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PRECISE COLOR
COMMUNICATION

Knowing color.
Knowing by color.

In any environment,
color attracts attention.

Contents

An infinite number of colors surround us in our everyday lives. We all take color pretty much for granted,
but it has a wide range of roles in our daily lives: not only does it influence our tastes in food and other
purchases, the color of a person’s face can also tell us about that person‘s health. Even though colors
affect us so much and their importance continues to grow, our knowledge of color and its control is often
insufficient, leading to a variety of problems in deciding product color or in business transactions involving
color. Since judgment is often performed according to a person‘s impression or experience, it is impossible
for everyone to control color accurately using common, uniform standards. Is there a way in which we can
express a given color* accurately, describe that color to another person, and have that person correctly
reproduce the color we perceive? How can color communication between all fields of industry and study be
performed smoothly? Clearly, we need more information and knowledge about color.

* In this booklet, color will be used as referring to the color of an object.

»» Part 11 »» Part III » Part IV

© Copyright 2003 KONICA MINOLTA SENSING, INC. All rights reserved.



)

IKONICA MINOLTA
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Let's study color.

Even when we just look around, a wide variety of colors leap into our eyes.
We are surrounded by an infinite variety of colors in our daily lives. However,
unlike length or weight, there is no physical scale for measuring color,
making it unlikely that everyone will answer in the same way when asked
what a certain color is. For example, if we say “blue ocean” or “blue sky” to
people, each individual will imagine different blue colors, because their color
sensitivity and past experiences will be different. This is the problem with
color. So let‘s study a little and determine what kind of color information
would be useful.

» Contents

»» What color is this apple?

»» A color expression often means ten different colors to ten different people.

»» Two red balls. How would you describe the differences between their colors to someone?

»» Hue. Lightness. Saturation. The world of color is a mixture of these three attributes.

»» Hue, lightness, saturation. Let's create a color solid.

»» By creating scales for hue, lightness, and saturation, we can measure color numerically.

»» Let's look at some color spaces.--|

»» Let's look at some color spaces.:-Il

»» Let's look at some color spaces.:-llI

»» Let's measure various colors with a colorimeter.

»» Colorimeters excel at reporting even minute color differences.

»» Even if colors look the same to the human eye, measurements with a colorimeter

can point out slight differences

»» Features of colorimeters
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crimson.

Hmmm.
Burning red.

PRECISE COLOR COMMUNICATION
Part a

What color ist this apple?

A color expression often means ten different color to ten different people.
Name this color ist a very difficult subject.

If you show the same apple to four different people,
you are bound to get four different answers.

Color is a matter of perception and subjective interpretation. Even if they
are looking at the same object (in this case, an apple), people will draw
upon different references and experiences and express the exact same
color in vastly different words. Because there is such a wide variety of ways
to express a color, describing a particular color to someone is extremely
difficult and vague. If we describe the color of the apple to someone as
“burning red”, can we expect them to be able to reproduce that color
exactly? Verbal expression of color is too complicated and difficult. However,
if there was a standard method by which colors could be accurately
expressed and understood by anyone, color communication would be much
smoother, simpler, and exact. Such precise color communication would
eliminate color— related problems.

To what extent can words expresscolor?
Common color names and systematic color names.

Words for expressing colors have always changed with the times. If

we consider, for instance, the red we‘ve been talking about, there are
“vermillion”, “cinnabar”, “crimson”, “rose”, “strawberry”, and “scarlet”, to
mention just a few. These are called common color names. By analyzing the
color condition and adding adjectives such as “bright”, “dull”, and “deep”,
we can describe the color a little more precisely. Terms such as the “bright
red” used by the man on the facing page are called systematic color names.
Although there are a variety of such ways to describe color, different people
hearing just “crimson” or “bright red” will still interpret such expressions

in different ways. So verbal expression of colors is still not accurate
enough. Then how should colors be expressed to avoid the possibility of
misunderstanding?

»» Part 11 »» Part III » Part IV
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Even thought its actually the same color, it looks different.
Why?

A variaty of conditions affect how a color looks.

| Light-source differences

An apple which looks so delicious under sunlight in front of the green grocer
somehow doesn‘t look so good under the fluorescent lights at home.
Probably many people have had such an experience. Sunlight, fluorescent
light, tungsten light, etc.; each type of illumination will make the same apple
look different.

| Background differences

lt's important to
keep conditions
constant when
viewing colors.

If the apple is placed in front of a bright background, it will appear duller
than when it was placed in front of a dark background. This is referred to as
contrast effect, and is undesirable for accurately judging color.

| Directional differences

When looking at a car, viewing the car from just a slightly different angle
can make a point on the car appear brighter or darker. This is due to the
directional characteristics of the car‘s paint. Certain coloring materials,
particularly metallic paints, have highly directional characteristics. The
angle from which the object is viewed, and also the angle from which it is
illuminated, must be constant for accurate color communication.

Observer differences

The sensitivity of each individual‘s eyes is slightly different; even for people
considered to have ,normal*“ color vision, there may be some bias toward
red or blue. Also, a person'‘s eyesight generally changes with age.

Because of these factors, colors will appear differently to different observers.

Size differences

After looking at small sample pieces and selecting a wallpaper which looks
good, people sometimes find that it looks too bright when it‘s actually hung
on the wall. Colors covering a large area tend to appear brighter and more
vivid than colors covering a smaller area. This is referred to as area effect.
Selecting objects which will have a large area based on color samples
having a small area may result in mistakes.
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light

How bright
isit?

,\fivid
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Two red ball. How would you discribe the differences
between their colors to someone?

To better understand accurate color expression, lets take a look at the
world of color.

There are many different red colors.The reds of the two balls at left are
very similar. How are they different?

Two red balls are shown at left. At first glance they look the same, but upon
closer examination you realize they are different in several ways. The color
of both is red, but the color of the upper ball is somewhat brighter and

the color of the lower ball is thus darker. Also, the color of the upper ball
appears vivid. So you can see that even though they both appear red, the
colors of the two balls are different. When colors are classified, they can be
expressed in terms of their hue (color), lightness (brightness), and saturation
(vividness).
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Hue. Lightness. Saturation. The world of color is a mixture
of these three attributes.

Hue, lightness, and saturation:
This is the world of color.

Hue Red, yellow, green, blue...
Hues from the color wheel.

Apples are red, lemons are yellow, the sky is blue; that‘s how we all think of
color in everyday language. Hue is the term used in the world of color for the
classifications of red, yellow, blue, etc. Also, although yellow and red are two
completely different hues, mixing yellow and red together results in orange
(which is sometimes referred to as yellow-red), mixing yellow and green
results in yellow-green, mixing blue and green results in blue-green, and so
on. The continuum of these hues results in the color wheel shown in Figure
1.

Lightness Bright colors, dark colors.
The lightness of colors change vertically.

Colors can be separated into bright and dark colors when their lightnesses
(how bright they are) are compared. Take, for example, the yellows of a
lemon and a grapefruit. Without a doubt, the yellow of the lemon is much
brighter. How about the yellow of a lemon and the red of a sweet cherry.
Again, the yellow of the lemon is brighter, right? This lightness can be
measured independently of hue. Now take a look at Figure 2. This figure is
a cross-section of Figure 1, cut along a straight line between A (Green) and
B (Red-purple). As the figure shows, lightness increases toward the top and
decreases toward the bottom.

Saturation  Vivid colors, dull colors.
Saturation changes outward from center.

Going back to yellow, how do you compare the yellows of a lemon and a
pear? You might say the yellow of the lemon is brighter, but more to the
point in this case, it is vivid, while the yellow of the pear is dull. This is
another big difference, but this time one of color saturation or vividness. This
attribute is completely separate from those

of both hue and lightness. If we look at Figure 2 again, we can see that
saturation changes for red-purple and green respectively as the horizontal
distance from the center changes. Colors are dull near the center and
become more vivid as we move away from the center. Figure 3 shows
general adjectives used to describe the lightness and saturation of colors. To
see what the words express, look back at Figure 2 again.

» Part IT » Part I11 » Part IV
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Hue. Lightness. Saturation. Let‘s create a color solid.

If we use the change of lightness as the axis of the color wheel and the

B~ . change of saturation as the spokes...
- 3 Hue, lightness, and saturation. These three elements are the three color
a attributes, and can be put together to create the three-dimensional solid
ﬁ ‘\\ shown in Figure 4. Hues form the outer rim of the solid, with lightness as
£ the center axis and saturation as the horizontal spokes. If the actual colors
Seturation «—| & which exist in the world were distributed around the solid shown in Figure
' d 4, the color solid shown in Figure 5 would be created. The shape of the color
Hus Jf—' ’,’ solid is somewhat complicated because the size of the steps for saturation
P4 are different for each hue and lightness, but the color solid helps us to better
B . visualize the relationship between hue, lightness, and saturation.
]Q'EE" 5

If we look for the color of the apple | F
on the color solid, we can see that
its hue, lightness, and saturation
intersect in the red area.

© Copyright 2003 KONICA MINOLTA SENSING, INC. All rights reserved.
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Quantifying colors
is very convenient!
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By creating scales for hue, lightness, and saturation, we
can measure color numerically.

Colorimeters make quantifying colors simple.

By using a colorimeter, we can obtain results instandly
in each color space.

If we measure the color of the apple, we get the following results:

Munsell color space L*a*h* color space L*C*h color space
gl MUNSELL agl L4331 BBl R L 43.31
288 43°11.5 atd .63 brldiiz E48.68 h 1s.3

Hunter Lab color space XYZ (Yxy) color space

i

History of expressing colors numerically

Various people in the past have devised methods, often using complex
formulas, for quantifying color and expressing it numerically with the aim

of making it possible for anyone to communicate colors more easily and
more accurately. These methods attempt to provide a way of expressing
colors numerically, in much the same way that we express length or weight.
For example, in 1905 the American artist A. H. Munsell devised a method
for expressing colors which utilized a great number of paper color chips
classified according to their hue (Munsell Hue), lightness (Munsell Value),
and saturation (Munsell Chroma) for visual comparison with a specimen
color. Later, after a variety of further experiments, this system was updated
to create the Munsell Renotation System, which is the Munsell system
presently in use. In this system, any given color is expressed as a letter/
number combination (H V/C) in terms of its hue (H), value (V), and chroma
(C) as visually evaluated using the Munsell Color Charts. Other systems

for expressing color numerically were developed by an international
organization concerned with light and color, the Commission Internationale
de I'Eclairage (CIE). The two most widely known of these systems are the
Yxy system, devised in 1931 based on the tristimulus values XYZ defined by
CIE, and the L*a*b* system, devised in 1976 to provide more uniform color
differences in relation to visual differences. Color spaces* such as these are
now used throughout the world for color communication.

* Color space: Method for expressing the color of an object or a light source
using some kind of notation, such as numbers.
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Let‘s look at some color spaces.--- |

L*a*b* color space

SRR CrokisT) The L*a*b* color space (also referred to as

e =5 CIELAB) is presently one of the most popular
spaces for measuring object color and is
widely used in virtually all fields. It is one of
the uniform color spaces defined by CIE in
1976 in order to reduce one of the major
problems of the original Yxy space: that equal
distances on the x, y chromaticity diagram did
not correspond to equal perceived color
differences. In this space, L* indicates
lightness and a* and b* are the chromaticity
coordinates. Figure 6 shows the a*, b*
chromaticity diagram. In this diagram, the a*
and b* indicate color directions: +a* is the red
direction, -a* is the green direction, +b* is the
yellow direction, and -b* is the blue direction.
The center is achromatic; as the a* and b*
values increase and the point moves out from
the center, the saturation of the color increases.
Figure 8 is a representation of the color solid
for the L*a*b* space; Figure 6 is a view of this
solid cut horizontally at a constant L* value.

-60 (Blue) If wwe measure the apple using
the L*a*h* color space, we

ohtain the following values.

881 L4331
White atd V88 bl d 12
+|*
\ To see what color these values represent, let's first plot the a* and b* values
\ (a*=+47.63, b*=+14.12) on the a*, b* diagram in Figure 8 to obtain point
Yellow (A), which shows the chromaticity of the apple. Now, if we cut the color solid

+h*

of Figure 8 vertically through point (A) and the center, we obtain a view of
chromaticity versus lightness, part of which is shown in Figure 7.

" 100
Figure 7 veny pale

Lightness(L") g0 paie

///;:_—7;:—. _?: greyish dul/ v

10} veny dark

10 20 30 40 S0 €0
—+ Chromaticity
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Let‘s look at some color spaces.--- Il

+h* (Yellow) | Figwes | | L*C*h* color space

we obtain point (A).

Chroma and lightness
B
i 43.31] 100

*

' PR
B 1ok =y
i s mFE s
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N\
\-\\_ﬁ_ — 3‘_4 :_::_/f,-/ /
= \__—_:_—:,—E—:*—f_‘—‘:f///
10

ob———5 30 40_50 8

10 — Chroma (C%)

The L*C*h color space uses the same diagram as the L*a*b* color space,
but uses cylindrical coordinates instead of rectangular coordinates. In this
color space, L* indicates lightness and is the same as the L* of the L*a*b*
color space, C* is chroma, and h is the hue angle. The value of chroma C* is
0 at the center and increases according to the distance from the center. Hue
angle h is defined as starting at the +a* axis and is expressed in degrees: 0°
would be +a* (red), 90° would be +b* (yellow), 180° would be -a* (green),
and 270° would be -b* (blue). If we measure the apple using the L*C*h color
space, we get the results shown below. If we plot these values on Figure 9,

C* =4 (a* P+ (bR

O
h=tan '(Egg)

| Hunter Lab color space

A2 18 b 4584 Industry of the US

The Hunter Lab color space was developed by R. S. Hunter as a more
PR = visually uniform color space than the CIE 1931 Yxy color space. Similar to
wats ] the CIE L*a*b* space, it remains in use in various fields, including the paint
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Let‘s look at some color spaces.--- ll|

| XYZ (Yxy) color space

XYZ tristimulus values and the associated Yxy color
space form the foundation of present CIE color spaces.
The concept for the XYZ tristimulus values is based on
the three-component theory of color vision, which states
that the eye possesses receptors for three primary
colors (red, green, and blue) and that all colors are seen
as mixtures of these three primary colors. The XYZ
tristimulus values are calculated using these Standard
Observer color matching functions. If we measure the
apple using the Yxy color space, we obtain the values
x=0.4832, y=0.3045 as the chromaticity coordinates,
which correspond to point (A) on the diagram in Figure
12; the Y value of 13.37 indicates that the apple has a
reflectance of 13.37%.

V=
|I --\_.\...

“ \ R
ll h A "\_.\\.\
| Stente e
|II ./’ l \-\-\‘
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PRECISE COLOR COMMUNICATION
Part °

Let‘s measure various colors with a colorimeter.

Although the human eye cannot quantify colors accurately, with a
colorimeter it‘s simple. As we have seen previously, unlike the subjective
expressions commonly used by people to describe colors verbally,
colorimeters express colors numerically according to international
standards. By expressing colors in this way, it makes it possible for anyone
to understand what color is being expressed. Further, a person‘s perception
of a single color may change depending on the background or on the light
source illuminating the color. Colorimeters have sensitivities corresponding
to those of the human eye, but because they always take measurements
using the same light source and illumination method, the measurement
conditions will be the same, regardless of whether it‘s day or night,
indoors or outdoors. This makes accurate measurements simple. Using the
color spaces discussed previously, confirm the numerical values for your
measurement object.

Textiles

L*C*h*
color space

Paint

Munsell
color space
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Apple 1

b¥=1412

Apple 2

*=47 34
2%=44.58
b*=15.16

A L*a*h* color difference

PRECISE COLOR COMMUNICATION
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Colorimeters excel at reporting even minute
color differences

Numerical values show the differences.

Color difference

Minute color differences are the biggest headache anywhere that color

is used. But with a colorimeter, even minute color differences can be
expressed numerically and easily understood. Let's use the L*a*b* and
L*C*h color spaces to look at the color difference between two apples. Using
apple 1°s color (L*=43.31, a*=+47.63, b*=+14.12) as the standard, if we
measure the difference of apple 2‘s color (L*=47.34, a*=+44.58,
b*=+15.16) from apple 1‘s color, we get the results shown in displays A
and B below. The difference is also shown on the graph in Figure 13. The
diagram of Figure 14 should make color difference in the L*a*b* color space
easier to understand.

+h*
60 (Yellow)

‘ Figure 13 ‘ ‘ Figure 14

B35
soanE

pe

L+4,83 }

] -
[ s
AT mmns oy

B L*c*h color difference

“*A L*

e

pale 5@ S Tight
* 48 %

dul 1.8 vivid
—_—

T 34ss
+

AC*™

N
=
@
auaiay

Y-AL=

»A " (delta) indicates difference.

B: Specimen color
A Target color at the same
lightness as specimen color

In the L*a*b* color space, color difference can be expressed as a single numerical value,
AE*ab, which indicates the size of the color difference but not in what way the colors are
different. AE*ab is defined by the following equation: AE*ab=[(AL*)? + (Aa*)? + (A b*)]"?
If we put the values AL*=+4.03, Aa*=-3.05,and Ab*=+1.04 from display A above into
this equation, we get AE*ab=5.16, which is the value shown in the upper left corner of
display A. If we measure the color difference between the two apples using the L*C*h color
space, we get the results shown in display B above. The value of AL* is the same as the
value measured in the L*a*b* color space. C*=-2.59, indicating that apple 2‘s color is less
saturated. The hue difference between the two apples, A H* (defined by the equation
AH*=[( AE*ab)? - (AL*? - (AC*)?]"2), is +1.92, which if we look at Figure 13, means that
the color of apple 2 is closer to the +b* axis, and so is more yellow.

Although words are not as exact as numbers, we can use words to describe color
differences. Figure 15 shows some of the terms used to describe differences in lightness
and chroma; the terms shown in this figure indicate the direction of color difference, but
unless an additional modifier (slightly, very, etc.) is used, they do not indicate the degree of
color difference. If we look at the plotted values for the two apples, we see that we should
say that the color of apple 2 is ,paler” than that of apple 1; since the chroma difference

is not very great, we might also add a modifier, saying that apple 2 is ,,slightly paler” to
indicate the degree of difference.
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Color control of printed material

AE*ab=0.77
Al*=-0.32
Aa*=-0.01
Ab*=-0.70

Color control of textiles

n @ | -
W:T:&Rn STMIMRD STANDARD STAMDI
@ 'S 1@ O

(o Ee T AE*ab=0.18
AR S L T AL*=0.11
B-B.HE b8 LE | Aa=006

. Ab*=0.13

@ indicates the measurement point

PRECISE COLOR COMMUNICATION
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Even if colors look the sameto the human eye,
measurements with a colorimeter can point out slight
differences

Even if two colors look the same to the human eye, as in the example of the
two apples in Part I-11, slight differences may be found when the colors
are measured with a colorimeter. In addition, the colorimeter expresses
such differences exactly in numerical form. If for some reason the color of a
product was wrong and the product was shipped without the problem being
noticed, and the customer complained as a result.... The effect would not be
limited to only the sales department or the production department, it would
hurt the reputation of the entire company. Color control plays a very
important role in preventing such problems from occurring.

Color control of plastic products

AE*ab=0.15
AL*=-0.08
Aa*=-0.02
Ab*=0.13

An example of quality control using a colorimeter.

Let's look at how useful a colorimeter can be for color control. Company A manufactures exterior plastic parts ordered by
company B. Company B also orders similar parts from companies other than company A. At company A, a full-time staff of
inspectors is in charge of controlling color on the production line and visually evaluates products in comparison to color samples.

Visual inspection depends on the eyes of skilled inspectors to determine
whether or not a product is within the acceptance range as defined by the
color samples. This work cannot be performed by anyone; it requires years of
experience to develop an ability for visual inspection. As a result, the number
of people who can do this work is limited. Also, the process can be performed
only for a limited period of time per day or week, and the evaluation will vary
according to the inspector‘s age and physical condition. Sometimes, company
B complained that the color of parts delivered by company A did not match
those of other suppliers and so company B returned the parts to company

A. Company A decided to utilize colorimeters for color control of its products
on the production line. The colorimeters became very popular, because they
were handheld and could be used even on the production line, they were
easy enough for anyone to use, and measurements were quick so they could
be used at any time. Further, the data measured by the colorimeter were
submitted with the products at the time of delivery as proof of the company‘s
quality control.

»» Part 11 »» Part III » Part IV

© Copyright 2003 KONICA MINOLTA SENSING, INC. All rights reserved.



)

PRECISE COLOR COMMUNICATION
IKONICA MINOLTA
Part °

Features of colorimeters

Colorimeters offers a variety of outstanding functions.

| Built-in light source

-
- ':- . The built-in light source and double-beam feedback system ensures uniform
- 8 & illumination of the object for all measurements, and data can be calculated
‘ . ‘ based on CIE Standard llluminant C or Des.
- - | Datamemory
- ~ ., - -
s g o Measurement data is automatically stored at the time of measurement and
. _f? / ~ can also be printed out.
——
| Data communication
Photo shows KONICA MINOLTA Chroma RS-232C standard data communication can be performed to output data or
Meter CR-400 and CR-410. control the colorimeter.
| Data display

Measurement results are displayed not as subjective impressions but in
precise numerical form in a variety of color spaces to allow easy, accurate
communication with other people.

| Constant illumination/viewing angles

The illumination/viewing geometry is fixed to ensure uniform conditions for
measurements.

| Constant ,,observer”

The ,observer” of the colorimeter is a set of three photocells filtered to
closely match the CIE 1931 Standard Observer functions, so observer
conditions are uniform for all measurements.

Elimination of area effect and constrast effect

Since the colorimeter measures only the specimen (provided specimen is at
least the specified minimum size), the effects of different specimen sizes or
backgrounds are eliminated.

Color differences measurement

Color difference from a target color can be measured and instantly displayed
in numerical form.

»» Part 11 »» Part III » Part IV
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Let's study color in a little more detail.

In the preceding pages, we have talked about how color appears and how
to express color. In the next section, we will discuss the basics of color, such
as what makes an apple red and why the same color may appear different
under different conditions. Most people take such things for granted, but

it's surprising how little people actually know about them. For color control
in the production area or in scientific laboratories, as greater strictness is
demanded it becomes necessary to know more about the nature of color.
Let's delve deeper into the world of color.

» Contents

»» Why does an apple look red?

»» Human beings can perceive specific wavelengths as colors.

»» Let's look at the differences between the process in which light entering our eyes

gives us the sensation of color and the measurement process of a colorimeter.

»» What about the components of light (and color)? Let‘s take a look by using a spectrophotometer.

»» Let's measure various colors with a spectrophotometer.

»» Differences between tristimulus method and spectrophotometric method.

»» How will the apparent color change when the light source is changed?

»» A spectrophotometer can even handle metamerism, a complex problem.

»» Features of spectrophotometers.

»» Part 11 »» Part III » Part IV
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Why does an apple look red?

No light no color. The three elements of light, vision, and object are
necessary for us to percceive color.

In total darkness, we cannot know color. If we close our eyes, we cannot
see the color of an object. And if there is no object, color does not exist.
Light, vision, and object: if all three are not present, we cannot perceive
color. But how can we tell the difference between colors, between

the red of an apple and the yellow of a lemon?

LY

Va

N\
§ 3
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Human beings can perceive specific wavelengths as colors.

If we seperate light into its different wavelengths, we create
a spectrum. We can then create the different colors by mixing
the seperated wavelengths of light in varying intensities.

This distribution of colors is called a spectrum; separating

light into a spectrum is called spectral dispersion. The reason
that the human eye can see the spectrum is because those
specific wavelengths stimulate the retina in the human eye. The
spectrum is arranged in the order red, orange, yellow, green,
blue, indigo, and violet according to the different wavelengths*1
of light; the light in the region with the longest wavelengths

is seen as red, and the light in the region with the shortest
wavelengths is seen as violet. The light region which the human
eye can see is called the visible light region. If we move beyond
the visible light region toward longer wavelengths, we enter

the infrared region; if we move toward shorter wavelengths, we
enter the ultraviolet region. Both of these regions cannot be seen
by the human eye.

Light is just one portion of the various electromagnetic waves
flying through space. The electromagnetic spectrum covers

an extremely broad range, from electrical and radio waves

with wavelengths of several thousand kilometers to gamma (3)
rays with wavelengths of 10-*m and shorter. The visible light
region is only a very small portion of this: from approximately
380 to 780nm*2. The light reflected from an object and which
we recognize as color is (with the exception of man-made
monochromatic light) a mixture of light at various wavelengths
within the visible region.

*1 Wavelength: Light has wave characteristics; wavelength is the
peak-to-peak distance of two adjacent waves.

£ ‘ll‘. i W 4
A rainbow is created by sunlight passing through drops of water, / -'K i
which act as prisms. i -

*2 nm (nanometer): A unit of measure often used when
discussing wavelengths of light; mm (micrometer) is also
sometimes used.

1nm=10"°¢ mm=10-3am
1%am=10°mm=1000nm

© Copyright 2003 KONICA MINOLTA SENSING, INC. All rights reserved.

» Part I1 » Part I » Part IV



)

PRECISE COLOR COMMUNICATION
Part a

Let‘s look at the differences between the process in which light entering our eyes gives us the
sensation of color and the measurement process of acolorimeter.

IKONICA MINOLTA

The human eye can see light in the visible range; however, ,light“ is not the same as ,,color”. Light is defined as ,radiation which
stimulates the retina of the eye and makes vision possible“. The stimulation of the eye is transmitted to the brain, and it is here
that the concept of ,,color” occurs for the first time, as the response of the brain to the information received from the eye. As

can be seen in Figure 16, the principle by which humans perceive color and the principle by which a colorimeter sees color are
basically comparable. The method used by the colorimeters discussed in Part | is called the tristimulus method; colorimeters using
this method are designed to measure light in approximately the same way as the human eye perceives light.

Another method for measuring color, which will be explained later in this section, is called the spectrophotometric method,;
color-measuring instruments using this method measure the spectral characteristics of the light and then calculate the tristimulus
values based on equations for the CIE Standard Qbserver functions. In addition to numerical data in various color spaces,
instruments using the spectrophotometric method can also display the spectral data directly, providing more detailed information
about the object.

Figure 16 J

Human being

Object (apple)

Eye (Retina receives light from
the object and transmits information
to brain

Brain (identifies color based on
information from the eyes.)

RED

Colorimeter
(Tristimulus method)

Object (apple) Sensor (Set of three sensors
filtered to have nearly the same
color sensitivity as the human
eye receive light from the object
and transmit information to the
microcomputer)

Microcomputer (Determines  Numerical color Data
numerical values based on

information from the sensor)

G L4331

atd .63 bild4.12

)

Spectrophotometer
(Spectrophotometric
method) —

Object (apple) Spectral sensor (Multiple sensor
segments receive light (in the
visible light range) from the object
and transmit information to thr

microcomputer.)

Microcomputer (Determines  Numerical color Data
spectral reflectance based on

information from spectral sensor

results can be displayed as

numerical values or on spectral

graph.)

*

o fw |

e

| Spectral reflectance graph

In addition to displaying numerical color data, a spectrophotometer can
also display a graph of the color‘s spectral reflectance. Colors are created

by mixing various wavelengths

of light in appropriate proportions. A

spectrophotometer measures the light reflected from the object at each
wavelength or in each wavelength range; this data can then be displayed on
a graph to provide more detailed information about the nature of the color.

(%)

Reflectance

500 i avelengthtO(mm)

Photographs and details are those of KONICA MINOLTA Spectrophotometer CM-2002.
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What about the components of light (and color)?
Let‘s take a look of using a spectrophotometer.

An object absorbs part of the light from the light source and reflects the
remaining light. This reflected light enters the human eye, and the

resulting stimulation of the retina is recognized as the object's ,,color” by
the brain. Each object absorbs and reflects light from different portions of
the spectrum and in different amounts; these differences in absorptance and
reflectance are what make the colors of different objects different.

Apple

If we measure an apple, we obtain the spectral graph shown in Figure
17a. If we look at this graph, we see that in the red wavelength region
the reflectance (the amount of reflected light) is high, but in other
wavelength regions the reflectance (the amount of reflected light) is low.
Figure 17b shows that the apple reflects light in the orange and red
wavelength regions and absorbs light in the green, blue, indigo, and
violet wavelength regions. In this way, by taking a measurement with a
spectrophotometer and displaying the results on a spectral graph, we can
see the nature of the apple‘s color. Each of the multiple sensors (40 in the
Minolta Spectrophotometer CM-2002) of a spectrophotometer measures
light in a strictly defined wavelength region of the visible light wavelength
range. Because of this, the spectrophotometer can measure differences in
the elements of color which are not noticeable for the human eye.

| Lemon

If we measure a lemon, we obtain the spectral graph shown in Figure 18a. If
we look at this graph, we see that in the red and yellow wavelength regions
the reflectance (the amount of reflected light) is high, but in the indigo and
violet wavelength regions the reflectance (the amount of reflected light) is
low. Figure 18b shows that the lemon reflects light in the green, yellow, and
red wavelength regions and absorbs light in the indigo and violet wavelength
regions. This is the nature of the lemon‘s color. Such high accuracy is not
possible with the human eye or even with the colorimeters discussed in Part
['; it is only possible with a spectrophotometer.

T3.34

mi# 4,11

b 68.54
Figure 18 a ‘ ‘ Figure 18 b ‘

Wiolet I:ldlgn Blue Green Yellow Orange Red O

N X AL N NN Reflegtance

Absorptance
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Let‘s measure various colors with a spectrophotometer.

When we measured subjects with a tristimulus colorimeter (Part 1-10) in
Part I, we could only obtain numerical color data in various color spaces. If
we use a spectrophotometer for measurements, not only can we obtain the
same types of numerical data, but we can also see the spectral reflectance
graph for that color. Further, with its high-precision sensor and the inclusion
of data for a variety of illuminant conditions, the spectrophotometer can
provide higher accuracy than that obtainable with a tristimulus colorimeter.

B: Rubber

A pink tile was measured. By looking at the spectral
reflectance graph, we can see that the tile reflects light
at all wavelengths, and that the spectral reflectance in
the wavelength regions above 600nm (the orange and
red regions) is a bit higher than that of other wavelength
regions.

D: Printing
NICA MINC %
KONICA MINO
e s v | ie.82
” @.1554
4 @.1794

The blue logo was measured. The spectral reflectance
is almost the same as that for B, but if we look carefully
we notice that the spectral reflectance at wavelengths
of longer than 600nm is even lower. This is a slightly
deeper blue.

@ indicates the measurement point

This is a vivid blue. The spectral reflectance in the
wavelength region from 400 to 500nm (the indigo and
blue regions) is high, and the spectral reflectance for
wavelengths longer than 550nm is low, with almost all
light in this region being absorbed.

E: Textiles

[ Fen A
[ 37.54
b SRENR

The pink area of the cloth was measured. The spectral
reflectance over the entire wavelength range is high,
particularly around 600nm. On the other hand, the
spectral reflectance is lower around 550nm, indicating
that green and yellow light was absorbed.

C: Plastic

A reddish-purple plastic part was measured. The
regions around 400nm and 700nm have high spectral
reflectance, and the wavelength region from 500 to
600nm has low spectral reflectance and we can see
that the light is absorbed.

F: Paint _

5=
o=

gl Soddidt

This is a vivid red paint. Only the wavelength region
from 600 to 700nm (the red and orange regions) has
high reflectance; most light at wavelengths below
600nm was absorbed.

100 100
A -
& = g =
501 e 50 o S —
e, pF T g
[l e c i
§ o \\\ ,-*/ 13 // - -~.\‘u' J
o A~ N -sid E - :
[T} T 0 ’ .
1= ~— b .
1 S — i - B e
— il o e
o e e . e e e e
400 500 yWavelengthtnm) 500 700 400 S00 yWavelengthfnm) 500 70C
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Differences between tristimulus method and
spectrophotometric method

We discussed the colors of the spectrum (red, orange, yellow, green, ...) in
Part II-2. Of these colors, red, green, and blue are generally considered the
three primary colors of light. This is because the eye has three types of cones
(color sensors) which are sensitive to these three primary colors and which
allow us to perceive color. Figure 19 shows the spectral sensitivity curves
corresponding to the human eye, according to the CIE definition of the 1931
Standard Observer. These are referred to as the color matching functions. x {a}
has a high sensitivity in the red wavelength region, u{a¥has a high sensitivity
in the green wavelength region, and z{a}has a high sensitivity in the blue
wavelength region. The colors that we see are the result of different % (a),
g€a), and z (a) proportions (stimuli) in the light received from an object.

This is how | see

As shown in Figure 20b, the
color of the apple.

tristimulus method measures
the light reflected from the
object using three sensors
filtered to have the same

"Red" is

of

Thshi.mmeﬁ sensitivity x{a}, §(a), and
Tt 3 (a) as the human eye and
5?e°'§oum'.s% thus directly measures the
s tristimulus values X, Y, and
emancs e 7 0n the other hand, the
. characterisies:  spectrophotometric method
Recoptor section Numerical values &E&Eﬁ% s shom_/n in Figure 20c ytilizes
[ °“’°°";'I":1“ o astheumaneve.  multiple sensors (40 in the CM-
§§§§§%§:§ 1337 ﬁ%‘f@ﬂ&, 2002) to measure the spectral
D4 Thvee sensors conesgording  S3pvered tocther reflectance of the object at
pple) to lhe cones of the human eve. each wavelength or in each
narrow wavelength range. The
tages of ~ nstrument‘s microcomputer
portabity. They . then calculates the tristimulus
values from the spectral
reflectance data by performing
20c: Spedropmtmmtr llumination Humerical values integration- For the apple used
/, Receptor section - ocomputer }‘;3‘ &,‘.{;.L’s?,:.,z;;,?ﬁ; in the example, the tristimulus
£ ;ﬂﬁ}éﬂgﬂé&ﬁ: values are X=21.21, _Y=.1 3.37,
; L'_—s — mm._ " mggrmgvaﬁom and Z=932, these trIStImulus
A ] ‘:o:panﬁ.@&&m"ﬁﬁﬁf““’ Spectral graph values can then be used to

calculate values in other color
S hotometri **h*
Spectrophotometric  SpACES such as Yxy or L*a*b*.

high accuracy and
the ability to
:g;;rm%gﬂ.n
5. are
used mainly in
reseach areas.
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f/

Spectral dis‘b’ibutim@ot the light reflected

| have sensors with

051 /3¢ /
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\
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\
\
\
\
\

400 S00

600 F00
Wavelength (nm)

Tthe specimen_(appie) ©-11
N umination x{a)
> :
/
—_— @
— [ \ X
) ® (© Tristimulus values <
5 [ N
- _@D ©® = 400 500 600 700
z{a) ‘Wavelength (nm)
400 00 c00 700 ' ‘@ ®-2
Wavelength (nm) g(a)
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x -_— /,—5 ¥ =1 / \\ @
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, o the human eye e L | I e\ /" AT 7\( '
z{a) b J e .
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| _ Wavelength (nm) 3+ z{a)
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1.0¢4 | | — I have data for spectral
| sensﬂivﬂyh memary. i

spectral senstivity(B)
built in.

®

400 500 600 700
‘Wavelength (nm)

Figure 21 shows how the tristimulus values X, Y, and Z are determined. Light with spectral distribution ® reflected by the
specimen is incident on sensors with spectral sensitivity ® , whose filters divide the light into wavelength regions corresponding
to the three primary colors and the sensors output the tristimulus values (X, Y, and Z) ®. Thus, © = @ e~ ®). The results in the
three wavelength regions of @) are also shown: @®-1: x{a) ©-2: g¢ayand (©-3: z(a)he tristimulus values are equal to

the integrations of the shaded area in the three graphs.
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How will the apparent color change when the light source
is changed?

As we said in Part I-2, different light sources will make colors appear

200 i3 different. For measuring color, the CIE defined the spectral characteristics of
several different types of typical illuminants. Figure 22 shows the spectral
2 power distributions of some of these illuminants. A light source is usually

1 / built into the color-measuring instrument. This light source may or may not

. match any of the CIE illuminants; instead, the instrument determines the

o /‘\%\K 9 data for measurements under the selected illuminant through calculations
N e 1 based on the data actually measured under the instrument"s light source

i “‘V\\ I~ and the illuminant‘s spectral distribution data stored in the instrument‘s

so| A~/ memory.

y b e Figure 22a: Standard llluminants

200 400 500 600 700 e 1 Standard llluminant Average daylight (including ultraviolet wavelength
region) with a correlated color temperature of 6504K; should be used
for measuring specimens which will be illuminated by daylight including

ultraviolet radiation. 2 Standard llluminant C Average daylight (not including
2EA ultraviolet wavelength region) with a correlated color temperature of 6774K;
70 6 should be used for measuring specimens which will be illuminated by
0 daylight in the visible wavelength range but not including ultraviolet
= radiation. 3 Standard Illuminant A Incandescent light with a correlated color

. temperature of 2856K; should be used for measuring specimens which
' & will be illuminated by incandescent lamps.

Figure 22b: Fluorescent llluminants
(recommended by JIS for measurements)
4 F6: Cool white

5 F8: Daylight

6 F10: Three narrow band daylight white

Figure 22c: Fluorescent llluminants
(recommended by CIE for measurements)
7 F2: Cool white

8 F7: Daylight

9 F11: Three narrow band cool white

| only have data | have data for all of them
for 1 and 2 from1 t0 9
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Let's look at examples of what happens if we measure our specimen (apple) using a spectrophotometer under Standard llluminant
De5 (example 1) and Standard llluminant @) (example 2).

In example 1, @) is the graph of the spectral power distribution of Standard llluminant De5 and @) is a graph of the spectral
reflectance of the apple. ©) is the spectral power distribution of the light reflected from the specimen (apple) and is the product
of ® and ® .In example 2, ® " is the spectral power distribution of Standard llluminant @ and ®) is the spectral reflectance of
the specimen (apple), which is the same as in Example 1. @) is the spectral power distribution of the light reflected from the
specimen (apple) and is the product of @‘and ® . If we compare ©) and €)', we notice that the light in the red region is much
stronger in (©)', meaning that the apple would appear much redder under Standard llluminant @®). This shows that the color of a
subject changes according to the light under which it is viewed. A spectrophotometer actually measures the spectral reflectance
of the specimen; the instrument can then calculate numerical color values in various color spaces using the spectral power
distribution data for the selected illuminant and data for the color matching functions of the Standard Observer. the specimen; the
instrument can then calculate numerical color values in various color spaces using the spectral power distribution data for the
selected illuminant and data for the color matching functions of the Standard Observer.

Standard lluminant DES
é Standard luminant A

Q

° Co, Sm— Numerical values in
Spectral power — Trisimulus i
istibution of | | SRecial reflectance | X| - c.ojr.matehing functions vaies =0 LB IRIRFNE RS
i i OTSpucimen YD [ These values will change
accm‘oing to the illuminant.
Example 1
© ?pﬁetc“e?lL [g:lde'[ distribution of
(® Spectral power distribution Spectral reflectance I TET Tom Specimen
200 of Standard illuminant D65 100 of specimen (apple) (apple); 9'1“3'9®><
% -
150
- = --—.—«)|l
WA X 50 — S—
50 - ' '
D T T L 0 L _ — — . 1 D = — T - - T 1
400 500 600 700 400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)
Example 2
©‘ls'p|?twe?l!e pows: distribution of
A Spectral power distribution Spectral reflectance Ignt ret rom specimen
200 ® of Standard illuminant & 100 of specimen (apple) (apple); equals &) x (®) :
5 -
150- ‘)
/ s
100 g x 50 4 — —_—
50 o
ol ; . . g — . ol .
400 500 600 700 400 S00 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)
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A spectrophotometer can even handle metamerism, a
complex problem

In the previous section, we discussed how the color of an object depends
on the light source under which it is viewed. A related problem is if,

for example, the colors of two objects appeared to be the same under
daylight but appeared to be different under indoor room lighting. Such a
phenomenon, in which two colors appear the same under one light source
but different under another, is called metamerism. For metameric objects,
the spectral reflectance characteristics of the colors of the two objects are
different, but the resulting tristimulus values are the same under one light
source and different from each other under another. This problem is often
due to the use of different pigments or materials.

Look at Figure 23. If we look at the spectral reflectance curves for the two
specimens, we can immediately see that they are different. However, the
L*a*b* values for measurements under Standard llluminant Des are the
same for both specimens, but the values for measurements under Standard
llluminant A are different from each other. This shows that even though

the two specimens have different spectral reflectance characteristics, they
would appear to be the same color under daylight (Standard Illuminant Des).

So how should metamerism be handled? To evaluate metamerism, it is necessary to measure the specimens under two or more
illuminants with very different spectral power distributions, such as Standard llluminant De5 and Standard llluminant A. Although
both tristimulus colorimeters and spectrophotometers use a single light source, they can calculate measurement results based

on illuminant data in memory to provide data for measurements under various illuminants. Tristimulus colorimeters can generally
take measurements under only Standard llluminant C and Standard llluminant Des, both of which represent daylight and which
have very similar spectral power distributions; because of this, tristimulus colorimeters cannot be used to measure metamerism.
Spectrophotometers, on the other hand, are equipped with the spectral power distributions of a wide range of illuminants and thus
can determine metamerism. Moreover, with the spectrophotometer‘s capability to display spectral reflectance graphs, you can see
exactly how the spectral reflectances of the two colors are different.

, The colors may not be reproduced exactly in this page due to the limitations of the printing process.
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Features of spectrophotometers

Minolta‘s Spectrophotometer series offers a wide range of functions and
superior accuracy.

| llluminant conditions

Data for a wide variety of CIE llluminants are stored in memory to allow
measurements under various illuminant conditions.

| Data memory

Measurement data is automatically stored at the time of measurement.

| Data communication

RS-232C standard data communication can be performed to output data or
control the spectrophotometer.

Photo shows Konica Minolta

Spectrophotometer CM-2600d. | Spectral reflectance graph display

Measurement results can be displayed on a spectral reflectance graph.

| Fixed illumination/viewing angles

The illumination/viewing geometry is fixed to ensure uniform conditions for
measurements.

| Spectral sensor

The spectral sensor consists of numerous segments to measure
the light at each wavelength interval for high accuracy.

| Color spaces

Measurement data can be displayed numerically in a wide variety of color
spaces, including Yxy, L*a*b*, Hunter Lab, etc.

| Color-differences measurement

Color difference from a target color can be measured and instantly displayed
in numerical form or on a spectral reflectance graph.

» Part IT » Part I11 » Part IV

© Copyright 2003 KONICA MINOLTA SENSING, INC. All rights reserved.



)

IKONICA MINOLTA

PRECISE COLOR COMMUNICATION

Basic Knowledge for Spectrophotometer Selection

Basic color science has been explained in Part I and Part II and it should
now be understood that colors can be analyzed by spectrophotometers from
various angles. Let‘s study more about the special colors and conditions
that influence the selection of spectrophotometers.

» Contents

»» Comparing colorimeters and spectrophotometers

»» Color and gloss (SCE and SCI methods)

»» Measuring special colors

»» Notes for measurement subjects and conditions

»» Part 11 »» Part III » Part IV
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The spectrophotometer is
used for high-precision
analysis and accurate color
management mainly in
laboratories and research
and development
applications.
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Comparing Colorimeters and Spectrophotometers

As described in Part II, the tristimulus colorimeter has features such
as comparatively low price, compact size, superior mobility and simple

The colorimeter is
mainly used in
production and

for color difference

chart measurement.

operation. Colorimeters can determine tristimulus values easily. However,

a colorimeter is not appropriate for complex color analysis such as
metamerism and colorant strength. A spectrophotometer has high precision
and increased versatility. It is suitable for more complex color analysis
because it can determine the spectral reflectance at each wavelength.

However spectrophotometers can be more expensive than colorimeters.
Always consider how accurately each color must be measured before

Condition 2 0/45
lluminstion

> ir-otm'

]:, I}"Q{?gmr

Specimen

Condition 4 0/d SCE
lurnination
light

Condition 6 0/d SCI
llumination
light

Specimen

selecting the type of instrument to use in a specific application.

It was explained that the object color varies depending on the viewing
conditions, the observation angle and illumination angle as discussed in Part
[-2 . When an instrument measures a sample, the angle at which a beam

of light from a source strikes the sample and the angle at which the light is
received by a detector is called the optical geometry.

Unidirectional lllumination System

This is a method which provides illumination from one direction.
With a geometry of 45/0, the specimen surface is illuminated
from an angle of 45+2 degrees to the normal line and the

light is received in the normal direction (0+10 degrees). With a
geometry of 0/45, the specimen surface is illuminated from the
normal line direction (0+10 degrees) and the light is received at
the angle of 45+2 degrees from the normal line.

Diffused Illumination Integrating Sphere System This system
uses an integrating sphere for illuminating or viewing a
specimen uniformly from all directions. (An integrating sphere

is a spherical device with internal surfaces coated with a white
material such as barium sulfate so that the light is uniformly
diffused). An instrument with d/0 optical geometry illuminates
the sample diffusely and detects the light at the normal direction
(0 degrees). An instrument with 0/d optical geometry illuminates
the sample at the normal angle (0 degrees) and collects the light
reflected in all directions. (Reflected light within +/-5 degrees
from the specular angle can be included or excluded using the
SCE/SCI function.)
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Color and Gloss (SCE and SCI Methods)

—— Even for objects composed of the same materials, variances
J may be seen in the colors due to differences in the gloss of the

i mr o, /,_@? surfaces. For example, why is a duller blue color seen when
| == | sandpaper is applied to a shiny or high-gloss blue sample?

Q Light Specular When a ball bounces on a wall and returns, it bounces and returns at
ot the same angle. In the same manner, the light, which reflects at the
/( equal but opposite angle from the light source is called the specularly
reflected light. This specular component is reflected as if reflected

by a mirror. The light that is not specularly reflected, but scattered in
many directions, is called diffuse reflectance. The sum of the specular
reflectance plus the diffuse reflectance is called the total reflectance.

Ball .

' Wall Mea

£ | For objects with shiny surfaces, the specularly reflected light is

e relatively strong and the diffused light is weaker. On rough surfaces

?’ -/ ?’ with a low gloss, the specular component is weak and the diffused

s / N\ . light is stronger. When a person views a blue plastic object with a shiny

\ 7/ \_L# surface at the specular angle, the object does not appear to be as blue.
NI AN This is because the mirror-like reflectance from the light source is

added to the color of the sample. Usually, a person looks at the color

of the object and ignores the specular reflection of the light source.

To measure the color of a specimen in the same manner that it is

viewed, the specular reflectance must be excluded and only the diffuse

reflectance must be measured. The color of an object can appear

different because of differences in the level of specular reflectance.

It was understood that the color is viewed differently if the surface
condition of the object is changed because people only view the
diffused light. However, the colors of objects should not be changed
because the materials themselves are the same. How can we
recognize the color of the materials themselves?

The amount of specular reflectance and diffuse reflectance changes
depending on the surface of the object. However, the total amount of
reflected light is always the same if the materials and color are the
same. Therefore, if a glossy blue plastic part is sanded, the specular
reflectance isreduced and the diffuse reflectance increases. This is
why the totalreflectance (specular plus diffuse) should be measured.

These figures indicate that
a+bh+c+rdre=a"+h'+c"+d +0".
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The position of the light trap in Conditions 3 (SCE) and 4 (SCE), as displayed
in Figure 24 in Part lll-1 , show how the specular reflectance is excluded
from the color measurement of the sample. If this trap is replaced with a
white plug, as in Conditions 5 (SCI) and 6 (SCI), the specular reflectance will
be included in the color measurement. The method of color measurement,
which excludes the specular reflectance, is called SCE (Specular Component
Excluded). If the specular reflectance is included in the color measurement,
by completing the sphere with a specular plug, it is called SCI (Specular
Component Included). In SCE mode, the specular reflectance is excluded
from the measurement and only the diffuse reflectance is measured. This
produces a color evaluation which correlates to the way the observer sees
the color of an object. When using the SCI mode, the specular reflectance is
included with the diffuse reflectance during the measurement process. This
type of color evaluation measures total appearance independent of surface
conditions.

These criteria must be thoroughly considered when an instrument is
selected. Some instruments can measure both SCE and SCI
simultaneously.

The SCE method is effective to verify that the color matches the color
standards by visual inspection on the production line.

This method uses a light
trap and the specular
light is not measured.

The SCI method is effective when color elements such as CCM are adjusted
at the production level.

The measurement is
performed without a light
trap and the specular
light iz included.

»» Part 11 »» Part III » Part IV
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| Fluorescent colors

When you see a fluorescent color, it looks like it is glowing by itself although
|I \ |; ] it is not actually a light source. When light is applied to a fluorescent

', I material, the rays are absorbed and re-emitted as visible light in other
regions of the spectrum, usually at longer wavelengths. As explained in Part

360nm + 420n

[I-2, the visible light region is electromagnetic radiation between 380nm
lllumination’, 'Reflection and 780nm. For example, when 360nm radiation is absorbed and emitted at
light \ / light 420nm, the measurement value at 420nm may exceed 100%. Since more

' than the expected amount of light is visible, it appears to the human eye as
Fluorescent if the material glows by itself. For measurement of non-fluorescent
. Samp'el samples, the dispersive element can be placed either between the source

and the sample or between the sample and the receiver. However for the
measurement of fluorescent samples to agree with the color as it appears
to people, the dispersive element must be placed between the sample and
the detector so that the sample is illuminated by the entire spectrum of the
source. When a fluorescent color is measured by the spectrophotometer,
the spectral power distribution of the light source, including the ultraviolet
regions, must be controlled.

Metalic colors

Many coatings, especially in automotive applications, use a combination
of metallic flakes and colorant to achieve a colorful effect. In a metallic
Specular light coating, light is reflected at different angles due to the orientation of the
'_"’"‘ the 1!""}’ Aktpet flakes of metal in the coating, although the flakes will generally be aligned
- in the same direction. Figure 25 illustrates how the specular reflectance
\ / and diffuse reflectance interact with a metallic coating. Because the
. / - color reflects from the metallic flake at a different angle than the diffuse
y \/ reflectance, the appearance to the human eye will also differ. At the angle
hATA — close to the specular reflection, highlight color (face), which is influenced by
e = the metallic flake, is seen. At the angle, which is not influenced by metallic
flake, shade color (flop), is seen. In general, when measuring metallic

colors, it is more effective to measure and evaluate them with a
spectrophotometer that measures color at multiple angles.
Incident ) Specular light
angle //, componert from
AN the paint film
Diffuse light | </ | Surface
component | /| Specular light
/™ "! component by the
s .| flake surface
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| reflectance of
| the original cloth

380nm 780nm

| Colored with
. a fluorescent
material

380nm 780nm

§

/Returned to
| the original color
| by cleaning

380nm 780nm

/Whitened by
(detergent containing
a fluorescent

material
380nm 780nm

PRECISE COLOR COMMUNICATION
Part @

Black Light and Fluorescent Material

Have you ever been in a room where appearances are striking because

the white shirts, socks or patterns on the wall seem to be glowing and
exceedingly bright while the room itself appears to be dark or illuminated in
violet lighting?

A place like this is lighted by a source called a ,black light“. The black light
is an illumination using wavelengths mostly outside the visible regions of
the spectrum. It has been sold for illuminating fluorescent jigsaw puzzles or
fluorescent minerals. In fact, this black light emits energy in the ultraviolet
region. A fluorescent material that absorbs this energy and re-emits it

as light in the visible region has been added to the objects. The materials
appear to glow when illuminated by a black light. An object appears white
when it reflects all wavelengths in the visible regions at nearly 100

percent. However, if there is less reflectance at the blue wavelengths, the
object appears yellowish. In many cases, a fluorescent material (sometimes
referred to as an optical brightener) is added. This fluorescent material
provides an increase in reflectance at the blue wavelengths to make the
object seem white. As a result, a white shirt appears to glow when it

is illuminated by a black light, and appears white in daylight. When white
clothes are washed repeatedly, they become yellowish. This is not because
they are stained by a yellow color, but because the fluorescent material

is washed out and the original color of the cloth has re-appeared. It is a
common practice to have the yellowish clothes returned to white by
washing with a detergent that contains a fluorescent material.

» Part IT » Part I11 » Part IV
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Notes for Measurement Subjects and Conditions

Temperature characteristics when

the BCRA color tile changes 10°C Measuring Powders
from the room temperature (AE*ak)
AE*ab When measuring powder with a spectrophotometer, the measurement value
White 0.01 varies depending on the density of the powder and the surface conditions. To

avoid errors, special methods are required such as placing a fixed amount
Pale grey 0.02 of powder into a container of a fixed shape and size and maintaining a fixed
; surface quality. If the size of the particles is large, use a spectrophotometer
Mid grey 0.05 ; )
. which has a large measurement area, so the measurement surface is
Dif grey 0.05 averaged and repeatable measurement values can be obtained.

Deep grey 0.05 : - -
Measuring Semi-Transparent Objects

Deep pink 0.60

Orange 152 The measurement of semi-transparent objects requires special
consideration because the light might pass through the material and the

Red 1.32 measurement may be influenced by what is behind the object. To solve this

Yellow 0.92 problem, increase the thickness of the object to prevent the light from being
transmitted completely. Another solution is to put an opaque white surface

Green 0.92 behind the object.

Dif green 0.91 . _ _

Cyan 046 Measuring Objects With Patterns

Deep blue 017 When measuring objects that have patterns or textures, the measurement

Black 0.02 value varies according to the location if a small area is measured. The

largest possible measurement area should be used, or measurements
According to Konica Minolta test conditions should be taken several times in different locations and then the average
measurement value should be calculated. Sometimes when the temperature
of an object changes, the color of that object will also change.

Influence of Temperature Conditions

This phenomenon is called thermochromism. To measure color accurately
using a spectrophotometer, the measurement must be performed in a room
with a constant temperature after the measurement object has reached
room temperature.

© Copyright 2003 KONICA MINOLTA SENSING, INC. All rights reserved.
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Color Terms

More details on terms, standards, and color spaces discussed in
this booklet.

» Contents

»» 2° Standard Observer and 10° Supplementary Standard Observer / Color-Matching Functions
»» XYZ Tristimulus Value (CIE 1931) / Xio, Y10, Z10 Tristimulus Value (CIE 1964)
»» xyz Chromaticity Coodinates / xy and X1o, Y10 Chromaticity Diagram

»» L*a*b* Color Space / Uniform Color Space

»» L*C*h Color Space

»» Hunter Lab Color Space / Munsell Color Space

»» L*u*v* Color Space
»» CIE 1976 UCS Diagram / E*94 Color difference formula (CIE 1994)
»» Difference Between Object Color and Source Color - |

»» Difference Between Object Color and Source Color --- I
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| 2° Standard Observer and 10° Supplementary Standard Observer

The color sensitivity of the eye changes according to the angle of view
(object size). The CIE originally defined the standard observer in 1931 using
a 2° field of view, hence the name 2° Standard Observer. In 1964, the CIE
defined an additional standard observer, this time based upon a 10° field

of view; this is referred to as the 10° Supplementary Standard Observer.

To give an idea of what a 2° field of view is like compared to a 10° field of
view, at a viewing distance of 50cm a 2° field of view would be a @1.7cm
circle while a 10° field of view at the same distance would be an #8.8cm
circle. Most of the information in this booklet is based on the 2° Standard
Observer. The 2° Standard Observer should be used for viewing angles of 1°
to 4°; the 10° Supplementary Standard Observer should be used for viewing
angles of more than 4°.

2° viewing angle
——
\ s ! 1 7em
10° viewving angle
<4— == ’aB.ch
! 50cm —

| Color-Matching Functions

The color matching functions are the tristimulus values of the equal-energy
20 N 1 spectrum as a function of wavelength. These functions are intended to
...".E{ a) correspond to the sensitivity of the human eye. Separate sets of three color
P f matching functions are specified for the 2° Standard Observer and 10°
1] 1 1
215 13 Supplementary Standard Observers.
= |l
: ' %(2)
2 I = - X2
B1.0f+4 ula) .on,
= [ N \
] [ ‘
I i '
| ’II ll-! \
0SH .I.T'_ .I‘....':I..._.I'_- F'.'
i -.31‘ () !"t\
If ¥ # /f
/. I £ %
g :1'-"&73";._ St
400 500 600 700
Wavelength (nm)
. 2°Standard 10" Supplementary
Observer Standard Ohserver
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Color Terms

| XYZ Tristimulus Values (CIE 1931)

Tristimulus values determined based on the color matching functions % a},

g¢a) andz{a)defined in 1931 by CIE; also referred to as 2° XYZ tristimulus
AJRCA IdA values. They are suitable for a viewing angle of 4° or less and are defined
AREAdA for reflecting objects by the following formulas:
A

JR(A dda where
S(»): Relative spectral power distribution of the illuminant
x(a}, u€a), z(a): Color—matching functions for CIE 2° Standard

K.="r7 i Observer (1931)
§an S(A Jyla ddia) R(»): Spectral reflectance of specimen

| X10 Y10 Z10 Tristimulus Values (CIE 1964)

220 Tristimulus values determined based on the color matching functions x ¢aJ,
Hio= I{E33D Paol A JRECA JdA geayandzcaddefined in 1964 by CIE; also referred to as 10° XYZ tristimulus
values. They are suitable for a viewing angle of more than 4° and are
Yio= KE 3605 3‘” ol A JRLA MDA defined for reflecting objects by the following formulas:
(A

Zig= Kgaan Azl A JRCA JdA
where
100 S(»): Relative spectral power distribution of the illuminant
k.= Eggg ym[ A )d( ) %(a),ia),z(a): Color—matching functions for CIE 10° Supplementary

Standard Observer (1964)
R(»): Spectral reflectance of specimen

»» Part 11 »» Part III » Part IV
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Color Terms

| xyz Chromaticity Coordinates

The xyz chromaticity coordinates are calculated from the XYZ tristimulus
values according to the following formulas:

—. -
*TR+Y+Z
— -
YT Ry Z
_—Z _‘]._. -
T xeyez Y

If the above formulas are used with the X10, Y10, Z10 tristimulus values,
the chromaticity coordinates would be X10, Y10, Z10.

xy and x10y10 Chromaticity Coordinates

Two-dimension diagram on which the xy or chromaticity
coordinates can be plotted.

y Or Yo

w650

u] 0z 0.4 06 08
¥ Or X100

—— For 2° Standard Observer (CIE 1931)

- Eel Stgplementag
Standard Observer (CIE 1964)
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Color Terms

| L*a*b* Color Space

The L*a*b* color space (also referred to as the CIELAB space) is one of the
uniform color spaces defined by the CIE in 1976. The values of L*, a*, and b*
are calculated according to the formulas below:

Lightness variable L*:

LARUK
L*=116(c=)"-16
)

Chromaticity coordinate a* and b*:

a*=500[(%)"3 " (%)us]

b*:200[(%)u$ - (Zz—ﬂllug]

where
'\T"
R > 0.008856
}{—Hn > 0.008856
Z—Zn > 0.008856
XY, Z
Y\l Y 6 Tristimulus values XYZ (for 2° Standard Observer) or (for 10° Standard
(}{—) 7.787 (ﬁj e Observer) of the specimen
Y i3 Y 16 Xr!, Yn, Zn:
(ﬁj — 197 (ﬁj ¥I1E Tristimulus values XYZ (for 2° Standard Observer) or (for 10° Standard
Observer) of a perfect reflecting diffuser
Z i3 z 16
(Z_j 387 (ﬁ) ¥ 716 If X/Xn, Y/Yn, or Z/Zn is less than 0.008856, the above equations are

changed as described below:

Uniform Color Space

A color space in which equal distances on the coordinate diagram
correspond to equal perceived color differences.

» Part IT » Part I11 » Part IV
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Color Terms

Color difference E*ab in the L*a*b* color space, which indicates the degree
of color difference but not the direction, is defined by the following equation:

AE*ab=[(AL¥)? +(Aa¥)? +( Abx)2]'2

where L*, a*, b*: Difference in L*, a*, and b* values between the specimen
color and the target color.

L*C*h* Color Space

The L*C*h color space uses the same diagram as the L*a*b* color space,
but uses cylindrical coordinates. Lightness L* is the same as L* in the L*a*b*
color space; Metric Chroma C* and Metric Hue Angle h are defined by the
following formulas:

Metric Chroma : C¥=4/ (a*)%+(b*)?
Metric Hue-Angle : h=tan'1($) (degree)

where
a*, b*: Chromaticity coordinates in the L*a*b* color space

For difference measurements, Metric Hue Angle difference is not calculated;
instead, Metric Hue Difference H* is calculated according to the following
formula:

AH* = (AE*¥ab)?-(AL*¥P-(ACX)? = 4 (Aa*)2+(AbX)2-( AC*)?
AL¥= [*-|¥t

AC*= o (a%)2+(b*)? -4 (a*t P+(b*t)? =C*-C*t

The Metric Hue Difference is positive if the Metric Hue Angle h of the
specimen is greater than that of the target and negative if the Metric Hue
Angle of the specimen is less than that of the target.

»» Part 11 »» Part III » Part IV
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Color Terms

| Hunter Lab Color Space

The Hunter Lab space was developed in 1948 by R. S. Hunter as a uniform
color space which could be read directly from a photoelectric colorimeter
(tristimulus method). Values in this space are defined by the following
formulas:

- ¥ e
ks 100(\#0)

0.0102X04\f H Y
=175y )+ ((35)- (7))

_oqp 0.0084720 W2 o Y\ Z
=10V o) ) (G- (3)

where

X, Y, Z: Tristimulus values of the specimen (X10, Y10, Z10 tristimulus values
can also be used.) X0, Yo, Zo: Tristimulus values of the perfect reflecting
diffuser

For the 2U Standard Observer and Standard Illuminant C, the above
equations would become:

L=10y"2
=175 (1.02X-Y)
\1.*112
_ 7.0 (Y-0.8472)
b= Iz

Color difference EH in the Hunter Lab color space, which indicates the
degree of color difference but not the direction, is defined by the following

equation:
AEASICAL)? +(Aa)? +(Ab)2]V2

| Munsell Color Space

The Munsell color system consists of a series of color charts which are
intended to be used for visual comparison with the specimen. Colors are
defined in terms of the Munsell Hue (H; indicates hue), Munsell Value (V;
indicates lightness), and Munsell Chroma (C; indicates saturation) and
are written as H V/C. For example, for the color with H=5.0R, V=4.0, and
C=14.0, the Munsell notation would be: 5.0R 4.0/14.0

»» Part 11 »» Part III » Part IV
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Color Terms

| L*u*v* Color Space

The L*u*v* color space (also referred to as the CIELUV space) is one of the
uniform color spaces defined by the CIE in 1976. The values of L*, u*, and v*
are calculated according to the formulas below:

Y a1z ¥
= il " her - —1—
L¥=] 16(\’0) 16 when Yo > 0008856

u¥=13L*¥(u-uo) w*¥=13L*%(v'-v'0)

where

Y: Tristimulus value Y (tristimulus value Y10 can also be used.) u‘, v'
Chromaticity coordinates from the CIE 1976 UCS diagram Yo, u‘o, v‘o:
Tristimulus value Y (or Y10) and chromaticity coordinates u‘, v* of the perfect
reflecting diffuser.

Color difference E*uv in the L*u*v* color space, which indicates the degree
of color difference but not the direction, is defined by the following equation:

AE*uy=[(AL*)2 +(Au*)? + (Avy%)2]"2
where

L*, u*, v*: Difference in L*, u*, and v* values between the specimen color
and the target color

»» Part 11 »» Part III » Part IV
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Color Terms

| CIE 1976 UCS Diagram

The CIE 1976 UCS Diagram was defined by the CIE in 1976. It is
intended to provide a perceptually more uniform color spacing for colors
at approximately the same luminance. The values of u‘ and v‘ can be
calculated from the tristimulus values XYZ (or X10, Y10, Z10) or from the
chromaticity coordinates xy according to the following formulas:

- 4K _ 4 x
X+ 1O¥+3L =25t 1 2y+3
e gy = 9y
AEIDYASE 2%+ 2y+3
where
XY, Z

Tristimulus values (If tristimulus values X10, Y10, Z10 are used, the results
will be u‘10 and v‘10.)

X, Vi
Chromaticity coordinates (If chromaticity coordinates x10 y10 are used, the
results will be u‘10 and v*10.)

1E*94 Color difference formula (CIE 1994)

This color difference formula modifies the lightness, saturation, and

hue (L*C*h) of the L*a*b* color space by incorporating factors that correct
for variation in perceived color difference magnitude in different areas of the
CIE 1976 L*a*b* color space. This was proposed in 1994 by the technical
committee of CIE.

AE9a =[{ AH%/SH)2 +(AL*¥/SL)2 + ( AC*/Sc)2) V2
where

Si=1

Sc=1+0.045C%

SH=1+0.015C*
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Object Color Definition Formulas
K=K S{AIX(AIR(A IdA

Tan -

Y=K{Z S A )7 (AIR(A IdA

Z=K{mS(AIZ(AIR(AIdA
100

K= T P TaEA )

where

Six); Relative spectral power distribution of the illuminant
#(A) OiA) ZLA) : Color-matching functions in the ¥vZ
colar space

Riz). Spectral reflectance of specimen

Light Source Color Definition Formulas

K=K S{A IX(A)dA

Y=KimaS(A ) (A )dA
z

z=k sl daialda
where
Sis): Relative spectral power distribution of the light
soufce
FAD, ULA Z0A ) Color-matching funclions in the ¥¥Z
caolar space
k: Mormalizing factor
{The tristimulus value ¥ is set to confarm to the measured
light quantity.)

Use the following equation to determine the absolute wvalue of the
measurement light quantity when S0 is the ahsolute value of the
spectral radistion intensity for the X%Z color space.,

K = 683 Imw

* Refer to the following page for information about light source
color temperature.
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Differences Between Object Color and Source Color

Determining the color of an object was described previously. However, there
is a difference when a color is created independently such as by a light
bulb. This is called source color. The following is a simple explanation of the
differences between object and source color.

Difinitions Differences

There are three basic factors involved when a human observes the color
of an object. They are illumination, the object, and the perception of the
observer. However, when a source is observed, there are only two factors:
the spectral distribution of the light source and the perception of the
observer. The formulas for these concepts are illustrated below.

vaeofthe | | ghein | |Seechel op | |Coer
! _ | distribution reflectance o ;
object color | = | aofthe | the measurement | matching
[, 1) illuminznts object functions
TrilstimquL%ﬁ ggtecgrmum ; Calar-
walue of the iztribution o ;
source color | = the measuremert | < |Matching
(=%, 21 light source functions

For object color, it is necessary to determine and evaluate the spectral
distribution of the illuminant. This is because the color appears differently
when the light source varies.

The illuminant is not required when light source color is measured because
the color of the light source itself is what will be determined.

Differences in the Geometrical Conditions of the lllumination and
Optical Reception

The geometric conditions for illumination and optical reception must

be considered because different conditions may result in different
measurement values for the object color. Six types of conditions have been
defined by the CIE and are described in Part Ill-1. These conditions do

not affect measurements of light source color. However, there are certain
angular characteristics in which the hue varies depending on the type of
light source and the viewing angle, such as with LCDs. In these cases, the
viewing angle must be fixed at a constant value.

Color Space Representation

There are several common methods to describe light source color
numerically. They include xy coordinates, CIE 1960 UCS color intensity (u, v),
the CIE 1976 UCS color intensity (u*, v*), and color temperature.* The L*u*v*
color space (CIE LUV) is also used. However, a standard light source must be
determined when using this color space for light-source color because the
L*u*v* color space is based on the standard light source as the graph origin.
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Differences Between Object Color and Source Color

| Color Temperature

As the temperature of an object increases, the emitted thermal radiation
also increases. At the same time, the color changes from red through
orange to white. A blackbody is an ideal object that absorbs all energy and
emits it as radiant energy in such a manner that its temperature is directly
related to the color of the emitted radiant energy. The absolute temperature
of the blackbody is referred to as the color temperature. These colors would
lie along the ideal blackbody locus, as indicated in the xy chromaticity chart
shown in Figure 26.

Correlated color temperature is used to apply the general idea of color
temperature to those colors that are close to, but not exactly on, the
blackbody locus. The correlated color temperature is calculated by
determining the isotemperature line on which the color of the light source is
positioned. Isotemperature lines are straight lines for which all colors on the
line appear visually equal; the correlated color temperature of any color on
the isotemperature line is equal to the color temperature at the point where
the isotemperature line intersects the blackbody locus.

The blackbody locus, the isotemperature lines and lines that indicate equal
values of uv from the blackbody locus are illustrated in Figure 27. For
example, a light source which has a color difference of 0.01 in the green
direction (Euv) from a blackbody which has a color temperature of 7000K is
indicated as having a correlated color temperature of 7000K+0.01 (uv unit).

Notes
See Section IV ,,Color Terms* for explanation of (Euv).
,K“ is an abbreviation for Kelvin. Kelvin is the absolute temperature scale.
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Roissy CDG, France
Warrington, United Kingdom
Milan, Italy

Zaventem, Belgium
Dietikon, Switzerland
Vastra Frolunda, Sweden
Wroclaw, Poland

Phone:
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Phone:
Phone:
Phone:

+31(0)30 2481193
+49(0)89 4357 156 0
+33(0)180-111070
+44 (0) 1925-467300
+39 02 849 488.00
+32 (0)2 7170 933
+41(0)43 322-9800
+46(0)31 7099464
+48(0)71 3305001

Fax:
Fax:
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Fax:

+31(0)30 248-1280
+49(0)89 4357 156 99

: +33(0)1 80-1110 82
1 +44 (0) 1925-711143

+39 02 849 488.30
+32(0)2 7170-977
+41(0)43 322-9809
+46(0)31 474945
+48(0)71 734 52 10

info.sensi 1. konicaminolta.eu
info.germany@seu.konicaminolta.eu
info.france@seu.konicaminolta.eu
info.uk@seu.konicaminolta.eu
info.italy@seu.konicaminolta.eu
info.benelux@seu.konit i eu
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info.switzerland@seu.konicaminolta.eu
info.nordic@seu. konicaminolta.eu
info.poland@seu.konicaminolta.eu
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