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Abstract

During recent years the need for accurate color
measurements has been increasing to achieve proper color
management in a number of industries. One of the most
wide spread techniques to measure color is based on
spectrophotometric measurements.

However, when dealing with hardcopy materials (paper
and inks) that contain fluorescent components, the color
measurements  become  questionable.  Conventional
spectrophotometers measure total radiance factors of
fluorescent materials for the light source within the
instrument. Such measurements cannot be used to obtain
accurate colorimetry for other illuminants or sources. On the
other hand using bispectra methods, which measure
reflected and fluorescent spectral radiance factors as a
function of incident wavelength, produces illuminant
independent data and thus more accurate colorimetric
calculations.

The main goa of the present work is to determine
colorimetric errors created by conventional
spectrophotometry compared to bispectral measurements for
acollection of printed materials. Another point is to evaluate
the significance of these errors in color reproduction
applications.

I ntroduction

As imaging technology advances the need for accurate
tools grows. Colorimetry has become an important tool to
achieve accuracy on imaging reproduction and color
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management procedures. Nonetheless, on the workflow of
image reproduction many hardcopy materials are involved.
Today most high-end hardcopies will display fluorescent
properties. Measured on conventional color measurement
instruments (spectrophotometers) these types of materials
will produce incorrect color values.

One of the main contributions to these phenomena in
the hardcopies is the optical brightneners in the paper to
magnify the whiteness as well as some of the natural
pigments within the inks employed in different printing
technologies, which exhibit fluorescence. Most of these
fluorescent components come in very small amounts that are
not detectable to the eye but they can be significant enough
to affect colorimetric values.

Luminescence is defined as the conversion absorbed
energy into emission of light. The energy conversion of
interest here usually occurs in the visible or near-visible
range and under light excitation.

The total spectral radiance factor of a luminescent
(fluorescent) sample is made up of two components the
reflected and the luminescent, expressed in equation 1. For a
sample with no luminescent component the reflected
component will be equal to the total spectral radiance. In
figure 1 the spectra radiance of a fluorescent orange golf
ball is given as an example to illustrate how the spectral
radiance factor of a sample is made up.

Equation 1 Total radiance factor equation
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Figure 1 Fluorescent Orange Golf Ball Figure 2 Part of Matrix of a bispectral measurement froma green
fluorescent sample
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Figure 3. 3D representation of a bispectralmeasurement from a
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Conventional spectrophotometers, using polychromatic
illumination; only measure the total radiance factor of
fluorescent materials for the light source in the particular
instrument employed. Frequently, hardcopy materias are
specified under CIE illuminant D50. Since there are no
instruments with good approximations of D50 as the light
source, colorimetry of fluorescent samples on conventional
instruments can be considered erroneous.

Bispectral spectrophotometric instruments can make
colorimetric measurements taking into account the
contribution of both the fluorescent and the reflected
component to the total radiance of a sample. This way the

measurement becomes light-source independent and the full Experimentation
bispectral radiance factor can be obtained in a matrix form
as a function of the excited wavelengths. The main The design and sampling of the experiment was

difference of the hispectra method from the conventional constructed to take into account different printing processes
method is the incorporation of two monochromators into the  under normal reproduction conditions of colors. Throughout
instrument. For the bispectral method one monochromator is  the experiment a bispectral-spectrophotometer (BFC-450)
located between the instrument light source and the sample  manufactured by Labsphere was used to measure the
to be measured. The function of this monochromator isto  samples. Around 10-12 minutes were taken for each
separate the radiation from the instrument’s light source intmeasurement to be completed, since each sample was
its spectral components before it reaches the sample. Theeasured at every excitation wavelength throughout all the
second monochromator is located between the sample amchission wavelengths.
the photodetector, which separates the radiation leaving the
sample surface into its spectral components. This way the The analysis is based on seven prints (paper with color
instrument produces a matrix of all the wavelengthpatches of 100% CMYK and 50 % CMYK), one print (paper
contributions of light excitation and emission. The columnswith patches of 100% CMYK and 40 % CMYK),and one
in figure 2 correspond to the excitation while the rowsprint (paper with patches of 100% CMYK). In total they
correspond to the emission wavelengths, the values withiwere76 measurements. They were measured with the
the diagonal correspond to the reflected component whilmtention to analyze the effect of fluorescent component in
the values off-diagonal correspond to the fluorescenthe color determination.
contribution.Figure 3 shows the graphical representation of
the matrix form. The xy plane corresponds to the excitation Among the different printing process used to generate
and emission wavelengths while the z-axis radiance factor.the samples were: two color proofers (3M & Epson), two
thermal printers (Kodak XLT 7720 & Fujix Pictography),



RIT Lithographic press, and a combinatiof inkjet printers
with different quality papers.

Results

The principal objective was quantifying the colorimetric
error using typical vs. bispectral techniques. The approach of
emulating total radiance method from bispectral
measurements was used, since this adlows severa
advantages. First the reduction of noise in colorimetric
values due to the use of different instruments. Second the
flexibility to choose any instrument as light source for the
total radiance emulation. Third avoiding problem of
cdibration of different instruments and evading
quantification of the light source error as well as variations

From XYZ using the CIELAB equations, the L*, a*, b*
values were derived. The same approach can be used to
obtain colorimetric values by the bispectral method but there
is no need to introduce the instrument light source
(P"™\(u,0)) since the measurements are already light source
independent. Then the equation to obtafn) stimulus
function would look agquation 4, and in the same fashion
the XYZ and CIELAB can be obtained.

Eq. 4 Stimulus function from Bi-sprectral measurements
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Two different light source power distributions were

on instrumen_t’s light source. This also aids interpretation Oémployed to simulate conventional spectrophotometers. The
the results since only one apparatus was used to make tlﬂj%t sources were a xenon arc lamp (commonly found in

measurements.

The simulation for total radiance is shown €g2. It
consists of the bispectral radiance factBr(if,co)) matrix
form) which is expressed in function of the excitatipn (
and the emissionu) wavelengths. Then th@(u,w) is
multiplied by the specified light sourced'{(u,w) for

colorimetric calculations and by the instrument light sourc

(®"™\(1,0) this is the light form which ever instrument was

chosen to be simulated. Then the resultant matrix is summed

over the excitation wavelength to obtain an array which only|
is emission dependent. It is divided by the instrument light
source @"™\(w)). This last operation is the point where
conventional instruments try to make the measurement ligh

source independent.

Eq. 2 Total Radiance Emulation.
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many instruments) and a tungsten filtered lamp (simulating
daylight D50 from a light booth). The color values obtained
by the simulations were compared with the bispectral
method twice (with different specified light source). The

first time using CIE tables for D50 and the second

comparison was using D50 spectral power distribution from
daylight simulator. These SPDs were employed for specific

8ight source colorimetric calculations. The metric to evaluate

he comparison was the color difference in termARy .

Figure 4. AE94 Bispectral VS Total Radiance
using Xenon lamp (CIE D50)
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Once obtainingt(w), which can be called stimulus
function, the XYZ can be obtained with traditional
colorimetric approach as showneg 3. In the present work,
the CIE 1931 standard colorimetric observef) (2olor
matching functions were employed.

Eq. 3. XYZ calculations
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Figure 5. AE94 Bispectral VS Total Radiance
using Daylight source (tungsten filtered lamp)
CIE D50 Tables
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Figure 6. A E94 Bispectral VS Total Radiance using
Xenon lamp & (Mabecth D50)
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Figure 7. AE94 Bispectral VS Total Radiance
using Daylight source made with fltered tungsten
lamp (Mabecth D50)
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Figures 4 trough 7 show the average AE,, of al the
printed samples were classified by percentage of area
coverage and color patch. Overall the samples with the
largest color differences are the papers themselves. This is
because most modern high quality manufactured paper
contain optical brighteners to enhance the whiteness. On a
second level, in terms of color differences, the 50% solids
were positioned, which again most of the color difference
can be blamed to miscalculation of the fluorescent
components coming from the paper. Although in general, the
color differences values seem small and not necessarily
means that will not affect drastically color reproduction.
These overall low values can be associated to the mixture of
different ink types and printing process, the non- fluorescent
ink samples diminished the overall average from the ones
containing fluorescence. The black patches show high color
errors mainly because since these measurement took place at
low reflectance any fluorescent component will create big
difference in the colorimetric values

There is also a significant difference whether to use
spectral power distribution (SPD) of CIE D50 tables or
daylight simulator SPD to make colorimetric calculations.
Altogether the CIE tables created a higher color differences
than the daylight simulator source. This difference can also
be appreciated in table 1 where, a summary of the different
methods employed to analyzed the samples are express in
terms of AE,,. Also in the last column is shown the color
difference from two bispectral methods one using CIE D50
tables and the other using daylight smulator SPD. Note the
significant large maximum AE,, values

In general, with CIE D50 light source about 29%
percent of the samples analyzed have a AE,, above 1.0. In
practical terms this color difference would be noticeable if
existed. However in this case there is no difference to notice,
it is smply a measurement error that would be propagated
through the color management chain.

Table 1 AE,, Summary of analyzed samples

Specified CIE D50 Daylight from Light CIE VS.
source booth Light
booth
Instrument. | Tungsten Xeno |Tungsten Xenon
Source filtered n filtered Lamp
Lamp
Average 0.65 0.90 0.41 0.53 1.10
AEgy
Max AEgs 2.98 4.52 1.75 2.85 3.59
Min AEga 0.00 0.05 0.00 0.04 0.05
Samples 16 23 9 9 34
above >1
AEQA
Samples 6 9 0 5 10
above >2
AEgy
Std Dev 0.67 1.03 0.41 0.60 0.68

Most likely the averages hide the different substrates
contribution, as well as the different types of inks
contribution from the different printing processes. Since the
samples cover a variety of printing technologies, the
averages attenuate the color difference errors. In table 2
there are some selected samples of different printing
technologies. These selected samples exhibit considerable
amount of fluorescence (for not being considered fluorescent
at norma viewing conditions) and do not necessarily
correspond to the maxima found. Choosing CIE D50 as
specified and xenon arc lamp as instrument light source was
just an arbitrary decision to show some examples.



Table 2. Individual color difference of selected samples using CIE

D50 as specified illuminant for colorimetric calculations

Bispectral Method Total Radiance
Method using Xenon
Arclamp

Samples x| a | b | x| e | br | AR,
Fluor escent

Orange Golf ball | 71.4 49.6 322 | 733 52.5 354 | 225
Green Plastic 617 | -69.4 | 428 | 627 | -70.9 | 442 | 1.09
Printed

materials

Xeror White | 93.1 14 -6.0 | 92.9 .29 -1.8 | 342
paper for inkjet

50% Magenta | 64.2 37.0 -1.3 | 611 36.7 06 | 124
K odak XLT

Thermal printer

Lithography 91.0 0.4 -06 | 91.0 12 0.9 | 168
white paper

50% Yellow in | 90.6 -1.6 25.4 | 90.6 -1.9 28. 1.08
Riverside HP870

50% Cyan Hp 670 | -189 | -31. | 668 | -20.3 | -27. | 224
paper in HP870

100% Cyan HP | 53.8 | -28.7 | -40. | 53.6 | -30.0 | -38. | 1.23
paper in HP870

Conclusions

In the present work most of the color errorsin the set of
samples occur in the lower percentage of dot coverage
mainly due to the paper contribution to fluorescence. These
contributions already discussed can be attributed to the
manufacturing process of the substrate. The findings may
not applied in general to any printed materia since they are
dependent of ink properties, and there are some ink that by
nature contains fluorescent components.

deviation can be considered evenly distributed among the
two SPD.

One last thing to mention is that a typical error in a
good image characterization is on the order of 2.0 s
The current results show that fluorescence measurement
errors can be a big contribution (or perhaps the main
contribution) to these errors. So in some critical image
reproduction will be necessary to take into account the
fluorescence contribution to the color error.

There are several future considerations that can be made
including: the evaluation of the instrument precision and
accuracy on bispectral measurements, the translation of
fluorescent color errors into wrongful color management,
and last but not least how significant are the paper
fluorescent components vs ink.

The goal of this work has been to evaluate the relative
effect of fluorescence and its importance when calculating
CIELAB colorimetric values. From this it is important to be
aware that this effect might have consequences in the final
output (any media) in terms of the overall accuracy of color
reproduction. It also highlights a more accurate way to
measure color to take into account these phenomena. It has
been undoubtedly shown how thAE, values are
significantly affected due to the way in which the
fluorescence is measured.

A final result of this research will be the creation of a
database of bispectral measurements of printing, and other
materials that will be made freely available on the internet
for use by other researchers.
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