoloured
pictures—there are no measuring areas printed solely to assess the
deviations. A committee of neural networks is trained to assess the
ink proportions in a small image area. From only one measurement
the trained committee is capable of estimating the actual amount of
printing inks dispersed on paper in the measuring area. To match the
measured image area of the printed picture with the corresponding
area of the original image, when comparing the actual ink proportions
with the targeted ones, properties of the 2-D Fourier transform are
exploited.
Keywords—Neural modelling, Neural network committee, Fourier
transform, Offset lithographic printing.

1

Introduction

Offset lithographic printing is the most widely used commercial printing process. It is used to produce high quality
pictures in the production of magazines, catalogs, newspapers, etc. The pictures are represented by cyan (C),
magenta (M), yellow (Y), and black (K) dots of varying
sizes on thin metal plates. These plates are mounted on
press cylinders. Since both the empty areas and areas to be
printed are on the same plane on the plates, they are distinguished from each other by one being water receptive and
the other being ink receptive. As the press runs, a thin film
of water is applied to the plate followed by an application
of the corresponding ink. The inked picture is transferred
from a plate onto the blanket cylinder, and then onto the
paper. An example of an image taken from such a picture
is shown in Fig. 1.

Fig. 2. Above: An example of full tone test areas. Below: An example
of a double grey-bar.

However, print quality of a printed picture depends on
both ink densities and dot sizes [2]. Thus, to take both these
factors into consideration, one need to measure the ink proportions on halftone areas, for example, on the so called
double grey-bars, shown in the lower part of Fig. 2. One

Fig. 1. Left: A multicoloured picture. Right: An enlarged view of a
small part of the picture shown on the left.

Throughout the job run, the press operator repeatedly
samples the prints to assess print quality. The samples are
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half of the double grey-bar is printed with cyan, magenta,
and yellow inks while the other half is printed as a black
halftone screen. Obviously, the most adequate estimate of
the ink proportions would be obtained if a press operator,
instead of using test areas, could measure the proportions
directly on multicoloured halftone pictures.
The estimated ink proportions, the press operator has
to relate, to the appropriate adjustments of the amount of
ink dispersed on paper necessary to maintain print quality.
Since each individual press responds differently to on-line
adjustments, then it is the experience that a press operator
has gained from monitoring the behaviour of the same press
over time that allows him to apply appropriate adjustments
that can maintain print consistency. Obviously, this is quite
a difficult task.
In this paper, we propose an approach to using artificial
neural networks for estimating the ink proportions directly
on arbitrary areas of multicoloured halftone pictures. The
obtained ink proportions are then automatically compared
with corresponding areas of printing plates containing information about the targeted proportions of the four printing inks. The comparison result—the deviation—is further
used by the press operator/control system to compensate
for the colour deviation.

In this paper, we consider mappings L∗ a∗ b∗ →
CM Y —it is assumed that K results from the CM Y overlap. However, mappings L∗ a∗ b∗ → CM Y K can also be
learned. CMY values for a test patch show how large part
of the area of the patch is covered by dots of cyan, magenta, and yellow ink, respectively. For example, CMY values equal to 0.2, 0.4, and 1.0 indicate that dots of cyan ink
cover 20% of the area, dots of magenta ink cover 40%, and
yellow ink covers the entire area of the patch.
∗ a∗ b∗ values measured
To train the network, the mean L
on the test patches are used as the input data and the ink
proportions—CMY values—estimated for the corresponding patches, serve for the target data. The way used to estimate the target values is outlined in Section 2.2.
A feedforward two hidden layer perceptron with three
input and three output nodes is the neural network used to
learn the mapping. The number of hidden nodes is found by
cross-validation. To mitigate the data registration burden, it
is highly desirable to use small neural network training data
sets. It is known, however, that neural networks are unstable to perturbations in a learning data set. Hence, the use
of small training data sets may cause generalization problems. Therefore, to cope with the problem, we use neural
network committees to learn the mapping.

2

2.1

Estimating Ink Proportions by Neural Networks

Neural Network Committee Used

A variety of schemes have been proposed for combining
multiple estimators [4]. For the purpose of the application
described here, the averaging approach proved to be the
most reliable. This approach simply averages the individual neural network outputs:

To estimate the ink proportions, an RGB image from a
measuring area is first recorded by the image acquisition
equipment used. Since the RGB colour space is device dependent and rather nonuniform, the recorded RGB image
is transformed to the L∗ a∗ b∗ counterpart [3]. The device
independent L∗ a∗ b∗ colour space, which will be briefly introduced in Section 2.2, is known to be much more uni∗ a∗ b∗ values are calculated for the
form. Then the mean L
image. Now, the ink proportions—the CMYK values—are
easily obtained for the measuring area if we know the mapping L∗ a∗ b∗ → CM Y K. The mapping is learned by an
artificial neural network using a predetermined number of
training data measured on specially designed test patches.
An example of several test patches used is shown in Fig. 3.

1
yi (x)
L i=1
L

yC (x) =

(1)

where L is the number of neural networks and yi (x) represents the output of the ith neural network given an input
data vector x.
We apply the Bayesian framework for training members
of the committee, using a simple Gaussian prior for the
weights [5]. In the Bayesian framework, the assumption is
that the network weights are normally distributed and give
rise to normally distributed outputs, where each output yi
is effectively the mean of the distribution and σi the associated standard deviation. In the committee, therefore, we
assume that each network makes an approximation to the
”true” distribution of outputs, which has mean yC and variance given by
2
=
σC

1 
(yi − yC )2
L − 1 i=1
L

With some simple manipulations we get

2
L
L
L
1 2 1 2
1
2
σC
=
σi +
yi −
yi
L i=1
L i=1
L i=1

Fig. 3. An example of several test patches used to collect data for training
the transformation network.
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(2)

(3)

defined as follows [3]:

Note that this equation assumes that the networks in the
committee all approximate the same Gaussian distribution
of the outputs.

2.2

L∗ = 116(Y /Yn )1/3 − 16
a∗ = 500[(X/Xn )1/3 − (Y /Yn )1/3 ]
b∗ = 200[(Y /Yn )1/3 − (Z/Zn )1/3 ]

Estimating Target Values

where Xn , Yn , Zn are the tristimulus values of X, Y ,
and Z for the appropriately chosen reference white. The
Euclidean distance measure can be used to measure the
distance (E) between the two points representing the
colours in the colour space:

In our experiments, six nominal CM Y values of 0, 0.2,
0.4, 0.6, 0.8, and 1.0 are used to print the test patches.
Thus, there are 216 test patches when using three printing inks. Though the nominal CMY values used to print
the test patches are known, the actual values are unknown,
since dots grow during the printing process. To estimate
the actual CMY values—the target values for training the
neural network—the Neugebauer model [6] is used.
According to the Neugebauer spectral equations [6], the
predicted average spectral reflectance of the printed test
S (λ) is given by
patch R

S (λ) =
R

P


E = [(L∗ )2 + (a∗ )2 + (b∗ )2 ]1/2

J = ΣK
k=1 ∆Ek

(4)

where Ri (λ) is the known spectral reflectance of the ith
Neugebauer primary colour—measured on a corresponding test patch, wi is the area covered by the ith primary, P
is the number of the primaries, and n is the Yule-Nielsen
correction factor, which accounts for light scatering in paper [6]. There are P = 8 Neugebauer primaries when
using cyan, magenta, and yellow inks, namely, white paper, cyan, magenta, yellow, green—overlap of cyan and
yellow, blue—overlap of cyan and magenta, red—overlap
of magenta and yellow, and black—overlap of cyan, magenta, and yellow. Accordingly, there are P = 16 primaries when using four printing inks. It is clear, that knowing wi s for each of the test patches, the CM Y values are
easily calculated. The parameters wi are obtained from
Eq.(4) through an optimization process using data from test
patches. Rather than performing the optimization in the
spectral space—Eq.(4)—we fulfill the search in the approximately uniform L∗ a∗ b∗ colour space. The L∗ a∗ b∗ coordinates are calculated as follows.
Let us assume that RS (λ) is the measured spectral reflectance of a test patch illuminated by a light source with
the spectral power distribution S(λ). The predicted specS (λ). Having
tral reflectance of the patch is denoted by R
the spectral reflectance and the colour matching functions
x(λ), y(λ), z(λ) [3], we can calculate the tristimulus values XY Z characterizing the patch:

2.3

where
k=

100
S(λ)y(λ)dλ

Training Committee Members

Bootstrapping [7], Boosting [8], and AdaBoosting [9] are
the most often used approaches for data sampling when
training members of neural network committees. Some
studies show that boosting may create committees that are
less accurate than a single network [10]. Boosting may suffer from overfitting in the presence of noise [10], [11]. In
our application, data sets are rather noisy. Therefore, we
have chosen the bootstrapping sampling technique.
We train each member of the committee by minimising
the following objective function
E = βED + αEW =

Q
ND 
β
yk (xn ; wi ) − tnk
2 n=1

2

k=1

NiW
α 
+
(wij )2
2 j=1

(12)

where xn stands for the nth input data point, ND is the
number of input data, Q is the number of outputs in the
network, wi is the weight vector of the ith member, NiW
is the number of weights in the ith member of the committee, α and β are hyper-parameters of the objective function.
The second term of the objective function performs regularization. We use the Levenberg-Marquardt algorithm
for neural network training [12] and Bayesian regularization techniques [5]. In the Bayesian approach, the posterior
probability distribution for the weights, p(w|D, α, β, M ),
is given by


RS (λ)S(λ)x(λ)dλ

(11)

where K is the number of the test patches used and ∆Ek
is the difference between the kth patch colour (according
Sk (λ) and the
to Eq.(10)) evaluated using the predicted R
measured RSk (λ) spectra of the patch. The optimal values of parameters wi are found by stochastic optimization.
Knowing the parameters the target values are easily calculated for all the test patches.

i=1

X=k

(10)

The cost function minimized during the optimization
process when estimating the parameters wi is given by

n
wi Ri (λ)1/n

(7)
(8)
(9)

(5)

(6)

The variables Y and Z are obtained likewise. Having
the XY Z tristimulus values, the L∗ a∗ b∗ colour space is

p(w|D, α, β, M ) =
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p(D|w, β, M )p(w|α, M )
p(D|α, β, M )

(13)

where M is the particular neural network model used,
p(w|α, M ) is the prior probability distribution for the
weights, p(D|w, β, M ) is the data likelihood function, and
p(D|α, β, M ) is the normalization factor. Assuming Gaussian prior distribution of the weights, additive zero-mean
Gaussian noise for the target data, and provided the data
points are drawn independently, the probability densities
are written as
1
exp(−βED )
(14)
p(D|w, β, M ) =
ZD (β)
p(w|α, M ) =

1
exp(−αEW )
ZW (α)

Fig. 4. Left: An original image. Right: The translated original image.

(15)

where ZD (β) = (2π/β)ND /2 and ZW (α) =
(2π/α)NW /2 . The optimal weights maximize the posterior
probability p(w|D, α, β, M ).

3

Fig. 5. Visualization of the result, given by Eq.(17), for the images shown
in Fig.4.

Comparing Printed Result and the Target

To assess the actual ink proportions on an arbitrary area of
a multicoloured picture, first an L∗ a∗ b∗ image of the area
is recorded. The average L∗ a∗ b∗ values for the area are
then calculated and presented to the neural network. The
network predicts the actual ink proportions, which have to
be compared with the targeted ones. The targeted ink proportions are known as a digital copy of the printing plates.
The original image to be printed is also known, usually in
an RGB or L∗ a∗ b∗ format.
To compare the actual ink proportions with the targeted
ones one has to match the recorded image area of the
printed picture with the corresponding area of the original
image. To perform the match we exploit properties of the
Fourier transform.
Let f1 (x, y) and f2 (x, y) be two images, and F1 (u, v)
and F2 (u, v) their corresponding Fourier transforms. Let
also f2 (x, y) = f1 (x + x0 , y + y0 ), as illustrated in Fig. 4.
Then according to the Fourier shift theorem:
F2 (u, v)F1∗ (u, v)
|F2 (u, v)F1∗ (u, v)|

= ej2π(ux0 +vy0 )

Ignoring the factor
we get:

and using the logarithmic scale

F2 (log u, log v) = F1 (log u − log a, log v − log b) (19)
or
F2 (s, t) = F1 (s − c, t − d)

(20)

where s = log u, t = log v, c = log a, and d = log b,
The translation (c, d) is found by applying the shift theorem and the scaling (a, b) is given by
a = ec ,

b = ed

(21)

Having the shift, rotation, and scaling parameters,
matching of the image areas can be performed.

4

Experimental Tests

The experimental tests performed concern an offset newspaper printing process. First, to test the ability of neural
networks to learn the mapping, several test sheets, each
containing 216 test patches, were printed keeping the same
ink density. An example of thirty-six such pathes is shown
in Fig. 3. For each cyan, magenta, and yellow inks, the
average ink coverage of a patch area—the dot size—was
varied in 20% steps, namely, 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0.
Thus, from one test sheet we get one set of data containing
216 data points.

(16)

where ∗ denotes the complex conjugate. The shift parameters (x0 , y0 ) can now be determined from the inverse
Fourier transform:
F −1 ej2π(ux0 +vy0 ) = δ(x0 , y0 )

1
|ab|

(17)

Fig. 5 visualizes the inverse Fourier transform calculated
for the images shown in Fig. 4. The translation parameters
are given by the position of the peak.
The same technique can be applied to identify the rotational displacement and scaling. The rotation is represented
as a shift in polar coordinates, while scaling as a shift in
logarithmic coordinates [13].
If, for example, f1 (x, y) is f2 (x, y) scaled with factors
(a, b), then the Fourier transforms of the images are related
as:
u v
1
F2 (u, v) =
F1 ,
(18)
|ab|
a b

4.1

Target Values and Colour Mapping

To train the mapping networks, one test sheet—216 data
points—were used. Fig. 6 presents the result of estimating the target vales for the training data. The target values
are given by the average actual ink coverage—average dot
size—of the patches. The difference between the nominal
and actual dot sizes is known as dot gain.
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hibit slightly different the actual ink coverage values. Thus,
the ink coverage prediction errors may be even lower than
those exemplified in Fig. 7.

4.2

Comparing Target and Result Images

The target and result images used in this test origin from
different sources and are of rather different quality. The
difference may cause problems in the matching process.
The target colour image is obtained from the digital images used to produce the printing plates. The digital images are high resolution monochrome images, one for each
printing ink. From these monochrome images we calculate
an RGB image, which is transformed to the L∗ a∗ b∗ counterpart. Fig. 8 presents an example of the target image used.

Fig. 6. Actual versus nominal dot sizes.

The optimal structure of the mapping network was found
by cross-validation—it turned to be a structure of 3-8-5-3
nodes. The number of networks included into the committee was found to be seven. In Fig. 7, the evaluation result

Fig. 8. The target image calculated from the high resolution digital images
used to produce the printing plates.

Fig. 7. The error map for the yellow ink coverage, with the percentage of
the nominal coverage shown on the left.

of the mapping networks is shown. The Figure visualizes
the prediction errors of the yellow ink coverage for 216
colour patches of the test data set. One pixel of the image
corresponds to one colour patch. When scanning the image from left to right the nominal cyan ink coverage varies
with the highest frequency—20% each step—from 0 to 1
and then repeats it self. The magenta ink coverage varies
with 6 times and yellow ink with 36 times lower frequency.
The percentage shown on the left of Fig. 7 is for the yellow
ink coverage. The maximum error observed is 0.035, while
most of the errors are below 0.01. The maximum as well as
the average errors obtained for cyan and magenta inks were
about 30% lower than those observed for yellow ink. Thus,
we can conclude, that the trained committee of neural networks is capable of predicting the actual ink coverage with
very good accuracy.
It is worth noting that the exact ink coverage value is
not known for each colour patch, since the estimated target
values are the average ink coverage values. Colour patches
printed with the same nominal ink coverage values may ex-

Fig. 9. The result image obtained by scanning the offset printed picture.

To obtain the result image we scan the offset print using a
HP ScanjetIIc scanner. The scanner produces an RGB image, which is then transformed to the L∗ a∗ b∗ counterpart.
Fig. 9 shows a part of the scanned image to be matched
against the target image shown in Fig. 8.
To make the matching process less expensive in computing time and memory, we down-sampled the images used
in the matching process from 1500 × 1500 to 512 × 512
pixels.
The quite large discrepancy between the target and result images caused by the printing process and effects of
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The target vales used to train the networks are obtained
from the spectral Neugebauer equations based reflectance
modelling. A quite high estimation accuracy of the amount
of inks was observed in the tests performed. Registration
of the measured image area of the printed picture against
the corresponding area of the original image is achieved by
exploiting the shift, rotation, and scaling properties of the
2-D Fourier transform.

the log-polar conversion, introduces undesirable peeks in
the matching result. However, we know a priory that the result image is only moderately translated, rotated, and scaled
compared to the target image. Thus, we can avoid selecting
one of these false peeks simply by limiting our peek search
area. Fig. 10 visualizes the matching result characterizing
the scaling and rotation steps. The square shown in Fig. 10
indicates the peek search area while the arrow marks the
peek identifying the angle and scale of the result image as
compared to the target.
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5

Conclusions

To maintain an acceptable quality of multicoloured pictures, the offset printing process requires the press operator to make appropriate and timely on-line ink feed adjustments to compensate for colour deviations from the reference print. To assess the deviations and monitor the printing process is quite a difficult task for the printing press
operator.
In this paper, we presented an approach to assessing
colour deviations from direct measurements on halftone
multicoloured pictures. From only one measurement a
trained neural network committee is capable of estimating
the actual relative amount of each cyan, magenta, yellow,
and black inks dispersed on paper in the measuring area.
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FRORXUGHYLDWLRQ7KHH[SHULPHQWDOLQYHVWLJDWLRQVSHUIRUPHGKDYHVKRZQWKDWWKH
QRQOLQHDUPRGHOGHYHORSHGLVDFFXUDWHHQRXJKWREHXVHGLQDFRQWUROORRSIRU
FRQWUROOLQJWKHSULQWLQJSURFHVV7KHFRQWURODFFXUDF\±WKHWUDFNLQJDFFXUDF\RI
WKHGHVLUHGLQNOHYHO±REWDLQHGIURPWKHFRQWUROOHUZDVKLJKHUWKDQWKDWREVHUYHG
ZKHQFRQWUROOLQJWKHSUHVVE\WKHRSHUDWRU

,QWURGXFWLRQ
,QOLWKRJUDSKLFSULQWLQJDNH\LVVXHWRSURGXFHDKLJKTXDOLW\SULQWLVWRFRQWUROWKH
DPRXQWRILQNGLVSHUVHGRQWKHSDSHU,QZHEIHGRIIVHWVXFKDVQHZVSDSHUSULQW
PRVWSDUWVRIWKHSURFHVVLVKLJKO\DXWRPDWHG+RZHYHURQHVWHSLQWKHSURFHVV
QDPHO\ WKHFRQWURORIWKHLQNLQJOHYHOLVVWLOOPRVWO\GRQHPDQXDOO\
7KHRSHUDWRUFRQWUROVWKHDPRXQWRILQNGLVSHUVHGRQWKHSDSHUE\FRQWUROOLQJWKH
ÀRZRILQNWRWKHSULQWLQJSODWHV7KHLQNGHPDQGLVGHWHUPLQHGE\WKHLQNHGDUHD
RIWKHSULQWLQJSODWH7KHLQNLVIHGIURPDQLQNWUD\E\DVSHFLDOUROOHULQNGXFWRU
WKURXJKDVPDOODGMXVWDEOHJDSFRQWUROOHGE\DPHWDOSODWH±WKHLQNNH\7KHVH
LQN NH\V DUH GLYLGHG LQWR QDUURZ DUHDV±LQN ]RQHV±DFURVV WKH SULQWLQJ SUHVV
+DOPVWDG8QLYHUVLW\+DOPVWDG6ZHGHQ
.DXQDV8QLYHUVLW\RI7HFKQRORJ\.DXQDV/LWKXDQLD

)LJ6DPSOHRIDJUH\EDU

7KHRSHUDWRUFRQWUROVWKHÀRZRILQNRXUDGMXVWDEOHYDULDEOHVE\DGMXVWLQJWKH
VHWWLQJVRIWKHLQNNH\V
7KUHHEDVLFFKRLFHVKDYHWREHPDGHZKHQDWWHPSWLQJWRDXWRPDWHWKHLQNIHHG
FRQWURO 0RUH VSHFL¿FDOO\ RQH PXVW FKRRVH WKH ZD\ WR TXDQWLI\ WKH GHJUHH RI
GHYLDWLRQLQWKHLQNLQJOHYHOIURPWKHGHVLUHGRQHWKHZD\ WRPRGHOWKHSURFHVV
O
DQGWKHZD\ WRFRQWUROO WKHSURFHVV
7RTXDQWLI\ FRORXUGHYLDWLRQWUDGLWLRQDOO\VROLGLQNGHQVLW\KDVEHHQXVHGLQWKH
JUDSKLFDUWVLQGXVWU\+RZHYHUVROLGLQNGHQVLW\ZKHQXVHGDVDFRORXUGHYLDWLRQ
PHDVXUHKDYHVRPHGUDZEDFNVIRUH[DPSOHLWGRHVQRWUHÀHFWWKHLQÀXHQFHRI
ZDWHUDQGRWKHUIDFWRUVRQKDOIWRQHVFUHHQV
$QLGHDOLQVWUXPHQWZRXOGZKHQSODFHGRQDIRXUFRORXUHGSULQWVKRZKRZWKH
DPRXQWRIF\DQPDJHQWD\HOORZDQGEODFNLQNQHHGWREHDGMXVWHG7REHDEOH
WRGHWHUPLQHWKHDGMXVWPHQWOHYHOVWKHPHDVXUHGYDOXHVKDYHWREHFRPSDUHGWR
GHVLUHGRQHV7ZRPDMRUSUREOHPVWKHQDULVH2QHRIGHWHUPLQLQJWKHPHDVXULQJ
SRVLWLRQDQGRQHRIGHWHUPLQLQJWKHGHVLUHGYDOXH
&RQWUROOLQJFRORXUE\XVLQJJUH\EDODQFHKDYHEHFRPHSRSXODU7RGRWKLVWHVW
DUHDV±JUH\EDUV±FRPSRVHGRIWZRKDOIWRQHVFUHHQSDUWVDUHXVHGDVVKRZQLQ
¿JXUH2QHSDUWRIVXFKDEDULVSULQWHGDVDEODFNKDOIWRQHVFUHHQDQGWKHRWKHU
RQHDVDEDODQFHGPL[RIF\DQPDJHQWDDQG\HOORZKDOIWRQHVFUHHQVWRSURGXFH
DQHXWUDOJUH\SULQWRIWKHVDPHGDUNQHVV*UH\EDUVRULJLQDOO\GHYHORSHGIRUWKH
QDNHGH\HFDQDOVREHXVHGWRPHDVXUHRQ0HDVXULQJRQJUH\EDUVGRHVQRWSRVH
WKHSRVLWLRQLQJSUREOHP
:H KDYH UHFHQWO\ GHYHORSHG DQ LQVWUXPHQW FDOOHG 0DOFROP IRU PHDVXULQJ WKH
DPRXQWRILQNRQJUH\EDUV 0DOPTYLVWHWDO 7KH0DOFROPLQVWUXPHQWLVD
PXOWLIXQFWLRQDOLQVWUXPHQWIRUSULQWTXDOLW\FRQWUROLQQHZVSDSHUSULQWLQJ7KH
0DOFROPLQVWUXPHQWLVHTXLSSHGZLWKIRXUPDLQWRROVIRU0HDVXULQJ &RORXU,P
SUHVVLRQ 'RW6L]H'HQVLW\DQG
\
5HJLVWUDWLRQ
7KH &RORXU,PSUHVVLRQLVDTXDQWLW\LQWHJUDWLQJLQIRUPDWLRQIURPERWKGRWVL]HV
DQGLQNGHQVLWLHVDQG\LHOGVWKHDPRXQWRILQNLQWKHPHDVXUHGDUHDVHSDUDWHO\IRU
F\DQPDJHQWD\HOORZDQGEODFN

)LJ0DOFROPVFUHHQVKRZLQJWKH&RORU,PSUHVVLRQYDOXHV

7KH 0DOFROP ,QVWUXPHQW LV RSWLPL]HG WR PHDVXUH &RORXU ,PSUHVVLRQ RQ JUH\
EDUV 7KH &RORXU ,PSUHVVLRQ YDOXHV DUH SURYLGHG VHSDUDWHO\ IRU HDFK LQN 7KH
YDOXHVDUHLQGHSHQGHQWRIUHJLVWUDWLRQDQGRYHUSULQW &RORXU,PSUHVVLRQYDOXHV
DUHQRUPDOO\SUHVHQWHGWRWKHRSHUDWRUDVDGLIIHUHQFHEHWZHHQWKHYDOXHPHDVXUHG
IRUWKHDFWXDOSULQWDQGWKHUHIHUHQFHSULQW7KXVWKHYDOXHVLQGLFDWHLIWKHRSHUD
WRUVKRXOGLQFUHDVHRUGHFUHDVHWKHDPRXQWRILQN)LJXUHLOOXVWUDWHVWKHPDLQ
ZLQGRZRIWKH &RORXU,PSUHVVLRQWRRO
7RPRGHOO WKHSULQWLQJSURFHVVZHXVHERWKOLQHDUDQGQHXUDOQHWZRUNEDVHGQRQ
OLQHDUPRGHOV
7RFRQWUROWKHSURFHVVZHEXLOGDQGWHVWIRXUGLIIHUHQWFRQWUROOHUVWKHSUHVVRS
O
HUDWRU PRGHO EDVHG FRQWUROOHU WKH PRGHO SUHGLFWLYH FRQWUROOHU WKH IX]]\ ORJLF
FRQWUROOHUDQGWKHSULQWLQJSUHVVLQYHUVHPRGHOEDVHGFRQWUROOHU

5HODWHGZRUN
%\PHDVXULQJWKHDPRXQWRILQNXVLQJDGHQVLWRPHWHURUWKH0DOFROP,QVWUXPHQW
WKHRSHUDWRUJHWVDKLQWRQKRZWRFRQWUROWKHSULQWLQJSURFHVV7KHRSHUDWRUKDV
WRGRDOOWKHLQWHUSUHWDWLRQRIWKHPHDVXUHGYDOXHVDQG´WUDQVODWH´WKHPLQWRZKDW
DFWLRQVKDYHWREHGRQH
7KHUHKDYHEHHQVHYHUDODWWHPSWVWRGHYHORSV\VWHPVIRUFRQWUROOLQJWKHLQNÀRZ

SURFHVV7KHV\VWHPVFDQEHFDWHJRULVHGLQWRWZRJURXSVQDPHO\VXSSRUWV\VWHPV
DQGFRQWUROV\VWHPV
$VXSSRUWV\VWHPLVDQH[SHUWV\VWHPXVHGWRJXLGHWKHSUHVVRSHUDWRULQWKHGHFL
VLRQSURFHVVZKHQPLQLPL]LQJWKHFRORXUGHYLDWLRQLQWKHSULQWHGUHVXOWIURPWKH
GHVLUHGRQH$QH[DPSOHRIVXFKDQRSHUDWRUVXSSRUWV\VWHPLVWKHV\VWHPFDOOHG
&21(6 $OPXWDZD6HWDO 7KH&21(6V\VWHPLVDQHXUDOQHWZRUNEDVHG
H[SHUWV\VWHPWKDWZDVGHYHORSHGLQRUGHUWRPRGHOWKHEHKDYLRXURIDQH[SH
ULHQFHG SUHVV RSHUDWRU WDNLQJ DFWLRQV WR FRPSHQVDWH IRU FRORXU GHYLDWLRQV7KH
&21(6V\VWHPKDVEHHQGHVLJQHGWRFDSWXUHWKHH[SHUWLVHRIDQRSHUDWRUREWDLQHG
RQDVSHFL¿FPDFKLQH7KH&21(6V\VWHPFRQVLVWVRIDQHXUDOQHWZRUNDQGD
UXOHEDVHGH[SHUWV\VWHP
7KH&21(6V\VWHPRSHUDWHVLQ([SHUW0RGHRU1RYLFH0RGH,Q([SHUW0RGH
WKHV\VWHPLVWUDLQHGE\IROORZLQJWKHRQOLQHUHPHGLDOFRQWURODFWLRQVWDNHQE\
DQ H[SHULHQFHG RSHUDWRU 7KH SXUSRVH RI WUDLQLQJ LV WR H[WUDFW WKH UHODWLRQVKLS
EHWZHHQWKH REVHUYDEOHDQGDGMXVWDEOHYDULDEOHV$VDQREVHUYDEOHYDULDEOHWKH
&21(6V\VWHPXVHVVROLGLQNGHQVLW\PHDVXUHGRQFRQWUROEDUV'HQVLW\LVVDP
SOHGIURPWKHPDWFKSULQWDQGWKHDFWXDOSULQWV,QWKH1RYLFH0RGHWKHRSHUDWRU
LV JLYHQ DGYLFH IURP WKH &21(6 KRZ WR DGMXVW NH\ VHWWLQJV WR REWDLQ UHFRP
PHQGHGGHQVLW\
7KHPDMRUFRQFOXVLRQGUDZQIURPWKHGHYHORSPHQWRIWKH&21(6V\VWHPLVWKDW
WKHRSHUDWRU¶VNQRZOHGJHZDVVSHFL¿FWRWKHSDUWLFXODUPDFKLQHZKHUHDOOWHVWV
KDGEHHQPDGH
$FRQWUROV\VWHPLVDV\VWHPWKDWLVDEOHWRGLUHFWO\FRQWUROWKHSUHVV,QWKLVFDVH
WKH PHDVXUH RI WKH LQNLQJ OHYHO PXVW EH REWDLQHG RQOLQH ,Q D VHPLDXWRPDWLF
FRQWUROV\VWHP¿UVWWKHSUHVVRSHUDWRUDGMXVWVWKHLQNLQJOHYHOWRWKHGHVLUHGRQH
WKHUHDIWHUWKHFRQWUROV\VWHPNHHSVWKHOHYHOWKURXJKRXWWKHMREUXQ
$IXOO\DXWRPDWLFFRQWUROV\VWHPFDQFRQWUROWKHLQNLQJOHYHOZLWKRXWWKHSUHVV
RSHUDWRU KDYH WR LQWHUYHQH $Q H[DPSOH RI D FRQWURO V\VWHP ZDV SUHVHQWHG DW
7$*$E\3RSH 3RSH%HWDO  7KHSDSHUGHVFULEHVWKHUHVXOWVRIDQ
LPSOHPHQWDWLRQRIDQRQOLQHFRORXUFRQWUROGHYLFH7KHGHYLFHZDVWHVWHGLQD
UHDOWLPHHQYLURQPHQWDQGFRPSDUHGZLWKDQRSHQORRSV\VWHP
7KHSDSHUSURSRVHGWKUHHK\SRWKHVHV)LUVWWKHRQOLQHFORVHGORRSFRORXUFRQWURO
V\VWHPVKRXOGUHGXFHORQJWHUPGULIWLQLQNGHQVLWLHV6HFRQGO\VKRUWWHUPYDULD
WLRQVVKRXOGEHUHGXFHGDVZHOO7KHWKLUGK\SRWKHVLVLVWKDWWKHV\VWHPVKRXOGEH
FDSDEOHRIUXQQLQJWKHSUHVVWRSURJUDPPHGWDUJHWGHQVLWLHVGXULQJWKHSULQWLQJ
SURFHVV
([SHULPHQWVZHUHUXQRQDKHDWVHWSUHVVLQDFRPPHUFLDOSULQWLQJVKRS7KHV\V
WHPXVHGDVSHFWURSKRWRPHWHUDQGDYLGHRFDPHUDWRPHDVXUHVROLGLQNGHQVLW\LQ
EDUVRQOLQH

7KH¿UVWK\SRWKHVHVDSSHDUVWREH´VHPLWUXH´PHDQLQJWKDWWKRXJKORQJWHUP
GULIWVDUHFRUUHFWHGE\WKHFORVHGORRSV\VWHPRSHUDWRUVDOVRPDQDJHWRFRUUHFW
WKHGULIWVWKRXJKQRWDVTXLFNO\DVWKHFORVHGORRSV\VWHP7KHVHFRQGK\SRWKHVLV
LV WUXH 6KRUWWHUP YDULDWLRQV DUH VWURQJO\ UHGXFHG E\ WKH FORVHGORRS V\VWHP
(YHQWKHWKLUGK\SRWKHVLVKDVVKRZQWREHWUXH7KHFORVHGORRSV\VWHPGULYHVWKH
SUHVVGXULQJPDNHUHDG\WRWKHGHVLUHGGHQVLWLHV
%RWKWKH&21(6DQGWKHFORVHGORRSV\VWHPXVHVROLGLQNGHQVLW\DV REVHUYDEOH
YDULDEOHV%\FRQWUDVWWRPRGHODQGFRQWUROWKHSULQWLQJSURFHVVZHXVHWKH&RO
RXU,PSUHVVLRQ YDOXHV

0RGHOOLQJWKHSULQWLQJSURFHVV
%XLOGLQJ PDWKHPDWLFDO PRGHOV RI G\QDPLFDO V\VWHPV E\ REVHUYLQJ LQSXW DQG
RXWSXWGDWD V\VWHPLGHQWL¿FDWLRQ LVDQHFHVVDU\VWHSLQLQYHVWLJDWLQJWKHV\VWHP
EHKDYLRXUDQGFRQVWUXFWLQJDFRQWUROOHU
3URFHVVYDULDEOHV
1XPHURXVYDULDEOHVQHHGWREHPHDVXUHGRUHVWLPDWHGIRUPRGHOOLQJWKHSULQWLQJ
SURFHVV:HFDWHJRUL]HWKHSURFHVVYDULDEOHVLQWRWKUHHJURXSVQDPHO\ REVHUY
DEOHDGMXVWDEOHDQG
G DGGLWLRQDOYDULDEOHV
2XUREVHUYDEOHYDULDEOHVWKH &RORXU,PSUHVVLRQ YDOXHVDUHPHDVXUHGRQJUH\
EDUV
7KH DGMXVWDEOHYDULDEOHV DUHWKHYDULDEOHVXVHGWRFRQWUROWKHLQNLQJOHYHO7KH
RQO\ DGMXVWDEOHYDULDEOHV ZHXVHLQWKLVZRUNLVWKHLQNNH\OHYHOV,QIXWXUHZRUN
LWPD\EHQHFHVVDU\WRFRQWURORWKHUSUHVVSDUDPHWHUVVXFKDVLQNGXFWRUVSHHG
GDPSHQLQJGHJUHHDQGRWKHUV
,QDGGLWLRQWRWKH REVHUYDEOHDQGG DGMXVWDEOHYDULDEOHV ZHXVHDVHWRIDGGLWLRQDO
YDULDEOHVFKDUDFWHULVLQJWKHSULQWLQJSURFHVV6RPHRIWKHPDUHGHWHUPLQHGLQ
DGYDQFHDQGGRQRWFKDQJHGXULQJWKHMREUXQRWKHUVFRQVWDQWO\FKDQJHVGXULQJ
WKHMREUXQ
7RHQVXUHDQHYHQ¿OPRILQNWRWKHSULQWLQJSODWHLQNLVIHGWRWKHSODWHWKURXJK
DQXPEHURILQNUROOHUV2QHRUPRUHRIWKHVHUROOHUVRVFLOODWHVVLGHZD\VWRHYHQ
RXWEDQNVRUWUDFHVRIVFUDWFKHV7KLVFDXVHVLQNWRÀRZQRWRQO\LQWKHPDFKLQH
GLUHFWLRQEXWDOVRORFDOO\LQWKHFURVVGLUHFWLRQ,QRXUPRGHOVZHWDNHWKLVFURVV
ÀRZLQWRFRQVLGHUDWLRQ
:HREWDLQDOORXUREVHUYDEOHYDULDEOHV RIIOLQHDIWHUWKHMREUXQ%\WDNLQJVDP
SOHVERWKSULRUDQGDIWHUWKHRSHUDWRUFKDQJHVRIWKHDGMXVWDEOHYDULDEOHVZHFDQ
WDNHLQWRDFFRXQWWKHSUHVVG\QDPLFV
7KH ZKROH VHW RI YDULDEOHV QHHGHG IRU PRGHOOLQJ WKH SULQWLQJ SURFHVV LV OLVWHG
EHORZ

[[±WKHFRS\QXPEHUDQGWKHSULQWLQJVSHHGLQFRSLHVSHUKRXUUHVSHFWLYHO\
[[±WKHLQNGXFWRUVSHHGDQGWKHLQNWUD\OHYHOUHVSHFWLYHO\,QPRVWSUHVVHV
WKHLQNGXFWRUVSHHGLVFKDQJHGZKHQSULQWVSHHGLVFKDQJHGLQRUGHUWRFRP
SHQVDWHIRUWKHFKDQJHLQLQNÀRZGXHWRWKHVSHHG7KHOHYHORILQNLQWKH
LQN WUD\ LQÀXHQFHV WKH SUHVVXUH DW WKH RXWOHW DQG WKHUHIRUH LW GRHV LQÀXHQFH
WKHLQNÀRZLQWKHSUHVV:HKDYHFKRVHQQRWWRXVH[DQG[LQWKHWHVWVZH
SUHVHQWKHUHVLQFHRXUWHVWVZHUHGRQHGXULQJWKHUHODWLYHO\VKRUWMREUXQVDW
DFRQVWDQWVSHHG
[±WKH&73GRWVL]HHUURUFRPSHQVDWLRQ7KHSDUDPHWHUXVHGWRFRPSHQVDWHIRU
HUURUVLQGRWVL]HVRQWKHSULQWLQJSODWHGHSHQGLQJRQWKHEHKDYLRXURIWKH&73
:HKDYHFKRVHQQRWWRXVH[LQWKHWHVWVZHSUHVHQWKHUHEHFDXVHZHXVHG
WKHVDPH&73WRSURGXFHDOOWKHSODWHVDQGWKHEHKDYLRXURIWKH&73GLGQRW
FKDQJHGXULQJWKHUHODWLYHO\VKRUWSHULRGRIWKHWHVWV
[[[ ±WKHHVWLPDWHGLQNGHPDQG±WKH
G
GHVLUHGDPRXQWRILQNIRUDJLYHQDUHD
LQN]RQH 7KHSDUDPHWHUV [DQG[DUH LQNGHPDQGV IRUWKHOHIWDGMDFHQWDQG
WKHULJKWDGMDFHQWLQN]RQHUHVSHFWLYHO\7KHHVWLPDWHGLQNGHPDQG
G GHSHQGV
RQWKHMREDQGGRHVQRWFKDQJHGXULQJWKHMREUXQ
[[[ ±WKHLQNNH\VHWWLQJVSULRUWRWKHFKDQJHRIDQDGMXVWDEOHYDULDEOH7KH
SDUDPHWHUV[DQG[ DUHREWDLQHGIURPWKHOHIWDGMDFHQWDQGWKHULJKWDGMDFHQW
LQNNH\UHVSHFWLYHO\
[±WKH &RORXU ,PSUHVVLRQ RXU REVHUYDEOH YDULDEOH IURP WKH SUHYLRXV WLPH
VWHS SULRUWRWKHFKDQJHRIDQ DGMXVWDEOHYDULDEOHH 
[[[DQG [±DUHJLYHQE\[[[DQG[ DIWHUWKHFKDQJHVRIWKH
DGMXVWDEOHYDULDEOHV
/LQHDUPRGHO
,QWKHOLQHDUPRGHOWKHRXWSXWYDULDEOH \±WKH REVHUYDEOHYDULDEOH WKH &RORXU
,PSUHVVLRQLQRXUFDVH ±OLQHDUO\GHSHQGVRQWKHLQSXWYDULDEOHV[L FKDUDFWHUL]LQJ
WKHSULQWLQJSURFHVV
\ Z Z[ Z[ Z[ZQ[Q



ZHUHZL DUHWKHSDUDPHWHUVRIWKHPRGHODQGQ LVWKHQXPEHURIPRGHOSDUDPHWHUV
:H¿QGWKHSDUDPHWHUVRIWKHPRGHOE\PLQLPL]LQJWKHVXPRIVTXDUHGHUURUV
7RH[DPLQHWKHLPSRUWDQFHRIHDFKYDULDEOHDQGWRJHWLQIRUPDWLRQLIDQ\YDUL
DEOHFDQEHH[FOXGHGIURPWKHPRGHOZHXVHWKHVRFDOOHG=VFRUHWHVW +DVWLH7
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)LJ([DPSOHRIDIHHGIRUZDUGQHXUDOQHWZRUN

QRQOLQHDUPRGHOIRUPRGHOOLQJWKHSURFHVV7REXLOGQRQOLQHDUPRGHOVZHXVH
QHXUDOQHWZRUNEDVHGPHWKRGVZKLFKKDYHSURYHQWKHPVHOYHVWREHYHU\JRRGDW
PRGHOOLQJQRQOLQHDUV\VWHPV1HXUDOQHWZRUNEDVHGPHWKRGVGRQRWUHTXLUHDQ\
DSULRULNQRZOHGJHDERXWWKHGDWDGLVWULEXWLRQV
$ QHXUDO QHWZRUN LV D SDUDOOHO GLVWULEXWHG LQIRUPDWLRQ SURFHVVLQJ VWUXFWXUH RI
SURFHVVLQJHOHPHQWVLQWHUFRQQHFWHGYLDVLJQDOFKDQQHOVFDOOHGFRQQHFWLRQV7KH
VWUHQJWKRIWKHFRQQHFWLRQVDUHFKDUDFWHULVHGE\ZHLJKWYDOXHV0RVWNQRZQQHX
UDO QHWZRUNV KDYH WKHLU SURFHVVLQJ HOHPHQWV GLYLGHG LQWR VXEVHWV FDOOHG OD\HUV
)LJ  VKRZV D W\SLFDO IHHG IRUZDUG QR UHFXUUHQW FRQQHFWLRQV  QHXUDO QHWZRUN
ZLWKH[SOLFLWGLYLVLRQRISURFHVVLQJHOHPHQWVLQWRWKUHHOD\HUV7KHOD\HUUHODWHG
WR WKH LQSXW [[ [Q LV FDOOHG DQ LQSXW OD\HU DQG WKDW UHODWHG WR WKH RXWSXW
\\\\PLVFDOOHGDQRXWSXWOD\HU7KHLQWHUQDOOD\HUVDUHUHIHUUHGWRDVKLGGHQ
OD\HUV7KHW\SHRIIXQFWLRQSHUIRUPHGE\DQHWZRUNRIDJLYHQVWUXFWXUHGHSHQGV
RQYDOXHVRIZHLJKWVWKDWDUHGHWHUPLQHGE\PLQLPLVLQJVRPHHUURUIXQFWLRQDO
7KHHVWLPDWLRQSURFHVVRIQHWZRUNZHLJKWVZKLFKLVPRVWRIWHQGRQHE\XVLQJWKH
HUURUEDFNSURSDJDWLRQDOJRULWKP %LVKRS LVFDOOHGOHDUQLQJRUWUDLQLQJ6HH
IRUH[DPSOH %LVKRS IRUDGHHSHUVWXG\RIIHHGIRUZDUGQHXUDOQHWZRUNV
,QRXUZRUNZHXVHIHHGIRUZDUGQHXUDOQHWZRUNVZLWKRQHKLGGHQOD\HUVXFKDV
WKHRQHVKRZQLQ)LJXUH

&RQWUROOLQJWKHSULQWLQJSURFHVV
:HFDQXVHGLIIHUHQWDSSURDFKHVZKHQEXLOGLQJRXUFRQWUROOHU7KHFRQWUROOHUFDQ
EHEDVHGRQDIRUZDUGPRGHOZKLFKSUHGLFWVWKH REVHUYDEOHYDULDEOHVRUDQLQ
YHUVHPRGHOZKLFKSUHGLFWVWKH DGMXVWDEOHYDULDEOHV
$QRSHQORRSFRQWUROOHUSUHGLFWVDFRQWUROVLJQDOLQGHSHQGHQWRIWKHSURFHVVFXU
UHQWYDOXH$FORVHGORRSFRQWUROOHUDFWVXSRQFKDQJHVLQWKHSURFHVVDQGWKHUHIRUH
GHSHQGRQWKHVWDWXVRIWKHSURFHVV:HFDQFKRRVHWREXLOGHLWKHUDQRSHQORRS
RUFORVHGORRSFRQWUROOHUEHFDXVHZHKDYHYDOXHVERWKEHIRUHDQGDIWHUFKDQJHVRI
RXUDGMXVWDEOHYDULDEOHV

:HKDYHEXLOWDQGWHVWHGIRXUGLIIHUHQWFRQWUROOHUV7KHPRGHOSUHGLFWLYHFRQWURO
OHU±FRQWUROOHUZKLFKKDVEHHQUHFRJQL]HGDVEHLQJDQHIIHFWLYHWRROIRUWDFNOLQJ
VRPHRIWKHGLI¿FXOWFRQWUROSUREOHPVLQLQGXVWU\WKHIX]]\ORJLFEDVHGFRQWURO
OHUWKHLQYHUVHSUHVVPRGHOEDVHGFRQWUROOHUDQGWKHSUHVVRSHUDWRUPRGHOEDVHG
FRQWUROOHU
:HKDYHFKRVHQWRSUHVHQWKHUHWKHWHVWUHVXOWVREWDLQHGIURPWZRFRQWUROOHUV7KH
SUHVVRSHUDWRUPRGHOEDVHGFRQWUROOHUZDVFKRVHQEHFDXVHLWLVLQWHUHVWLQJWRPRG
HOWKHEHKDYLRXURIWKHSULQWLQJSUHVVRSHUDWRU:HFDQDVVXPHWKDWDSUHVVRSHUD
WRUPRGHOVWRVRPHH[WHQWWKHLQYHUVHEHKDYLRXURIWKHSULQWLQJSUHVV7KHUHIRUH
WKHLQYHUVHSUHVVPRGHOEDVHGFRQWUROOHUZDVLQFOXGHGWR:HKDYHWHVWHGWKHVH
WZRFRQWUROOHUVXVLQJERWKOLQHDUDQGQHXUDOQHWZRUNEDVHGQRQOLQHDUPRGHOV
7KHSUHVVRSHUDWRUPRGHOEDVHGFRQWUROOHU
7KH SUHVV RSHUDWRU PRGHO EDVHG FRQWUROOHU LV DQ H[DPSOH RI DQ LQYHUVH PRGHO
EDVHG FRQWUROOHU 7KH PRGHO SUHGLFWV WKH UHTXLUHG FRQWURO VLJQDO %DVHG RQ WKH
REVHUYDEOHYDULDEOHV DQGRWKHUYDULDEOHVLQÀXHQFLQJWKHSULQWHGUHVXOWWKHRS
HUDWRUWDNHVDGHFLVLRQKRZWRDGMXVWWKHLQNLQJOHYHO7KHSUHVVRSHUDWRUPRGHO
EDVHG FRQWUROOHU LV WUDLQHG WR H[WUDFW WKH UHODWLRQVKLS EHWZHHQ WKH REVHUYDEOH
DGMXVWDEOHDQGDGGLWLRQDOYDULDEOHV E\REVHUYLQJWKHDFWLRQVSHUIRUPHGE\DQ
H[SHULHQFHGRSHUDWRUZKHQDGMXVWLQJIRUFRORXUGHYLDWLRQV%RWKOLQHDUDQGQRQ
OLQHDUPRGHOVKDYHEHHQLPSOHPHQWHGDQGWHVWHG:HFDQH[SHFWWKDWWKHEHKDY
LRXURIWKHSUHVVRSHUDWRUPRGHOEDVHGFRQWUROOHUZLOOEHKLJKO\GHSHQGHQWRQWKH
RSHUDWRURSHUDWRUVLQYROYHGDQGWKHLUVNLOOV6XFKDFRQWUROOHUFDQKDUGO\SHUIRUP
EHWWHUWKDQWKHRSHUDWRU,WLVDOVRNQRZQWKDWRSHUDWRU¶VNQRZOHGJHRIDQRIIVHW
SULQWLQJSUHVVLVVSHFL¿FWRWKHSDUWLFXODUSUHVV
7KHYDULDEOHV[[[±[[[DQG[ DUHWKHLQSXWYDULDEOHVXVHGIRUPRGHO
OLQJWKHRSHUDWRUEHKDYLRXU7KHYDULDEOH [ LVWKHRXWSXWYDULDEOHRIWKHRSHUDWRU
PRGHODQGWKHFRQWUROOHU
,QYHUVHPRGHOEDVHGFRQWUROOHU
7KHSUHVVRSHUDWRUPRGHOEDVHGFRQWUROOHUPRGHOVWKHEHKDYLRXURIWKHSUHVVRS
HUDWRUZKLOHWKHLQYHUVHPRGHOEDVHGFRQWUROOHUPRGHOVWKHLQYHUVHG\QDPLFVRI
  
  
 







 
 

 

  
 





)LJ)ORZFKDUWRIDQLQYHUVHPRGHOEDVHGFRQWUROHU

WKHSUHVV7KHUHLVDQDQDORJ\EHWZHHQWKHVHWZRFRQWUROOHUV$QLGHDORSHUDWRU
ZRXOGEHKDYHDVDJRRGLQYHUVHPRGHOEDVHGFRQWUROOHU)LJXUHVKRZVWKHÀRZ
FKDUWRIWKHLQYHUVHPRGHOEDVHGFRQWUROFRQ¿JXUDWLRQ
7KHYDULDEOHV[[[ ± [[[[DQG [DUHWKHLQSXWYDULDEOHVWRWKHFRQ
WUROOHUDQGWKHYDULDEOH [ LVWKHRXWSXWYDULDEOHIURPWKHLQYHUVHSULQWLQJSUHVV
PRGHODQGWKHLQYHUVHPRGHOEDVHGFRQWUROOHU

([SHULPHQWV
([SHULPHQWDOVHWXS
%HIRUHRXUH[SHULPHQWVVWDUWHGWKHSUHVVZDVLQYHVWLJDWHGDQGDGMXVWHG$OOLQN
NH\VZKHUHDGMXVWHGDFFRUGLQJWRWKHPDQXIDFWXUHUVLQVWUXFWLRQVWRHQVXUHWKDWDOO
LQNNH\VHWWLQJVDUHFRPSDUDEOH
7KHGDPSHQLQJV\VWHPRIWKHSUHVVFRQVLVWVRIVSUD\UDPSVZLWKHLJKWYDOYHVDQG
QR]]OHVHDFK7KHDPRXQWRIZDWHUHPLWWHGIURPHDFKLQGLYLGXDOYDOYHQR]]OHZDV
PHDVXUHGIRUGLIIHUHQWVHWWLQJV,QWKLVZD\LWZDVSRVVLEOHWRJLYHHDFKYDOYHDQ
LQGLYLGXDOVHWWLQJWRHQVXUHWKDWWKHVDPHDPRXQWRIZDWHUZDVHPLWWHGIURPHDFK
YDOYH
7KHUHDFWLRQRIWKHSULQWLQJSUHVVWRFKDQJHVLQLQNNH\VHWWLQJVZDVLQYHVWLJDWHG
LQRUGHUWRHQVXUHWKDWVDPSOHVDUHWDNHQDVVRRQDVSRVVLEOHDIWHUDGMXVWPHQWVLQ
LQNNH\VHWWLQJVEXWQRWEHIRUHWKHFKDQJHVRIWKH REVHUYDEOHYDULDEOHV FDXVHG
E\WKHDGMXVWPHQWVRILQNNH\VHWWLQJVIDGHDZD\7KHLQYHVWLJDWLRQVVKRZHGWKDW
WKH LQNGHPDQGKDVDELJLQÀ
G
XHQFHRQWKHUHDFWLRQWLPH7KHUHDFWLRQWLPHLVVKRUW
DWKLJKRUPHGLXP LQNGHPDQG
G DQGLQFUHDVHVDWORZ LQNGHPDQG3UREOHPVRFFXU
G
ZKHQGHFUHDVLQJWKHLQNNH\VHWWLQJVDWYHU\ORZ LQNGHPDQGV,QVXFKDFDVHLW
FDQWDNHDYHU\ORQJWLPHWR³JHWULGRIWKHLQNLQWKHSUHVV´,IZHH[FOXGHFDVHV
ZLWKYHU\ORZLQNGHPDQGWZRPLQXWHVLVDVXI¿FLHQWEXWQRWWRORQJZDLWLQJ
WLPHWRWDNHDVDPSOHDIWHUDFKDQJHRILQNNH\VHWWLQJ
7KH H[SHULPHQWDO WHVWV ZHUH GRQH LQ RUGLQDU\ SURGXFWLRQ RQ D IRXU KLJK RIIVHW
QHZVSDSHU SULQWLQJ SUHVV 7KH SUHVV KDV  LQN ]RQHV IRU HDFK F\OLQGHU (DFK
LQN]RQHLVDSSUR[LPDWHO\PPZLGH6DPSOHVZHUHFROOHFWHGDWRFFDVLRQV
GXULQJWKH¿UVWSDUWRIWKHMREUXQVGXULQJDSSUR[LPDWHO\RQHKRXURISURGXFWLRQ
HDFK'XULQJWKHMREUXQVWKHVDPHW\SHRIQHZVSDSHUZDVSULQWHGDQGWKH
VDPHW\SHRISDSHUZDVXVHG
$OOWKHSULQWUXQVVWDUWHGRIIZLWKD³FROG´SUHVV7KHSUHVVXVHGXVHVDSUHVHWV\V
WHPWRDGMXVWWKHLQNNH\VHWWLQJVSULRUWRSURGXFWLRQ7KLVUHGXFHVWKHZRUNORDG
RIWKHSUHVVRSHUDWRUDQGGHFUHDVHVWKHQXPEHURIDGMXVWPHQWVWKHSUHVVRSHUDWRU
KDVWRGRGXULQJWKHVWDUWXS7KLVZDVXQIRUWXQDWHIRUXVEHFDXVHZHJRWIHZHU
GDWDVDPSOHVSHUMREUXQDQGOHVVYDULDWLRQVLQRXUGDWDVHW

'DWDFROOHFWLRQ
:HXVHGDORJV\VWHPWRUHFRUGDOORXUYDULDEOHVGXULQJWKHMREUXQV7KHORJ
V\VWHPUHFRUGHGWKH LQNGHPDQGG IRUHDFKLQN]RQHDQGLQNDQGDOOWKHFKDQJHVRI
WKHYDULDEOHV[[[± [ IRUHDFKLQNDQGLQN]RQHGXULQJWKHMREUXQV
$OODGMXVWPHQWVPDGHE\WKHSUHVVRSHUDWRUGXULQJWKHMREUXQVZHUHIROORZHGE\
WKHORJV\VWHPDQGWKHSDJHQXPEHUZKHUHWKHDGMXVWPHQWVKDYHRFFXUUHGZDV
UHFRUGHG(YHU\WLPHWKHORJV\VWHPUHFRUGHGD³QHZ´FKDQJHIRUDSDJHDFKDQJH
RI VHWWLQJ RI DQ\ LQN NH\ IRU DQ\ LQN RQH VDPSOH±RQH QHZVSDSHU FRS\±ZDV
FROOHFWHG:KHQQRPRUHFKDQJHVZHUHUHFRUGHGIRUWKDWSDJHE\WKHORJV\VWHP
GXULQJWKHWZRPLQXWHVGHOD\WLPHDQHZVDPSOHZDVWDNHQ,QWKLVZD\LWZDV
SRVVLEOHWRREWDLQWKH &RORXU,PSUHVVLRQYDOXHVEHIRUHDQGDIWHUWKHFKDQJHV
7KHVDPSOHGQHZVSDSHUVZHUHPHDVXUHGRIIOLQHZLWKWKH0DOFROP,QVWUXPHQWDI
WHUWKHMREUXQV7KHGDWDFROOHFWHGFRQVLVWHGRIWKHREVHUYDEOHYDULDEOHV±&0<.
YDOXHV±PHDVXUHG RQ WKH JUH\EDUV SULQWHG DORQJ WKH HGJH RI HDFK QHZVSDSHU
SDJHDQGWKH DGMXVWDEOHDQGDGGLWLRQDOYDULDEOHV UHFRUGHGE\WKHORJV\VWHP
,QWRWDODQGGDWDSRLQWVZHUHFROOHFWHGIRUF\DQPDJHQWD\HO
ORZDQGEODFNLQNUHVSHFWLYHO\
7KHGDWDFROOHFWHGZHUHQRUPDOL]HGWR=(52 PHDQDQGYDULDQFH 21(DFFRUGLQJWR
WKHIROORZLQJHTXDWLRQV
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ZHUH 1LVWKHQXPEHURIGDWDSRLQWV
1
[LLVWKHYDULDEOHEHIRUHQRUPDOL]DWLRQ X LV
WKHPHDQYDOXHRI[LDQGıı LVWKHYDULDQFHRI[

5HVXOWV
2XUGDWDVHWVFRQWDLQGDWDZLWKUDWKHUVPDOOYDULDWLRQVVRZHKDYHWRWDNHVSHFLDO
FDUHZKHQUHPRYLQJRXWOLHUV2XWOLHUVDUHHUURQHRXVGDWDYDOXHVGXHWRQRLVHDQG
SUHVVRSHUDWRUHUURUV:HKDYHFKRVHQWRGH¿QHDQGUHPRYHRXWOLHUVIURPRXUFRO
OHFWHGGDWDVHWLQWZRGLIIHUHQWZD\VDQGWKHUHIRUHZHJRWWZRGLIIHUHQWGDWDVHWV
,QWKH¿UVWGDWDVHW±6(7,ZHGH¿QHWKHRXWOLHUVLQDPRUHUHVWULFWLYHZD\DQGJHW
DGDWDVHWZLWKORZQRLVHDQGVPDOOYDULDWLRQV,QWKHVHFRQGGDWDVHW±6(7,, ZH
GH¿QHWKHRXWOLHUVLQDOHVVUHVWULFWLYHZD\DQGJHWDGDWDVHWZLWKODUJHUYDULDWLRQV
DQGKLJKHUQRLVH

7$%/(/,1($535,17,1*35(6602'(/7(675(68/76)257+(6(7,, '$7$6(7
'DWD7UDLQLQJVHW

0D[LPXPHUURU

06(HUURU

0HDQHUURU
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2XU GDWD VHWV ZHUH UDQGRPO\ GLYHG LQWR OHDUQLQJ YDOLGDWLRQ DQG WHVW GDWD VHWV
DFFRUGLQJWRWKHIROORZLQJSURSRUWLRQV±±7KHOHDUQLQJGDWDVHWZDV
XVHGWRHVWLPDWHWKHSDUDPHWHUVRIWKHOLQHDUDQGQRQOLQHDUPRGHOV7KHYDOLGDWLRQ
VHWZDVXVHGWRFRPSDUHWKHGLIIHUHQWPRGHOV7KHWHVWGDWDVHWZDVXVHGWRWHVW
WKHPRGHOVFKRVHQ
:HWHVWHGRXUPRGHOVXVLQJERWK 6(7, DQG
G 6(7,,GDWDVHWV7DEOHVKRZVSUHGLF
WLRQHUURUIRUWKHWHVWVHWGDWDIRUWKHOLQHDUPRGHODQG7DEOHVKRZVWKHWHVWGDWD
VHWSUHGLFWLRQHUURUIRUWKHQRQOLQHDUQHXUDOQHWZRUNEDVHGPRGHO,QERWKFDVHV
WKH 6(7,GDWDVHWZDVXVHG7KHH[SHULPHQWZDVUHSHDWHGWLPHVZLWKGLIIHUHQW
7$%/(1(85$/1(7:25.%$6('35,17,1*35(6602'(/7(675(68/76)257+(6(7,
, '$7$6(7
'DWD7UDLQLQJVHW

0D[LPXPHUURU

06(HUURU

0HDQHUURU

















































































0HDQ







UDQGRPGLYLVLRQVRIWKHGDWDVHWDYDLODEOHLQWRWKHOHDUQLQJYDOLGDWLRQDQGWKH
WHVWGDWDVHWV$SUHVVRSHUDWRUQRUPDOO\DFFHSWVHUURUVXSWRRUXQLWVWKXVWKH
HUURUVREWDLQHGDUHTXLWHDFFHSWDEOH
:KHQZHXVHGWKH 6(7,, GDWDVHW WKHOLQHDUPRGHOVKRZHGHUURUVWZLFHDVELJDV
WKHRQHVREWDLQHGIURPWKHQRQOLQHDUQHXUDOQHWZRUNEDVHGPRGHO2XUWHVWVKDYH
DOVRVKRZQWKDWWKHUHLVDVLJQL¿FDQWGLIIHUHQFHLQWKHUHVXOWVREWDLQHGIRUWKHGLI
IHUHQWFRORXUV

7$%/( 7(67'$7$6(735(',&7,21(5525)257+(/,1($523(5$72502'(/
'DWD7UDLQLQJVHW

0D[LPXPHUURU

06(HUURU

0HDQHUURU

















































































0HDQ







7$%/( 7(67'$7$6(735(',&7,21(5525)257+(1(85$/1(7:25.23(5$72502'(/
'DWD7UDLQLQJVHW

0D[LPXPHUURU

06(HUURU

0HDQHUURU
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)LJ,QNNH\OHYHOVVHWE\WKHRSHUDWRU 2S. DQGWKHOLQHDURSHUDWRUPRGHOEDVHGFRQWUROOHU /LQHDU 

7KHSUHVVRSHUDWRUPRGHOEDVHGFRQWUROOHU
,IWKHRSHUDWRUPRGHOOLQJWDVNLVDQRQOLQHDUSUREOHPWKHQHXUDOQHWZRUNEDVHG
SUHVVRSHUDWRUPRGHOVKRXOGSHUIRUPEHWWHUWKDQWKHOLQHDURQH7DEOHVDQG
SUHVHQWLQJWKHWHVWGDWDVHWSUHGLFWLRQHUURUIRUWKHOLQHDUDQQRQOLQHDURSHUDWRU
PRGHOVKRZWKDWWKHUHLVQREHQH¿WLQFKRRVLQJDQHXUDOQHWZRUNIRUGHVLJQLQJ
WKHRSHUDWRUPRGHO
7KH SUHVV RSHUDWRU PRGHO EDVHG FRQWUROOHU SHUIRUPHG ZHOO RQ WKH WHVW VHW GDWD
+RZHYHUVXFKDFRQWUROOHUFDQKDUGO\SHUIRUPEHWWHUWKDQWKHRSHUDWRU7KHUH
VXOWVVKRZWKDWWKHRSHUDWRULVPRGHUDWHLQKLVDGMXVWPHQWVWRDYRLGRYHULQNHG
SULQWLQJ7KLVLVDQREVWDFOHIRULQFUHDVLQJWKHRSHUDWRUPRGHOEDVHGFRQWUROOHU
SHUIRUPDQFH
)LJXUHVKRZVRQHKXQGUHGGLIIHUHQWLQNNH\OHYHOVVHWE\WKHRSHUDWRUDQGWKH
OLQHDUSUHVVRSHUDWRUPRGHOEDVHGFRQWUROOHU$VFDQEHVHHQLQ)LJXUHWKHFRQ


0ERCENTAGE





























)NK KEY DIFFERENCE

)LJ'LVWULEXWLRQRIWKHGLIIHUHQFHEHWZHHQWKHRSHUDWRUDQGWKHOLQHDURSHUDWRUPRGHOSUHGLFWLRQV
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E
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)LJ,QNNH\OHYHO 2S. DVVHWE\WKHRSHUDWRUWKHFRORXULPSUHVVLRQYDOXH &L DQGWKHUHIHUHQFH
G
FRORXULPSUHVVLRQ 5 'DWDDUHVRUWHGWRREWDLRQDVHWRILQFUHDVLQJLQNNH\YDOXHV

WUROOHUSUHGLFWLRQVIROORZWKHRSHUDWRUVHWWLQJVTXLWHZHOO7KHKLVWRJUDPRIWKH
GLIIHUHQFH EHWZHHQ WKH RSHUDWRU LQNNH\ VHWWLQJV DQG WKH FRUUHVSRQGLQJ OLQHDU
SUHVVRSHUDWRUPRGHOEDVHGFRQWUROOHUSUHGLFWLRQVVKRZQLQ)LJXUHLQGLFDWHV
WKDWRIWKHSUHGLFWLRQVKDYHDQHUURURIQRWPRUHWKDQXQLW
,QNNH\VHWWLQJVDUHGHSHQGHQWRIWKH LQNGHPDQG,Q)LJXUH
G
&RORXU,PSUHV
VLRQYDOXHV &L IRUWKHWHVWGDWDVHWDQGWKHLQNNH\OHYHOVVHWE\WKHRSHUDWRU 2S
.  DUH VKRZQ 7KH ¿JXUH VKRZV WKDW WKHUH LV QR FOHDU FRUUHODWLRQ EHWZHHQ WKH
&RORXU,PSUHVVLRQYDOXHVDQGWKHLQNNH\VHWWLQJV7KLVLVGXHWRWKHIDFWWKDWWKH
LQNGHPDQGLVGLIIHUHQWIRUWKHGLIIHUHQWGDWDSRLQWV$VFDQEHVHHQLQ)LJXUH
G
WKH &RORXU,PSUHVVLRQ &L KDVDQHJDWLYHELDVWRWKHGHVLUHG&RORXU,PSUHVVLRQ
7$%/( 7(67'$7$6(735(',&7,21(5525)257+(,19(56(35,17,1*35(6602'(/
'DWD7UDLQLQJVHW

0D[LPXPHUURU

06(HUURU

0HDQHUURU
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)LJ&RUUHFWLQNNH\OHYHO 2S. DQGWKHOHYHOSUHGLFWHGE\WKHLQYHUVHPRGHO ,0 EDVHGFRQWUROOHU

YDOXH 5 7KLVQHJDWLYHELDVPDNHVLWGLI¿FXOWIRUWKHSUHVVRSHUDWRUPRGHOEDVHG
FRQWUROOHUWRSHUIRUPEHWWHUWKDQWKHRSHUDWRU
,QYHUVHSULQWLQJSUHVVPRGHOEDVHGFRQWUROOHU
7KHLQYHUVHPRGHOSUHGLFWVWKHLQNNH\OHYHOUHTXLUHG7DEOHLOOXVWUDWHVWKHSUH
GLFWLRQDFFXUDF\RIWKHPRGHO7KHSUHGLFWHGLQNNH\YDOXHVIROORZWKHFRUUHFW
LQNNH\OHYHOVLQWKHWHVWGDWDVHWTXLWHZHOODVLWFDQEHVHHQIURP)LJXUH7KH
KLVWRJUDP RI WKH GLIIHUHQFH EHWZHHQ WKH LQNNH\ OHYHOV VHW E\ WKH RSHUDWRU DQG
WKHFRUUHVSRQGLQJLQYHUVHPRGHOEDVHGFRQWUROOHUSUHGLFWLRQVVKRZQLQ)LJXUH
LQGLFDWHVWKDWRIWKHSUHGLFWLRQVKDYHQRHUURUDQGRIWKHSUHGLFWLRQV
KDYHDQHUURURIXQLW7KHPD[LPXPHUURURIXQLWVDQGWKHPHDQHUURURI
XQLWVKDYHEHHQREVHUYHG




0ERCENTAGE































)NK +EY DIFFERENCE

)LJ'LVWULEXWLRQRIWKHGLIIHUHQFHEHWZHHQWKHFRUUHFWLQNNH\OHYHODQGWKHOHYHOSUHGLFWHGE\WKH
LQYHUVHPRGHO

&RQFOXVLRQVDQGGLVFXVVLRQ
7KHSULQWLQJSUHVVPRGHOOLQJUHVXOWVKDYHVKRZQWKDWLWLVSRVVLEOHWREXLOGPRGHOV
WREHXVHGIRUFRQWUROOLQJLQNÀRZLQDQHZVSDSHUSULQWLQJSURFHVV7KHQRQOLQ
HDUQHXUDOQHWZRUNEDVHGPRGHOVKDYHVKRZQEHWWHUSHUIRUPDQFHWKDQWKHOLQHDU
RQHV
,PSURYLQJ WKH SUHGLFWLRQ DFFXUDF\ RI RXU PRGHOV FDQ EH GRQH E\ DYHUDJLQJ
SUHGLFWLRQVIURPPXOWLSOHPRGHOVDQGE\DYHUDJLQJPHDVXUHPHQWVIURPVHYHUDO
VDPSOHV
7KHSHUIRUPDQFHRIWKHSUHVVRSHUDWRUPRGHOEDVHGFRQWUROOHUGHSHQGVRIWKHVNLOO
DQGH[SHULHQFHRIWKHSUHVVRSHUDWRUVSDUWLFLSDWLQJLQWKHWUDLQLQJSURFHVV
,QYHUVH SULQWLQJ SUHVV PRGHO EDVHG FRQWUROOHU KDV VKRZQ WKH EHVW SHUIRUPDQFH
DPRQJDOOWKHIRXUFRQWUROOHUVWHVWHG7KHREWDLQHGFRQWUROOLQJDFFXUDF\RIWKHLQN
ÀRZSURFHVVZDVKLJKHUWKDQWKDWREWDLQHGIURPWKHH[SHULHQFHGSULQWLQJSUHVV
RSHUDWRU
,QIXWXUHZRUNZHDUHJRLQJWRWDNHVWHSVWRZDUGLPSOHPHQWLQJWKHFRORXUFRQWURO
V\VWHPRQOLQH

$FNQRZOHGJPHQWV
7KH DXWKRUV ZLVK WR WKDQN WKH VWDII RI WKH 97$% SULQWLQJ SODQW LQ +DOPVWDG
6WRUD (QVR 1HZVSULQW +\OWH 0LOO +DOODQGVSRVWHQ$% DQG WKH ..IRXQGDWLRQ
RI6ZHGHQIRUIRXQGLQJWKLVSURMHFW6SHFLDOWKDQNVWR($( (ZHUW$KUHQVEXUJ
(OHFWURQLF *PE+

/LWHUDWXUHFLWHG
$OPXWDZD6DQG0RRQ<%
 ³7KH GHYHORSPHQW RI D FRQQHFWLRQLVW H[SHUW V\VWHP IRU FRPSHQVDWLRQ RI
FRORUGHYLDWLRQLQRIIVHWOLWKRJUDSKLFSULQWLQJ´$UWL¿FLDO,QWHOOLJHQFHLQ(QJLQHHU
LQJSS±
%LVKRS&0
³1HXUDO1HWZRUNVIRU3DWWHUQ5HFRJQLWLRQ´2[IRUG8QLYHUVLW\3UHVV
+DVWLH77LEVKLUDQL5)ULHGPDQ-
³7KH(OHPHQWVRI6WDWLVWLFDO/HDUQLQJ´6SULQJHU
0DOPTYLVW.9HULNDV$%HUJPDQ/0DOPTYLVW/
³0DOFROP±DQHZSDUWQHULQJUDSKLFDUWTXDOLW\FRQWURO´7$*$3URFHHG
LQJVSS±
3RSH%DQG6ZHHQH\-
³3HUIRUPDQFHRIDQRQOLQHFORVHGORRSFRORUFRQWUROV\VWHP´7$*$3UR
FHHGLQJVSS±

