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From the Editor
Dear readers
In front of You is the fifth issue of the Journal of Graphic
Engineering and Design - JGED.
We are pleased that this issue of the journal is published at
the same time of the sixth symposium of Graphic Engineering and Design GRID 12.
All of these publications contribute to the development of
graphic technology and design.
This issue also similarly to previous issues includes papers
from wider range of topics.
The first published paper researches how are the physicalchemical parameters of printing related to the quality of the
print.
A particularly interesting and novel is the research in the
field of infrared images hidden in tone reproduction.
Research in the field of flexographic printing has a special
significance for the improvement of this area of graphic
technology.
The last published paper in this issue investigates new test
methods based on the reflection in terms of quality and
their application as algorithms in using digital cameras as
tristimulus colorimeters.
This issue of the journal offers the scientific and professional
community thematic diversity which we hope will be inspiring for some new research papers.
To all those who have contributed to a number of quality
papers published in our journal I would like to thank most
sincerely and I invite researchers to publish their papers in
JGED.
Prof. PhD Dragoljub Novaković
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Abstract:
The influence of pH and conductivity of fountain solutions on the quality of dot, line and text raggedness was
investigated. Physico-chemical parameters of fountain solutions were analyzed by standard methods. Image quality assessment (IQA) was carried out using the ISO methodology and ImageJ software. There is a great influence
of pH and conductivity of fountain solutions on the final quality of magenta prints. Magenta dot circularity on
the printed sheets showed the mutual nonlinear dependence, second-order polynomial, followed by equation: y =
0.00514x2 - 0.07524x + 0.78238. Line analysis pointed out the least raggedly edges of 1pt horizontal and vertical
lines. Times printed text had the most raggedly edges in comparison with Arial. The results indicated that the dot
circularity, line and text raggedness could be useful attributes in the quality control of offset prints.
Keywords: pH, conductivity, fountain solution, sheet-fed offset, print quality

Introduction
Offset printing is a commonly used printing technique
which requires the application of printing ink, fountain
solution, printing plate and blanket. Fountain solution,
as one of the major offset printing component, has seven key functions:
•
•
•
•
•

keep ink off the background with a film of water;
maintain the hydrophilic nature of the background;
quickly clean ink off the background during press
starts;
promote fast spreading of water over the plate surface;
help the water flow evenly through the dampening
rollers;

First received: 26.6.2012.
Accepted: 24.08.2012.

•
•

lubricate the plate and blanket;
control emulsification of ink and water (Dynodan,
2012; Fuchs, 1996; Froberg et al., 2000). This
control is important to ensure the consistent and
recommended composition and maintenance of all
components, water, wetting agent (isopropyl alcohol), buffer, desensitizing agent (gum-arabic), corrosion inhibitor, biocide and additives, in order to
achieve the fountain solution effectiveness.

Accurately-measured pH and conductivity of fountain
solution are both essential for quality printing. While
these two parameters are basically independent, each
one provides vital information about the water quality
and composition of fountain solution during the press.
Fountain solutions are normally buffered at specific pH
levels of 4-5.5.
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Conductivity, as another important parameter of fountain solution, complements the pH in two ways: (i) by
accurately identifying initial fountain solution strength
and (ii) by gauging the contamination fountain solution picks up during production. The ink and paper,
as primarily alkaline-based materials, contaminate the
fountain solution and weakening the buffer capacity.
As consequence the fountain solution than affects the
final print quality and leads to scrumming, toning, tinting, etc. (PIA/GATF, 2007; Deshpande, 2011; Mahajan, 2006; Sappi Europe SA, 2004). Therefore, in order
to prevent the negative effects of pH and conductivity
on print quality the monitoring of these parameters is
necessary.
A common way to analyze the print quality is quantitatively assess the image tone and colour with light-reflection measuring. The image tone and colour are easily perceptible but they are not sufficient to determine
print quality. Therefore, several standards of graphic
images quality, developed by the International Standards Organization, have defines various parameters
such as tone, colour, resolution, contrast etc. (Dhopade,
2011). Standard ISO 13660 (ISO, 2001) in accordance
with standard ISO 19751 (ISO, 2004) provides definitions of 14 different printed image’s attributes, categorized in two groups by their domain of appearance that
help analyze the printing defects:
1.

2.

Area attributes: darkness, background haze, graininess, mottle, extraneous marks, and background
voids.
Character and line attributes: blurriness, raggedness, line width, darkness, character contrast, fill,
extraneous marks, character field, and background
haze.

The objective of this investigation was to establish the
press quality due to the influence of pH and conductivity of fountain solution on dot circularity, line and text
raggedness.

Materials and methods
Offset printing process. A four-colour offset printing
press Heidelberg SM HD102VP, which prints in the sequences MCYK, was used as the investigated printing
machine. Printing was done by CAPRICORN VT thermal positive offset plate (KODAK, Germany) which
contained the CMYK colour strips, horizontal and vertical lines and serif and sans-serif text.
Thirteen printed sheets (samples 1-13) were collected
from the delivery unit during the printing of 24,000
prints. Samples 1 and 13 were taken at the beginning
and at the end of a print run, respectively. All other
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samples were collected once after every 2,000 prints.
Sample 7 was taken at the half of a print run.
Fountain solution. The fresh fountain solution was
prepared by mixing of 2% buffer (P56 Alkopufer,
Cinkarna Celje, Slovenia), 12% isopropyl alcohol (P43
ISO fount, Cinkarna Celja, Slovenia) and 86% tap (untreated) water. The tap water, as the highest proportion
ingredient in fresh fountain solution, was taken for the
analysis.
Each fountain solution sample (1 to 13) was followed
by the printed sheet and analyzed in-situ.
Fountain solution dosing system. The Baldwin circulating device equipped with a refrigerating unit and storage tank with an alcohol control (Balcontrol) have been
installed on Heidelberg SM HD102VP offset printing
press.
Before the printing, the mixture of buffer and tap water (fountain solution) flows through the feed line via
the preliminary filter into the storage tank where alcohol is added from alcohol storage bottle (Balcontrol).
Such prepared fountain solution is cooled by the cooling coils and its level in storage tank is controlled by
the float valve. During the printing, the fountain solution circulates from the storage tank to the aggregates
of printing press and the surplus of fountain solution
flows back to the storage tank through an overflow
pipe. The recirculated fountain solution which contains
ink residue, oil, paper dust and spray powder is cleaned
by the filter, which also serves to reduce the formation
of foam.
Ink. During the printing two magenta ink samples
(Inkredible RAPIDA F 10 RP, Huber group, Germany)
were taken from magenta ink unit. Sample 1 was the
reference magenta ink, whereas sample 2 was magenta
ink at the half of a print run (sampled with sample 7
of fountain solution). The chemical composition of
Inkredible RAPIDA sheet-fed offset ink specified by
Huber group is presented in Table 1.
Table 1. Chemical composition of sheet-fed offset ink
(Huber group, 2009)
Component
mass %
Pigment (organic and inorganic)
10 - 35
Carbon black
0 - 20
Resin
20 - 35
Vegetable oil
15 - 20
Mineral oil
15 - 20
Additives
>10
Paper. A glossy coated paper (BIOGLOSS, B&B Papirnica, Vevče) defined as Type I in ISO 12647-2 (ISO,
2004) was used for the printing process.
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Elements for image quality assessment (IQA). CMYK
colour strips with patches of 0, 2, 4, 6, 8, 10, 20 30, 40,
50, 60, 70, 80, 90, 92, 94, 96, 98 and 100% tone value,
horizontal and vertical lines (1, 1.5 and 2 pt) and Times
and Arial text (4, 5, 6, 7, 8, 9, 10, 11 and 12 pt font size)
were used for the IQA test.

samples with 1200 dpi resolution for the analysis of
line and text raggedness. After this procedure, the print
defects are detected and quantified by the ImageJ software. It must be noted that ‘paper’ is neglected as an influencing parameter, because the same paper was used
during the printing.

Methods

Results and discussion

Measuring of pH and conductivity. During the printing
process pH value and conductivity of fountain solution
were monitored in-situ by HANNA handheld combo
tester HI 98129 (USA). Also, the same instrument was
used for pH, conductivity and total dissolved solids
(TDS) measurement of tap water.

Work experience has shown that the most common
press problems in offset printing are pH/conductivity
related. Therefore, in order to obtain the consistent,
high-quality results in offset printing process it was
essential to accurate control the physico-chemical
parameters of tap water and fountain solutions during
the printing. The values of conductivity and total
dissolved solids (TDS) (Table 2) indicated that used
tap water contains the significant amounts of dissolved
ions, which is confirmed by hardness of 11odH.
Although the used water is hard, it is suitable for the
offset printing process.

Measuring of hardness. The measurement of water
hardness was conducted in the laboratory by using the
standard analytical method.
Measuring of Ca2+ ion concentration. The Ca2+ ion
concentration in tap water was determined by Inductively Coupled Plasma with Mass Spectrometry (ICPMS), using a PerkinElmer Elan 5000 mass spectrometer (USA).
Elemental analysis of magenta ink. Scanning electron
microscopy (SEM), SEM JEOL JSM-6460 LV with
Oxford INCA Energy EDS system operating at 20 kV
was used in order to determine the elemental analysis
of magenta ink.
Image quality. Spectrophotometer SpectroPlate
(TECHKON GmbH, Germany), flat-bed scanner CanoScan 5600F (Canon Inc., Canada), Adobe Photoshop
CS3 and ImageJ (version IJ 1.45m) were used for IQA
test. The IQA was carried out using the ISO 12647, ISO
13660 and ISO 19751 methodology in order to analyze
the quality of dot, horizontal and vertical line, serif and
sans-serif text style on thirteen printed sheets (samples)
during the changes in fountain solutions quality.

Analysis of dot, line and text
Parameters, such as line and text raggedness and dot
circularity were of interest in this study, since these parameters have an obvious and major influence on the
quality of any print. The analysis required the usage of
‘visual rulers’ or ‘ideal prints’ (in our case it was original print layout) which were compared to the actual
samples to check the significance of the generated data.
As the actual samples it was used:
(i) the microscopic images of 30% CMYK tone value
for the analysis of dot circularity and (ii) the scanned

Table 2. Physico-chemical parameters of tap water
Parameter
pH
Conductivity
Hardness
TDS
Ca2+ ion concentration

Value
7.49
497
11
196.9
249
155.2

Unit
mS/cm
°dH
mg/l CaCO3
ppm
mg/l

The study showed that the values of pH and conductivity of fountain solution samples significantly varied
during the printing (Figure 1) with the increasing tendency of both parameters in sample 7. The explanation
for those phenomena is the fact that conductivity rises
as the press runs due to increased contamination from
inks, paper dust, metals particles of press/dampening
system and atmospheric gases. Whereas, increasing of
fountain pH value is caused by buffer capacity weakening during the interaction of fountain solution with
paper, ink, plate coatings or metal offset plate. Higher
print speed and interaction between the used materials
during the reproduction process gradually increasing
the fountain solution contamination in Baldwin system causing weakening of buffer capacity which was
reflected through the slightly increasing of pH and conductivity in samples 1 to 6. Dramatically increasing of
both parameters are observed at the half of a print run,
sample 7, when buffer totally disappear from fountain
solution. After that, the decreasing trend of pH and conductivity is observed in samples 8 to 13 due to the new
quantities of buffer and tap water was dosed in Baldwin
system, which significantly diluted the contaminated
fountain solution and allowed its further usage in the
printing process.
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and 3, showed that the dominant element in magenta
ink formulation is calcium.

Figure 1. A correlations between pH and conductivity
of fountain solutions (samples 1-13)
However, the most common reason for pH and conductivity changes is calcium carbonate. Therefore, in order
to investigate a reason for the pH/conductivity changes
in fountain solutions two magenta ink samples were analyzed by Energy Dispersive Spectroscopy (EDS). The
obtained EDS spectra of the magenta samples, Figs. 2

The EDS elemental analysis of the magenta samples
indicated that the amount of calcium decreased in magenta sample 2 due to the higher interaction between
magenta ink and fountain solution on the press, which
caused calcium ions to be absorbed into the fountain
solution. Exactly this phenomena, so called saponification of magenta ink, slightly increases pH (up to 5.61)
and conductivity (up to 374 mS/cm) of fountain solutions (samples 1 to 6), and dramatically increased in
sample 7. In samples 8 to 13 pH and conductivity have
decreasing trend. Based on obtained experimental data
it can be concluded that calcium ions from magenta
ink affect the quality of fountain solution by causing a
change in fountain solution quality parameters during
the printing.

Dot quality
One important factor for print quality is the sharpness
and contrast of halftone dots that are used to print continuous-tone images. The sizes of the dots on the prints
must not be significantly modified, i.e. they must not

Figure 2. EDS elemental spectrum of reference magenta ink (sample 1)

Figure 3. EDS elemental spectrum of magenta ink at the half of a print run (sample 2)
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change either the size or their ideal geometrical shape
(circularity). The results of dot circularity in this investigation showed the deviations from circularity (ideal
value 1) for all colours (CMYK) during a print run
(Figure 4). Yellow dots were the most ragged and had
irregular, distort shape with circularity less than 0.44
and standard deviation (SD) up to 0.08. The best circularity was observed for black and cyan dots, whereas
the magenta dots showed the significant decreasing and
increasing of circularity during a print run.

Figure 5. Magenta dot circularity dependence on
samples of printed sheets
The comparison of the curves from Figs. 1 and 5 indicated that magenta dot circularity could be in the correlation with pH and conductivity during a print run, i.e.
increasing of pH and conductivity caused decreasing of
magenta dot circularity, and vice versa. The reason for
these correlations was calcium ion and its concentration changes (amount of salt) in magenta ink during the
printing.

Figure 4. Dot circularity changes during a print run
Although, there was observed the changes between
the cyan, yellow and black dot circularity and printed
sheets (1 to 13), but theirs mutual dependences could
not be described by any of the function. While the nonlinear dependence, described by second-order polynomial, was existed between the magenta dot circularity
and printed sheets (1 to 13). The dependence of magenta dot circularity on samples of printed sheets with the
equation curve: y = 0.00514x2 - 0.07524x + 0.78238 is
presented in Fig. 5. This correlation is weak: correlation
coefficient, R2 = 0.4527; standard deviation SD = 0.08.

Experimental data indicated that dot reproduction was
not consistent during a print run due to the high standard deviation (up to 0.08) and the dissimilarity of dot
shape.

Line and text quality
As an image quality must not be judged based on a
single entity such as dot circularity, the reproduced line
and text must be considered. Line and text analysis is
easier since they primarily depended on the value of
‘raggedness’ (the geometric distortion of the edges of
the line and text). Since ISO 13660 standards (ISO,

Figure 6. Vertical line raggedness as a function of: a) line area and b) line perimeter (black colour)
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Figure 7. Horizontal line raggedness as a function of: a) line area and b) line perimeter (black colour)
2001) defines only the minimum length of line (1.25
mm) in this study the analyzed horizontal lines were
longer than vertical. A good quality line and text is
described as the one having the least raggedness and
sharp edges.
Considering the results it was showed that the area and
perimeter of analyzed lines increased during the printing due to the ink smearing on the line edges (Figs. 6
and 7). The results of line area (Figs. 6 a and 7 a) for
black color indicated that vertical 1.5pt line (with 2.2 to
5.3% area increase) and horizontal 1.5pt line (with 6.4
to 10.5% area increase) had the most raggedly edges.
Line raggedness as a function of line perimeter, Figs.
6 b and 7 b, showed also that vertical 1.5pt line (with
2 to 8.9% perimeter increase) and horizontal 1.5pt line
(with 2.4 to 7.8% perimeter increase) had the most raggedly edges. The possible reason why line of 1.5pt had
the most raggedly edges (regard to lines of 1 and 2pt) is
the damaged blanket in the region of printed 1.5pt line,
which caused addition ink smearing on line edges. In
the both cases, the least raggedly edges are obtained on
the tiny horizontal and vertical lines (1pt).

The text analysis also showed that the text area increased during the printing due to the ink smearing on
the text edges (Figure 8 a, b). If visually checked, all
the prints with a text value up to 12 units showed no
eye visible difference, but when magnified they look
raggedness. For the serif font, Figure 8 a, the least raggedness is observed with 10pt font size (up to 7.6%
area increase); whereas 5pt font size had the most raggedly edges (up to 41% area increase). The sans-serif
font (Figure 8 b) showed significantly better results in
comparison with the serif font. The least raggedness is
observed with 9pt font size (up to 5.3% area increase);
whereas 4pt font size had the most raggedly edges (up
to 12.4%).
The similar curves are obtained for cyan, magenta and
yellow printed lines and text, and therefore it was irrelevant whether the results of magenta or black, yellow
and cyan are shown. Experimental data indicated that
between line and text on printed sheets and pH and conductivity of fountain solutions did not exist the mutual
dependences.

Figure 8. Text raggedness: a) Times and b) Arial font
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Conclusion
The experimental data indicated that the values of pH
and conductivity of fountain solution significantly varied during the printing with the increasing tendency of
both parameters in sample 7 due to the higher interaction of fountain solution with ink and absorption of
calcium ions into the fountain solution. The changes
of calcium mass share in used magenta inks were confirmed by EDS characterization.
Although the measurements in ImageJ software showed
the considerable deviation of yellow and magenta
dot circularity, only between magenta dot circularity
and the samples was existed the mutual dependence,
second-order polynomial, described by equation: y =
0.00514x2 - 0.07524x + 0.78238.
The optimal prints were obtained with black and cyan,
i.e. these prints showed the lowest tone value increase
and the higher value of dot circularity. The geometric
distortion of the printed line and text was also identified. The line analysis showed that 1.5pt horizontal and
vertical lines had the most raggedly edges, whereas the
least raggedness was obtained with 1pt horizontal and
vertical lines. The sans-serif font, Arial, showed the
least raggedly edges in all range of font size (4-12pt),
in comparison with Times.
The results showed that pH and conductivity changes
in fountain solutions only influenced on magenta dot
circularity, whereas they have not influenced on line
and text raggedness.
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Abstract:
Extended colour management is introduced for integrating the colorants visual characteristics in the visual, but
also in the near infrared spectrum (NIR). Many conventional graphic inks are such that their light absorption in the
visual (V) and NIR specter can be very well measured, and we are using this for our goal which is the following:
firstly to create a double condition of graphic reproduction - invisible graphics to the human eye, but allowing to be
registered by instruments measuring in the NIR area. The second goal is to design graphic elements that are not recognized in the NIR specter, but are visible so that we can see them. And thirdly: to produce a “double image” with
conventional graphic inks, but in such a way that each image is recognized only in the previously set wavelengths.
This approach introduces modified learning on graphic arts separation where two independent images are joined
in creating CMYK printing channels. The second image as a gray record is the desired black component (K) in the
first visible spectrum image. The standard colour management ends in the visible space (1) but with the help of inks
management, a second hidden image can be developed in the NIR space. Channel K acquires a new meaning. It is
the carrier of its own information in image and text form.
Key words: infraredesign IRD, near infrared NIR, CMYKIR separation

1 Introduction
The conversion from a RGB (Red, Green, Blue) record
into a CMYK record (Cyan, Magenta, Yellow, Black,
most often carbon black K)  for graphic requirements
includes also some achromatic methods (GCR Gray
Component Replacement, UCA Under Colour Addition i UCR Ander Colour Removal)(2). They take care
of replacing CMY with K, the information about which
has been extracted from the same image in question.
First received: 28.08.2012.
Accepted: 24.09.2012.
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Conventional colour management and computer programs offer separation with the participation of channel
K in several discrete levels.(3)
If we separate colour tone V(treated as visible image),
Figure1., coverage will be achieved for each channel
separately, in a uniform tone over the whole space of
this single-tone image. Before initiating the translation
from RGB (28) into CMYK (%), it is necessary to decide which change of CMY towards CMYK we wish
to achieve.

Faculty of Technical Sciences - Graphic Engineering and Design
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206
28
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(1)

For V colour tone (equation 1), Lab  Values: 38,-7,-12,
(Figure 1.) shows some possible K conversion set-ups:
implemented profile-eurostandard coated v2
Table 1. Possible reproduction set-up coverages (â)
for the observed colour V
set-up coverage (% â)

C

M

Y

K

None reduction (X0)

77

58

47

0

Light (reduction)

78

50

42

21

Medium (reduction)

71

39

33

35

Heavy (reduction)

51

17

15

56

Maximum  (reduction) (Xmax)

29

2

3

67

Any choice will result with the same V set-up in the
visual spectrum, although the material composition of
the CMYK channel will be different, but nevertheless –
single tone. For each set of process inks, - the values are
characteristic for them. The following set-ups are given
for Xeikon digital printing: /medium: 58,24,14,56 and
maximum Xmax: 33,6,3,78/

ages in a specific manner for CMYKIR separation.
The first picture is only tone V (Figure 1., equation 1).
The second picture (Figure 2.) sets the participation of
the black component K in the separation: the conversion of RGB into CMYK(2) set-up. The second image
(portrait SP, Gray scale, Figure 2, channel K following
CMYKIR separation) will be visible in the NIR wavelengths.(4) The visual impression of such a reproduction is the uniform tone V. The portrait will be hidden
behind the visual spectrum image.
It is possible to carry out the conversion of CMY for
CMYK in an infinite number of ways for continuous
values ranging from K=0 to K=  Kmax. Possible values
are given for the V colour tone regarding the conversion
of CMY coverage components with increasing K to the
maximum, with the goal to calculate the regression equation of continuous values for CMY and K conversion.
The  X0 do Xmax  is set for tone V, with coverage (%)
C0=85, M0=60, Y0=50 respectively (numerical values
are for the experimental profile frame: RGB Adobe
1988, CMYK: Euroscale coated v2).
Values C1,M1,Y1 have been obtained with a regression
analysis of approximate of square curve values, shown
in Graph 1.

85
𝑋𝑋𝑋𝑋0 = �59�
49

Uniform colour tone separation with the
exterior grey scale picture as the K channel
The new way of separation is demonstrated as an extreme case. The first experiment uses two input im-

𝐾𝐾𝐾𝐾
𝐾𝐾𝐾𝐾

� 2�
while K0 = 0      and   X=X0 – E*          ,   (2)

Table 2. CMY coverages measured values, and C1M1Y1 from square equation (2, 3)
K

C

M

Y

C1

M1

Y1

0(X0)

86

60

50

85,39798

59,29791

49,29208

5

85

58

49

84,96145

58,02908

48,53471

10

84

56

47

84,03677

56,26738

47,37775

15

82

54

45

82,62393

54,01281

45,82119

20

80

51

43

80,72293

51,26538

43,86503

25

78

47

41

78,33379

48,02507

41,50927

35

72

40

36

72,09102

40,06587

35,59896

40

70

35

33

68,23741

35,34696

32,04440

48

61

28

26

61,05627

26,77155

25,52595

58

50

16

16

50,32249

14,27797

15,93932

63

44

7

11

44,22336

7,291876

10,54661

67(Xmax)

39

0

5

38,99259

1,34813

5,944720
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where parameter E values are:

0,03849
E=� 0,20448
0,11151

0,00976
0,00986� ; (3)
0,00799

The second image, portrait (SP) is shown as a gray
scale, and is the basis for incorporating into the first
image. CMYKIR separation joins two images according to relations (2) and (3) that describe the consistency
of tone V .
The result is given in Figure 3 for all four CMYK channels. By joining all four separation channels a CMYK
picture is produced which has a uniform content in the
overall space, i.e. visually - the colour tone shown in
Figure 1. On the other hand, each channel has its own
coverage. A modified Figure 2 (SP portrait) is situated
in the K channel. In the other separation CMY channels
there is a difference in the portrait coverage from the K
channel in respect to relations (2) and (3).

Graph 1. Continuous (reduction of) coverage C, M, Y
depending on K for colour tone V and C0M0Y0
The average drop of the conversion for CMY: -0.701,
-0.896, - 0.672 respectively, deviates by far in respect
to the the academic value amounting to -1. Even the
slightest error outside the given equations will show in
the CMYKIR separation (5) as an error. The real life
inks seem like an enormous world of exceptions. The
proposal of a single tone interpreted as a square equation provides a well hidden CMYKIR picture.

Cyan separation channel                Magenta separation channel

Yellow separation channel      K carbon black separation channel  
=> NIR(set up stage 1)

Figure 3. Content of C, M, Y and K separation
channels

Figure 1. Hue of the tone VRGB

Figure 2. Gray scale portrait (SP)

10

Figure 3 shows four conventional channels;  CMYK(1).  
By joining those four channels (CMYK (set-up 1) ) an
image is created with only one tone (V) on the overall
space, identical to Fig 1.

Figure 4. Hue of the colour V presented in CMYK mode

Faculty of Technical Sciences - Graphic Engineering and Design

If this CMYK having four different values along its
channels is translated into the RGB area, a uniform colour tone is produced on the overall image. If separation is continued from the newly-created RGB mode
into the CMYK mode with conventional separation, the
same tone V is produced, but all the CMYK(set-up 2)   
channels are with single tone values. In such a case all
the initial set-ups shown in Figure 3 are lost forever.
By joining CMYK channels an invisible image is created, visually only a uniform V colour tone. The portrait
is not observed in VS. However, it is recognized in the
NIR wavelengths due to the plan to print the K channel with Carbon black that absorbs the NIR spectrum.
Numerical data on Figure 3. are valid for the Euroscale
ve coated coloursetting, whereas the tone achieved for
other coloursettings is not as uniform, and the square
equation parameters must be calculated all over from
the very beginning.
Following the coloursetting change that had not been
the basis for calculating the relation between CMY and
K from relations (2) and (3), a partial appearance of the
portrait in the VS and RGB mode will follow, and in
CMYK(2) mode. Such experiments are a good test for
evaluating the chosen coloursetting and its dependency
on real life process inks and on the substrate material.
Experimenting with different coloursettings in this
example is ideal for having motivation to understand
three different worlds in colour management: visual
colours, colours on the computer monitor and material
colorants printed on paper.
This example shows that any uniform colour tone can
carry information that is not planned to be seen by the
human eye. The area of application is enormous: military uniforms, flags, state symbols in the uniform and
single tone space.

Discussion

4, Conclusion

Described procedure specifies and interprets achieving
the process of displaying two different images, first visible, while second image, IR visible image utilises custom adjusted colour management and colour settings
customised from the visible part of the spectrum image.
Defined visible profile usage is nesessary, taking into
account that unfavourable setting decreases IR separation efficiency and effect. Second image visualisation
is easy possible with simple procedure and device, and
also it can be numerically evaluated. As standard reproduction inks are commonly used, CMYKIR separation
process can be obtained practically in any graphic reproduction process, and steganographic effect of the IR
image is wasted by repeated scanning and digitalisation
process.
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CMYKIR separation using standard process inks,
that can be used as steganographic, implies planning
of inks composition that on the basics of given RGB
value would produce continuous different values in
NIR spectrum. That values can produce combinations
from zero to its maximum, but   preserving constant
RGB values (graph 1). With process inks (combinations)  its posasible to reach desired absorption in NIR
spectrum. Minimum value (X0) is the value containing
only C0M0Y0 values, besides conventional separation
from RGB toward C0M0Y0 . Colour impression in that
stage   NIR instruments do not register. Carbon black
maximum  component for CMY substitution produces
strongest absorption impact in NIR spectrum. At that
point at least one of C, M, Y components achieves zero
value. Let this state be described as Cmax Mmax Ymax Kmax
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Abstract:
This study presents statistical evaluation of the dot area and line width on thermally developed CtP flexo printing
plates using image analysis software PerfectEye v4.03. The aim of the study was to determine whether the dot area
and line width when different processing parameters are applied (different main exposure time and different number
of rotations of developing drum during developing process) were statistically different from each other or not. Image analysis of dots and lines were performed with a VipTronic Vipdens measuring device using CCD camera and
a PerfectEye image analysis software. The shape data, dot area and line width were compared by applying one way
ANOVA (analysis of variance) method followed by post hoc Tukey’s test using the software SPSS (Statistical Package for Social Science) and independent sample T-test with a 0.05 significance level. Statistical analysis revealed
that the difference between the dot area and line width for different processing conditions are significant with a 95%
confidence level.
Key words: CtP flexo printing plate, ANOVA, independent sample T-test, main exposure time, thermal
development

Introduction
Today there are not many printing technologies such as
flexography which can be labelled as constantly progressing and growing printing process. Due to its cost
effectiveness for many applications, versatility and efficiency, it became growing printing process with constant improvements in quality of the produced imprints.
First received: 14.08.2012.
Accepted: 29.09.2012.
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One of the biggest advantages that flexography can offer is its capacity to print on a variety of the absorbent
and non-absorbent substrates including coated and
uncoated paper board, metalized foils, paper foils and
plastic films, used especially in the packaging industry
(Kipphan, 2001, Rentzhog, 2006, Lanska, 2007).
Flexography is a relief printing process meaning that
the image areas on the printing plate are raised above
the non-image areas. During the reproduction process

Faculty of Technical Sciences - Graphic Engineering and Design

image areas receive the printing ink which is transferred
directly to the printing substrate. Due to usage of flexible printing plates, the printing process requires only
a slight contact pressure to enable reliable ink transfer from printing plate to substrate facilitating a high
quality imprints (Novaković et al, 2010). Although it
seems that the ink transfer concept is simple, there is
a wide diapason of variable parameters which directly
influence ink transfer and consequently the quality of
the final printed result (Grirard-Leloup, 2000). Thus, it
is necessary to have an extensive approach to the control of flexographic process. It means that the control
should not start at the printing stage but has to be extended to overall production chain starting with control
of input materials up to the control of the end product.
Printing plate making process is one of the essential
and most impacting on the final imprint quality since
in this phase printing elements are formed as well as
relief depth and final plate hardness. Flexible flexographic printing plates are mainly made of rubber or
photopolymer compounds. They vary in their hardness and thickness which has to be adapted to the particular substrate and specific process characteristics.
For their production, there are two processes which
can be applied: photographic/chemical processes or
one of the digital laser-based computer to plate (CtP)
technologies (Gilbert and Lee, 2008). Although, at the
beginning point, the CtP technology was not generously accepted in flexography due to higher initial cost
and lower productivity enhancement (Vanover, 2005,
Hamilton, 2005, Hersey, 2010), today it is becoming
standardised procedure since its inevitable positive
influence on gaining stable, repeatable and high quality production process was recognised. CtP flexo plate
making process includes computer controlled laser imaging of the black, sensitive coating (ablation mask) on
the plate surface in accordance with the printing image
(information). The remaining part of this coating forms
a mask for the subsequent main exposure of the photopolymer coating with UV light which causes the cross
linking reaction in the printing plate (Novaković et al,
2010). After main exposure, unexposed polymer has to
be removed either by chemical or thermal processing
method. After that, plates are dried (if chemical method
is used), post-exposed and post-processed.
Probes in domain of CtP flexo printing plates include
investigations of tone value reproduction, dot sharpness, dot shape, dot shoulder angle, dot surface, dot
edge definition, dot valley depth, relief depth, and
sharpness of line and text elements (Hamblyn et al,
2005, Gilbert and Lee, 2008, Johnson et al., 2008,
Novaković et al., 2010, Hersey, 2010). The control
over the CtP plate making procedure also includes the
control of a surface roughness and surface free energy
(Hamblyn et al, 2005, Johnson et al., 2008, Dedijer and
Novaković, 2010, Choi and O’Brate, 2010) as well as

its interaction with anilox roller and printing pressure
(Johnson et al., 2003, Johnson et al., 2008,). It was established that duration of UVA exposure and UVC post
exposure mainly influence previously mentioned printing elements characteristics. In the paper presented by
Johnson et al., 2008 it was shown that extensive UVA
radiation during plate making of CtP flexo plates leads
toward lower dot area. In literature, this effect is known
as oxygen inhibition (St. Clair et al., 2007, Schueneman and Obispo, 2009). It is direct consequence of
oxygen presence during main exposure which leads to
slower radical polymerization and in inhibition of polymerisation disabling main function of the photoinitiator (Schueneman and Obispo, 2009). From one point of
view, this partial polymerisation can be considered as
positive since it results in sharper and smaller printing
elements as well as stepper dot shoulder angle (Hersey,
2010). But from the other side it may result in roundtipped dots rather than a traditional flat-tipped structure
or in extreme cases, it can completely disable reproduction of dots in highlights. This can result in a loss
of highlight detail, unpredictable dot gain, increased
fluting and decreased plate longevity (Hersey, 2010).
The extensive UVC exposure, on the contrary, results
in higher dot area (Johnson et al., 2008). On the other
side, longer UVA radiation causes also lower relief
depth (Novaković et al., 2010). Thus, it is necessary
to establish and obtain the adequate duration of each
production phase during flexo plate making process if
the goal is satisfactory final imprint quality.   
The aim of this study was to evaluate the reproduction of printing elements (dots and lines) according to
specific conditions of the processes in the plate making procedure based on thermal development defined
within manufactures recommendations. In detail, the
statistical analysis of dot area and line width in dependence of main exposure time and preformed rotations
of developing drum during thermal developing were
obtained. Furthermore, an object of this study was to
show if the differences between the dot area and line
width for different main exposure time and different
developing conditions are significant with a 95% confidence level. The obtained data were compared by applying one way ANOVA (analysis of variance) method
followed by post hoc Tukey’s test using the software
SPSS (Statistical Package for Social Science, version
15) and Student T test both with a 0.05 significance
level.

Thermal technology
Thermal technology is relatively new technology in
flexography domain. It is developing process which
allows the removal of uncured polymer mechanically,
without using any chemical solvents. Thus, it does not
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a) Back exposure 				

b) Laser ablation		

d) Thermal development

c) Main exposure

e) Post exposure and light finishing

Figure 1. CtP flexo plate making process with thermal development
require drying phase allowing the plate making process
to be up to five times faster (Dupont, 2008).  CtP flexo
plate making process, based on thermal development,
consists of back exposure, laser imaging, main exposure, thermal development process, post exposure and
light finishing processes (UVA and UVC).
The plate making process begins with back exposure
(Figure 1a), where photopolymer plate is treated with
UV-A light. UV-A light is an electromagnetic radiation,
a part of UV spectrum, with the wavelength in the range
from 320 to 400 nm. The wavelength of 365 nm is usually used for the initiation of polymerisation reaction.
Back exposure ensures forming adequate relief depth
and allows the anchoring of printing elements in next
processing phase. During laser ablation phase (Figure 1b), laser ablative mask (LAM) is removed with
computer controlled laser beam according to printing
image - revealing future printing areas and remaining
on future non printing areas. During main exposure
time, printing plate is treated with UV-A light (wavelength usually 365 nm) to form future image areas. In
the next phase, the uncured monomer is removed using
heat (Figure 1d). It is softened by passing over a heated

roller (temperature at least about 700C). The temperature of a heated roller is set between the melt temperature of uncured polymer on the lower end and the melt
temperature of cured polymer on the upper end. During development process, the heated printing plate is
contacted with the material screen mesh or absorbent
woven or non woven fabric, paper or polymer based)
which will absorb or otherwise remove uncured polymer (Choi and O’Brate, 2010). Depending on the relief
depth and thickness of the printing plates, the rotation
has to be repeated 8 to 12 times (DuPont, 2008), in order to completely remove the melted material (Figure
2). The rotation speed of the drum, carrier of printing
plate, cannot be changed and it is defined by the manufacturer; one rotation last approximately 1.12 minutes
(DuPont, 2008). The last plate making phase is post
exposure and light finishing (Figure 1e). It is carried
out with UV-A and UV-C light in order to eliminate
stickiness of the plate and to provide complete curing
of polymers. UV-C light is the highest-energy UV rays
with the wavelength from 100 to 280 nm, where for
flexo plate processing wavelength of 254 – 256 nm is
usually used.

1.
2.
3.
4.
5.
6.

IR source
Cylinder (carrier of fabric)
Cylinder (carrier of used fabric)
Drum (carrier of printing plate)
Pressure cylinder
Removal of untreated polymer

Figure 2. Thermal developing process (Dupont, 2008)
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Methods and materials
For the purpose of the research digital (CtP) flexo
printing plate DuPont TM Cyrel ® DFH 045 (1.14
mm thick) was used. The test chart contained half tone
patches 8%, 30% and 50% of coverage and positive
lines of initial width of 0.03 mm and 0.7 mm. Plate
imaging was done on CDI Spark 4835 Esco Expoze
imaging device applying AM screen ruling of 50 lines/
cm (imaging resolution of 5080 ppi). Back exposure,
main exposure, post exposure and light finishing were
made by DuPont ™ Cyrel 1000 ECLF device. Thermal
development process was made by DuPont ™ Cyrel ®
FAST 1000 TD device. The radiation intensity of UV
lamps (80 W) used for imaging of the printing plates
was measured by Kühnast Stralungstechnick UV-A
meter (315 – 400 nm, max. 360 nm). Results showed
that the lamps had appropriate intensity; mean intensity
per unit area was 20,2 mWcm-2. According to research
goal, the set of eight printing plates was made with following characteristics:
1.
2.
3.
4.

Back exposure time: 50 seconds;
Main exposure time: 8, 10, 12, 14 minutes;
Post exposure and light finishing: UVA – 7 minutes, UVC -7 minutes;
Developing conditions : 8 and 10 rotations of developing drum (for each variation of main exposure time – 8, 10, 12 and 14 minutes);

The analysis of a dot area and line width was done
in PerfectEye software version 4.03 based on micrographs gained with VipTronic Vipflex 333 measuring
device. A total of 360 measurements were made by im-

a)

age analysis (each element on each plate was measured
36 times) and later statistically evaluated.

Results and discussion
In order to observe the changes in dot area reproduction,
precisely in single dot area, the results of preformed
dot area measurements were presented in Figure 3. Presented graph depicts changes in dot area depending on
main exposure time and used number of rotations of
developing drum during thermal development.
As it can be seen from Figure 3 changes in dot area
have polynomial character (of a second order) and are
dependable on main exposure time as well as used rotations of developing drum. It can be denoted that higher
main exposure time results in smaller dot area, regardless of examined half tone patch. It is noticed that in
measuring point which corresponds to main exposure
time of 14 minutes the dot area value has a growing
tendency, with the exception of dot area measured on
8% field when 8 rotations of the developing drum were
applied. It was expected that higher number of drum rotations during thermal developing process will result in
smaller dot area. This trend was depicted in case of dots
on 8% and 50% half tone patches but only for higher
values of main exposure time (12 an 14 minutes).
In order to determine level of significance of changes
in dot area depending on main exposure and developing, statistical analysis of variance - one way ANOVA
followed by post hoc Tukey´s test and independent samples T-test were performed.  In Table 1 and Table

  b)

c)
Figure 3. Changes in dot area depending on main exposure time using 8 (I) and 10 (II) rotations of developing
drum; dot area measured on half tone patches a) 8%, b) 30% and c) 50%
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Table 1. ANOVA results for dot area measured on half tone patches of 8%, 30% and 50% (developing with 8 rotations of rotating drum; main exposure time 8, 10, 12 and 14 minutes)
Development - 8 rotations
Dot area on different
half tone patches
Between
Groups
8%
Within Groups

30%

50%

Sum of
Squares

df

Mean
F
Square

0.021

3

0.007

0.017

140

0.000

Total
0.038
Between
0.010
Groups
Within Groups 0.029

143

Total
0.039
Between
0.035
Groups
Within Groups 0.045

143
3

0.012

140

0.000

Total

143

0.080

3

0.003

140

0.000

2 are presented the results of ANOVA carried out for a
5% significance level, i.e., for a 95% confidence level.
The result presented in column Sig. (significance) and
partial eta squared indicates the degree of influence on
the result. As it can be seen, statistical significance at
level of <0.05 was denoted in both cases, meaning that
the changes in dot area influenced by changes in main
exposure time are significant when the 8 rotations of
the developing drum is used, as well as when 10 rotations is used. The extremely high value of partial eta
squared points out the high effect size and confirms
determined statistical significance between mean values of dot area measured when different main exposure
time is performed (according to Cohen, if partial eta
squared is higher than 0.14 than it can be denoted high
effect size (Pallant, 2007)).

Sig.

Partial Eta
squared

56.946 0.000

0.550

16.760 0.000

0.260

36.090 0.000

0.440

The results of post hoc Tukey’s multiple comparison
tests (Table 3) with a 0.05 significance level pointed out
the differences between groups. The multiple comparisons by post hoc Tukey’s test, support the significant
influence of different main exposure time on dot area.
Namely, when 8 rotations of a developing drum were
used during thermal developing, dot area measured on
a three different half tone patches were proved to be
statistically different from each other on confidence
level of 95%. The statistically significant difference
was not noted only between mean values for dot area
measured on the 30% and 50% tone patches between
following groups: 8 minutes – 14 minutes, 10 minutes
– 14 minutes (30% field) and 10 minutes – 14 minutes
(50% field).

Table 2. ANOVA result for dot area measured on half tone patches of 8%, 30% and 50% (developing with 10
rotations of rotating drum; main exposure time 8, 10, 12 and 14 minutes)
Development - 10 rotations
Dot area on different Sum of
half tone patches
Squares
Between
0.080
Groups
8%
Within
0.012
Groups
Total
0.092
Between
0.049
Groups
30% Within
0.016
Groups
Total
0.065
Between
0.247
Groups
50% Within
0.031
Groups
Total
0.278

16

df

Mean
Square

3

0.027

140

0.000

F

Sig.

Partial Eta squared

0.000
308.241

0.870

143
3
140

0.016
0.000

0.000
146.863

0.750

143
3
140
143

0.082
0.000

0.000
368.912

0.890
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Table 3. The results of multiple comparisons for dot area utilizing the post hoc Tukey’s test (developing with 8
rotations of rotating drum; main exposure time 8, 10, 12 and 14 minutes)
Tukey HSD post hoc test - development 8 rotations
Dependent
Var.

(I) time (J) time
(min)
(min)

8
8%
10
12
8
30%
10
12
8
50%
10
12

95% Confidence Interval

Mean Difference
(I-J)

Std. Error

Sig.

10

0.0127111*

0.0025931

12

0.0237639

*

14

0.0318750*

Lower Bound

Upper
Bound

0.000

0.005969

0.019454

0.0025931

0.000

0.017021

0.030506

0.0025931

0.000

0.025132

0.038618

12

0.0110528

*

0.0025931

0.000

0.004310

0.017795

14

0.0191639*

0.0025931

0.000

0.012421

0.025906

14

0.0081111

0.0025931

0.011

0.001369

0.014854

10

0.0116389

*

0.0033748

0.004

0.002864

0.020414

12

0.0232778*

0.0033748

0.000

0.014503

0.032053

14

0.0071083

0.0033748

0.156

-0.001667

0.015883

12

0.0116389*

0.0033748

0.004

0.002864

0.020414

14

-0.0045306

0.0033748

0.538

-0.013306

0.004244

14

-0.0161694*

0.0033748

0.000

-0.024944

-0.007394

10

0.0105250

0.0042209

0.065

-0.000450

0.021500

12

0.0421139*

0.0042209

0.000

0.031139

0.053089

14

0.0153167*

0.0042209

0.002

0.004342

0.026292

12

0.0315889

0.0042209

0.000

0.020614

0.042564

14

0.0047917

0.0042209

0.668

-0.006183

0.015767

14

-0.0267972

0.0042209

0.000

-0.037772

-0.015822

*

*

*

*The mean difference is significant at the 0.05 level

Table 4. The results of multiple comparisons for dot area utilizing the post hoc Tukey’s test (developing with 10
rotations of rotating drum; main exposure time 8, 10, 12 and 14 minutes)
Tukey HSD post hoc test - development 10 rotations
Dependent
Var.

95% Confidence Interval
(I) time (J) time
(min)
(min)

8%
8

10
12
30%
8

10
12
50%
8

10
12

Mean Difference
(I-J)

Std. Error

Sig.

Lower
Bound

Upper Bound

10

0.0074694

*

0.0021949

0.005

0.001762

0.013177

12

0.0525944*

0.0021949

0.000

0.046887

0.058302

14

0.0484944

*

0.0021949

0.000

0.042787

0.054202

12

0.0451250

*

0.0021949

0.000

0.039418

0.050832

14

0.0410250*

0.0021949

0.000

0.035318

0.046732

14

-0.0041000

0.0021949

0.247

-0.009807

0.001607

10

0.0196056*

0.0024917

0.000

0.013127

0.026084

12

0.0481750

*

0.0024917

0.000

0.041696

0.054654

14

0.0386750*

0.0024917

0.000

0.032196

0.045154

12

0.0285694

*

0.0024917

0.000

0.022091

0.035048

14

0.0190694*

0.0024917

0.000

0.012591

0.025548

14

-0.0095000

0.0024917

0.001

-0.015979

-0.003021

10

0.0566389

*

0.0035198

0.000

0.047487

0.065791

12

0.1055694*

0.0035198

0.000

0.096417

0.114722

14

0.0952750

*

0.0035198

0.000

0.086123

0.104427

12

0.0489306*

0.0035198

0.000

0.039778

0.058083

14

0.0386361

0.0035198

0.000

0.029484

0.047788

14

-0.0102944*

0.0035198

0.021

-0.019447

-0.001142

*

*

*The mean difference is significant at the 0.05 level
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Table 5. Independent-samples T-test results for dot area measured on half tone patches of 8%, 30% and 50%
in the case of different developing conditions – 8 and 10 drum rotations (main exposure time 8, 10, 12 and 14
minutes)
Dependant
variable

t

Sig.

Mean Difference

tone value

Std. Error
Difference

95% Confidence Interval of the
Difference
Lower

Upper

Partial
Eta
squared

comparing mean for development with 8 and 10 rotations/main exposure 8 minutes
8%

-0.156

0.876

-0.0003889

0.0024915

-0.0053581

0.0045803

0.000

30%

-13.834

0.000

-0.0383917

0.0027752

-0.0439267

-0.0328566

0.732

50%

-18.697

0.000

-0.0613194

0.0032797

-0.0678819

-0.0547570

0.833

comparing mean for development with 8 and 10 rotations/main exposure 10 minutes
8%

-2.425

0.018

-0.0056306

0.0023219

-0.0102614

-0.0009997

0.077

30%

-11.254

0.000

-0.0304250

0.0027034

-0.0358168

-0.0250332

0.644

50%

-4.738

0.000

-0.0152056

0.0032091

-0.0216301

-0.0087810

0.243

comparing mean for development with 8 and 10 rotations/main exposure 12 minutes
8%

12.357

0.000

0.0274288

0.0022197

0.0230017

0.0318559

0.686

30%

-5.544

0.000

-0.0129767

0.0023405

-0.0176447

-0.0083087

0.305

50%

0.518

0.606

0.0021037

0.0040596

-0.0059928

0.0102002

0.004

comparing mean for development with 8 and 10 rotations/main exposure 14 minutes
8%

-1.768

0.084

-0.0068250

0.0038613

-0.0145956

0.0009456

0.046

30%

5.975

0.000

0.0162306

0.0027163

0.0107934

0.0216677

0.338

50%

3.896

0.000

0.0186389

0.0047844

0.0090968

0.0281810

0.178

In the light of the pair-wise comparison results (Table
4), when 10 rotations of the developing drum were used
during thermal developing, the mean values of dot area
measured on three different half tone patches for four
different main exposure times significantly differ from
each other with the exception of a pair 12 minutes – 14
minutes for a 8% tone value field.
In Table 5 are presented the results of performed independent-samples T-test. The test was performed in order to determine whether the mean values of dote area
differ from each other when the same main exposure
time is performed but different number of rotations of
developing drum during thermal developing process.
The test was performed with the significance level of
0.05. Partial eta squared value is guideline to define the
practical significance. As it can be seen from the results
presented in Table 3, statistical difference followed by
small effect size was not denoted for dot square on 8%
tone value field and main exposure time of 8 and 14
minutes and dot area on 50% tone value field and main
exposure time of 12 minutes. In all other cases, statistical significance at level of <0.05 was denoted including
high effect size indicating high practical significance of
main exposure time.
The changes in line printing elements, precisely the
changes in line width, depending on main exposure
time and used number of rotations of developing drum
during thermal processing are graphically presented in
Figure 4a and 4b.
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a)

b)
Figure 4. Changes in line width depending on main
exposure time using 8 (I) and 10 (II) rotations of
developing drum; initial line width a) 0.07 mm, b) 0.3
mm
Presented graphs (Figure 4) illustrate changes in line
width in dependence of main exposure time described
by polynomial function of a second order. It is not questionable that regardless of initial line width and main
time exposure, measured width of printing line element
is lowering from initially defined. This effect was ex-
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Table 6. ANOVA results for lines of initial width of 0.07 mm and 0.03 mm (developing with 8 rotations of rotating
drum; main exposure time 8, 10, 12 and 14 minutes)
Development - 8 rotations
Sum of
Squares

df

Mean
Square

Between
Groups

0.001

3

0.000

Within
Groups

0.002

140

0.000

Total

0.003

143

Between
Groups

0.001

3

0.000

Within
Groups

0.001

140

0.000

Total

0.002

143

Line width

0.07
mm

0.3
mm

Partial Eta
squared

F

Sig.

7.792

0.000 0.33

55.560

0.000 0.5

Table 7. ANOVA results for line of initial width of 0.07 mm and 0.3 mm (developing with 10 rotations of rotating
drum; main exposure time 8, 10, 12 and 14 minutes)
Development - 10 rotations
Sum of
Squares

df

Mean
Square

Between
Groups

0.001

3

0.000

Within
Groups

0.001

140

0.000

Total

0.002

143

Between
Groups

0.002

3

0.001

Within
Groups

0.001

140

0.000

Total

0.003

143

Line width

0.07
mm

0.3
mm

F

Sig.

Partial Eta
squared

33.774

0.000

0.5

116.015

0.000

0.67

Table 8. The results of multiple comparisons for line width utilizing the post hoc Tukey’s test (developing with 8
rotations of rotating drum; main exposure time 8, 10, 12 and 14 minutes)
Tukey HSD post hoc test - development 8 rotations
Dependent
Variable

(I) time (J) time
(min)
(min)

8
0.07
mm
10
12
8
0.3 mm
10
12

95% Confidence Interval

Mean Difference
(I-J)

Std. Error

Sig.

10

-0.0006222

0.0006559

12

0.0036028*

0.0006559

14

0.0036028

*

12

0.0042250*

14

0.0042250

*

14

0.0000000

10

Lower Bound

Upper Bound

0.779

-0.002328

0.001083

0.000

0.001897

0.005308

0.0006559

0.000

0.001897

0.005308

0.0006559

0.000

0.002520

0.005930

0.0006559

0.000

0.002520

0.005930

0.0006559

1.000

-0.001705

0.001705

0.0055083

*

0.0006307

0.000

0.003869

0.007148

12

0.0073583

*

0.0006307

0.000

0.005719

0.008998

14

0.0020250*

0.0006307

0.009

0.000385

0.003665

12

0.0018500

0.0006307

0.020

0.000210

0.003490

14

-0.0034833*

0.0006307

0.000

-0.005123

-0.001844

14

-0.0053333

0.0006307

0.000

-0.006973

-0.003694

*

*

*The mean difference is significant at the 0.05 level
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Table 9. The results of multiple comparisons for line width utilizing the post hoc Tukey’s test (developing with 10
rotations of rotating drum; main exposure time 8, 10, 12 and 14 minutes)
Tukey HSD post hoc test – development 10 rotations
Dependent
Variable

95% Confidence Interval
(I) time (J) time
(min)
(min)
8

0.07
mm
10
12
8
0.3 mm
10
12

Mean Difference
(I-J)

Std. Error

Sig.

Lower Bound

Upper
Bound

10

-0.0018417*

0.0005457

0.005

-0.003261

-0.000423

12

0.0034917*

0.0005457

0.000

0.002073

0.004911

14

-0.0001917

0.0005457

0.985

-0.001611

0.001227

12

0.0053333*

0.0005457

0.000

0.003914

0.006752

14

0.0016500

0.0005457

0.016

0.000231

0.003069

14

-0.0036833*

.0005457

0.000

-0.005102

-0.002264

10

0.0012833

0.0005648

0.110

-0.000185

0.002752

12

-0.0025667

0.0005648

0.000

-0.004035

-0.001098

14

0.0075583*

0.0005648

0.000

0.006090

0.009027

12

-0.0038500

0.0005648

0.000

-0.005319

-0.002381

14

0.0062750*

0.0005648

0.000

0.004806

0.007744

*

0.0005648

0.000

0.008656

0.011594

14

0.0101250

*

*

*

*The mean difference is significant at the 0.05 level

pected, due to the well known effect of oxygen inhibition of polymerisation process related to CtP flexo plate
making process. It can be denoted that higher main exposure time results in lower line width with growing
tendency in the last measuring point excluding 0.3 mm
line when developing was performed with 10 rotations
of rotating drum.
The same statistical method which was applied in dot
area evaluation was also used for determination of level
of significance for changes in line width depending on
main exposure time and developing conditions.

In Table 6 and Table 7 are presented results of ANOVA carried out for a 5% significance level. As it can
be seen, statistical significance at level of <0.05 was
denoted in both cases, meaning that the changes in line
width influenced by changes in main exposure time are
significant when the 8 rotations of a developing drum is
used, as well as when 10 rotations is used. High value
of partial eta squared indicates high effect size.
The results of post hoc Tukey’s multiple comparison
tests with a 0.05 significance level pointed out the differences between groups (Table 8 and Table 9). Comparisons by post hoc Tukey’s test support the statistical

Table 10. Independent-samples T-test results for line width in the case of different developing conditions – 8 and
10 drum rotations (main exposure time 8, 10, 12 and 14 minutes)
Dependant
variable

t

Sig.

Line

Mean Difference

Std. Error
Difference

95% Confidence Interval of the Difference
Lower

Upper

Partial Eta
squared

comparing mean for development with 8 and 10 rotations/main exposure 8 minutes
0.07 mm

4.186

0.000

0.002678

0.00064

0.001402

0.003954

0.200

0.3 mm

4.467

0.000

0.003492

0.000782

0.001933

0.005051

0.222

comparing mean for development with 8 and 10 rotations/main exposure 10 minutes
0.07 mm

2.499

0.015

0.001458

0.000584

0.000295

0.002622

0.082

0.3 mm

-1.375

0.173

-0.00073

0.000533

-0.0018

0.00033

0.026

comparing mean for development with 8 and 10 rotations/main exposure 12 minutes
0.07 mm

4.766

0.000

0.002567

0.000539

0.001484

0.003649

0.245

0.3 mm

-14.027

0.000

-0.00643

0.000459

-0.00735

-0.00551

0.738

comparing mean for development with 8 and 10 rotations/main exposure 14 minutes

20

0.07 mm

-1.731

0.088

-0.00112

0.000645

-0.0024

0.00017

0.041

0.3 mm

15.761

0.000

0.009025

0.000573

0.007879

0.010171

0.780
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significant difference on confidence level of 95%. The
statistically significant difference was not noted only
between mean values for line 0.07 mm between following groups: 8 minutes – 10 minutes, 12 minutes –
14 minutes (development with 8 rotations of rotating
drum), 8 minutes – 14 minutes (development with 10
rotations of rotating drum).
In Table 10 are presented results of performed independent-samples T-test with the significance level of
0.05. Statistically insignificant result with small effect
size (partial eta squared 0.041) was denoted for 0.07
mm line in a case of main exposure time of 14 minutes. Also, statistically insignificant result with small
effect size (partial eta squared 0.026) was given for
0.3 mm line when main exposure time was performed
in duration of 10 minutes. In all other cases statistical
significant difference on confidence level of 95% was
denoted. In addition, high values of partial eta squared
contribute to the gained results indicating high practical
significance.

Conclusion
This study represents the research of changes in dot
area and line width when different processing parameters are applied during flexo plate making process.
The dot area and line width on thermally developed CtP
flexo printing plates was successfully determined using image analysis software PerfectEye v4.03 and VipTronic Vipdens 333 measuring device. It was shown
that different main exposure time as well as different
rotations of developing drum during thermal development significantly influence monitored shape parameters. It was shown that, due to well known effect of
oxygen inhibition of polymerisation, longer main exposure time leads to smaller dot area and narrower line
width. From one point of view, it can be considered as
a positive effect knowing that during printing the dot
gain can be expected (Johnson, 2003, Gilbert and Lee,
2008, ISO 12647-6:2006). But on the other side, main
exposure time should be defined in the way that it does
not affect the steady dot formation in the highlight areas. It must be denoted that for measured dots, with
the exception of 8% dot in case of performed thermal
developing with 8 rotations of developing drum, at the
last measuring point values of dot area becomes higher.
This may lead to the conclusion that if the main exposure time is long enough, previously mentioned effect can be partly compensated. The statistical analysis
gives the contribution to this conclusion since insignificant statistical result was denoted between observed
groups when main exposure time was 8 or 10 minutes
and 14 minutes. But one must keep in mind that the extensive main exposure time can have undesirable effect
on relief depth and surface properties of printing areas,

especially surface roughness (Choi and O’Brate, 2010).
Analysis of variance (ANOVA) and post hoc Tukey’s
test gave a good picture of dot area and line width
changes and showed that when different main exposure time is applied, these parameters significantly differ from each other. The results of independent sample
T-test also showed the significant difference in shape
parameters when the same main exposure time was applied but different number of rotations of developing
drum, meaning that even if the difference in drum rotation is 2 rotations, it might have significant impact on
polymer removal and thus on the final shape of printing
elements.
Conclusions obtained represent first step in predicting
the forming of printing elements on flexo printing plate
in dependence of main exposure time and thermal developing. With further analysis, extended on other plate
processing parameters, the plate making process can be
significantly upgraded.
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Abstract:
In the recent years many new methods for quality control in graphic industry are proposed. All of these methods
have one in common – using digital camera as a capturing device and appropriate image processing method/algorithm to obtain desired information. With the development of new, more accurate sensors, digital cameras became
even more dominant and the use of cameras as measuring device became more emphasized. The idea of using camera as spectrophotometer is interesting because this kind of measurement would be more economical, faster, widely
available and it would provide a possibility of multiple colour capture with a single shot. This can be very useful
for capturing colour targets for characterization of different properties of a print device. A lot of effort is put into enabling commercial colour CCD cameras (3 acquisition channels) to obtain enough of the information for reflectance
recovery. Unfortunately, RGB camera was not made with the idea of performing colour measurements but rather
for producing an image that is visually pleasant for the observer. This somewhat complicates the task and seeks for
a development of different algorithms that will estimate the reflectance information from the available RGB camera
responses with minimal possible error. In this paper three different reflectance estimation algorithms are evaluated
(Orthogonal projection,Wiener and optimized Wiener estimation), together with the method for reflectance approximation based on principal component analysis (PCA). The aim was to perform reflectance estimation pixel
wise and analyze the performance of some reflectance estimation algorithms locally, at some specific pixels in the
image, and globally, on the whole image. Performances of each algorithm were evaluated visually and numerically
by obtaining pixel wise colour difference and pixel wise difference of estimated reflectance to the original values. It
was concluded that Wiener method gives the best reflectance estimation while produces the best colour fit as well.
Keywords: reflectance recovery algorithms, pixel wise estimation, PCA, Wiener estimation
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Introduction
Obtaining colour information in graphic industry implies using colour measurement devices such as colourimeters and spectrophotometers. These devices are
vide spread and can give fast, consistent and reliable
values if areas of solid colour are measured. Since measurement is performed point-wise and the area to be
evaluated is restricted to the device aperture, it is impossible to measure spatial variations or to obtain any
additional image information. Digital cameras, on the
other hand, can capture broader area of the coloured
surfaces and can record colour information of a sample
with additional information about texture and other surface properties. With this their application can be extended from imaging to measuring device.
Two of the relatively recent applications of the imaging systems based on cameras are estimating the XYZ
tristimulus values and reflectance spectrum of a colour
sample from its corresponding system’s response digital levels. Reflectance is an illumination independent
property of an object. When captured by digital camera
it is captured in a form of a colour signal that is illuminant dependent. Therefore, the final camera response
is dependent on the illumination used for the capture.
Many applications that are focused on object analysis
request pure reflectance information; hence it is very
useful to find a way to get this information from the
RGB sensor response values.
A perfect case for obtaining reflectance information
would be to use a hyperspectral camera and obtain a
spectral image that will contain reflectance information
for each pixel of the given scene. A spectral image is
an image which has both spatial and spectral resolution and on the spectral axis it has tens of components,
whereas a conventional RGB image has only three.
What makes the spectral image more accurate than
RGB image is the fact that the visible range (380-780
nm) is sampled with more suitable wavelength interval giving a more precise reproduction (Mansouri et
al, 2005). Unfortunately hyperspectral cameras are not
easy, fast, cheap or widely available devices. Instead it
is better, for example, to use an RGB camera and tries
to estimate the reflectance based on some priory knowledge contained in the training data (Stigell et al, 2007;
Mansouri et al, 2008).
Since the spectral sensitivities of most of the commercial colour CCD cameras do not verify the Luther
condition i.e., are not linear transformation of the CIE
matching functions (Rigueiro, 2009), it is necessary to
perform a characterization process in order to define
the correspondence between system response (RGB
values) and desirable output (XYZ, CIELAB, reflectance spectrum). When reconstructing reflectance is a
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goal, the method of obtaining desired information from
camera that is most widely used is based on capturing
the set of standard samples and combining obtained
camera’s response with the values of the same samples
obtained by spectrophotometric measurement (Sharma
and Trussel, 1993; Harderberg, 2001; Cheung et al.,
2004; Alsam and Lenz, 2007). The camera’s response
to the standard samples is related to the sample’s reflectance spectra by the equation (Rigueiro, 2009):
      Xp = P Sλ  

(1)

where Xp is a nx1 column vector whose components
are the camera’s responses to the n standard samples,
Sλ is a mx1 column vector that represents the camera’s
spectral sensitivity, and P is a nxm matrix where each
column corresponds to the energy reflected by each
standard sample at m wavelengths, including the spectral power distribution of the illuminant, the reflectance
spectrum of the standard sample, and the transmittance
of the optical path between the sample and the camera.
Some of the techniques used to solve the equation and
estimate the Sλ vector are the Moore-Penrose pseudoinverse, the Wiener estimation and the principal component analysis (PCA).
Slavuj (Slavuj, 2010) tested the possibility of using
camera as a spectrophotometer for measuring test target for offset, ink-jet and electro-photographic prints on
different substrates. He showed that the reconstruction
error is a function of mean reflectance values within
samples, where those with highest mean reflectance
value have the largest reconstruction error. It implies
that high gamut/dynamic range media caries a large
variation in reflectance within colours and that PCA
have no ability to adapt and that low reflective surfaces
could be accurately reconstructed from the input basis
vectors formed from high reflective surfaces (Slavuj,
2010).
Taking all this into account and due to the fact that the
hyperspectral imaging is not widely available, the goal
of this paper was to evaluate the possible mathematical solutions for reflectance estimation from the RGB
camera responses with the idea to achieve fast and as
accurate results as possible. In all the available reflectance estimation models the idea is to look for a function that will map camera response to the reflectance
signal. The same idea was followed in this paper, where
reflectance was estimated for each pixel in a test image.
Three physical models were evaluated, together with
PCA approximation from the defined set of training
data. Overall, four recovery methods were tested:
1.
2.

Recovery by using first three eigenvectors of a
training set (PCA)
Orthogonal projection
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3.
4.

Wiener estimation
Optimized Wiener estimation

PCA method produces an approximation of the reflectance for the test image by using three eigenvectors
corresponding to three largest eigenvalues. Using the
set of Munsell colours, several authors reported high
accuracy in reconstruction using different number of
principal components. Eem, Shin (Eem et al, 1994) and
Imai (Imai et al, 1996) showed that three components
are sufficient for this task. As a first reflectance estimation we chose the approximation of the reflectance
for the test image by using the simulated capture values and pixel wise orthogonal projection. The second
method uses a pixel wise Wiener estimation whose purpose is to make estimations from low-dimensional data
into high-dimensional data. It is shown that the Wiener
method is quite simple to implement and at the same
time it provides accurate estimates (Stigell et al, 2007;
Mansouri et al, 2005). Finally the third approach introduces a parameter ‘rho’ into the Wiener pixel wise estimation algorithm with the aim to optimize the performance of the classical Wiener algorithm. “Theoretical
background” section provides more information about
the chosen algorithms; “Method” covers the implementation more in depth, while the results are presented in
the “Results and discussion” part of this paper.

Theoretical background
For more than half a century Principal Component
Analysis (PCA) has been successfully used as an efficient mathematical tool for dimensionality reduction
and recovery of spectral data. Cohen (Cohen, 1964)
was the first contributing to the usage of this method
by publishing the first three principal components of
a subset of 150 out of 433 Munsell chips reflectance
spectra. Later on, several researches used PCA method
for extracting the suitable number of basis vectors that
are able to define different spectral datasets (Eem et
al., 1994; Fukunaga, 1990; Webb, 2002; Connah et al.,
2001). For instance, Dannemiller (Dannemiller, 1992)
investigated only natural objects and concluded that
three eigenvectors are sufficient for representing their
spectral reflectance.
The research in this field continues with Eem et al.
(Eem et al., 1994) showing that the first three basis vectors of the reflectance spectra of 1,565 glossy Munsell
colour chips accurately reconstruct the Macbeth Colour
Checker spectral data. The list of the available research
is very long coming down to the conclusion that the
purpose of PCA is to identify the important features
of a given dataset and reduce its dimensionality while
preserving as much information about the variance as
possible (Fukunaga, 1990; Webb, 2002). The basis vec-

tors of a dataset are the eigenvectors calculated from
its covariance matrix and they can be used to describe
the given dataset. Connah and his coworkers (Connah
et al., 2001) took this approach forward by applying
the PCA method for obtaining basis vectors for spectral
recovery from camera responses. The number of basic functions used in the recovery process was always
equal to the number of sensor channels. This method
has its foundation in the fact that the vast majority of
reflectance spectra for natural and man-made surfaces
are smooth functions of wavelength.
For reflectance estimation Wiener estimation method is
widely used. Wiener filtering in general has many applications in the area of imaging science. For instance in
digital image processing applications it is a widely used
to reduce Gaussian noise, while in colour science can
be used to estimate reflectance from camera response
data on a pixel by pixel basis (Urban et al., 2008). In
reflectance estimation task the goal is to reconstruct the
spectrum which is a high dimensional signal (at least
81 values for a spectrum sampled in 5nm) from a low
dimensional signal coming from the camera (usually 3
values: R, G, B). This makes this problem an ill-posed
problem. Hence the purpose of the Wiener estimation
is to make estimations from low-dimensional data into
high dimensional data (Haneishi et al., 2000).
The Wiener estimation is one of the conventional estimation methods which is quite simple and provides accurate estimates. Because of its simplicity it was tested
by many authors and many improvements had been
proposed (Stigell et al, 2007; Haneishi et al, 2000).
On the other hand Wiener algorithm cannot ensure the
positivity of the estimation, it is sensitive to noise in
the data and reflectance covariance matrix can only be
approximated sub optimally (Urban et al, 2008). Therefore improvements proposed by different authors will
depend on which problem wants to be solved (Shimano, 2006; Shen et al., 2007; Urban et al., 2008). For
instance Urban et al. were focusing on the noise and
proposing a spatially adaptive Wiener filter to estimate
reflectance from images captured by a multispectral
camera. A possible method of improvement that was
considered in this paper was to introduce an optimization parameter that will deal with the noise and help
achieving smoother reflectance curves.

Method
In order to perform evaluation of the mentioned algorithms, camera response was simulated with virtual
camera sensor sensitivities (shown on Figure 1). The
idea was to simulate the capture of an image with an
RGB camera sensor and recover reflectance at each
pixel by using the sensor’s RGB response and some

25

Journal of Graphic Engineering and Design, Volume 3 (2), 2012.

of the reflectance estimation algorithms. In order to
do that, artificial sensor sensitivities were generated
over the same range, 380 to 780 nm, and the capture
was simulated under illuminant D65. A spectral image
“fruitsandfowers.spb” was used as a test image. This
image had size of 120 x 160 pixels and contains reflectance information at each pixel which was sampled
with hyperspectral camera by 5 nm in the range of 380
to 780 nm.

Figure 1. Spectral sensivity functions of a virtual RGB
camera sensor
As a training set, Magbeth 24 patch Colour Checker
was used. The results were evaluated visually and numerically. Visual evaluation was performed by the authors giving an opinion (Excellent, Moderate, Poor)
about the recovered image compared to the original. In
addition, random pixels were selected from the original
image and their reflectances were compared with the
estimations for the same pixels. The opinion was again
stated as Excellent, Moderate or Poor recovery. For the
numerical evaluation pixel wise difference of estimated
reflectance to the original were calculated for each estimation method and the result was evaluated with the
Frobenius norm. Colour differences computed as pixel
wise Euclidean distance, ΔE00, was also calculated between the original image and each estimated image under illuminat D65. For each of them the mean and the
maximal differences were compared.
For the experiments the following data and notations
were used:
• Spectral reflectance image I= “fruitsandfowers.
spb”, with spatial dimensions: 120 x160 pixels and
spectral dimension: 81.
• Sensitivity matrix W = [s1 s2 s3] with dimensions
81 x 3, where columns correspond to discrete representation of RGB camera spectral sensitivity
functions
• Matrix M = [m1 …. m24]T with dimensions 24 x
81, where values in rows correspond to the Gretag
Macbeth ColourChecker samples reflectances
• Diagonal matrix L with dimensions 81 x 81 represents the light source SPD. D65 was used to simulate capture.

26

All these elements are a function of a wavelength and
they were sampled with a 5 nm sampling interval. Calculations were performed via Matlab software.
Recovery by using first three eigenvectors of the
training set
In this paper the performance of the eigenvector method was tested by calculating the eigenvector basis on
the autocorrelation matrix of Macbeth Colour Checker
spectral data. Eigenvector decomposition of autocorrelation matrix was calculated using the Matlab function
eig. As proposed by different authors (Connah et al.,
2001; Dannemiller, 1992; Eem et al. 1994) the reflectance approximation was made by using only the first
three eigenvectors that represent the highest variance of
the training data. If the Colour Checker represents a set
of most representative natural colours its eigenvectors
should be able to reconstruct any reflectance coming
from any other natural object. Based on the formulations provided by Kandi (Kandi, 2011) the following
formulation was used for the calculation purposes in
this paper:

(2)
where   is the estimated reflectance in one pixel position and is the original reflectance for the same pixel
position and U corresponds to the matrix containing the
first three eigenvectors from the eigenvector basis. The
results for the whole image, pixel wise, were contained
in the matrix.
In order to introduce the other algorithms it is necessary
to introduce a camera model first (Solli et al, 2005).  
For the purpose of this paper camera was described as
virtual, linear system with sensitivities defined it a matrix W containing three rows, one for each filter function. The light source used was defined as a diagonal
matrix L. The camera response to the incoming signal
can then be defined as:
		

x= WLT*r

(3)

where x is the response of the camera and WL=W*L are
the illumination weighted sensor sensitivities.
Orthogonal projection
Orthogonal projection algorithm involves usage of
the orthogonal projection operator on the camera response data. It projects this response to the illumination
weighted sensor sensitivity space called the sensor visual subspace (SVS) (Sharma, 1997). At this point the
idea was to use this algorithm to evaluate the projection
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of a physical signal onto the SVS. For this purpose reflectance estimation was made by using the orthogonal
projection pixel wise on the test image. The following
formulation was used for that purpose:
𝑟𝑟𝑟𝑟2̂ = 𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 (𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 𝑇𝑇𝑇𝑇 𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 )−1 𝑥𝑥𝑥𝑥

                 (4)

where   is the estimated reflectance in one pixel position and is the camera response for the same pixel position. The results for the whole image pixel wise are
contained in the matrix.
Wiener estimation𝑟𝑟𝑟𝑟2̂ = 𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 (𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 ) 𝑥𝑥𝑥𝑥
𝑇𝑇𝑇𝑇

−1

Wiener estimation requires an autocorrelation matrix
generated from the training reflectance spectra. In
this paper these reflectances were the Macbeth Co𝑇𝑇𝑇𝑇
−1
lour Checker
estimation
can be then
𝛴𝛴𝛴𝛴3 𝑊𝑊𝑊𝑊Reflectance
𝑟𝑟𝑟𝑟3̂ =data.
𝐿𝐿𝐿𝐿 (𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 𝛴𝛴𝛴𝛴3 𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 ) 𝑥𝑥𝑥𝑥
made by using the Wiener estimation pixel wise over
the whole image. Based on works of Urban et al. and
Stigell et al. (Urban, 2008; Stigell et al, 2007) the following formulation for reflectance estimation based on
𝑇𝑇𝑇𝑇 paper:
−1
in this
Wiener approach was
𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 (𝑊𝑊𝑊𝑊
𝑟𝑟𝑟𝑟2̂ =used
𝐿𝐿𝐿𝐿 𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 ) 𝑥𝑥𝑥𝑥
−1
𝑥𝑥𝑥𝑥
𝑟𝑟𝑟𝑟3̂ = 𝛴𝛴𝛴𝛴3 𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 (𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 𝑇𝑇𝑇𝑇 𝛴𝛴𝛴𝛴3 𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 )                          (5)

where   is the estimated reflectance in one pixel position, is the camera response for the same pixel position
and   is the autocorrelation matrix. The results for the
whole image pixel wise are contained in the matrix.
Optimized Wiener estimation
𝑟𝑟𝑟𝑟4̂ = 𝛴𝛴𝛴𝛴4 𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 (𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 𝑇𝑇𝑇𝑇 𝛴𝛴𝛴𝛴4 𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 )−1 𝑥𝑥𝑥𝑥
As mentioned before Wiener estimation can be opti𝑇𝑇𝑇𝑇 optimization
−1
mized and for𝑟𝑟𝑟𝑟3̂ this
purpose
and
parameter
= 𝛴𝛴𝛴𝛴
3 𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 (𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 𝛴𝛴𝛴𝛴3 𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 ) 𝑥𝑥𝑥𝑥
‘rho’ was introduced into the calculations to observe
the quality of the estimation when this optimization
is present. This parameter affects the smoothness of
the obtained reflectance curve. The ‘rho’ value was
𝑇𝑇𝑇𝑇
−1
= 𝛴𝛴𝛴𝛴4 𝑊𝑊𝑊𝑊
(𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿with
𝛴𝛴𝛴𝛴4 𝑊𝑊𝑊𝑊
𝑥𝑥𝑥𝑥 of 0.1 and the
𝑟𝑟𝑟𝑟4̂ range
changed in the
of𝐿𝐿𝐿𝐿 0-1
the
𝐿𝐿𝐿𝐿 ) step
changes in the smoothness of the recovered reflectance
shape were observed. The value was set to 0.9 since
it provided the best visual and numerical recovery results. A covariance matrix of first order autoregressive
process that will be denoted as was generated with the
defined parameter. The following formulation was used
for that purpose:
𝑟𝑟𝑟𝑟4̂ = 𝛴𝛴𝛴𝛴4 𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 (𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 𝑇𝑇𝑇𝑇 𝛴𝛴𝛴𝛴4 𝑊𝑊𝑊𝑊𝐿𝐿𝐿𝐿 )−1 𝑥𝑥𝑥𝑥

(6)

After obtaining all the necessary data the Frobenius norm was calculated using the Matlab function
norm(.,’fro’) for all the pixel wise differences between
the original and estimated reflectances. Colour differences were computed as pixel wise Euclidean distances
ΔE00 between the original image and each estimated
image under D65.

Results and discussion
The results of simulated images with all four methods
are shown on Figure 2. PCA performs poor while all the
other algorithms provided very good estimation. In the
case of PCA approximation colours were too saturated
and fine details were lost, which can be explained with
the fact that only three eigenvectors were used for the
recovery. The Wiener estimation performs very well,
while the optimized version gives the most satisfactory
results.
By selecting the random pixels in an image and plotting the corresponding reflectances the performance of
each algorithm in estimating the spectral curves can be
assessed. Figure 3 shows the results for one, randomly
selected pixel.
From this example it can be seen that for the spectral
shape recovery the PCA and the Wiener estimation
provided the best results. When PCA was used some
negative reflectance were noticed for other pixels in an
image. These negative values can be explained by the
nature of the eigenvectors and should not be neglected.
It was also noticed that all the methods performs differently for particular pixels, due to the fact that the sensor
used had low response at both ends of the visible range.
This leads to losing some valuable information for the
reconstruction. The orthogonal projection was shown
to be the most sensitive to this, where there is no projection at the end of the spectrum at all.
Due to the variation in reflectance for different pixels
the Frobenius norm was calculated. This norm provides the Mean Squared Error between the original image reluctance matrix R and the estimated reflectance
matrixes. It provides information about how big is the
overall difference between the original and estimated
reflectances for each one of the methods. The results
of comparing all the estimation with the original are
presented in Table 1.

where   is the estimated reflectance in one pixel position and is the camera response for the same pixel position. The results for the whole image pixel wise are
contained in the matrix.
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a)

b)

c)

d)

e)

Figure 2. (a) Original image and the images obtained by (b) PCA approximation, (c) first algorithm used for
reflectance estimation, (d) Wiener method, (e) optimized Wiener method

Figure 3. (a) Pixel position and (b) the comparison of the estimations of the spectral shape for each of the
methods used
The F-norm values confirmed that from the spectral recovery point of view PCA gives the smallest difference
compared to the original reflectance. This means that
the spectral shape of the reflectance curves can be, for
this particular case, estimated with the smallest error
with PCA.
While the F-norm evaluates the results spectrally, another way to evaluate the results is colourimetrically,
using the colour difference calculations. ΔE00 calculations were performed pixel wise over the whole image
between the original and the estimated images. Maximal and mean value of the pixel wise difference was
calculated. The results of colour difference evaluation
are presented in Table 2.

From the results in Table 2 it can be seen that the Wiener estimate provided the image with the smallest overall colour difference. The highest difference is noticed
if PCA was used, which is previously confirmed visually.

Conclusions
In this paper three most widely used alghoritms for
recovering reflectance and PCA for estimating the reflectance from digital camera were evaluated. The aim
was to define which of these methods can be used in
graphic industry in order to replace spectrophotometric
measurements with digital camera systems. High de-

Table 1. Frobenius norm for all the estimations compared to original

F-norm

PCA

Orthogonal projection

Wiener method

Optimized Wiener
method

102.25

254.51

137.51

190.85

Table 2. Colour difference (ΔE00) for each estimation compared to original
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PCA

Orthogonal projection

Wiener method

Optimized Wiener method

Mean ΔE00

11.82

4.05

1.95

2.33

Max ΔE00

51.44

6.92

5.19

7.07

Faculty of Technical Sciences - Graphic Engineering and Design

gree of accuracy in practical application was defined
as a goal. It was noticed that even thou PCA provides
the smallest difference in the spectral shape of the estimated reflectances it creates the biggest colour difference. Wiener method, on the other hand, provides the
smallest colour difference but it does not perform the
best in estimating the spectral shape if all the pixels in
an image were taken into account. This suggests that in
the case where reflectances had to be recovered from
each pixel in an image it is possible to obtain different results in mean error values for reflectance recovery
and colour accuracy. The optimized Wiener approach
in this example didn’t perform better than the classical Wiener approach. This is probably due to the fact
that the virtual sensor had low response at both ends
of the visible range, leading to some valuable information missing for the reconstruction. It could be that
the parameter ‘rho’ used for the estimation performed
badly in some parts of the image making the overall
performance of this method not as good as the classical
Wiener approach. The differences in F-norm value for
PCA and Wiener method were minimal, hence it was
concluded that Wiener method provide the best reflectance estimation while produces the best colour fit as
well. If using Wiener estimate it is important to note
that in order to achieve more accurate results sensor
sensitivities must cover the whole visible range.
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