








placed the sensors side-by-side, connected to a laptop via USB cable.

Figure 9 - UV measuring tool connected to laptop

With this simple tool we were able to measure the UV and luminance
simultaneously. But we needed to calibrate against D50 illumination. We used
sunlight for this purpose. On a clear winter day, we waited for the color of direct
sunlight to be approximately 5000K, and took readings with our tool. At the
same time we measured the sunlight with our i1Pro 2. The color temperature
was actually 4826K, so we computed the D-series SPD for that color
temperature, and adjusted our measurements. Then we measured our viewing
locations to see how they compared to D50.

The Green value is the green channel output of the VEML6040 device, which

has a spectral sensitivity close to V(). The UV value is the output of the VEML
6070 device.
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1. Direct sunlight at 8:50 AM, clear blue sky,

Green = 42300, UV = 2360
Green = 42500, UV = 2388
Green = 42700, UV = 2416
Green = 43500, UV = 2485
CCT = 4826K, LUX = 81997 (measured with ilPro 2)

adjusted calibration (UV/Green) for D50 (5003K) = 0.05897
2. GTI PDV with new ISO 3664:2009 compliant tubes,
Green = 824, UV = 39, UV/Green = 0.04733 (80.3% of D50)

3. GTI PDV with old style tubes,

Green = 797, UV = 31, UV/Green = 0.03889 (65.9% of D50)

4. Macbeth booth with really old tubes,
Green = 706, UV = 27, UV/Green = 0.03824 (64.8% of D50)
5. Philips TL950 in Macbeth luminaires (glass diffusers)

Green = 1375, UV = 48, UV/Green = 0.03491 (59.2% of D50)

This confirmed our suspicion that our viewing equipment was deficient in UV,
compared to D50.

These measurements suggest we should increase the UV levels in our viewing
equipment, but even brand-new ISO 3664:2009 tubes, without diffusers, did not
produce D50 UV levels. It would probably require supplementary UV lamps to
reach those levels. A more practical solution is to measure the UV excitation and
adjust our media measurements accordingly. We will show how to do this in the
next section.

Practical Color Management with OBAs

If you have M1 and M2 measurements, and you know the UV content of your
viewing illumination, color management with OBAs is straightforward (see
appendix A). In practice, you might not have all of this information.
Furthermore, some of the problems attributed to OBAs are actually due to
misalignment of white points. The following discussion illustrates these issues.

Suppose we're asked to color-manage an ink-jet proof to the GRACoL2013UNC

data set. The white point of this data set is L*a*b* 95, 1, -4, using D50
colorimetry. We are told to use a specific ink-jet media for this proof. We print a
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profiling chart and measure it. The M1 and M2 white points are as follows:

M1 media white point (Lxaxbx):  95.6

2.7 -1e0.
M2 media white point (Lxaxbx): 95.1 -0.2 1.

4
3

This media has a high OBA index, 18.3%. If we build a media profile from the
M1 measurements, and use absolute colorimetric rendering intent, our prints will
have a considerable yellow tint in the whites. If we use the M2 measurements,

we'll get the opposite effect, a blue tint in the whites. Under the right viewing
conditions, either print is theoretically correct.

Figure 10 - Proofs using M1 profile (left) and M2 profile (right)

We believe our viewing booth has D50 illumination, so we use the Ml
measurements. Our client does not like the yellow background tint. We insist
this is a technically correct result, but our client won't budge. The background
tint has to go!

The quick solution is to use relative colorimetric rendering intent instead of
absolute. This aligns the white point of the media with the white point of the
reference, and the background tint disappears. The math behind this trick
actually takes place during the creation of the ICC profiles. The XYZ
measurements of the profiling test chart are scaled so the unprinted media has
XYZ values of D50. This is known as media relative colorimetry, and has been
used in ICC color management from the beginning (ICC, 2010).
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So, we can align the white points using relative colorimetric rendering intent.
But we have two media profiles, one made from M1 measurements, and the
other from M2 measurements. Which profile should we use? The M1 measuring
condition is D50 illumination, including UV. To view with this light, you would
need to go outdoors. The M2 measuring condition specifies a filter to remove
the light that excites OBAs (wavelengths shorter than 420 nm). Our actual
viewing conditions probably fall somewhere between these extremes.

If we measure the OBA excitation of our viewing light, relative to D50, we can
determine which measuring condition is most appropriate. For instance, if the
OBA excitation is only 10% of D50, we should use the M2 measurements. If the
OBA excitation is 80% of D50, we should use the M1 measurements.

Better yet, we can mix the M1 and M2 measurement according to the OBA
excitation level. Mixing is done with the XYZ measurements, which are linear.
For example, if the OBA excitation is 60% of D50, using the example media
above,

M2 media white point (XYZ): 84.5 87.8 70.9
M1 media white point (XYZ): 87.4 89.1 86.0

0.4 x M2 + 0.6 M1 (XYZ): 86.2 88.6
0.4 x M2 + 0.6 M1 (Lxaxbx): 95.4 1.6
This is a technically correct result, because the OBA effect (fluorescence) is
linear and additive. If the illuminant is D50, the M1 and M2 colorimetry may be
blended using weights based on the relative OBA excitation. If the illuminant is
not D50, the problem is slightly more complex, because the OBA effect is

emitted light "rolled into" the M1/M2 reflectance values.

Once the M1/M2 XYZ values are blended, they can be used to build a media
profile. The colorimetry of our prints should now be correct. If the background
tint is still a problem, it can be eliminated by the using relative colorimetric
rendering intent, as explained above.

So, we can build a profile with M1 values, M2 values, or a blend of these values,
then align the white point to our reference using relative colorimetric rendering
intent. This raises the obvious question of how these results might differ, since
the effective media white point is identical. The answer is that the contrast at the
white point will be different.

Contrast is normally thought of in one-dimensional terms, that is, one input and
one output. But in this case, we have four inputs, C, M, Y, K, and three outputs,
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X, Y, Z. If you make a small change in the cyan value, you will see a change in
each of the three outputs, X, Y, Z. The same is true for magenta, yellow and
black inks. So, there are actually twelve different contrasts, depending on which
input and output you choose (see appendix B).

Using the M1/M2 data cited above, here are tables of these 12 contrast values.
The M1/M2 data was adjusted by XYZ scaling to have a white point of L*a*b*
95, 1, -4. These contrast values were computed by fitting a numerical model to
each data set,

M1 contrasts:

Cyan Magenta Yellow Black
X -73.29121 -65.17922 -33.79773 -161.95926
Y -65.22125 -93.00559 -24.20947 -166.12249
z -22.74197 -62.29178 -110.67356 -149.65408

M2 contrasts:

Cyan Magenta Yellow Black
X -74.37382 -65.03075 -30.35694 -161.34605
Y -65.51886 -93.01676 -23.06862 -165.83333
z -19.73916 -62.17842 -107.89761 -146.79507

There are numerical differences, but it's not obvious how appearance is affected.
So, we can go one step further, and compute the color change of a CMY
isometric vector, [1, 1, 1, 0],

M1 vector:
X -172.26815
Y -182.43631
Z -195.70731
M2 vector:
X -169.76151
Y -181.60423
Z -189.81519

Notice that the Y-values are nearly the same, but the X and Z values of the M1
vector are greater in magnitude. Figure 11 shows two versions of the same
photo, tagged with M1 and M2 profiles and converted to sSRGB using relative
colorimetric rendering. The M1 photo has a greenish-yellow cast compared to
the M2 photo, as predicted by the M1 and M2 vectors. The difference is subtle.
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Figure 11 - Photos using M1 profile (left) and M2 profile (right)

So far, our discussion has focused on matching a printing process to a given
reference. Now, let’s consider the reference. Most likely, the samples were
measured with MO or M1 condition, and converted to XYZ using D50
colorimetry. Without M2 measurements, we cannot adapt the reference side to
our viewing conditions, using the methods described.

In the future, standard data sets might contain both M1 and M2 data. If so, we
could process that data according to our viewing conditions. With M1/M2 data
we can select paper and media with OBA content similar to the reference, or
modify the reference data to match the OBA content of the paper we've chosen.
So, there are some good arguments for including M2 data in reference data sets.

If we are color matching a proof to a reference data set, the simplest way to
proceed is to use the measuring condition of the data set to measure the proofing
media, then build and install the media profiles. This will produce a technically
correct proof that passes verification. If this result is satisfactory to all
stakeholders, there is nothing more to do.

But if this literal proof has OBA problems, there is an easy solution. First, pick a
proofing media with a color and OBA index similar to the printing paper. Then,
align the white point of the proofing media to that of the data set, by blending
the M1/M2 data for minimum color difference (delta E).

This technique will always yield a pleasing result. Although we're actually
modifying the media measurements by increasing or decreasing the OBA effect,
that is nearly the same as decreasing or increasing the OBA effect of the
reference data set. Since we don't have M2 reference data, this is a reasonable
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approximation. Here is sample output from this technique,

data set wp values: 95.0 1.0 -4.0
media M1 wp values: 95.6 2.7 -10.4
media M2 wp values: 95.1 -0.2 1.3

media OBA index: 18.3%
optimizing M1/M2 coefficients for minimum deltaE
L-M optimization completed at 56 iterations

M1 coefficient: 0.436
M2 coefficient: 0.564

blending mode 1

adj media wp values: 95.3 1.1 -4.0

The optimal blending for this data set and media is 43.6% M1 + 56.4% M2. This
produces a media white point of L*a*b* 95.3, 1.1, -4.0, which has minimum
deltaE to the data set white point of L*a*b* 95, 1, -4. Keep in mind that the
blending is done with XYZ data, not L*a*b* data. You may or may not accept
the premise of this technique, but you will definitely like the result.

BLENDED

Figure 12 - Proofs using M1 profile (left) and blended profile (right)
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To summarize, M1/M2 blending adjusts the data for the UV content of the
illumination. M1/M2 blending should be based on measurements of the relative
UV content of the viewing environment. It may also be appropriate in a proofing
application, to align the reference data set with the printing/proofing media.

Conclusions and Recommendations

Color management with OBAs is still a problem, despite the revised standards
of 2009. These revisions, however, spurred the development of instruments that
can measure both M1 and M2 conditions in a single session. With these
measurements, and knowing the relative UV content of the illumination, it is
now possible to compute accurate colorimetry for any illuminant.

Color appearance (Fairchild, 2013) is more complex than color matching. Even
with accurate colorimetry, we may still have unsatisfactory results. A common
problem is the unstable white point adaptation caused by tinted backgrounds
surrounded by unprinted media. Practitioners may find it necessary to align
white points. This can be done with more finesse using M1 and M2 data.

In order to scale the OBA effect, we need a practical way to measure the UV
excitation of the viewing illumination. We have demonstrated a solution using
inexpensive, off-the-shelf light sensors (Vishay VEML6070, 2015). Hopefully,
some enterprising startup will build an affordable tool for this purpose.

Many printers now use standard data sets as a reference to color manage their
proofs. The latest data sets from Idealliance and FOGRA are said to contain M1
measurements. We are left to guess the OBA content of the papers, and the
effect of inks on OBA emissions. It would be far better if these standard data
sets were supplied as both M1 and M2 measurements.

The print standards ISO 13655:2009 and ISO 3664:2009 specify D50 as the
ideal illuminant. Unfortunately, there is no recommended artificial source for
D50 (CIE, 2004). So, we are left to approximate D50 with dubious guidelines
(ISO, 2009). For measuring devices, the difficulty of simulating D50, and the
vagueness of ISO 13655 in this area is responsible for inconsistency among the
new breed of graphic arts instruments (Wyble and Seymour, 2015).
Furthermore, some of our most popular instruments use illumination that doesn't
conform to this ISO standard at all. Their M1 and M2 measurements are
computed using proprietary algorithms, to simulate the M1/M2 conditions
(Ehbets, 2008), (Wegmuller, 2010).

In our opinion, the next version of ISO 13655 should include two new
measuring conditions. The first would be illuminant A with quartz bulb, as
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defined by the CIE (CIE, 2004). The second would be illuminant UV365,
implemented as an LED with peak output at 365 nm and a specified bandwidth
(Nichia, 2016). Both of these measuring conditions are easy to implement, and
there is no ambiguity. We would expect very good agreement among
instruments from different manufacturers.

The illuminant A measurements would be normal reflective values, while the
UV365 measurements would be emissive values. Software could utilize these
dual measurements to compute regular and OBA colorimetry. This would be a
great improvement over the current situation, where manufacturers use various
illumination sources, and proprietary models for deriving the M1/M2 data.

The reason for specifying UV excitation at 365 nm is that it coincides with the
mercury vapor I-line, which is the primary UV excitation from fluorescent
tubes. The D50 viewing illuminant is often simulated with fluorescent tubes,
which contain a controlled amount of I-line radiation. Furthermore, OBAs have
peak excitation sensitivity near 365 nm. Variation due to wavelength is
minimum at this peak.

In the future, LEDs may be used to simulate D50 light (Yuji, 2016), (Westcott,
2016). The LEDs used for illumination generally lack UV content, so it will be
necessary to add supplemental UV LEDs to provide OBA excitation. The
current ISO 3664 standard sets D50 as the target, and measures UV
conformance with a metamerism index. The UV region of the D50 SPD is
continuous and linear, which makes it difficult to simulate with LEDs. We
suggest it would be better to define the UV region in a way that can be directly
realized and verified, as with our recommendation for ISO 13655.

In the future, fluorescent tubes may be replaced entirely by LEDs, which would
eliminate UV light from our indoor environments. Without UV light, OBAs are
ineffective. This could cause changes in the manufacture of paper. Maybe we
should start preliminary work on standards appropriate for LED lighting.

Creating industry standards is a difficult job, where politics may take precedence
over technical considerations. Ideally, the standards process considers all
proposals, and chooses the ones that are ultimately good for the industry. A
strong standard chooses the single best solution, whereas a weak standard
blesses all solutions.
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Appendix A — Color Management with OBAs

OBAs convert UV light to visible light, which is added to the normally reflected
light, as measured by instruments. The UV content of viewing and measuring
illumination will interact with OBAs in the paper. Until recently, this UV
content was not standardized, which led to variable results with OBAs.

The ISO 3664:2009 standard defines the viewing illuminant as D50, including
the UV region. The ISO 13655:2009 standard defines the M1 measuring
condition in a similar way. If we upgrade to new equipment conforming to these
standards, we can simply use M1 measurements, and normal color management
works correctly.

When the visible illumination is close to D50, but the UV content is not, M1
measurements will be incorrect. If we know the UV content is some percentage
(Uvr) of D50, we can compute corrected reflectance measurements through
simple blending of the M1 and M2 spectral reflectance data,

R(A) = UVr % RML(A) + (1 — UVr) * R_M2(A)
As a check,

if Uvr =1, R(A)

1 % RML(A) + @ % R.M2(A) = RM1(A)

if UVr = 0, R(A)

@ * RML(A) + 1 % RM2(A) = RM2(A)
Note this blending formula may be used with XYZ data, but not L*a*b* data.

When the visible illumination is not D50, the problem is more complex. The
light emitted by the OBAs is "rolled into" the M1 reflectance data, and must be
handled separately with non-D50 illumination. In this case, we calculate the
combined spectral product, which is a sum of the normally reflected light plus
the OBA emitted light,

P(A) = R_M2(A) * SPD(A) + (R_M1(A) — R_M2(A)) * D5@(A) * UVr

Where P(A) is the combined spectral product, and SPD(A) is the normalized
spectral power distribution of the non-D50 illuminant.

When we extract the OBA emitted light from the M1/M2 measurements, the

difference (R_M1(A) - R_M2(A)) is a reflectance value, which must be
multiplied by the D50 SPD, not the illuminant SPD.
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As a check,

if SPD(A) = D50@(A),

P(A)
P(A)

P(A)

R_M2(A) * D5@(A) + (R_M1(A) — R_.M2(A)) * D50(A) * UVr
UVr % R_M1(A) * D50(A) + (1 — UVr) x R_M2(A) * D50(A)

R(A) * D50(A)
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Appendix B — Multicolor Contrast

The contrast values are actually partial derivatives, defined as the ratio of the
change of an output divided by the change of an input, as that change becomes
infinitesimally small. For each partial derivative, all other inputs are fixed. The
notation for partial derivatives is 0y/0x, where y is the output and x is the input.

The table of contrasts is actually known as the Jacobian matrix. This matrix is
widely used in linear algebra problems, especially for optimization. We are
using it here to describe the contrast of a process with multiple inputs and
outputs. The Jacobian matrix is a function of the ink values (CMYK).

The reason contrasts in our example are negative is that an increase in ink value
(CMYK) causes a decrease in the colorimetric values (XYZ). The reason the
contrasts are larger numbers is that the CMYK values range from 0 to 1, while
the XYZ values range from 0 to 100.
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Appendix C — Concerns About the Veracity of Measurements

The instrument we used to measure charts is an X-Rite i1Pro 2 with an i1iO
table. We operated this device in the so-called 'dual-scan' mode, using il Profiler
software. The measurements were returned in CxF3 format — a single file
containing M0, M1 and M2 spectral data.

The i1Pro 2 instrument has two sources of illumination, an incandescent lamp,
and a UV LED. Each row of measurements is scanned twice, in one direction
with the incandescent lamp, and the other direction with the UV LED. We were
able to measure the visible SPD of these light sources with an i1Pro instrument.
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Figure 13 - ilPro 2 incandescent spectrum
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Figure 14 - i1Pro 2 UV LED spectrum

We don't know the UV content of these sources, but we're sure that the
incandescent lamp does not have a UV-cut filter of the type specified in ISO
13655. It appears the instrument is making an MO measurement, and then a
measurement with UV excitation only. Apparently, firmware or software is
processing these actual measurements into the M1 and M2 values returned.

Considering the time it took to make the i1Pro 2 fully functional in the dual-scan
mode (about 4 years), we imagine X-Rite did a thorough job engineering these
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devices to provide a good approximation of the ISO 13655 standard. But that is
a matter of faith, not fact (Wyble and Seymour, 2015).

Another concern we have is with the M2 data. According to the ISO standard,
the illumination is passed through a UV-cut filter that eliminates most of the
light with wavelengths less than 420 nm. Without illumination, the instrument
cannot take an actual reading. So, if the instrument returns values in these 'cut'
wavelengths, they must be estimated or extrapolated. Earlier UV-cut instruments
performed that way.

But to our surprise, the 'cut’ M2 measurements from the i1Pro 2 appear to be
real. This seems like a deviation from the ISO standard, but a good one, if these
values are correct. Ideally, M2 values would be the diagonal (illumination and
measurement wavelengths are equal) of the Donaldson matrix.

Despite these concerns about the veracity of the i1Pro 2, we believe our results
are sound and useful.
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