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bstract. The purpose of this study is to determine whether there
s any correlation between subjective and objective artwork repro-
uction assessment when using different printing technologies. The

nvestigations are based on reproductions of works of art, which
elong to the traditional tonal system of visual representation, char-
cterized by the brightness range of the dominant hue from a certain
art of the spectrum. This system appeared in the period of the late
enaissance. Today it is often used for expressing volume in
raphic media. As a method for assessing the quality of the repro-
uctions, instrumental measurement and visual evaluation were
sed. The visual study included formal/methodological characteris-

ics of the artwork. Based on the results, a correlation between ob-
ective and subjective approaches has been shown. The results
emonstrate that the best quality of color lightness is produced with
onventional offset printing and an amplitude modulation screen.
hese results can be applied in the reproduction of images employ-

ng this tonal system of visual representation. © 2008 Society for
maging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.�2008�52:6�060507��

NTRODUCTION
n a work of art, not only is the clear reproduction of color
mportant, but also the visual message which makes that
iece a work of art. In that aspect this study is based on the
nalyses of artwork reproductions employing the tonal sys-
em of visual representation. The reproduction of artwork is
ne of the most challenging tasks in the graphic profession.
his is especially important in lightness reproduction.

The attributes of brightness and lightness are very often
ubstituted for each other, despite the fact that they have
ery different definitions. Brightness: The attribute of a vi-
ual sensation according to which an area appears to emit

ore or less light. Lightness: The brightness of an area
udged relative to the brightness of a similarly illuminated
rea that appears to be white or highly transmitting. Bright-
ess refers to the absolute perception of the amount of light
f a stimulus, while lightness can be thought of as the rela-
ive brightness. The human visual system generally behaves
s a lightness detector.1–4

A system of visual representation is the combination of
he optical structural elements in groups of recognizable
holes that can be interpreted by the human eye, more or

ess objectively. Structural elements are point, line, plane,
olume, and color. In two-dimensional media the volume is

eceived Mar. 17, 2008; accepted for publication Aug. 5, 2008; published
nline Dec. 12, 2008.
p062-3701/2008/52�6�/060507/8/$20.00.
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epresented by continuous tonality. Based on the structural
lements, systems of visual representation can be classified as
inear, one-dimensional, tonal, and colorist.

The tonal system of representation is established prima-
ily as a dominant hue from a specific color of the spectrum.
t is characterized by nuancing the specific color in gradual
ight-dark shades, by which the shades represent the third
imension or depth. The textural increments need to be in a
ontinuous relationship, i.e., separated below the perceptive
bility of the human eye. From the aesthetic point of view,
rightness is one of the structural elements of visual form.
rightness is the basic element of a tonal system of visual

epresentation.5 This system of visual representation first ap-
eared in the period of the Renaissance. In graphic design,
rightness is often utilized for presenting volume in two-
imensional media. Modeling is used where the harmony
nd immobility of form need to be achieved.

The interdisciplinary approach to brightness/lightness is
he key element for a successful color reproduction. This
tatement confirms the commonplace color experience in
hich the human eye is more sensitive to the change of
rightness, as compared to other color attributes (hue and
aturation).6,7 Color involves both the physical facts of light
nd reflecting surfaces and a very complex perceptual re-
ponse to those facts.8 These are the reasons why color light-
ess reproduction process is demanding. Within the repro-
uction process, lightness is controlled by the halftone
edge, which also serves for contrast control. Control is
onitored by employing the mathematical expressions of

olor-difference formulae, such as CIED94 (Ref. 9) and
IEE2000.10 Some colors have a wider range of lightness
alues compared to others. Yellow, as the brightest color, has
very narrow lightness value. Violet, the darkest color, has a
uch wider range of lightness values compared to yellow.
herefore, graphic designers use quantity contrast for bal-
ncing these values.11

The reproduction process is primarily a technological
rocess used for transferring the designer’s ideas into
raphic media. Color is often used for visual information
resentation in graphic media.12 Different equipment, mate-
ials, systems, and processes are applied in reproduction pro-
esses to obtain quality graphic media, i.e., graphic
roducts.13–17

Each of the mentioned parameters has a determining
nfluence on the quality of the final product. The printing

rocess, one of the dominant segments of graphic industry,
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s monitored for evidence of a successful reproduction pro-
ess material index. However, the final evaluation is done by
onsumers of graphic media by the subjective experience of
isualization.

The graphic designer has to be aware of the limitations
f the reproduction process. Therefore, it is possible to adapt
he original idea to the capabilities of the reproduction pro-
ess, in order to simplify the whole process from aesthetical,
echnological, and economical standpoints. If the original
dea is based on the tonal system of visual representation, the
nowledge of possibilities of reproducing color lightness is
equired.

The purpose of this research is to determine whether
here is any correlation between subjective and objective
rtwork reproduction assessment when using different
rinting technologies. If this correlation exists, it is possible

o evaluate the quality of color lightness reproduction
y visual evaluation or instrumental spectrophotometer
easurements.

XPERIMENTAL
n order to examine the quality of color lightness of the
rtwork reproduction from the standpoint of printing tech-
iques and type of screening, three oil paintings on canvas
25�19 cm� done by academy-trained painter Mato
urkovic in 2002 were used. The paintings belong to the

Table I. Systematization of reproduction in accordance with the printing techniques.

Reproduction Printing technique

1.a Digital offset printing AM screen

1.b Conventional offset printing AM screen

1.c Conventional offset printing FM screen

2.a Digital offset printing AM screen

2.b Conventional offset printing AM screen

2.c Conventional offset printing FM screen

3.a Digital offset printing AM screen

3.b Conventional offset printing AM screen

3.c Conventional offset printing FM screen

able II. Values of the coefficient R2 for linear regression equations of the
eproductions.

olor

Printing techniques

Digital offset printing
AM screen

Conventional
offset printing

AM screen

Conventional
offset printing

FM screen

yan R2 = 0.9827 R2 = 0.9794 R2 = 0.9722

agenta R2 = 0.9838 R2 = 0.9791 R2 = 0.9781

ellow R2 = 0.9924 R2 = 0.9920 R2 = 0.9911

lack R2 = 0.9850 R2 = 0.9838 R2 = 0.9835
igure 1. Mato Jurkovic: Winter in Posavina, 2002, oil on canvas,
5�19 cm, private collection Miniatures.
igure 2. Mato Jurkovic: Split’s Harbour-Detail, 2002, oil on canvas,
5�19 cm, private collection Miniatures.
igure 3. Mato Jurkovic: The Ruins of Diocletian’s Palace, 2002, oil on

uthor’s private collection named “Miniatures” and embody

Nov.-Dec. 20082
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he tonal system of visual representation, characterized by
he brightness range of the dominant hue of a specific part
f the spectrum. The paintings are characterized by domi-
ant hues: blue (Figure 1), red (Figure 2), and yellow (Figure
). They were selected in order to cover greater color areas
ith their different brightness spans.

In the technological process of painting reproduction,
wo printing techniques are used: conventional and digital
ffset print. For color separation in conventional printing,
mplitude modulation (AM) and frequency modulation
FM) types of screens were utilized.18

The reproduction process begins with photographing
he paintings and halftone wedge. A Canon EOS 10D digital
amera was used. Image capture was performed during day-
ight, i.e., noon sunlight on a clear day with CCT 5600K.
he acquired digital data were the same size as the paintings

1:1). It was processed in Adobe Photoshop CS3 with usual
orrective methods (determination of white and black
ange). From the digital data, color separation films were

ade using (1) an AM screen with a screen ruling
0 lines/cm and (2) a FM screen with a dot size of 20 �m.
he reproductions were printed on a four-color conven-

ional offset Heidelberg Speedmaster 102 press. For digital
ffset an Indigo PRO+ machine with AM screen printing
as used. The white gloss paper Euro Art Gloss (M-Real
orporation, Germany, 11.5 g/m2) was used for conven-

ional offset printing. Sappy (Buttenpapierfabrik Gmund,
mund am Tegernsee, Germany, 250 g/m2) white gloss pa-

able III. Evaluations of the visual judgments of observers of reproductions given by
igital offset print with the AM screen.

ark 1a �blue� 2a �red� 3a �yellow�

cceptable 12 �26.7%� 4 �8.9%� 11 �24.4%�

ery good 31 �68.9%� 31 �68.9%� 31 �68.9%�

xcellent 2 �4.4%� 10 �22.2%� 3 �6.7%�

able IV. Evaluations of the visual judgments of observers of reproductions given by
onventional offset print with the AM screen.

ark 1b �blue� 2b �red� 3b �yellow�

cceptable 1 �2.2%� — 1 �2.2%�

ery good 22 �48.9%� 10 �22.2%� 17 �37.8%�

xcellent 22 �48.9%� 35 �77.8%� 27 �60.0%�

able V. Evaluations of the visual judgments of observers of reproductions given by
onventional offset print with the FM screen.

ark 1c �blue� 2c �red� 3c �yellow�

cceptable 4 �8.9%� 1 �2.2%� 3 �6.7%�

ery good 33 �73.3%� 23 �51.1%� 34 �75.6%�

xcellent 8 �17.8%� 21 �46.7%� 8 �17.8%�
er was used for digital offset printing. This process pro- q

. Imaging Sci. Technol. 060507-
uced nine reproductions, three for each artwork done with
ifferent techniques, as summarized in Table I.

ethod
he investigation of color brightness reproduction was per-

ormed by the visual evaluation by observers. The instru-
ental spectrophotometer measurements utilized patches of

he halftone wedge for examining quality of color lightness
eproduction.

The original paintings were used for visual assessment.
he three reproductions produced in this process were
valuated with respect to their originals. Forty-five observ-
rs, 25 female and 20 male, aged from 25 to 40, participated
n the estimation. The observers were persons with a history
f art and graphic design backgrounds. This choice was
ade in order to obtain the evaluation from a purely aes-

hetic point of view. All the observers passed the Ishihara
olor vision test.

The visual evaluation was performed according to the
onditions set by ISO 3664 standard.19 Visual evaluation was
arried out in an experimental booth. The inside of the ex-
erimental booth was illuminated by a broadband F7, CCT
500K Ra 90 fluorescent lamp. The luminance level was
60 cd/m2. The artwork and the reproduction were placed
n the floor of the booth side by side. The floor of the booth
as a matte of middle lightness. The booth’s interior walls
ere matte and neutral. The illumination was centered per-
endicular to the plane of the artwork and reproduction.
he observer was standing approximately 30 cm from the
pening of the booth. The observation angle is 45° from the
ormal to the artwork and reproduction. The same distance

rom the specimens was maintained during visual evalua-
ion. The overhead light was turned off. Prior to the visual
ssessment, the observers were asked to adapt to the test
llumination for 60 s.

The judgments of visual evaluation are given on the
asis of the following criteria:

• Excellent: the range of brightness on the painting is
identical to the reproduction; the light and dark parts of
the reproduction are excellent.

• Very good: the range of brightness on the reproduction
is insignificantly smaller/bigger to the painting; the light
and dark parts of the reproduction are very good.

• Acceptable: the range of brightness on the reproduction
is noticeably smaller/bigger to the painting; the light
and dark parts of the reproduction are acceptable.

• Still acceptable: the range of brightness on the repro-
duction is significantly smaller/bigger to the painting;
the light and dark parts of the reproduction are still
acceptable.

• Unacceptable: the range of brightness on the reproduc-
tion is significantly smaller/bigger to the painting; the
range of brightness within the light and dark parts of
the reproduction is unacceptable.

Patches of the halftone wedge were made to check the

uality of the printing process. Instrumental measurements

Nov.-Dec. 20083
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ere performed on an X-RiteColor Digital Swatchbook
pectrophotometer. On every patch of the halftone wedge,
he reflection factor was measured. The measuring geometry
as 45/0. Each patch was measured on three spots, and the

esult was their average value.

ESULTS
he investigation results of the quality of the printing pro-
ess are presented by color lightness reproduction curves
btained by measuring the patches of the halftone wedge.
he degree of correlation of the color reproduction curves
as based on linear regression.

Evaluations of the visual judgments of observers are
iven in the Tables III–V, systematized with the printing
echniques and type of screen. One-way ANOVA was used
or statistic analysis of the results obtained.

Based on the color reproduction curves a small devia-
ion is visible for screen values of 20%–40% (light area on
he reproduction). There are no differences for the screen
alue of 50% among the printing techniques and type of
creen. The small deviations are again obtained in screen
alues of 60%–80%, while the greatest differences are shown
n the dark area of the reproduction (90%–100% screen

Table VI. ANOVA statistical data for reprodu

ANOVA: Single factor

Summary

Groups Count Sum

Fig. 1�a� 45 170

Fig. 2�a� 45 186

Fig. 3�a� 45 172

ANOVA

Source of variation SS df

Between groups 3.377778 2

Within groups 37.55556 132

Total 40.93333 134

Fig. 1�a�

N Valid 45

Missing 0

Mean 3.7778

Median 4.0000

Mode 4.00

Standard deviation 0.51737

Variance 0.268

Range 2.00

Minimum 3.00

Maximum 5.00

Sum 170.00
alue).

. Imaging Sci. Technol. 060507-
The linearity of the reproductions was evaluated on
he basis of the coefficient of variation, R2. The re-
ression equations for different printing process and screen
re shown in Table II. The coefficient of variations R2 (Table
I) almost showed a linear reproduction for all colors
R2 �1�. This indicated high correlation and confirmed the
uality of the colors’ lightness reproduction independent of
he technological process. As well, regression equations are
tatistically significant. Therefore, the regression equations
an be utilized for the prediction of the printing quality
rocess.

Evaluations of the visual judgments of observers of
ingle reproductions are given in Tables III–V. Based on the
isual evaluations of observers, the most satisfactory repro-
uction was obtained by conventional offset printing using

he AM screen. Less satisfactory evaluations were associated
ith the reproductions obtained by conventional offset
rinting using the FM screen and by digital offset printing
nd the AM screen. ANOVA statistical data for these evalu-

tions are given in Tables VI–VIII.
One-way ANOVA has statistically shown significant dif-

erences between the evaluations of observers regarding the
rinting techniques and type of screen:

tained by digital printing with the AM screen.

rage Variance

7778 0.267677

3333 0.3

2222 0.285859

MS F P value Fcrit

8889 5.936095 0.003399 3.064756

4512

2�a� Fig. 3�a�

45 45

0 0

1333 3.8222

0000 4.0000

4.00 4.00

4772 0.53466

.300 0.286

2.00 2.00

3.00 3.00

5.00 5.00

6.00 172.00
ctions ob

Ave

3.77

4.13

3.82

1.68

0.28

Statistics

Fig.

4.

4.

0.5

0

18
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Digital offset printing, AM screen

F�2.132� = 5.9360, P � 0.004;

Conventional offset printing, AM screen

F�2.132� = 4.3481, P � 0.004;

Conventional offset printing, FM screen

F�2.132� = 6.6944, P � 0.004.

In comparison with the critical value Fcrit=3.0647,
NOVA indicated statistically significant differences in the
isual evaluations of observers. The greatest mean mark, re-
ardless of the printing technique and type of screen, was
iven to Fig. 2, where the red hue is dominant �magenta+

yellow�. The greatest total mean mark was given to Fig. 2,
eproduced by conventional offset printing with the AM
creen. The lowest mean mark was given to Fig. 1, with the
ominant blue hue �cyan+black� reproduced by digital off-
et printing with the AM screen. In total, the lowest mean

ark was given to the reproductions obtained by digital

Table VII. ANOVA statistical data for reproductio

ANOVA: Single factor

Summary

Groups Count Sum

Fig. 1�b� 45 201

Fig. 2�b� 45 215

Fig. 3�b� 45 206

ANOVA

Source of variation SS df

Between groups 2.237037 2

Within groups 33.95556 132

Total 36.19259 134

Fig. 1�b�

N Valid 45

Missing 0

Mean 4.4667

Median 4.0000

Mode 4.00a

Standard deviation 0.54772

Variance 0.300

Range 2.00

Minimum 3.00

Maximum 5.00

Sum 201.00
aMultiple modes exist. The smallest value is shown.
rinting with the AM screen. t

. Imaging Sci. Technol. 060507-
ISCUSSION
his study analyzed the quality of color lightness reproduc-

ion from two different points of view. One was based on the
esults objectively obtained from the instrumental character-
zation of the reproduction process. The second was based
n the observers’ subjective evaluations of the reproductions.
e wished to ascertain if there was a correlation between the

esults obtained based on the subjective and objective
ethods.

On the grounds of the instrumental measurement re-
ults, the linearity of color reproduction curves for the print-
ng techniques used and screen types was confirmed by lin-
ar regression (Table II). The curves show small differences
n the reproduction of lighter tones, and larger differences in
he reproduction of the darker tones (Figure 4). Here we can
ee that the differences regarding different screen types are
reater with digital printing than with conventional printing.
egarding colors, the greatest lightness range was achieved
ith yellow, followed by black and magenta, and finally cyan.

Regarding the observers’ visual assessments, it is appar-
nt that a correlation exists in connection with printing

ed by conventional printing with the AM screen.

erage Variance

6667 0.3

7778 0.176768

7778 0.294949

MS F P value Fcrit

8519 4.348168 0.014833 3.064756

7239

2�b� Fig. 3�b�

45 45

0 0

7778 4.5778

0000 5.0000

5.00 5.00

2044 0.54309

.177 0.295

1.00 2.00

4.00 3.00

5.00 5.00

5.00 206.00
ns obtain

Av

4.46

4.77

4.57

1.11

0.25

Statistics

Fig.

4.

5.

0.4

0

21
echniques and screen types. The evaluations show a corre-
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ation regarding the dominant hue, that is to say, regarding
ertain colors. The results show that the greatest percentage
f observers gave an excellent mark to all image reproduc-
ions obtained by conventional offset printing with the AM
creen. According to the given criteria, this result implies an
lmost identical image lightness range in the reproductions
ompared to the original work of art and very visible light
nd dark tones. The reproductions obtained by conventional
ffset printing with the FM screen and digital offset printing
ith the AM screen were given a “very good” mark by the
reatest number of observers. That means that the reproduc-
ion’s lightness is either greater or smaller than in the origi-
al, but that light and dark parts are very good.

If we compare the reproduction color curve (Fig. 4)
btained by conventional printing with the AM screen,
hich got the highest marks from the observers, with other

urves which got lower marks, we can see that it is located in
he middle. With the conventional FM screen technique the
ighter tones are reproduced lighter and the darker tones
ven darker. That implies a contrast increase which results in
n increased image contrast when visually assessing an im-

Table VIII. ANOVA statistical data for reproductio

ANOVA: Single factor

Summary

Groups Count Sum

Fig. 1�c� 45 184

Fig. 2�c� 45 200

Fig. 3�c� 45 185

ANOVA

Source of variation SS df

Between groups 3.57037 2

Within groups 35.2 132

Total 38.77037 134

Statistics

Fig. 1�c�

N Valid 45

Missing 0

Mean 4.0889

Median 4.0000

Mode 4.00

Standard deviation 0.51444

Variance 0.265

Range 2.00

Minimum 3.00

Maximum 5.00

Sum 184.00
ge. With the digital printing technique with the AM screen, a

. Imaging Sci. Technol. 060507-
he lighter tones are reproduced darker and the darker tones
ighter. In this case the contrast was lowered over the entire
mage. With the conventional AM screen technique, the light
nd dark tones were reproduced with approximately identi-
al values, which means a nearly identical contrast when
ompared with the original.

Although statistically significant deviations are present
mong the observers’ visual assessments (Tables III–V), they
till correlate will with the instrumentally measured results
Fig. 4), shown by the analysis of color reproduction curves
n comparison to the observers’ visual assessments.

UTURE RESEARCH
s previously mentioned, in the reproduction process, dif-

erent processes, systems, and materials are utilized and may
nfluence the quality of the color lightness reproductions.
his study investigates a limited range of printing processes.
owever, different image capturing systems, substrates, and

ther parameters are also able to influence the color light-
ess reproductions.

This particularly pertains to reproductions of works of

ned by conventional printing with the FM screen.

age Variance

8889 0.264646

4444 0.29798

1111 0.237374

F P value Fcrit

5185 6.694444 0.001701 3.064756

6667

�c� Fig. 3�c�

45 45

0 0

4444 4.1111

0000 4.0000

4.00 4.00

4588 0.48721

.298 0.237

2.00 2.00

3.00 3.00

5.00 5.00

0.00 185.00
ns obtai

Aver

4.08

4.44

4.11

MS

1.78

0.26

Fig. 2

4.

4.

0.5

0

20
rt where each parameter of the reproduction process has
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reat significance for the reproduction quality. These above
entioned parameters will be the subject of future research,
ith the aim of improving color reproduction quality and

specially lightness as one of its characteristics.

ONCLUSION
he quality of color lightness reproduction was investigated

rom the point of view of different printing techniques and

Figure 4. Color lightness reproduction curves prod
ype of screen. For originals we used three paintings which t

. Imaging Sci. Technol. 060507-
elong to the tonal system of visual representation, charac-
erized by the range of brightness of the dominant hue.

The dominant hues of the investigated images were
lue, red, and yellow. The reproduction process quality was
onfirmed by the linear regression of the color curves. The
eproduction assessment regarding printing techniques and
creen types was performed by visual assessment on the part
f observers. The results have shown a correlation between

y different printing techniques and type of screen.
he results obtained by instrumental measurement and sub-

Nov.-Dec. 20087
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ective perception of lightness. Based on the result obtained,
he best results for lightness reproduction were achieved by
onventional offset printing with an AM screen.

These research results can be applied to the reproduc-
ion of images utilizing the tonal system of visual presenta-
ion, where reproduction of lightness is most important.
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