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Abstract 

Agreement between different models of spectrophotometers is increasingly being 
recognized as an issue in the industry. Brand owners are requesting color tolerances 
that are in some cases too tight to be met when using different make and model 
spectrophotometers along the supply chain. This often means that printers are being 
required to purchase a different model of spectrophotometer for each print buyer 
that they supply. It is a particular problem when printers seek to improve accuracy 
and ef ciency  by incorporating spectrophotometers into the press. Such inline 

spectrophotometers are necessarily of a different design than hand-held devices. 

This paper is part of ongoing work. The ultimate goal of this work is to develop 
a way to reliably standardize one instrument to another. The assumption is that 
understanding the physical nature of the differences between instruments will lead 
the way to a standardization process that provides the best performance without 
being prone to large errors.

In this paper, I look rst at how well ve spectrophotometers of different make and 
model agree on what “black” is, and then on how well they agree on what “white” 
is. Several differences have been determined, including rejection of specular light, 
calibration of absolute white, aperture size, and goniophotometry. With the exception 
of calibration of white light, the traditional models for standardizing one 
spectrophotometer to another do not account for these differences.

Thus, it is necessary to proceed with caution when attempting to standardize one 
instrument to another. Standardization may actually worsen the agreement between 
two instruments. At the very least, it is necessary to make sure that the physical 
properties of the standardization set (the set of samples used to correct one instrument’s 
readings to match another) are similar to the physical properties of the samples to 
be measured. In particular, translucency and gloss are important.

QuadTech, Inc.
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Previous Work toward Improving Agreement

There is no dearth of papers that describe techniques whereby measurements of a 
set of samples can be used to characterize and correct for the disagreement between 
two instruments. I will use the word “standardize” to refer to this process. See, for 
example, Robertson (1986), Berns et al. (1997), Rich (2004), Van Aken et al. (2000, 
and 2006), Chung et al. (2004), and Nussbaum et al. (2011).

There is also no dearth of commercially available software for performing this 
standardization. Software is available from X-Rite (two versions), DataColor, 
CyberChrome, Color Science Consultancy, HunterLab, and ColorMetrix. See 
Bibliography section for links to these companies.

On the other hand, there were three studies that gave cautionary advice. Butts et 
al. (2006) tested two commercially available programs and came to the following 
conclusion:

These results were not unexpected. Rich (2004) had this to say: “If the model is 
built with only glossy tiles, such as the BCRA ceramic tiles, then matte materials, 
like textiles, are poorly modeled.” Rich recommended a collection of glossy semi-gloss, 
and matte, chromatic and achromatic (near neutral) samples for the characterization.

Seymour (2013) came to similar conclusions when analyzing BCRA tiles to determine 
the characterization:
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What Can Go Wrong?

The list of potential reasons for two instruments to disagree is rather daunting 
[Spooner, 1991]. 

 – There is an inherent variation from one measurement to another 
even in the same instrument. This may be in the instrument itself, or it may be because 
of positioning on a non-uniform sample.

 – ure black should measure as 0  re ectance. Does it  

 – An instrument is potentially sensitive to ambient light. 
It may differ from another in the degree that it rejects specular re ections or light 
re ected from outside of the true sample area.

 – Spectrophotometers need to have a white calibration to convert their 
internal measurements into standard re ectance values. This calibration relies on 
measuring a white calibration reference that has of cial re ectance values.

 – The measurement of most samples depends on the angle 
that the light hits it as well as the angle the light is measured. A small difference in 
the angular distributions of illumination and detection may affect measurements.

 – The detector and associated electronics have some inherent nonlinearity. 
That is to say, twice the amount of light may not yield a measurement twice as 
large. This is not likely the case with today’s technology, but many of the other 
problems mentioned in this list may present themselves as issues with nonlinearity.

 – There is a subtler problem when measuring objects that are translucent. 
Incident light will spread laterally through the sample. The amount of this light that 
is measured will depend on the size of the area that is illuminated and the size of 
the area that is measured. There are actually two physical areas, and the relationship 
between them can enhance or detract from the ability of an instrument to agree with 
other instruments. For convenience sake, I will set that discussion aside and lump 
all this into the category of “aperture size”.

 – A spectrophotometer is calibrated in the factory to assign 
wavelengths to each spectral band of the instrument. Two instruments could disagree 
on this assignment.

 – Each channel of a spectrophotometer accepts a range of 
wavelengths in each of its bins. The fact that there is a difference is obvious when an 
instrument with a 10 nm spectral resolution is compared against an instrument with a 20 nm 
resolution, but there are still potential differences between two 10 nm instruments. 
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 – If a sample uoresces, the measurement of a color depends a great 
deal on the spectral curve of the illumination. This issue has been addressed with 
the introduction of the M1 condition in ISO 13655, but even so, there is potential 
for disagreement due to implementation differences.

The mathematical models described in the literature recognize some subset of these 
causes for disagreement, and seek to quantify them. The approach of all of these 
methods is to lump all the measurements together, and let regression tease out the 
discrepancies in instrument design or calibration that cause the disagreement. 

As shown in the paper by Seymour (2013), one dif culty with this approach is that 
the instrumental discrepancies are often confounded. Misattribution of cause can 
lead to an increase in any disagreements. This is particularly true when the samples 
to be measured differ from the samples used to standardize.

General Outline of the Experiments

The approach in this experiment is to use samples chosen to isolate the individual  
causes for discrepancies between spectrophotometers as much as possible. These sets of 
samples were measured by all instruments in the test group. Inter-comparison of the 
measurements was performed to determine the sources of color measurement discrepancies. 

Five spectrophotometers were used for this experiment. All spectrophotometers were 
0/45 or 45/0, handheld devices. They were selected based on two criteria. First, they cover 
(presumably) a wide range of designs. Second, they were convenient for me to borrow 
for this test!  I regret that instruments from additional manufacturers were not available.

Note that measurements were made in May of 2013, so some of the devices were 
under manufacturer’s certi cation and others were not. This was intentional. Despite 
all exhortations to routinely calibrate instruments, the fact remains that a large 
number of instruments in the eld are not up to date.

Table 1:
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Black level experiment

Theory

The purpose of the black level experiment is to assess the degree to which the 
instruments agree on what “black” is. Five samples were selected which should, in 
theory, all be very close to zero re ectance. Differences between the instruments in 
the measurements point to speci c differences between the instruments.

 – I have constructed a light trap from a boot box. The cardboard box 
is roughly 5” X 12” X 15”, with a light tight cover, painted at black on the inside 
and top. The top has a piece of wood about 1/8” thick glued to the cardboard cover. 
This top has a 5 mm aperture which is chamfered from below. If the illumination 
does not hit the edge of the hole, the light re ected back at 0/45 will be extremely 
small. Two instruments may differ in the measurement of the Ugg light trap if either 
a) the Ugg aperture is not large enough, or b) the instrument was not properly zeroed.

 – Lucideon (formerly Ceram, and previous to that, 
BCRA) provided me with a black reference made of highly polished black glass. 
Since the surface is glass, there is an obvious specular re ection on the order of 
5 . For a spectrophotometer with illumination at 0 , this specular re ection should 
be sent back directly to the illuminator, so the glass should be very dark for a 0/45 
instrument. The same reasoning applies to illumination at 45°.

The 45/0 measurements of this black glass are at the noise oor according to Lucideon’s 
measurements, so any instrument should read very close to zero. If an instrument 
does not read zero for the Lucideon target, but does read zero for the Ugg light trap, 
then the instrument has inadequate specular light rejection, which may be an issue 
with dirty optics or inadequate attention to scattered light in the design. Light which 
re ects specularly from a at surface should be blocked from reaching the detector, 
but could still manage to make its way to the detector.

 – I obtained a black tile from Interstyle Ceramics 
which is of a different design than the black glass reference from Lucideon. This 
tile is clear glass with a thickness of 5 mm, and with a rich black on the bottom. If 
the tile is viewed with a focused light, the black back (as viewed through the clear 
glass) is a dark gray with a matte appearance. The illuminated area will be displaced 
by roughly 7 mm from the measurement plane when the light comes in at 45°, so 
the measurements on this tile will depend on the illumination and measurement 
aperture.

 – A mirror would not generally be thought of as a black object, 
but a rst surface mirror should have zero re ectance when measured with a 45/0 or 
0/45 spectrophotometer. (A rst surface mirror has its shiny part on the top so that 
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the re ection is not seen through the glass. If it is a truly good mirror, then all the 
light coming in at 45° should re ect at 45° and be ignored by the instrument. This 
is a more extreme version of the specular light rejection test, since the mirror will 
re ect perhaps 90  of the incident light at the specular angle.  

 – The XRite 939 comes with its own light trap for calibration. 
While this should in theory give identical results to the Ugg trap, inter-comparison 
of the measurements of the two traps will provide a useful cross-check of the effectiveness 
of the two light traps. 

The rst four samples were measured with all the instruments, and the fth one (the 
X-Rite light trap) measured where possible. Ten replicate measurements were made 
with each sample and each instrument. 

In theory, at least, all the instruments should agree, within the limits of instrument 
repeatability, on the measurement of all the black samples.

Results
 
Summary of Results
The numbers in each cell of the table below represent the average re ectance over 
all wavelengths and over ten replicated measurements.

Note that I have intentionally not identi ed the instruments since the intent of this 
paper is not to rate speci c models, but rather to try to understand differences between 
commonly found instruments. The order of the instruments is not the same between 
Table 1 and Table 2.

Table 2: 
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I consider the rst three black samples (the two light traps and the Ceram reference) 
to be the most important. The other two (Interstyle tile and rst surface mirror) are 
diagnostic. 

The numbers in the table are color coded based on magnitude. The decision of how 
to color the numbers is based on asking a simple question: “If this much re ectance 
were to be added to a patch with a density of 2.0D, then how much would the density 
be lowered ” The numbers in the table are green if the amount of drop is less than 
0.01D. This is absolutely acceptable. The yellow numbers would cause a drop of 
0.01D to 0.02D. This is also acceptable, in my opinion. The orange numbers represent 
a density drop to somewhere between 0.02D and 0.05D. I consider this borderline 
acceptable. The numbers in red represent a density drop of more than 0.05D. I consider 
this unacceptable. 

Results by Instrument
 
Instrument 1
The black measurements for the rst instrument are good for all samples. The rst 
surface mirror has a somewhat larger number, suggesting that the instrument does 
have a “small issue” with scattered light. On the other hand, the rst surface mirror 
test is moderately large. But, the rst surface mirror has roughly 15 times as much 
specular re ection as any ink, so I see no need to correct this instrument for black 
level.

Instrument 2
The numbers on the three critical samples are all very good, so there clearly are no 
issues with black level calibration. The rst surface mirror number is a bit high: 
0.097% corresponds to a 2.00D patch being read as 1.96D. But, as stated for 
Instrument 1, this is a pretty severe test.

The number for the Interstyle tile is quite large. The likely source of this difference 
is that Instrument 2 has a larger aperture. 

The Interstyle tile is clear glass with a black backing. The backing is a matte black, 
so there is a small amount of light re ecting at all angles from the area that is illu-
minated. My guess is that the rst instrument has a fairly small aperture compared 
with the thickness of the clear glass. The drawing in Figure 1 shows illumination 
that reaches the black backing quite far a eld from the area of detection. Even 
though the light re ected from the black backing heads out in all directions, very 
little of it is accepted by the detector, since it is outside of the cone of acceptance 
of the detector.
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Figure 2 shows my guess as to what the aperture of the second instrument looks like 
on the tile. The illumination and detection angles are such that there is some overlap 
of the area of illumination of the bottom of the tile and the area of detection. Thus, 
a small amount of light is measured, despite the fact that the black area re ects only 
perhaps a few percent of the incident light.

Figure 1: 

Figure 2:  
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Note: The drawings show a 45/0 geometry. The same basic arguments apply for 
0/45 just by swapping the light bulb and the detector. Also, the drawings show a 
design with under ll, which is to say the area illuminated is smaller than the area 
that is measured. This is a requirement in ISO 13655 to avoid problems with light 
scattered in the substrate. Note that over ll is equivalent to under ll the illumination 
area could also be larger than the area of detection.

Additional Note: Failure of an instrument on this sample is not an indictment of 
that instrument. The sample is outside of the realm of what a 45/0 instrument is 
designed to measure. It is as if the instrument were held several millimeters above 
the sample, rather than in contact.

Instrument 3
Instrument 3 is slightly worse than the rst two instruments on the X-Rite black 
trap and the Ceram black reference. While this is likely to be statistically signi cant 
and is likely to have a physical cause, it is insigni cant from a practical standpoint.

From looking at the Interstyle tile and the rst surface mirror, it would appear that 
the aperture size and specular rejection are similar to the second instrument.

Instrument 4 
The rst three columns (measurements of the two light traps and the Ceram black 
reference) show that there is a borderline issue with black level calibration for the 
fourth instrument. These three numbers indicate that a 2.00D patch would likely 
read between 1.985D and 1.989D. This is possibly worth correcting for.

The measurement on the Interstyle tile says that the aperture is of a similar size to 
the second and third instruments. 

The measurement on the rst surface mirror is a bit larger than specular rejection 
of the second and third instruments, but again, this is a severe test. The fact that the 
measurement on the Ceram black tile is virtually the same as that of the two light 
traps shows that, for the worst case scenario of measuring ink, the specular rejection 
of the fourth instrument is not an issue of any concern.

Instrument 5
I was perplexed that the readings for Instrument 5 on the two black traps were 
different by a factor of three. This concerned me so the measurements on the Ugg 
black trap were retaken. The second set of numbers is also in the table. The range of 
black offsets correspond to a density loss on a 2.00D tile of anywhere from 0.027D 
to 0.066D. My best guess is that the black level of this instrument is drifting. 

The Interstyle tile measurement of over 0.5% is indicative of the size of the aperture. 
It has the largest aperture of the handheld instruments.
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The rst surface mirror reading of 0.645% is also a bit troublesome. If we take the 
rule of thumb that a glossy ink will have about 1/15th the specular re ection as a 

rst surface mirror, then we would predict that the error due to incomplete specular 
rejection would be on the order of 0.043%. This represents a drop in density of 
nearly 0.02D for a 2.0D patch. 

That in itself is perhaps not all that troublesome, but it makes me a bit concerned 
that there could be additional issues with stray light that will necessarily be dif cult 
to correct for.

White level

Theory
“Pure white” is the next step up from black in terms of complexity. If the spectrum 
of the white sample is relatively at spectrally, then wavelength calibration and 
spectral bandwidth should not affect the measurements. If the white samples have 
nearly the same level of re ectance, then the linearity of one instrument versus 
another should also not be a factor.

I chose eight white samples to assess the agreement between the spectrophotometers.

 – Spectralon is highly re ective and spectrally at. It is also very matte.

 – The white BCRA tile is very white, but is also very glossy. 

 – This is a set of six paint samples that are all white and relatively 
close in color. They have six different levels of gloss. These samples are not likely 
as bright as the Spectralon or BCRA white tiles, but they are not likely to have a 
great deal of lateral diffusion. These were all measured with a black backing.

Any disagreement between instruments on the measurements of these samples is 
likely to be due to one of three causes: white calibration, instrument geometry, or  
lateral diffusion. The set of paint samples should help diagnose a difference in geometry.

Procedure
Each of the eight samples was measured with each of the ve instruments. For each 
of these forty combinations of sample and instrument, ten measurements were taken 
in different locations within a ½” by ½” area. This should reduce any variability 
due to sample non-uniformity or instrument repeatability.

Data scrubbing
I performed a test of the repeatability of the measurements. For each wavelength 
(of measurements of one sample by one instrument), there are ten measurements. 
I computed the standard deviation of these. This gave me a collection of 30-some 
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measures of repeatability. I averaged all these together to get a single number indicative 
of the variability of that sample/instrument combination.

The results are shown in the table that follows. Note that, for example, Instrument 
3 measurements on the Spectralon sample had an average standard deviation of 
0.24%, meaning that a single measurement may vary by a few times 0.24% of, for 
example, 95.00% (i.e. the range could be from 94.52% to 95.48%). Note that the 
average of ten measurements will have repeatability of one-third of this. Thus, the 
worst case uncertainty in the re ectance measurements is 0.55% (Instrument 5 on 
the satin enamel sample).

The two repeatability numbers that are head and shoulders above the others have 
been highlighted in red. The additional one that is merely shoulders above the others 
is highlighted in orange. I looked at the individual measurements that went into the 
high variations, and found nothing particularly remarkable.

While these measurements are suspicious, this much variation is not alarming. I 
looked at the effect of the variability on the determination of the L* value. For the 
worst case (Instrument 5 on satin enamel) the error in determining L* is +/- 0.23. 
For most measurements, the error in determining L* is well below 0.1.

Table 3: 
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Analysis
I computed the L* values for all 40 measurements. This is a reasonable single number 
that indicates overall whiteness. It also provides a bit of spectral averaging. L* also 
suppresses the blue end of the spectrum where the spectra of some samples fall 
off, where the response of some instruments are lacking, and where the potential 
for contamination due to uorescent whitening agents (in the substrate of the paint 
samples) exists. Finally, L* can be related to something useful, E. The assumption 
is that there is nothing interesting going on with a* and b*. 

The following graph shows all 40 measurements. The samples along the horizontal 
axis are laid out in order of my perception of their gloss.

One of the measurements deemed anomalous because of variability (Instrument 1 
on Spectralon) shows up as anomalous in this chart as well. This suggests that 
this point might be disregarded. The measurement with the largest repeatability 
(Instrument 5 on satin) doesn’t appear to have an average value which is all that 
anomalous.

Figure 3: 
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This graph is a bit hard to comprehend. There is an overall downward slope from 
left to right, which merely indicates that the glossier samples are a little darker. This 
is likely for reasons unrelated to glossiness. The more important thing to look at in 
this chart is that the various instruments have a spread of around 1 L* for each of 
the white samples.

The simplest of the possible explanations is that the white calibration is different 
between the instruments. This could be the result of the “chain of traceability”. 
Typically, a spectrophotometer manufacturer will have a white reference tile that 
has been measured by a standards lab. These of cial measurements for this tile are 
then used to calibrate the white point of a “golden instrument” at the manufacturing 
facility.

Since there is an inevitable drift in the white level for any spectrophotometer, 
manufacturers provide a white calibration tile that travels along with the instrument. 
The reference values for this calibration tile are typically measured with the golden 
instrument. Thus, there is an unbroken chain of traceability back to a national standards 
lab, but each step in the chain adds uncertainty.

Another possible explanation is that the national standards labs do not agree with 
each other as well as we might expect. There is very good agreement on the size of 
a meter, a volt, and a second, but agreement on what constitutes 100% re ectance 
is elusive. Thus, if one spectrophotometer manufacturer is traceable back to the 
European standards lab, another to the Canadian, and a third to the US lab, there is 
an inherent difference in white level.

So, perhaps the differences in the measurements of the white samples are due to 
differences in white calibration

Figure 4 addresses that question. The data was rst “corrected” to calibrate to the 
white BCRA tile. I arbitrarily decided that the correct Y value for the BCRA tile 
was the average of the measurements from the six instruments. All the measurements 
were then scaled so that the white BCRA tile had this arbitrary measurement, and 
then converted to L* values. Next, I determined the deviation from the average for 
each measurement. Thus, the y axis of the graph is a L* value.
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If we consider just Instruments 2, 3, and 5 on all white samples except for the Spectralon, 
the agreement is under 0.5 L*. Is this a problem   A change of 0.5 L* on a white 
sample with L* = 97 corresponds to a scaling difference of 1.3%. That same scaling 
error will cause an error in L* that gradually gets smaller as the measured sample 
turns from white to gray and then to black. The L* at L* of 75 is 0.42. At L* of 
50, the error is 0.29. At L* of 10, the error is 0.12 L*.

On the other hand, if we look at the extreme values, there is a 1 L* difference 
on all the paint samples. This is unfortunate, since BCRA tiles are often used to 
calibrate instruments, and the range of gloss in the paint samples is similar to that 
of ink on paper. 

There are numerous possibilities for the large amount of disagreement. Many of the 
possibilities can be put in the “not likely” pile simply by the selection of samples. 
Each of the possible sources of disagreement is listed here, with an explanation of 
whether this particular source is a candidate.

 – The spectrophotometers at the low end and at the 
high end had been in for factory recerti cation within months of the data collection, 

Figure 4: 
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so this is not a likely problem.

 – In the previous section on data scrubbing, I reasoned that the 
repeatability of my assessment of the average was “good enough”.

 – It is not likely that the differences are due to mis-calibration of black 
level. The typical disagreement on a sample (after calibration to the BCRA tile) 
from min to max was about 3% re ectance as compared with a maximum light trap 
difference of 0.165%.

 – It is not likely that the differences are due to rejection of 
specular re ection. The maximum number from an earlier experiment was 0.645%. 
This number is still much less than 3%, it was only found on one instrument (all 
the other instruments were considerably smaller), and this number was on a rst 
surface mirror, which has at least an order of magnitude more specular re ectance 
than any of the samples.

 – It seems likely that white level calibration is one source of difference, 
but there are still signi cant differences with all instruments calibrated to read 
identically on the white BCRA tile. 

 – The samples were speci cally chosen so as to vary in 
gloss, so this is a likely candidate.

 – It is not likely that the differences are due to nonlinearity, since all 
the measurements reported were between 88% and 96% re ectance.

 – There is likely some lateral diffusion in the samples tested, and 
there is a difference in aperture size between the instruments, so this is a possible 
source of disagreement. 

 – It is unlikely that the differences 
are due to wavelength alignment or bandwidth, since the samples are all reasonably 

at over the Y region of the spectrum.

 – It is not likely that the differences are due to uorescence since it is 
expected that there are no uorescent whitening agents in any of the samples. Using 
L* should mitigate any issues with uorescence. Using the eXact, I compared M0 
and M2 measurements on all samples. The largest difference over all the samples 
was 0.03 L*.

In addition, I examined the effect of a violet laser (405 nm) on the samples. If a 
sample has the typical uorescence seen in paper, the laser will cause the emission 
of light in the 420 to 450 nm range. This emission is very noticeable, since the 
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hue will shift from violet to blue, and the spot will appear much brighter since the 
human eye is much more responsive at higher wavelengths. While the paper 
underneath the paint samples was shown to uoresce, there was no evidence of any 

uorescence in the samples themselves. 

Based on this analysis, the three most likely candidates for disagreement are 
1) white level calibration, 2) measurement geometry, and 3) aperture size. This last 
possibility will be considered in the next section.

Aperture size
The question of whether differences in aperture size are responsible for disagreement in 
measurement depends on two things. Obviously, the apertures in the two instruments 
must be different. But also, the sample itself must be susceptible to differences 
in aperture size, which is to say, the sample must have an appreciable amount of 
lateral diffusion.

Images of the lateral diffusion

I used a red laser pointer and a digital camera to give a rough assessment of the 
extent of the lateral diffusion in the white samples. I took pictures of a laser pointer 
spot on three of the samples: the BCRA tile, one of the paint samples, and the Spectralon 
tile. Only one of the paint samples was necessary, since they all looked very similar. 
The magni cation of the camera, the working distance, and the f-stop were not 
changed in between samples. 

I took an image of an aluminum plate to serve as a reference. My assumption is that 
this plate shows an insigni cant amount of lateral diffusion, so that the size of the 
laser spot in the image is the actual size of the laser beam.

Figure 5: 
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The laser was hitting the sample at 45° and the camera was mounted at 0°. At rst 
glance, this may explain the ellipticity of the laser spot, but the aspect ratio of the 
spot is close to 2.0, whereas, the 45° angle would put it at about 1.4. The laser spot 
is fairly elliptical.

That said, I take the size of the laser beam to be about 3 mm wide.

The BCRA tile (above) shows a laser spot that is not very different from the spot 
on the aluminum plate. I will assume, then, that the BCRA tile has negligible lateral 
diffusion, at least on the scale that I am able to measure.

Figure 6: 

Figure 7: 
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The paint sample (above) shows a laser spot that again is not very different from 
either of the previous spots. I will assume, then, that the paint samples have negligible 
lateral diffusion as well.

The laser spot on the Spectralon sample is distinctly different, having a height of 
about twice that of the other white samples. Based on this, it would seem that 
Spectralon has a large degree of lateral diffusion.

There was a previous discussion about the measurement of Spectralon with 
Instrument 1. The measurement looked anomalous. Was this real, or was it an 
experimental error  The image of the laser pointer spot on Spectralon suggests that 
this may be the explanation of the anomaly.

Looking back to the measurements on the Interstyle tile (Table 2, and Figure 1), 
something unusual can be seen with regard to Instrument 1. This instrument measured 
a very tiny re ectance on this tile (0.016%). This is a factor of 15 smaller than all 
the other instruments. This implies that the aperture of the instrument is much different 
than the other instruments.

Thus, we can say that the anomalous measurement of the Spectralon sample with 
Instrument 1 is real, and is a result of the combination of high lateral diffusion of 
the sample and small aperture in the instrument. 

Measurement geometry

The largest unexplained anomaly in Figure 2 is the response of Instrument 4. This 
instrument reads darker than the rest of the pack. This discrepancy gradually 
decreases with glossier samples. This particular instrument is not greatly different 

Figure 8: 
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from the others in terms of rejection of specular light (see Table 2, rst surface mirror 
re ectance). The dependence of the discrepancy on gloss could be just the luck of the 
draw, or it could signal a goniophotometric difference between this spectrophotometer 
and the others. That is, the spectrophotometers differ in the angular distribution of 
the light hitting the sample, or in the acceptance angle of the detector. 

In the words of Sherlock Holmes, “Eliminate all other factors, and the one which 
remains must be the truth.” Based on the fact that all other explanations that I have 
to offer are unlikely, the mostly likely explanation of this difference is goniophotometric.

Conclusion

Five spectrophotometers have been compared on measurements of black and white 
samples which were selected so as to highlight the source of any discrepancies. The 

ndings are as follows:

1. PM  calibration (setting of absolute black) is not a signi cant issue. A light 
trap or a shiny black tile are both acceptable for calibration or for veri cation 
of black level.

2. One instrument showed a larger issue with rejection of specular re ection, 
this could be a small practical issue when measuring very dark samples.

3. The calibration of white level (overall scaling) is likely an issue. Standard 
techniques for normalizing (standardizing, calibrating, pro ling) one instrument 
to another can correct this.

4. One instrument was different from the others in terms of its aperture. Differences 
in the apertures of instruments are, in general, not correctable through 
normalization of one instrument to another. On the other hand, paint samples 
and presumably samples of ink on paper are not susceptible to this discrepancy. 

There are two areas for caution. First, measurement of translucent samples 
(such as ink on milky plastics or white oodcoat, or inks with translucency) 
will cause problems if the apertures differ between two instruments. Second, 
one must use caution in selecting the samples that are used for standardization. 
One common choice is the set of BCRA tiles. Unfortunately, the yellow and 
orange tiles are known to have some amount of lateral diffusion, so this is 
not advised. 

5. One instrument shows evidence of differing from the others goniophotometrically. 
Once again, these differences cannot be corrected for in general, so caution 
must be employed when calibrating with samples that differ in gloss from 
the samples one wishes to measure.
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This paper has demonstrated that there are signi cant differences between 
instruments that go beyond the standard calibration based on black level, white 
level, nonlinearity, wavelength shift, and bandwidth differences. There is a 
presumption that calibration can still be performed with these techniques 
provided the calibration set has similar properties to the samples to be 
measured, but this has not been investigated.
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