A SIMPLE ALTERNATIVE TO THE NEUGEBAUER
EQUATIONS FOR COMPUTING DOT AREA AND
DOT GAIN COLORIMETRICALLY

James R. Huntsman*
Abstract

Dot area (and thus dot gain) is usually determined by applica-
tion of the Murray-Davies equation to density values. While gen-
erally useful for common process inks and colorants, density-based
dot area has the disadvantages of (1) not being applicable in general
to other colors unless there is a filter response matched to the specific
color; (2) being limited to CIE illuminant A due to current standard
filter responses; and (3) not being based on visually perceived gain.
These disadvantages can be overcome somewhat by using colori-
metric densities based on tristimulus values, but it is not always
obvious which tristimulus values to use or how. Using the Neuge-
bauer Equations for a single color on paper is better, but the Neuge-
bauer approach is not computationally simple and is not easily in-
corporated into instrument software. Also, the Neugebauer ap-
proach, being a linear combination of CIE tristimulus values,
maintains the same hue of the primary solid color and might not be
able to accurately match tints whose hue has shifted from the pri-
mary’s hue (e.g, magentas). This paper will present a simple meth-
od and formula for computing dot (or colorant) area colorimet-
rically from reference-white normalized CIE tristimulus values,
which is applicable to any color, allows correlation to visual percep-
tion under any light source, and also has a significant computa-
tional and colorimetric advantage over the Neugebauer approach.
The method is based on the amount of white present instead of the
amount of colorant.
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Introduction

In the reproduction of color by halftone and halftone-like print-
ing processes, pixel elements comprise discrete areas, or “dots”, of
various colorants (e.g., Y, M, C, K). Ideally, the dots of these
colorants are uniform and behave independently in some relation
to their physical area with no interaction among them. However, in
reality, because the dots are not uniform and because of scattering
by the colorant’s substrate (e.g., a reflective paper base) and/or scat-
tering within the colorant material itself (opacity), the reflectance
behavior is no longer dependent on only the actual physical colorant
areals2, Scattering interactions among adjacent colorant areas can
also occur, affecting the color rendering. The deviation from ideal
reflectance behavior is generally called “dot gain”, a phenomenon
well known in the graphic arts literature. For example, see
Huntsman3 and references therein.

Densitometric Dot Area

The phenomenon of dot gain in halftone printing can affect
color reproduction both tonally and colorimetrically, and if accu-
rate color reproduction is to be accomplished, the amount of dot gain
as a function of dot area must be well characterized. Dot area is
usually determined by densitometry, using a filter whose charac-
teristic color is complementary to the process color evaluated be-
cause of the subtractive nature of the colorants used. Black is mea-
sured with respect to tone (lightness), not hue or chroma. Density
values have a positive correlation with the amount of colorant
present. Densitometric area, however, by focussing on only the
wavelength region where the color has very little reflectance, ig-
nores the color’s reflectance which actually stimulates the human
visual system. By knowing the reflectance (or transmittance) of the
solid colorant used and the reflectance (or transmittance) of the
reflective (transparent film) substrate, the area of colorant in a
halftone pattern relative to a solid area (solid = 100% area) can be
estimated. Densitometric reflectance can be defined generally as
in (1), where II(L) represents the spectral product for the densi-
tometer filter bandpass, light source, and photodetector, and R(}) is
the reflectance at wavelength A.
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R= J’H(A)R(x)dx 1)
A

Murray4 published a relationship to determine colorant tint
density in a binary mixture assuming ideal behavior; that is, the
total radiance from a halftone area is the weighted sum of the
radiances from the areas of colorant and paper, the weights being
the relative areas of the colorant and substrate in a pixel of unit
area. A basic linear relation for dot area in terms of reflectance (R)
is given in Eq. (2). This relation can also be given in terms of
density (D) (Eq. (3)), by using D = —logR. Equation (3) is commonly
known as the Murray-Davies (“M-D”) formula, although it is not
the original form of Murray’s relation?. Equations (1), (2), and (3)
are strictly valid for the total reflectance as measured by integra-
ting sphere, specular-component-included geometry. In practice,
the reflectance within a limited solid angle is used, usually 0°/45° or
45°/0° measurement geometry by standard (ISO 5/4). The reflec-
tance of glossy, matte, or textured samples will differ considerably
between integrating sphere and ISO 5/4 geometries. In (2), (3), and
throughout this paper, %A is the effective, relative percent area of the
solid colorant in a halftone or dithered “tint” (combination of color-
ant of %A effective area and substrate) area, and the subscripts t, s,
and o will refer to the “tint” area, the colorant’s solid area, and the
substrate area, respectively. Since the principles herein are analo-
gously applicable to transparent substrates, only reflective sub-
strates (e.g., paper, coated and metallic surfaces) will be detailed.

Ro= Rt L 100
%A= R0l @)
-(D,-D,)
1-107""t Yo
%A = *100 (3)
15D, —Dp

The difference between %A from (2) or (3) and some reference
percent dot area for the color is called the dot gain. If the reference
area is the actual physical dot area in the printed image, the dot gain
is usually considered optical dot gain. If the reference area is the
dot area in the separation films, the dot gain is usually considered
the total (physical + optical) dot gain of the reproduction process.
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Although fairly simple to implement, there are some deficien-
cies in using the densitometric approach. One is that, since only the
major filter density is used, the color’s reflectance outside the den-
sitometer filter’s bandpass is ignored, and some colors can have
nearly the same density but noticeably different perceived color [See
Huntsman?, figures 1 and 2.]. A second deficiency is that, by stan-
dard, virtually all densities are based on an incandescent source,
which might not correlate with visual perception under another
source. A third deficiency is that densitometer filters are usually
matched to the specific colorants and do not correspond to the human
colorimetric responses. Thus, the use of densitometry to determine
dot gain and tone reproduction of colors can be erroneous, or at least
misleading, with respect to correlation with visually perceived dot
gain and its effects. However, densitometry is excellent for deter-
mining ink film thickness when properly matched to the appropri-
ate absorption of the color. This paper describes a method for over-
coming these deficiencies for dot area by densitometry by quantita-
tively estimating the effective dot area of a color in a halftone pat-
tern, and thus its dot gain, colorimetrically. The method utilizes
CIE tristimulus values® X, Y, and Z, normalized to the substrate as
the reference white and also the principles of adaptation and scaling
by the human visual system to an image’s reference white.

Colorimetric Dot Area

Although densitometry and the M-D formula have some defi-
ciencies with regard to accurate color reproduction, they do involve
some principles also utilized in colorimetry. The first principle is
that a visual response can be characterized as the combined interac-
tion of an illuminant, an object’s reflectance spectrum, and a per-
ceiver’s visual response function. For a person as the perceiver, a
person’s response can be characterized by CIE color matching func-
tions® (“cmf”). The combined response of the emf, illuminant, and
object’s reflectance spectrum can be represented by the CIE tristim-
ulus values X, Y, and Z, the mathematical relation for the X value
being given in (4). Equation (4) is usually approximated by a sum-
mation based on discrete spectrophotometric data. The value of the
summation will depend on the wavelength range, wavelength inter-
val, instrument bandpass, and measurement geometry for the R(A)
data. Analogous relations hold for Y and Z, differing by the emf
used. From studies of visual adaptation, human perception adapts to
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spectrally near-whites and even non-spectrally-white “memory
whites” as perceived white, which can be considered the colorimetric
visual reference white. Other colors become scaled visually to the
reference white. Colorimetric variables for the reference white are
usually denoted with a subscript n, and the tristimulus values for the
reference white are also derived from (4), the difference being that
values of the reference white reflectance are used. For the perfect
white diffuser, R(A) = 1 at all wavelengths. For color science in the
graphic arts, the reference white is usually the perfect white diffuser
because most commercial software packages seldom allow the user
to specify the reference white. However, in the graphic arts, the
paper will usually be the appropriate visual reference white for im-
ages, because, due to adaptation, other colors in the image are visu-
ally scaled relative to the paper white [See Hunt” , pp.114-116.).

X= _[E(X)S(X)R(X)dl 4
A

The tristimulus values are directly proportional to the object’s
reflectance. Neugebauer® relied on this principle in developing his
equations, which say that the tristimulus values of a pixel area are
equal to the weighted sum of the tristimulus values of the color areas,
the weights being the relative fractional area of each “primary” col-
or. The Neugebauer equations relating an arbitrary color having
tristimulus values X*, Y*, Z* to n “primary” colors, each having
tristimulus values Xj, Yj, Zj are given in (5). The aj coefficients
are the relative fractional areas for the primary color i. A Neuge-
bauer “primary” color is not only yellow, magenta, and cyan, but
rather all the different areas of color, including secondary colors
(red, green, and blue) as well as combinations of all these with
black, and the substrate. In color reproduction, the usual approach is
to solve (5) simultaneously for the aj coefficients, knowing Xj, Y;,
and Zj, usually from empirical measurements. The aj coefficients
used by Neugebauer were initially based on areas determined by
Demichel according to random distribution. Today, the aj coeffi-
cients are often based on the M-D formula, or are modified with the
Yule-Nielsen equation, or some other modification, to allow for var-
iables such as dot gain, the periodic distribution from defined
screen angles, and line frequency. For examples, see [9-22].
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n n n
X*= Zaixi Y*= ZaiYi Z* = Zaizi 5)
i i i

If it is desired to determine dot area colorimetrically for a sin-
gle color, the relations in (5) become a two component system (the
paper and the colorant on the paper), which can be re-written as in
(6), where W (“white”) represents the substrate (e.g., paper), i.e., no
colorant; Xg, Yg, and Zg are the tristimulus values of the solid (or
maximum) colorant; and X, Yi, and Z; are the tristimulus values of
the tint of the solid color, whose dot area is to be determined.

Xt = awxw + asxs Yt = awa + asYs Zt = awa + asZs (6)

Solving (6) for ag gives the effective dot area of the colorant tint,
and its dot gain can be determined by subtracting the reference dot
area. However, determining ag requires the simultaneous solution
of three equations, even though it is much easier for only one color
and paper. A second deficiency in solving (6) is that because the re-
lations are linear, if the hue of the tint is not the same as the solid, (6)
might not be accurately solvable. Such is the case for tints of ma-
genta, whose hue shifts significantly with tone. Matching a mid-
tone magenta by the Neugebauer approach will usually result in the
inclusion of some cyan because the magenta tint will be slightly
bluer than the solid magenta. Thus, a method of determining dot
area colorimetrically that does not require solving three equations
or is unaffected by hue shift with tone would be very useful.

One basis of the new method for colorimetric dot area is the sim-
ilarity of the tristimulus values as from (4) and reflectance as from
(1). Thus, one can rewrite (2) with each tristimulus value as the
metric basis as in (7) because the tristimulus values can be consid-
ered weighted integrated reflectance, equivalent to the Rs in (2).
The subscript n in (7) is analogous to the o subscript in (2) and (3),
because both subscripts usually refer to the substrate (“white”).
Equation (7) is a linear equivalent to using colorimetric densities
(-log of the resultant tristimulus value) in (3) to determine dot area
without making the logarithmic transformation. It is simpler to
keep variables in a linear relation, especially if interpolation
might become involved.
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X, - X
%A ==t .100 (7a)

Xn - xS
Yn — Y

%A = m 100 (7b)
Zn -7y

%A =m 100 (7¢)

However, there is a problem in (7) in that it is not likely that the
relations for X, Y, and Z will all yield the same value of %A because
the rate of change of each tristimulus value with the amount of color-
ant is not necessarily the same. While the choice is easier for most
normal process colors, the choice is not necessarily obvious for
special “spot” colors, even if colorimetric densities are used. Thus,
two of the three relations in (7) could give the wrong area, and so it
becomes necessary to know which relation in (7) is the right one to
use. In color science, it is sometimes considered that an arbitrary
color is a mixture of a “pure” chromatic color and a pure achromatic
(“white”) color, e.g., in a CIE xy chromaticity diagram. It is rea-
sonable that the amount of white component in a binary color mix-
ture is also a valid correlate for the mixing of a colorimetric white
with a primary chromatic color, especially for halftone-like
colorant areas, which are usually on an essentially “white” sub-
strate (e.g., white paper, clear film). From (7), one makes use of the
fact that for a single color on a substrate, aw + ag = 100%. While
much effort is usually focussed on determining ag, often requiring
careful matching of a filter response to the specific color, it is not
necessary to do so. If one can determine ay, one has also deter-
mined ag, because ag = 100% — ayw, and, therefore, one does not have
to directly measure only the amount of the colorant. Letting W rep-
resent a suitable white component metric, then (7) can be rewritten
as (8), with the subscripts having the same implication. It is impor-
tant that W, be for the actual substrate used (e.g., paper white) be-

cause the limits for the white component of the tint (W) are bounded
by the white component of the substrate (W, ) and the white compon-
ent of the solid color (Wy). If W, for the perfect white diffuser is

used where reflective substrates are involved, then additional math-
ematics are necessary to determine the same proportion of the per-

179



fect white diffuser in the tint, paper, and solid color, which is unnec-
essary. Equation (8) is also intuitive. In a plot of the suitable W
against dot area, %A is simply the ratio of the line segment (W, —
Wy to the total line (W, — W), because increasing the amount of
colorant moves W, from W, (zero colorant area or no colorant) to
W (100% colorant area or maximum colorant).

wn“wt o

Bh= Wn ‘Ws

100 )]

Determining the White Components

To utilize (8), it is necessary to know how to determine the white
component metrics therein. Presently used color difference spaces
(e.g., CIELAB, CIELUV, U*V*W*, CMCII, FMCII, ANLAB, Hunter
Lab, etc.) do not provide separate, quantitative achromatic (“white”)
and chromatic metrics from a set of tristimulus values simply be-
cause these spaces are concerned with color difference and not with
quantifying separate achromatic and chromatic metrics, which can
be useful for color reproduction. However, a recently developed col-
or space for graphic arts, MOTR? , does quantify separate achroma-
tic and chromatic components from a set of tristimulus values and
considers a color to be a linear mixture of these components. Here,
as in the MOTR mode123, the achromatic (white) component can be
the smallest tristimulus value, but there are also other psychophys-
ical considerations in deciding whether usual tristimulus values
are the most appropriate for use in a relation like (8).

Although it is sometimes believed that a color with equal tris-
timulus values is perceived as a neutral (a tone of white), such is not
true, except in special cases. For example, in a 3M Matchprint™ II
Commercial colors proof, the XYZ tristimulus values of a ca. 15% dot
area of “blue” from cyan and magenta for the 10° CIE Standard Ob-
server and Illuminant D50 were spectrophotometrically determined
to be 50.71, 51.58, and 51.54, respectively. When viewed under es-
sentially D50 illumination, the perceived color is definitely bluish,
not neutral. Because of adaptation, the tristimulus values of the ref-
erence white represent perceived white, and these values are usually
not equal. Thus, in XYZ space, perceived white would usually not be
at (100,100,100). A perceived neutral at any tone level should, there-
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fore, have tristimulus values in the same proportion as the reference
white’s tristimulus values.

While this circumstance is not a problem mathematically be-
cause a transformation can be made to allow for a displaced origin,
it is easier to work in a coordinate system with an origin (black) at
(0,0,0), and white at (100,100,100). This can be easily accomplished
by normalizing all tristimulus values to the reference white’s tri-
stimulus values. Psychometrically, this is essentially a von Kries
transformation24 to allow for some adaptation. This normalization
can be done by dividing all tristimulus values by the reference
white’s corresponding tristimulus values, which is different from a
translational displacement to new coordinates. These ratios are the
same as in CIELAB. This normalization is equivalent to producing
a unit normal basis set of coordinate vectors. If desired to keep com-
parable magnitudes, one can multiply the ratios by 100 to have nor-
malization to 100 rather than 1. Normalization to 100 will be as-
sumed hereafter unless otherwise specified. The reference white
will then always have normalized tristimulus values of (100,100,
100), and, very conveniently, a neutral will have equal white-nor-
malized tristimulus values. These reference-white-normalized
tristimulus values have the advantage that the amount of white will
be the smallest tristimulus value because a color can be thought of as
the result of the additive mixing of the normalized reference white
and an ideal, pure (no white) chromatic color.

For example, let the reference white (e.g., paper) have tristimu-
lus values (88.3, 87.2, 82.5) and a tint area have tristimulus values
(45.1, 37.3, 15.4) for a given illuminant and Standard Observer. If
both sets of tristimulus values are normalized to the paper as refer-
ence white, then the resulting white-normalized tristimulus values
X, Y, Z) are (100,100,100) for the paper and (51.08, 42.78, 18.67) for
the color. The white-normalized tristimulus values of the white
component become obvious upon inspection since they are all equal
to the smallest white-normalized tristimulus value. For the object,
the white-normalized tristimulus values of its white component
would therefore be (18.67, 18.67, 18.67), and the white-normalized
ideal chromatic component would be (32.41, 24.11, 0) [=(51.08, 42.78,
18.67) — (18.67,18.67, 18.67)]. Moreover, since the normalized white
scale now goes from (0,0,0) to (100,100,100), there is 18.67% white in
the mixture, and 81.33% (100 - 18.67) of an ideal, “pure” (no white
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component) color whose tristimulus values are (39.85, 29.64, 0) [=
(32.41, 24.11 ,0) /.81 33]. In condensed notation, (51.08, 42.78, 18.67) =
.1867(100,100, 100) + .8133(39.85, 29.64, 0). If the object color was a
60% dot area of this ideal color, then the colorimetric dot gain would
be 21.33% (= 81.33% — 60%). Thus, for the case of reference-white
normalized colorimetric variables, (8) can be expressed as in (9),
where Wy, and W, are the reference-white normalized (to 100
here) colorimetric white component metric (e.g., tristimulus value)
for the tint and solid (or maximum) colorant areas, respectively.
Allowance for non-zero white components in real (non-ideal) solid
colors is made through the Wy, term in (9).

100 - Wy,
=T00-W,,, * 1% (9)

Since a normalized white component is arrived at by equal scal-
ing for all terms in (8), the %A area in (9) will be the same value as
calculated by (8) if the correct tristimulus value for the white compo-
nent value is chosen. The use of (8) simply has the risk that the
wrong tristimulus value set might be chosen for a given reference
white, illuminant, and colorant. Thus, it is better to make an appro-
priate transformation first and then choose the appropriate basis
variables. A computer algorithm or electronic circuitry for deter-
mining dot area is also simplified because one can routinely first
normalize a color’s tristimulus values from the tristimulus values
of the reference white and then choose the appropriate white com-
ponent (e.g., with the use of the MINIMUM function) as the smallest
of the white-normalized tristimulus values of the color.

Determining Colorimetric Dot Area and Dot Gain

To examine the considerations of which tristimulus value to use
and the effect of reference-white normalization, dot area scales of
yellow and magenta from a 3M Matchprint™ II Commercial colors
proof were used. In Tables 1 and 2 are tristimulus values, based on
CIE Illuminant D50 and the 2° Standard Observer, before X, Y, Z)
and after normalization to the paper (X, Y', Z'), for yellow and
magenta halftone tone scales, respectively. In Tables 3 and 4 are
dot areas calculated from (9), based on the white-normalized tri-
stimulus values (X', Y', Z') for the yellow and magenta halftone
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tone scales in Tables 1 and 2, respectively. “% Film Area” is the
nominal dot area in the film and is also the corresponding dot area
measured on the paper. Also included for comparison are the M-D
dot areas for Status T (“Area(T)”) and DIN 16536 narrow band
(“Area(NB)”) from (3). From Table 3, it is obvious that the dot areas
based on the X' and Y' white-normalized tristimulus values are not
well behaved because they exceed 100% for the 95% area. Area based
on Z', the smallest white-normalized tristimulus value, is well be-
haved, decreases monotonically, and agrees with the M-D areas.
For yellows it seems that Z' values are better than X' and Y for
determining dot area according to (9). However, in Table 2, the
smallest white-normalized tristimulus values for magenta are Y,
and colorimetric areas in this case should be based on Y values.
The appropriate white-normalized tristimulus value for calculating
colorimetric dot area can be different for different colorants but for
typical process colors will usually be the tristimulus value corre-
sponding to the complementary hue of the colorant. Thus, one can
usually (but not always!) use Z' (“blue”) for yellows, Y (“green”)
for magentas, and X' (“red”) for cyans. A significant advantage of
this method is that it chooses the correct white component even if one
is measuring a green, orange, or purple spot color.

Table 1

Tristimulus Values (2°, D50) and Tristimulus Values Normalized
to Paper X, Y', Z') for a 3M Matchprint™ II Commercial Yellow

% Film Area X Y Z X’ Y’ z

100 7312 78.92 7.05 84.44 87.76 9.81
%5 73.04 78.80 7.71 84.35 87.63 10.74
90 73.47 79.26 9.23 84.85 88.14 12.86
80 74.30 80.12 11.96 85.80 89.10 16.65
70 75.10 80.98 15.28 86.72 90.06 21.28
60 76.04 81.90 19.30 87.82 91.07 26.87
50 76.74 82.55 23.21 88.62 91.80 32.33
40 78.40 84.16 28.93 90.54 93.59 40.30
30 79.05 84.53 35.51 91.29 94.00 49.46
20 81.39 86.53 44.46 93.99 96.23 61.92
10 83.74 88.43 54.70 96.70 98.34 76.18
5 83.69 87.92 60.10 96.64 97.717 83.70
0 86.59 89.92 71.80 100.00 100.00 100.00
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Table 2

Tristimulus Values (2°, D50) and Tristimulus Values Normalized
to Paper X', Y', Z') for a 3M Matchprint™ II Commercial Magenta

% Film Area X Y z X' Y' z

100 34.95 18.16 15.39 40.36 20.19 21.43
] 3548 18.81 15.99 4097 20.92 22.27
90 36.81 2049 17.57 42.51 22.79 2447
80 39.70 24.21 20.81 45.85 26.92 28.98
70 42.83 28.23 24.28 49.46 31.40 33.81
60 45.26 3140 27.00 52.26 34.92 37.61
50 48.75 35.88 30.83 56.29 39.89 42,94
40 54.85 43.86 37.54 63.35 48.78 52.29
30 60.27 51.20 43.36 69.60 56.94 60.39
20 67.02 61.08 50.90 77.39 67.93 70.89
10 72.75 69.70 57.52 84.01 717.51 80.12
5 79.90 7941 65.01 92.27 88.30 90.54

0 86.59 89.92 71.80 100.00 100.00 100.00

Table 3

Colorimetric (2°, D50) and Densitometric (Status T, DIN 16536 NB) %
Dot Areas for a 3M Matchprint™ II Commercial Yellow from Table 1

% Film Area Area(X') Area(Y') Area(Z') Area(T) Area(NB)

100 100.0 100.0 100.0 100.0 100.0
% 100.6 1011 99.0 99.0 99.0
90 974 96.9 96.6 96.6 96.7
80 91.2 89.1 924 92.3 92.6
70 85.3 813 873 871 87.6
60 78.3 73.0 81.1 80.9 81.6
50 731 67.0 75.0 74.8 75.6
40 60.8 524 66.2 65.9 67.0
30 56.0 49.0 56.0 55.7 56.8
20 38.6 30.8 422 41.8 43.0
10 21.2 13.6 264 26.2 27.2

5 21.6 18.2 181 17.9 18.7
0 0.0 0.0 0.0 0.0 0.0
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Table 4

Colorimetric (2°, D50) and Densitometric (Status T, DIN 16536 NB) %
Dot Areas for a 3M Matchprint™ II Commercial Magenta from Table 2

% Film Area Area(X') Area(Y') Area(Z') Area(T) Area(NB)

100 100.0 100.0 100.0 100.0 100.0
9% 99.0 99.1 98.9 99.2 99.2
90 96.4 96.7 96.1 96.9 97.0
80 90.8 91.6 90.4 92.0 92.1
70 84.7 86.0 84.2 86.6 86.7
60 80.0 81.5 79.4 82.3 824
50 73.3 75.3 72.6 76.4 76.6
40 61.5 64.2 60.7 65.5 65.9
30 51.0 54.0 50.4 55.5 55.8
20 37.9 40.2 37.0 41.4 41.7
10 26.8 28.2 25.3 28.8 29.2

5 13.0 14.7 12.0 15.5 15.9
0 0.0 0.0 0.0 0.0 0.0

The yellows studied here did not show much difference in the dot
gains, but other yellows might show differences in the gains. That
there is close agreement between colorimetric and densitometric dot
areas is not surprising when one realizes that in determining the
“density of Y, M, and C”, one is actually determining the density of
the color complementary to Y, M, and C. The density of these com-
plementary colors (B, G, R), in effect, correlates to the amount of the
white component in Y, M, and C. The problem, however, with densi-
tometry, as already discussed, is that filtration responses cannot be
matched exactly to only the complementary color for all Y, M, and C
colorants used, and throughout the total gradation of these colorants,
or to other colorants in general.

As an example of the impact of the illuminant on selecting the
appropriate normalized tristimulus values, let’s consider the same
magenta in Tables 2 and 4 for estimating whether a change from
D50 to incandescent illumination might affect the perceived visual
dot area and gain. One might expect some noticeable effect in such
a change in illuminants because of the red-blue components com-
prising magenta colors and the relatively very small amount of
blue region radiance in incandescent light. Tristimulus data
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analogous to that in Table 4 were re-computed from the reflectance
spectra of the magenta tint areas, based on the 2° Standard Observer
and Illuminant A, and are given in Table 5.

In Table 5, the smallest white-normalized tristimulus values
for this magenta under incandescent light are the Z' values, not the
Y values in Table 2. This change suggests that the lack of blue
wavelengths in incandescent light tends to diminish the perception
of the blue component of the magenta, causing a change in perceived
hue (an increase of ca. 10° in hgp), with a consequential change not
only in the magnitude of the white component, but also which white-
normalized tristimulus value represents the white component. A
second characteristic in Table 5 is that for the 5% and 10% dot areas,
the smallest white-normalized tristimulus value changes from Z' to
Y, likely due to the dominance of the paper. Colorimetric dot area
for these 5% and 10% dot areas should, therefore, be based on Wgy,
for Y. The densitometric dot areas from Table 4 are included in
Table 6 for ease of comparison. While the colorimetric dot areas
from the 20% to 60% tint areas in Table 4 were ca. 1% less than the
densitometric based dot areas, the colorimetric dot areas in Table 6
for these same tint areas have become about 3% to 4% less than the
densitometric dot areas. A comparison of colorimetric dot gains
based on illuminants D50, D65, and A with Status T and DIN 16536
narrow band densitometric based dot gains is shown in Figure 1. In
Figure 1, the gains for D50 and D65 are so close they overlap, but for
illuminant A, the gain is considerably less than the other gains,

The reflectance spectra for this magenta at selected dot areas are
shown in Figure 2, where the Status T response is superimposed.
From Figure 2, one can see that as area of the magenta increases,
the blue and red regions change disproportionately, the red region
becoming more dominant as the amount of magenta increases.
This increasing ratio of the red/blue components is responsible for
the significant hue shift toward red as magenta area increases.
Although these spectra are for halftones, this same principle of a red
hue shift with increasing density applies also for intaglio gravure
printing because ink film thickness increases with density.
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Table 5

Tristimulus Values (2°, A) and Tristimulus Values Normalized to
Paper (X', Y', Z") for a 3M Matchprint™ II Commercial Magenta

% Film Area X Y zZ X' Y' A

100 46.95 23.77 6.30 47.37 26.39 20.29
9% 47.49 24.39 6.57 47.92 27.07 21.13
90 48.86 25.97 7.25 49.30 28.83 23.34
80 51.83 29.45 8.66 52.30 32.69 27.87
70 55.05 33.22 1017 55.55 36.88 32.74
60 57.51 36.18 11.36 58.03 40.17 36.56
50 61.13 40.38 13.03 61.68 44,82 41.93
40 67.38 47.85 15.95 67.99 53.12 51.36
30 72.92 54.67 18.50 73.58 60.69 59.56
20 79.57 63.70 21.82 80.29 70.71 70.25
10 85.16 71.52 24.74 85.93 79.40 79.65
5 92.53 80.54 28.03 93.36 89.42 90.23

0 99.10 90.08 31.06 100.00 100.00 100.00

Table 6

Colorimetric (2°, A) and Densitometric (Status T, DIN 16536 NB) % Dot
Areas for a 3M Matchprint™ II Commercial Magenta from Table 5

% Film Area Area(X') Area(Y') Area(Z') Area(T) Area(NB)

100 100.0 100.0 100.0 100.0 100.0
B 99.0 99.1 98.9 99.2 99.2
0 96.3 96.7 96.2 96.9 97.0
80 90.6 914 " 90.5 92.0 92.1
70 84.5 85.7 84.4 86.6 86.7
60 79.7 81.3 79.6 82.3 82.4
50 72.8 75.0 72.9 76.4 76.6
40 60.8 63.7 61.0 65.5 65.9
30 50.2 53.4 50.7 55.5 55.8
2 375 39.8 37.3 414 41.7
10 26.7 28.0 25.5 28.8 29.2

5 12,6 144 12.3 15.5 15.9
0 0.0 0.0 0.0 0.0 0.0
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One significant advantage of colorimetric area from (8) or (9) is
that, unlike densitometric area, it is not limited to normal single
primary colors (Y, M, C, K) but can estimate area for single colorant
tone scales for any arbitrary color, such as the normal secondary
hues (red, green, blue), or PANTONE®, COLORCURVE®, or Mun-
ell® colors in general, for which appropriate densitometer filters
seldom exist, because the method is based on the white component
and is thus independent of the hue of the color. Also, if part of the
colorant’s significant reflectance region happens to cross the slopes
of the spectral response of the filter (which often occurs with yellows
and Status T response), a hue shift with tone gradation could cause
one to misconstrue a densitometer reading for this hue shift as af-
fecting the amount of colorant present, thereby possibly causing the
calculated effective area to be in error. Similarly, this method can
have utility over the Neugebauer method, because, being based on
linear additivity of tristimulus values of the solid color, Neuge-
bauer-calculated tones will have the same hue as the primary color.
The Neugebauer method can have reduced accuracy where there is a
significant hue shift with gradation (e.g., magentas).

Another advantage of this method over densitometry is its inter-
pretation of bluish and cyan-like inks. The ISO/ANSI Status T and
DIN 16536 cyan responses are compared to the 2°* response for D50
and A illuminants for a cyan in Figure 3. The DIN 16536 cyan
response was multiplied by the relative power distribution of illumi-
nant A in order to compare it with Status T, whose spectral product
response has illuminant A incorporated in it. The CIE X cmf has a
reasonable response in the blue region of the spectrum. Normally,
densitometric area is based on only the red portion of the cyan spec-
trum and ignores the blue region. Also, the long wavelength portion
of X is broader than the minimum reflectance region of the cyan.
Thus, normal densities for cyan will be greater than for a X-cmf-
based response. Figure 3 shows also that a colorimetric response
includes the effect of different illuminants. Colorimetric dot area
will, therefore, correlate better with what a person visually perceives
than will densitometric dot area. Also, colorimetric dot area can
better achieve gray balance because the colorimetric effect of the blue
region of the CIEx cmf and illuminant on perception is included.
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A comparison of colorimetric and densitometric dot gains for a
3M Matchprint™ II Commercial proofing cyan is shown in Figure
4. Asin Figure 1, the densitometric gains are the highest. However,
for the colorimetric gains, the largest gain is for illuminant A, the
smallest for D65, the reverse order of the magenta in Figure 1. This
reversal of gain magnitude for different illuminants could cause
the visual color balance to change when viewed under these
different illuminants. Thus, colorimetric gain can predict possible
impact of illuminant on gain and color balance; whereas, densi-
ometric gain might not. For some colorants, the appropriate W can
change with area for certain illuminants (e.g., magenta & A).
Plots of the appropriate W vs area were usually found to be
essentially linear where only optical gain dominates but to be
“kinked” where physical gain is significant (e.g., ink), which can
be used to infer about physical gain.

Summary

The method herein for determining dot area colorimetrically
differs substantially from modified Neugebauer-based methods,
and from the Neugebauer approach in general in that they involve
all three CIE XYZ values in solving multiple equations simultan-
eously. This new method demonstrates the use of tristimulus values
normalized to the substrate as the reference white to determine the
white component present and to use the white component to indirect-
ly determine the effective area of the colorant. This method is not
concerned with the hue of the colorant but rather with determining
how much relative area of the pixel element’s white substrate is
occupied by a colorant, or, from another perspective, simply is not
white. Thus, any binary halftone-like or dithered tint of a colorant
can be considered to comprise only two areas: (1) the substrate
(“white”) and (2) the colorant (“not-white”). Since the sum of their
relative percent areas at any gradation equals 100, the effective, rel-
ative area of the colorant can be determined from a metric of the
relative amount of the substrate (“white”), regardless of the hue of
the colorant.
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Figure 1. Colorimetric and densitometric % dot gains for a 3M Matchprint™ II magenta color.
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