REPORT NO, PE~88-10

| y COPY #7
CONFELENTIAL DUPO -
MARSHALL L ABORATORY
LIBRARY

B. I. DU PONT DE NEMOURS § COMPANY, INC, -@/3
FABRICS AND FINISHES DEPARTMENT
RESBARGH DIVISION |
DIVISIONAL PROCESS ENGINUERING GROUP
COLOR OPRRATIONS SECTION

REFERENCE COPY |
NOT FOR CIRCULATION

MAR3 1959

CHARACTERIZATION OF COLORANTS FOR METALLIC FINISIIES

By: " W, S. Amstrong
Date Issued: December 1968
Project: 41-0029, Instrumental Color Technology

RETURN TO
MARSHALL LAB. LIBRARY

This "feport describes the development c«f & practical system for characterizing
colorants :,cz’ metallic products so that dualeangle color vectors can be



.I&

11T,
v,

TABLE OF CONTENTS

SUMYERY
Intro@‘. ﬁlﬂﬂ -. e & &5 2 & a4 ¥ ¥ T 8 "- .« & *+ & 0 @
Results and Conclusions b e s s & e s o e 5 ¢ g
Cmmmg %T‘k e ¢ 9 . * L] . 9 T & » . L [ ] .
mf}edmnt e 8 s 8 0 4 O B v & & s o ® w PO
DISCUSSION
BaCkgmd ® & » ©& & B & B 0 & e O 2 @ B o & @

General Method of Chavacterization

.

s 6 & ©

o

+ & @ & © & o

Relationship of Flat and High Angle Color Measurements

Directional Scattering of Alumimum Method . s

Dual Angle Chavacterization Method . . . . .. :

Corvelation with Colorimeters 5 e n o s o & »
Behavior of High Scatter Pigments o s o o s e
Production Shading Hxperience a s e 2 8 e b o
Cﬁnﬁlﬁﬁlm‘& b & o0 4 » a £ & o°o @ © » £ & T O B O
B“E#st @ 8 ¢ ® ¢ © 8 P A P P e & e e o a4 O
APPENDI%

A. Colorimster Viewing Geometry s s e e e b s
B, Comparison of “Directionzl Scatter" Vectors

[

a © @

[

L3

C. Comparison of 867-Line Computed 5 Manual Vectors
D. Comparisom of 945-Line wmputed & Marmal Vectors
E. Masthematical Proof of Common Intersection of Spectral Curves

¥. Statistical Covrelation of Tristimlus Values

®

s ° O L]

5 B @ =

4 p e © o o

K 2 LN

® © ™ O v e

4 2 e w

o 5 0 6 & © © » o

L3

b d

Ed

s ¢ 2 o0 & & e ® o ¢ * o W &

4

v o » ®

° s o

o

L4 L 1 » ¢ »

« o, 6 o o & & © o

« @ © @

L . * O

© © © & @ & © ¢ ¢

.P,_,
o
£

e s v @
¢ ¢ ® ¢

A N bt et

° @ © " a v % o O

o » o©v & e s © © ©
§ jord ok oot b B
ek

o @ 0 © 6 P
L 0o
RN

L o e o ® &

DUPO030002685



1 - SUMMARY

INTROIOCTION

Vector shading of metallic colors has been successfully carried out by C.0.S.
for some four years by using dusl-angle color measurements to accownt for
the marked dirvectional behavior of metallics, Unfortunately existing color
theory did not cover the metallic field, so it was necessary to laboricusly

re and measure dual-angle vector panels for each colorant in a formula
befove it could be computer-shaded. This routine is time-consuming {require
ing about one man-day per formula) and often inaccurate because of the
weighing of very small quantities of colorant. Manual vector preparation
then effectively limited instrumental shading to a few large volume products
vhose repetitive manufacture could justify the cost of vector preparation.
To make routine instrumental shading of metallics practical it was necessary
to develop a technique whereby reliable dual-angle vectors could be rapidly
coxéthtjddmvdule retaining compatibility with the existing methods of measuring
and she g- .

The objective of this study was the development of tecimology and equipment
necessary to rapidly predict dual-angle vectors for metallic colors from
formula composition,

The bulk of the development work was carried out between October 1964 and
June 1966, .

RESULTS AND CONCLUSIONS

Over 30 colorants in each of two mill base lines (901 and 913) were
characterized in metallic products using different techmiques. These
characterization data were then used to generate computed dual-asngle color
vectors on a variety of 867 and 945 line formulas covering a wide color
range, Correlation of these computed vectors with memually derived ones is
good with the final system. A comparison of computed and manual vectors is
given in Appendices B, C and D.

The soundest overgll approach was determined to be:

1.. Characterize the colorants in aluminum at two separate
illumination and viewing conditions approximating those used
on the "Colormaster” equipped with an Angular Viewing Device.

2., Determine the statistical relationship between tristimilus
readings developed from the dual-angle spectral curves and
those on the "Colormaster.”

3. Compute formula and vector tristimulus values (using
. characterization data from step 1) for the “Flat" case and
convert to equivalent “Colormaster” tristimulus values
(using relationships from step 2) before tonverting to
ALg A&, Abu

4, Repeat step 3 for the "lligh Angle" case.
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CONTINUING WORK

Experiencs gaimed during the experimental work with the prototyps Iuslefasle
keflectzpee Attachment has been utilized in the design end fabricetion of
ar inproved vnit for pevmenent use. The lnproved wait is being used for

the voutine dusl-sngle cheracterizetion of 211 metellic lines. The 847, 867,
827, and 945 lires are shaded using computed vectors, (This system is being
extended into the "“Dulwd® metallic lines end datz will be availzble for
essentislly ell metallic products within the next year.) Technical work

is contiruing on improving the absclute zewuracy of characterization deta,

The second phase of the metellic program will be to utilize the dual-angle
chaxacterization data in the computer Formulation of metallic colors,
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Il - DISCUSSION

Metallic colors have been successfully vector-shaded on a commercizl basis by
C.0.8. since August 1964 (Ref, 1), The technique that made motallic vector
shading possible was the dual angle color diffevence measurement, For non-
metallic (solid) colors the color difference betwsen batch and standard is
measured on the colorimeter at a single viewing angle novmal o the panel
surface. FPor metallic colors the color difference between batch and standard
is measured at the normal (flat) angle and also at a fixed grazing angle
(high-angle) to account for the highly directional effect of the metallic
pignent. Therefore two sets of vectors, flat and high-angle, are required to
shade a metallic color to match the standard at all angles,

The principal deterrent to generating metallic vectors via computer was the
inability to predict the high angle sffects. Flat vectors for metallic colors
could be calculated with fair sccuracy by characterizing the colorants in the
same manner as solid colors, substituting aluminum in place of white as the
reference colorant, but there was no established tectmology for calculating the
high angle data. : '

References 4, 5, and 6 indicate there are no satisfactory solutions to the
metallic color problems in the literature to date. In fact reference 6 makes
the following statement in a preface: ™There is no current theory whatsoever
for the color of metalized paint films; any progress here represents a step
into the wnknown.”" The work described in this report was aimed at a practical
solution to the problem by adapting existing theory to the metallic case rather
than attempting to evolve a new theory.

One of the restrictions on the use of the Kubelka-Munk equation is that it
assumes essentially perfect diffusion of light flux within the colorant layer.
This has been interpreted to mean that the pigment particles must be randomly
oriented and that therefore metallic flakes (which would tend to be mostly
horizontal) would fall outside the scope of this equation (Ref. 3). Some
limited experiments showed that the Kubelka-Munk equation seemed to work
fairly well with simpie metallic colors. Therefore it was logical to assume
that the Kubelka- equation would be adequate at least for vectors where we
are interested in relatively small composition and color differences.

Two approaches were taken to the problem of high angle characterization.

The first was to make the flat characterization as with solid colors and then
calculate what hypothetical K and S values would be required for the aluminum

to give the measured high angle effects. This method was tried first becauss

it required no equipment modifications. The second approach was to characterize
the colorants at two different viewing angles, This method required design and
fabrication of a special viewing attachment for the spectrophotometer.,

DUP030002688




GENERAL Y@'&!OB op CHARACTERIZATION

e

The following is a brief description of the mathematics involved to determine

~ the color characterization data for a mill hase.
Nemenclature used in the equations:

K = Absoxption Coefficient .
§ = Scattering Coefficient
R = Reflectance at Complete Hiding
W = Weight Praction of a Component in a Mixture
Subscript ¢ - vefers 10 cplorant (base) being characteri.zed
' " r - refers to referénce colorant
" n - vefers to mixture n
» m - refers to mixture m

At complete hiding the Kubelka-Munk equatzon gives the relatzonship
(Ref. 2, p, 389):

K = {1-R)}2
g -

The absorptmn coefficient (K) and the scattering coefficzent (8) of a

(.

wixture are the weighted sums of the component coefficients, Therefore
the K/S ratio of 2 mixture of a reference colorant and another colorant

can be written:

K = Wrket Ve Ke
5 WSTNE

For a two-component mixture we can eliminate ome of the weight
fractions, since Wr = 1. If we have two mixtures of the two
colorants we can use equation (2). to solve explicitly for XKc and Sc
in terms of Ky and Sy, If Wy and Wy are the weight fractions of a
colorant in two different mixtures with the reference, then the
equations for S¢ and K¢ become:

= [(1-Wn)/Wn) (Sr [K/S]n = Kp)] ~ [(2-Wm) /Wm) (Sr_[K/S]m - Kr)!
R LE R LY P :

fo= (W) W) (Br [/SIn - KD+ 5o W/Sln

1f we make two diffevent mixtures of a colorant and reference and
measure their reflectances (Rn and Rp), we can calculate [K/S]p and
[K/Slm from equation (1). Assuming we know Ky and Sy, we can then
calculate S¢ and K¢ from equations {3} end (4).

R is a function of wavelength, so we may have a different value of
¥ and 8¢ at each wavelength across the spectrum. We have found that
it is sufficiently accurate to pick reflectances every 10 nanometers
across the visible spectrum from 400 to 700 nanometers inclusive.
This gives a total of 31 points at which S¢ and K¢ are calculated for
each colorant,

(2).

(3.

(4).
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The values Ky and 8, for the reference may be determined absolutely by methods
outlined by Judd (Ref, 2.). lowever, all these methods are dependent upon the
accuracy of film thickness measurements on thin films. If we are interested
only in cplor, mmd not hiding power, we do not need the abzolute valuss for
Ky and 8y, 2s shoun by Edwards sad Vining in 1961,

If we assume values for Sy, the corresponding values of XKy are detemined from
the spectral curve of the reference and equation (1). The Sc and K¢ values
which we calculate for each colorant using equation (4) are then actuslly
relative to the reference values, This is a methematically sound sppyoach

so long as all the colorant K and S valuss used in a particular composition
are relative to the same reference.

A vhite dispersion is used as reference for solid colors because white has a
fairly uniform spectral curve which is markedly affected by any coloraut which
is added and because white is comnon to most formulas, The value of Sy for
the vwhite reference was assumed equal to 1.0 at all wavelengths, '

Theoretically we could use any two compositions of colorant and veference to
determine S¢ and Kq, but there are several practical limitations to consider.
Since equations (3) and (4) are dealing with differences betwsen spectral
curves (in terms of K/S) then accuracy is improved by making these differences
as large as possible., Also we find that K¢ and Sc values calculated from two
different pairs of mixtures do not agree exactly, This disparity is probably
due to the combined effects of experimental error in make-up and measuring and
to limitations in the theory., To get good compromise values for K¢ and Sc
across the full composition range for sovlid colors, we standardized on three
compositions 10/90 and 40/60 colorant/reference, and masstone (100%) colorant,
Sc¢ and K¢ are calculated for the 10/90 - masstone pair and then from the

40/60 - masstone pair and averaged, The desirability of using masstone whenever
possible was shown by Edwards and Vining in 1961 and demonstrated mathematically
by Nickols and Orchard (Ref, 3.).

Because of the diffevence in dispersion and flocculation properties of different
vehicle systems, individual piﬁémnts must be characterized as mill bases in
each particular system where they are used, For example W-2724 would be
characterized separately as 42-224 for use in alkyds, as 901-224 for use in
acxylic lacquers, etc, Once the K and § walues for each dispersion required
for a particular formula have been calculated, these data may then be used

to compute the color vectors for the formila from its composition.,

RELATIONSHIP OF FLAT AND HIGH-ANGLE COLOR MEASUREMENTS

The principal appearance difference hetween metallic and non-metallic colors
is the effect of viewing angle. The appearance of metallics can change
markedly with viewing angle, while most solid colors appear essentially
unchanged at different angles. The constancy of a solid color with viewing
ang%z can be explained, at least for a perfectly diffuse surface, by
Lambert®s law! - ‘ .

Ia = In Cos(A)

where Ig = intensity of reflection at an angle A to the normal and Ip = intensity
of reflection nommal to the surface,
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if we replace Iy by the “}i"’l'-'.: dmadas valuss Ga, Ry and B of the suzface
neasured on the mmﬂi oo wribst .

Ga = Gy Cos{d)

Rg = B Cos {ﬂ}

Ba = By Cos(d)

Svbstituting in the cube-voot equation for modified Adsms coordinates and
solving in temms of 1y, a, and bﬁ we get!

La = (CosA}¥2 () - (1-(CosA)i/2} (18.38)
aa = (Cosi)i/2 ‘(ap)
ba = (Cost)/2 (bn)

If we can put any credence in the second texm of the L equation, it indicates
that 1. would be affected more by viewing angle than a or b. There will be a
change in saturation with viewing angle, but since both 2 and b change proportion-
ately, there will be no change in hue. "The coordinates dzamge slowly with viewing
angle as can be seen by the following values of {CosA)/2,

fagle A (Cosky /2
0° 140
43° | 0.9
83° Ga5
§9° 2.25

‘The dlagram in Appendix A shows the illumination and viewing angles involved
in the Argular Viewing Device for the "Colomaster colorimeter. The 45°, 0°
illuninatingg viewing angles of the *flat"™ position are the same as those "used
for solid colors. The “high-angle" position is obtained by rotatirg the panel
76 about the center lme of the illuminated area. Note that th:.s changes both
the illuminating snd viewing angles, since they are measured from the normal
to the panel. We can calculate whay the "higl ~angle’ reflectance of a
Lambertien (perfect diffusing) surface should be in relation to its "flat"
refiectance on this device, The change in illuminating angle will have no
effect on the vesults as long as the ?v;)hoto cell Ysees™ the entire illuminated
area in both cases. Therefore for the Lamber’cian surface:

Gn = Gf Cos(70%) = 0,342 Gf .
Rp = R Cos(70°) = 0,342 R¢
Bﬂ Bf £os{70%) = 0,342 B

Thus the ratic of the high-angls to flat tristimilus values should be 0,342
for a perfect diffuser on the Asgular Viewing &a r:e

Table b low shows actual m&aﬂuw’ veiues of the bhigh-angle/flat tri-stimsius
ratios znd the £ist and high-angle L, &, b valuss for 3 series of colid colors,
1850 PEISlS Wers tcw" - gloss epamels and thevefors did not approsch the
£ : Howevey . we can ség that the hzgh angie/flat
¢ from panel to penel ard aversges 0.376

{u

<
e
“
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for 11 readings. The vatiocs f2lling Purthest fyom the average sve for
the black, dark blue, and dark green where extremely low reflsciences
had to be measuved for the highespgle cass, This deviation moy be dus
to minor inaccuvacies in these low reflscisnce wessurements. These égta
indicate that the high-angle/fist vefiectance vatio is constant for solid
color panels of the same gloss Ievel vegardless of hue or saturation.

The Iast colum in Table I marked “Hus fAngle" is axctan (b/fa) ewmessed in
degress with the +o axis taken ss zevo degrees, For example, 2 mue wed
would have a lwe angle of 6°, a puve yellow 90°, a pure green 180°, eic.

3% ws ignove the first four panels, which ave achromatic, ws see thag for
s01id color panels with significant saturation the hue angls is independent
of -*iisewing angle, which is what was predicted for the perfest diffusing
SUTTACE

Table 11 shows the same measuvemsnts made on a seriss of metallic pamels,

most of them current sutomotive colors. We see that for the wetallic

pancls the high-angle/flat ratios are much lower and more variable then

the solid panel ratios. The average varistion in flat to higheangle lue

angle is six times as great for the metallic colors as for the solid colors,
There is also a much larger variation among the metallic colors. The

Coppex shows a shift of only 0.1° from flat to high-angle hue, but the

Bright Blue shifts 24,87 with the other colors falling betwsen these two extremss,

These results, tabulated on the next two pages, show that thers is no
simple geomefrical relationship between flat and high-angle reflectance
for metallic colors as there is for solid colors. In fact the relation-
ship appears to be composition depsndent. This means that the high-angle
reflectance cannot be czlculated from the flat date for metalliic colors,
and that some new technology would be required to predict the high-angle
behavior of a metallic composition.

Two separate approaches were tsken to the high-angle problem. The first
was to find some property of the aluminum flake alone which would account
for the angular effects of all metallic colors. The second was to tyeat
the flat and high-angle properties of a colorant mixture as two separate
mixtures. The investigations were done in the chronological order givem
here becsuse the first could be started with existing instrumentation, while
the second required instrument design modifications, : '
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DIRECTIONAL SCATTERING OF ALUMINGA METIOD

Since the only difference betwesr m0iid snd metallic coloxs is the aluwdmuny,
it seems reasonable to assume that the vaviation in the high angie vefizctarcs
of ¢he metailics described sbove could be sccommted for by some rxoperty of
the aluminum alore, We evaliuated the hynothesis that the aluminm flakes
would have different effective scatteving coefficients at diffevent angiss
and thai the dual angle effects of metaliic colows could be calosiated by
merely using one set of ajuminum scatiering coefficients for the flai case
and a diffexent sa2t for the highe-angle cass. ‘

1]

3

Characterization data were calculated om a series of 901-line colorants to tsst

out this hypothesis. The characterization for the flat case was handled the

same as solid colors except aluminum was used as the yeference with an assumwed

8 = 1.0 at all wavelengths. The characterization panels were then messured on

the Dual Angle “Colormaster” and the high-angle/flat reflectance ratio calcus

lated for each one. The flat K and S data were then used on the Model IT

Color Formulating Computer (Ref. 7.) to determine what the quasi high-angle S value for
aluminum would have to be to yield the measured high-angle/flat reflectence

ratio for each characterization panel.

The Color Formulating Computer has the capebility of computing spectral curves
and tristimulus values fov any composition of wp to six colorants, Each of

the six input stations accepts the 31 pairs of K and § values for an individual
colorant. A concentration dial connected to each input station makes it
possible to independently vary the concentyation of any colorvent in the mixture.
The technique used on the computer was to enier the colovant X and § data in
the normal mamner, but to enter the aluminum K and the aluminum S values as

two separate colorants on different input staticns, This made it possible to
vary the effective S velue of the alumimm independently. The concentration
dials were initially set to the composition of the panel being analyzed and

the flat G, R, and B values were determired on the compuier. Then the concen-
tration dial for the aluminum S values was adjusted until the largest of the
tristimulus values was equal to its flat value mulziplied by the measured
high/flat ratio for that panel.

For example, for the 10/90 868-750/867-100 panel the largest tristimulus
reading was B, which had 2 measured high/flat ratio of 0.125 on the
"Colermaster.” The concentration disl for 868-750 was set at 10, the 8567-100
K and the 867-100 S concentration dials were both set at 90 on the Color
Formylating Computer, and ithe computed B value of 40.1 was recorded., Next
the 867-100 S dial was decreased until the computer B value was equal to
0,125 x 40.1 or 5.01. At this point the § concentration {3.97 in this case)
was recovded, The high-angle quasi S of aluminum can then be calculated:
(3.97/90) x 1.0 = 0, 0441,

The high-angle aluminum S vaiue calculated for 867-100 alone was 0,0434 and
the average of the values calculated from 2ll 20 characterization panels

was 0,0433. The 10% colorant panegls averazed .0439 ond the 40% colovant paneis
avexaged .0426,

Vectovs were caloulated for nine 18585 ~ 867-1ine preducts and compared with

the merualily prepared vesiors for these products, The results srs tabulated

in Appendix B, The mejovity of the computed vectors compared fairly well with
the manual on Dark saturated colors such as 867-87213 (Mercon) and
867-97224 {Daxk Gresn) shovted “he poorsst correlation between computed and
MRl TES 2 X gnd 8 data waere not available for white st the tiwe.
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P v K s on s g TE, LED BTN s> SR 1
Yivwes pignents: We4ER, W-BIT gnd X

O weakeess of the divectionsl § approsch wes ¢
had $0 be a compropidss figuve, The chvee high/
panel weve not equiai, su one had to be sslscied

hat the quesi high angle § welue
it eriszimlus senios for a
to calculate the & value, The
S wellue chozen would not give the corvect high/flar ratic for the othey o
tristimilus values, This differsmce is smell for unsaturated colors, huk can
be quits significant as saturation is incressed. 4 possibiz cause stems Srom
the Zumping of two affects fnto the high engle S value, the noomail lowering of
refiectances at a grening angle {which would be expsrienced evem with solid
colors) #nd the additional lowering of reflectance at the grazing angle due
40 the divectional affect of the slumimum alone. It might be possible to
inmrove the range and accuracy of this method by hamdiing the o effects
sepavately, ' '

Farther work along these lines was stopped at this point bscause the prototype -
dpsl-gngle veflectance head for the spectrophotomgter was completed, We
decided to evaluate it and pursuc the more basic two-angle chazacterization
gpproach because it was less speculative in nature. -

DUAL-ANGLE CHARACTERIZATION VETHOD

The most direct approach to the dual ingle vector problem is tc charscterize
-811 the necessary colorants in suminmum at the same two sets of illumination
and viewing conditions that ave used cn the Colovimeter Angulayr Viewing
Device. The flat and high-angle colors can then be treated as two Ssparate
ag:iﬁies_; elimipating the need to find any mathematical relationship between
fhen.

The stendard spectrophotometer reflectance attachmgnt utilizes an integrating
sphers 10 collect the veflected Iight coming off the panel in all directions,
whereas the colorimefer measuves the light reflected at essentizlly ons angle
only. There is no commercially available equipment which could sazisfactorily
match the colorimeter illumination and viewing conditions on the spectyo-
photemeter, S0 a special unit had to bs designed and built, This initial
unit was built as an experimental prototype %o determine the feasibility

of such 2 system and replaces the standard integrating spheve reflectance
attachment on the Bausch & Lomd Spectronic 505 spectrophotometer. The Dual
Angle Reflectance Attachment duplicated as well as possible the illuminating-
viewing geometry of the colorimeter equipped with the Angular Viewing Device.
{See Appendix A.) Exact duplication could nol be attained because ths
spectrephotomster uses a single phototibe to view both reference and sawple
while the colorimster uses iwo separate phototubss, The reference and sampls
in the spectrel Dual Angle Reflectzuce attachwent: ave situated so that they
are illuminated with 45° incident light as in the colorimeter, The phototubs
is loceted at the intersection of the normels to the reference and sample
{flat position} and the axis of the tube is along the bisector of the angle
between the mormals. We can say thet the geomelyy of the two instruments

is similar sithouch nol congrusnt.

Some difficultiss encountered during the Divsciional Scettering work imdicated
that the standavd 10/90 - 40760 masstone wixiures used for solid colors in
white wers nob zdsguats for metallic charscterization, OCme of ths problems
was that the 10/90 veflectancs cupve wes often so close to the alumiaum curve
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that slight measuring evrvovs cavsed the equations 4c yaold negabtive wlues
for 5. In some rases with the vewy wransparcnt pigments it was almost
inpossibie to get cawplete hiding with the masstone and still have a usebie
panel, There was also some emdea that since true massione was never
reached in metallics, using masstons dm'Cd could distort the results, A
uew set of standard conceutrations was ussd: 20/80, 50/50, 80/29, aud 93/2
colov/alumimum, Only three of thess were used for any pa*tir‘u? ar colovant,
but the selection of which thres to use depended on the properties of the
particular colorant, Masstones vere also used where th\,}r could be attained
with a reasonable number of coats aml where there was a good chance the
colorant would be used in saturated cclors appmachmg the masstone of the
colorsnt, The digital computer characterization program was modified to
make it completely general so it could handle any concentration. All panels
vsed were half black and half white primed so that hiding could be checked
instrumenially on the spectrophoteneter.

Two colovants, W-124 and W-830, showed ancmaious behavior in ajiminum

and ave discussed in a separate section, All other colorants characterized
behaved normally in the flat pomumu In the high angle position many of
the reds and yellows showed reflectances higher than the aluminum in the
zegion of their dominant wavelength. This is no problem as long as the data
are consistent; i.e., the reflectance curve for a mixture of two colorants
should f£g11 b_etween the curves of the two colorants themselves, It can be
shown mathematically (Appendix E) that if the spectral curves of two
colorants intersect, the curves for all mixtures of the two must intersect at
the same point,- In most cases due to small measuring errors the spectral
curves did not all intersect at a commen point, so minor adjusiments had to
be made to make the data consistent.

Figure I shows flat and high angle curves typical of blue and green organic
pigments. Increasing the colorant concentration lowers all points on the
spectral curve of the mixture. Figure II shows typical behavior of reds
and yellows which have higher reflectence than aluminum in their dominant
ragion in the high-angle position but not in the flat,

CORRELATION WITH COLORTMETERS

During the early stages of characterization work we found that there was a
marked offset between the spectral curve of a panel Tun on the standard
integrating spheve reflectance attachment and the curve of the same panel
run on the Dual Angle Reflectznce Attachment in the flet position. There
had been fairly good correlation between colorimeter readings and standaxd
spectrophotometer rezdings (using the integrating sphere) on solid colors,
A reasonably good correlation between the two ins truments is necessary for
accurate coloy work., 4 statistical correlation wes made between the
spectral curves of all panels run on the Dual Angle Reflectance Attachment
and these sams panzls paasuved on the Dusl Angle ""Colormaster™ colorimeter.
A linear covrelation wes computed with the following results:

Colorimeter Value = = + ( ) {Bpectral Value)

LS B Cortelation Coelf,
Flat =062 1.1 »98
Wigh Angle +{),40 8,591 97
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- F IGURE 11
IRON OXIDE RED METQLL[C MIXTURES
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The corrslation constants wors

U ENTUSA o tee ?L‘&“\.
fngls spectral curves so shet their compuisd tristd es wovld then
coincide with the values measured on ’"ne aoi ovimeter, Then the K and §
values were computed for the coloyants using the adjusted spsctral curves.

This tedmique was used to characterize 38 - S01-line colovants and the
results used to compute fl Lat and high angie vectors for 26 « 867-1ine
formulas. A compariscn of the computed and manual veciors for these
mmd_as is given in Appendix C,

The statistical correlation mentioned sbove was a composite of G, R, znd B
values and therefore gove a compromise adjusiment of the wf.:.s.c:tc.nce curve
acrass the entive specirum. If G, R, and B valuss are correlated separately,
theve is a significant difference b%, vsen the constonts obtained, This
indicated that it might be move accurate to meke individuzl adjustments to
the computed tristimuius values during the vector caltulations than to use

a bulked correction factor on the reflectance urves. This sscond fechnique
was used in the dual-angle characterization of 36 - 913~1ine colorants.
Reflectance curves for the metallic characterization panels were rum on the
Tual Angle Reflectance Attachment and a separate statistical correlation

was made for G, R, and B between the spsciral data and the colorimeter.

K and 8 values werz calculated for the colorants from the oviginal veflectance
data. The correlation constants for each tristimulus value were built into
the vecter program so that after the tristimslus values of a formula were
computed, they were individually adjusted to co:mc.!.de with the colorimeter data.

Vectors have been computed for spproximately 125 - 945-line formulas using
the 913-1ine metallic characterization data, A co*nparison of computed and
manual vectors on those formulas which had memual vectors prepared is shown
in Appendix D. In most cases where the computed vectors do not compare well
with the manual ones, we lmow wly. For the two silvers 97397 and 97786 the
manwal 913-1321 Flat AL movement is much Jarger than the computed. This is
because the formula purposely loads light for these coloxs. If the vectors
were computed on the final compositicn, the abL would be larger. The manual
vectors for 97473, 97547, 97797 and 97814 show +AL Flat movements for white,
White will dayken metalhc; zolors in this }.wgntness range, which the computed
vectors show. The computed data for 97788 is inaccurate because the
characterization data for 913-2604 did not include masstone data and there
is very little aluminum (0.52%) in this formula. The computed and manusl
vectors for 97805 do not compaers well, but shading experience using the
computad data has been pgood,

BEHAVIOR OF HIGH SCATTER PIGVENTS SUCH AS W-124 AND W-630

Certain: m’.gmenis bemvu abnoemally enough in metallics to make them
:x’?;reme}.f difficult o handle matlmnauc:allya Fortunately there are very
few of these pi grmn ©s which are used in metallic formulas, White and
630 are two such pigments presently being used in metallic
formulas which show axtreme deviation,
Ure u,{ shows sp hectTal curves of se ,f_ white/eluminun mixtures in the
:ugw a: gle po; zitions. Im xh» ot position the reflectance
3 the uh:u.e concen raui on increasee, then the t”“@'z'(}
2 3.1}6'*"54‘139“' with incr casmg white concentrat
; . in all proportions increases “z seﬂm:'t:mce.
vhite content at 2 single wavelength,
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FIGURE W

- EFFECT OF ADDING WHITE TO ALUMINOM-
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but camiot e bay

r&gio con ;
This is fortumate In thet i ) tha
reversel of the reflectance tie one., 1t

appenrs then that we could caloaul 62 g set of ¥ and § valuss
for white from two sets of reflectance curves in ihe decressing veflectsncs
vegion., X apd § values caladated this woy geve good vector moverents in
the Light colovs, but very inaccurate ones in dark colovs.

. Bxarination of the manual veclox dots showed

ferkened colcrs with L values sbove 40 and Hightsned colors with L sslues
below 30. 'The white behaved in The fiav position ss though 3% had 2 wesse
tone with an L walue somewhexe between 30 and 408. For the S0l-lins
characterization this quasi masstone yeflsciance curve was assumed parailel
to the aluminum reflectance curve and having an L value of 35. These
gquasi-masstope data were then used to calculate X and § values for 9G1-124
in aluminum. White vectors computed using thess data correlated much betier
with the manual ones,

et the flat vhite vecrors

When the 913-1line bases wers characterized snother method was ¢ried o
determing the quasi masstone of the white, A series of mixtuzes composed
of bilsck and shminum in the propsy lightness vange was prepaved and a
small amount of vhite added o each. When 2 point was yeasched where the
white did not change the lightness (L = 32), this wes %aken as the quasi
masstone of the white, '

Figure V shows the spsctral cugves of ssveral mixtures of 868-0630 and
867-0100, The curves ave nosmal in the bive end of the spsctyum, but
behave sbnotmally in the red end. We would expect the mixtuve curves o
£all betwesn the two masstone curves, but the flat curves of all mixtures
below 50% 868-0630 £all below both masstone cuyves, Fortumately we can
get around this serious problem by chavacterizing W-630 at concentrations
beiow 50% 868~0630 where we have psuedc-nommal behavior. Any formula with
higher than 58/50 868-0630/807-0100 ratic is closer 2o 2 s0lid color then
$0 & metallic.

PROCUCTION SADING EXPERIENCE WITH COMSUTED VECTORS

Shading performance gt Parlin on the 943-1ling using computed dual-angle
vectors has besn good. Analysis of the data on 41 batches shaded by
computed vectors and 48 batches shaded with memal vectors showed an
averags of 3,3 hits/batch using compated vectors and 3.6 hits/batch using
menual vectors. On eight colovs which wsre shaded by beth mgnual and
computed vectors, the computed dats sveraged 2.1 hits/batch while the manmual
vactoys averaged 4.1 hiis/batch, Therafors, ths conputed vectors appear

o be siightly batis a the manuzl ones.

s,

-
&
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Computed vectors were generawd for all new 1987 model year 867-line colors
starting in June 1966 and have been used for sheding all of the 867 and

927 line products ever since that time, Overall shading performance on the
automotive lacquers has been equal o or better than with the menually
prepared vectors.

CONCLUSIONS

The relatively good comparison between the computed and memual vectors for
most colors and the good production axperience with the computed vectors
indicate that the dual-angle chavacterization approach is sound. The
prototype reflectance head was built to provide sufficient data to determine
the feasibility of this technique and to detemine what refinements would be
necessary for a pexmanent working model, Ixperience gained with the pro-
totype has been used in the design of a precisely fabricated working model,
Characterization panels for all 201 and 913 line bases have been remeasured
on the new model as have the majority of the 42-line and 330=1:me mill bases,

The spectral data punch system, K,S calculation program, and color vectox
calculation program have all been modlfied to handle the dual-angle
characterization systenm,

The initial phase of the metallic characterization program has been

ccmpletedo We now have a working system by which we can routinely
characterize colorants in any line for the generation of shading vectors,

The second phase, which has been started end will continue indefinitely,

is the development of techniques to improve the accuracy of the characteriza-
tion data, A third phase is the application of the dual-angle characterization
data to pigment identification and color formulation. The Mark II Color
Formulating Computer has been modified to accept two reference curves

{flat and high-angle) for this purpose.
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APPENDIX A

. ." COLORIMETER VIEWING GEOMETRY

NORMAL VIEWING (45°,0°)

Light Source

~. Photo Cell
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APPENDX 3

COMPARISON OF 867-LING COMPUTED AND MANUAL VECTORS .
(Directional Scatter of Aluminum Method)

Manual vector movememts are shown in red
Computed * s #oow " hine
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APPENDEX C

.Mmmai vector movenents are shown in red.
Computed vector movements are srmm in blue,

The cube root color cooz’dinaﬁ:es measured from the standard

panel and those computed by the vector program ave shown
at the bottom of the date for each formula.
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100 22,06 0,48 0,94 0,65 0,47 <0 .40
‘*2029 ‘Ge36 . ""'2472 4'1-0.12 ¢Oo.2‘0 ‘ "1571
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21,99 #1.62 +1,78 -0.34 00,37 +1.01
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4804  <0.55 21,38 B ~0,08  +0,76 - 9
' ‘"“0 o 15 .7?25 64 ""0 < 23 ‘5’6;, 26 '9‘-5‘: 51 '“Qu 0

458 20,05 40,17 +1.28 40,15 0,46 +0,23
%0,;68 *ae 41 4'z:: 87 '&0913 "@'00 60 *0097

COORD © 21.05  +5.26  -1.53 15.48 1,25 ~0,31
23,33  +13.12  +0.18 17.99  +1.80 41,14
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1,64  +1,08  +1.94 -1.06  +0,76 Q.02

6253 <1.66  -0,3%3  -1.04 <105  -0.82 =102
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21,30 <114 -1.77 1,05 - 0.49 4,21
3393 “2¢@@ ”2«1& ”2:3@ °39@& _@30&3 m@a%ﬁ
3,07 40,03  -0,19  +0.20 1,99 -1.89
6253  -0.78  -1.95  -1.23 -8.4%  -1,06 =0, 72
-¥0:82 1.4 ~D.63 0,20  =0.70 ~0,49
105 €2:43 40,70 +1.43 +0,56  +0,55 +4,38
+1.21 0,09 0,29 +0.40  -0,66 ~0,34
100 42,14 <101 <150 +0.46 0,77 +0,38

. +1.20  #0.49  +0.58 +0.59 +0.10 0,15 -

COORD 23,60 +23.46 +13.34 17.72 . »8.91 +3.44
35.01 +15,14 +8.79. 12.06 19,02 +6,. 56

B67-97503 105 ¢ .96 ¢ .36  0.59  +0.50  <0.30  +0.51
Siiver @ 77 ¢ .25 0,60 +0,14  +0.26 +1.03

6551 =3,58  =0,80 2,37 - =1,20 =}, 54 =1,07
s2.14 <193 =2,56 =3,02  -3,60 -3.92

6557 1,28 1,75 ~2.18 21,07 -1.12 «1.52
2,76 0,26 -334  -2.72 - -3.98 39
6253 o232 90.26 © <9.79  -1,34  +0.00 40,50
2 ‘206? '”Qoﬁz #3900 “3052 '°4§2? ﬁﬁoﬁg
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COORD  59.86  +0.70  -3.89 39,47 -0.72 ~2,70
61,68  -1.45  -3.25 31.88 2,16 4,99

- 3& -
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0,58 40,53  +1.06 ~0.62 0,64 +1,42

12@ “ﬂp 91 ‘bﬁ ° 21 "@ 9,14 *"4 ° 3@ "Qo 86 'G'j- e ‘79

4,43  -0,11  <3.53 *3.69 <0.65 - -1.80

OOORD 60,33  +1.59  +9.81  30.43 = -0.22 5,51
62.48° =008 410,43 31.47 0,30  +11.40

867-97841 458 1,10 %200  +2.54 0,12  «0.98 +0.91
I 402 +2.43  +2.79 -1.60 151  +1.04

6253  -1.82  -0.35  -1.54 -84 ~0,50 1,11
21,48  -0.10  ~1.17 =085 40,13 0,76

612 0,327  +0.03 Q.71 <020 0.5 40,33
20,09 <0.25  +0,75  e0,11 0,08 - +0.47

100 $1,67  -1.05 =100 +0,92 0,92 -0.06
#2,12  -0.95  -1.62 +0.93  -0.73 ~0,71

834 =0.87  ¢Ll.15 0,92 -0,05  +0.64 +0.24
°0c47 90561 i"go 28 "’Oa 26 *00 6? *00 29
1248 -0.98 025 6.9 2,75  -0.08 +1.99
=1.79 <041 2,30 +2.22  -1.03 +0,07
COORD  54.60  «4.08 +17.68 = 25.96  +1.86 +7.41
55.51 2.00  18.56 27.13  +1.67 +8.76
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-1

o : - FLAT : . HIGH ANGLE
FPRODUCT . BASE &L da 8B ALTTTaa T T Eb
867-97842 6253 0,94 0,41 ~D.22 5,58 +0.03 3, 8%

i |
453 %guag @@e§4 égﬁﬁg “@.33 %@oﬁ? @26@2
: “1&9& *9059 ¢4021 “k~25 ¢0903 @2¢53
6750 4%  -1.63 0,36 0,42  ~1,53 83,88
. “0@.86 '-".zc 15 “'00 21 "‘00 81 "’1 99’9 "eesg
10@ ’&3 o$g 9:'09 ﬁg “‘i e 92 f}avlﬂ '@ﬁ 03«1 "ﬁoﬁi}
+2,42  +0.57  -1.61 0,43  +1.01 ~1.75
105 "He86 "  #1,62 1,50 +0,03  +0,32 -, 93
$9¢79 ‘§0u72 "2932 '%0001 @ﬁoés ”192?
128 =021 <020 0,07 42,90 ~0.46 40,06
© =3.31  +0.60  -1.57 +2,84  +1,01 -0,60
COORD 60,72  =0.66 - +1.87 30,27 -2.08 +1,2%
61.59  -3.05 4,72 32,50  ~3.36 +3.29
86797844 124 PG 48,09 0,94 20,52 +0,06 -§,89
DK, Bive 4,70 -0.13  -0.74 #2,08  -1.06 <0.36
’ 6750  <0.06  -D.66  ¢0.59 0,18 ~0.34 46,02
0,11 ~D.48  <0.19 20,18 1,09 +0,40

100 3.8  =2.47 ~1.73 +{}, 68 =, 20 =§, 53
+3,40 ~0.06  -2.09 +1.10 ~0,56 +0.08

6253 =1, 02 +5.20 +1.86 0,17 0,02  +0,79
=0.64 -0,56 1,67 ~3.04 «0.14 +3.07
6557 G482 #3118  -1.3% T g 0,33 -0.72
-0,21 +0.83 -1.41 ~0.48 +0.78 -1.40
COORD 28,35 +§.63 =647 14.985 +1,.82 ~2. 75
13#55 %2917 "Scas 1lel? ”0098 ) °?n33

36 -

DUP030002721




PRODUCT

HIGH ANGLE -2

g  ETEUR I )
867-97846 305 +2.3%  +D.55 o147 wQET 6,39 1,36
diue *1.54  -0.16  +1.80 *0.77  +0.78 *0,95
&?5@ :6 @ ‘2? - "‘3. 'ugé %G”S? "“’69?}% ‘“l,v ﬂf} 3&‘-?} ® \FS?
0,435 -1,32  «0.44 0,48  1.59 20,72
6255  ~1.586  <0.65  +1.27 ~0.87  +0,23 5,08
";1 »@4 "6@ }.E '@‘1 k:-% "’_3.,« 35 ‘ '!;1 © 1@ '5,1 o 71
6557  lo83  <L46  <2,77 ~1.26 0,92 1.3
22,76 0,56 3,07 ~1.51  ~1,44 ~1,79
100 +2.14 40,38 +1,36 #0.97  +0,53 4,88
2.1 0,03  +1,20 #2.15  3.26 2,27
126 ~0.3%F <13 -0.61 - +2.56 0,95 -0, 98
"19.78 *’ﬂg 95 '@OF ?8 9’4 0.2.9 @3 ° 78 *3 o 60
COORD  56.17 2,73 -g,20 28,08 2,28  .-5.7%
o .. 5816 064 8,28 2800 7,71 -8,28
867207847 6750  <1.65  <3.91  -0.53 -0.95  -2.28 -0.63
m ) b"l o 36 “’30 23 '&g 03-4 “I}. ° 59 “'3.0_3.1 = .oa 67
2612 =0.27  -1.43  +3.86.  +0.18  -0.84 +1.86
‘9 o._}u& had 0{) 6? ‘Q’l v-,s_? @’0 < 23 'A’O ] 58 “&1 ° 76
105 +L,27 €167 -1.08 +0.68  +1.39 0,60
#0,74 41,62  =1.07 #0,92 41,66 0,66
6253 0,82  <0.60  -~0.31 -0.70  +0,58 -0.18
] "'0c 96 v '#OG 23 ‘“‘ﬁo 07 "‘80,97 *0¢25 ’ "ué 32
1482 0,58  #0,33 41,66 - -0.26  +0.20 +0.88
-0.52  +0,05  ¢1.60 ~0.51  +D0.41 +1.28
124 -0.75  -0,42  -0,17 9356 -L,94 <02
"2::93 “9‘0.788 900?9 #Snés ?Sc ﬂ? ro 88

COORD  57.66  -3.40  +0,17 28,13  -3.14 8 -
61.52 _-~5.49 <134 28,89  -9.43 -0, 20
867-98106 100 2,66  -1.58 0,26 0,85 -0.02 g
Blae 23.56 . “1.38  ~0.35 +1.87  -0.99 +0.34
6253 -0.74 0,78 +3.17 0,26 <0.60 © - +2.06
-1.43  +0,12  +3.23 -0.51  -0.83 +2.61
124 °0< 18 4"0 e 9@ "'9»1 2 * Q—ﬂ’ 8@ '%&v 32 °i‘¢ 8&
0,16 0 +0.90 +2.14  -0.65 1,17
6551  -4,05  <1.65  -in.42 -0.84 40,82 -0.15
5,25 52,06 41,35 =2.87  +1.72 . -0.58
818  -2.28 1,87  +3.62 0,85  +3,28 +2.22
-0.99  +1.35  +0.62 ~0.16 0,27 40,72
COORD 31,99  +2,85 -26.03 37.38  +4.72 12,18

) i - e 3‘% ,:.2{6 . '“4 o 5’?’_‘@_ = 23.: 38 14c ﬁ4 . "00 86 "}‘? o.lg .
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apPROIX D

COMPARISON OF 943-LINE CCMPUTED AND MANUAL VECTORS
(Dual Angle System)

Manual vector movements shown in wed
Computed u b w % blue
The cube oot coloy ccordinates measured from the
standard panel and those computed by the vector

program are shown at the bottom of the data for
. each formula, ‘
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COMPUTED V8. MANUAL VECTORS

BeGode  Base ALy by My Mg bem by
oh5-95603 c1.25 421 =196 = 0,37 +3,12 ~ 0.85
Aoue 550 = lAh9 #2610 - 132 = Oolih 4 0,86 « 0.57
bl 0:6& had 0903 + 2»3#5 fad 0:22 - Gagf £ 3..30
£53 - 0,68 = 0.37 <+ 2.8 o 027 = 057 4 2,18
| -0 =168 +1.00 = 0,08 - 0.09 % 0.39
750 w 021 = 1,85 +2.73 = 0,05 =080 +1.31
+ 296 «1.68 ~ 1.3% + 0.8 +0.35 = 0.8
13.0 L 4 20% od 1098 = 205,@ L 0050 - 0013 ‘e .1»:08
%+ 202‘3 ol 0093 bl 2050 '“' 10'32 - Qaﬂ? Ll 20&?
124 *1d3 = 1.46 + 0,90 ¢ 2.32 = 96‘61‘ @ 303"
21.59 - 0,28 11,99 35,08 4 0,75 - T.04
,,..W;NM,,,_ e ° _ 1028 "'13091 _ 5096_ +* ,3_-02-5‘ - R

9l5-9560k 43,68 -0.25 ¢2.25  +1.37 0,06 +1.30
Blue 3110 & 3&77 % 0025 4 203‘5 R 4 1oﬁ& - °¢36 + 2,01
= 3,32 * OoOh Com 3531 L 1060 + 0,7 - _1476
551 L _'30151 + 0,13 = 3638 . = 1059 + lvokj L 2.013
L 2032 R 4 0915 ) 34:68 bad 0093. + 005 * 2961’
253 . =3.26 +0.32 +2.12 = 0.79 = 0,31 + 2,16
= 0,62 +0,50 = 0.60 +2.33 =045 - 1.82
1233» - 1938 + 0083 + 20% % 2085 L 00'68 - 106&
_ 48.58 - k.04 -18.82 24,07 <~ 1.95 =12.52
» COORDO 3?58::20 - 7082 f'l?egg 2503-9 el 2007 "12.08
ghmag? & 2052 + 0»:2,1 ad 1010 ° 4+ 0021 ad 0:50
Silver 121 + 056 0,23 =08 = =018 +0,10 < 0,27
| =135 =105 o 2.k =1.25 - 0.88 ~ L.62
551 - 285 =175 =292 =102 = 0.3 = 1.63
hadd Gq83 <+ 0_969 * 2a°8 = 095 + bo h’ B ohk
83" - :1c01 + 0066 L 4 20;69 . = O i % Oogﬁ & ipﬁ?
A 63.957 < 1&36 - 0 l!’ 3]”32 L lo e Qv‘
COORDO 6‘!;008 o 1008 $ 0960 31033 - OO% L 4 00§%
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BeCode  Bese Ay bey  Mbp Mg Mem  Aw

oh5L9THTS | # 3o26 = 0,05 « 3,97 2 086 = 0,05 - 2.08
;& H& G 12 + 0699 m 001@ L 2085 + 0,80 L 9»09 bad &»'9}9
| 5030 = 0,08 +22 025 =@l + 128
65h = 0:58 e« 0,290 ¢ 3.43 + 0,30 ~ 0.33 ¢ 1.38
- 1,02 ¢ 0.38 = 3 - 2,78 4 0.38 - 2,87
2&3 - 2,43 + 0060 d 0@2% .= 1::60 F 0.30 o 2%
had 0069 “& 3-535 ﬁo - QGM * Qe A b go >
658 e 1,32 o+ 2,25 s 0.16 - 0,55 ® 1&% + 0.4
‘s', 2‘66 ad 0062 b iegﬂ b4 30?6 had 0.«_13. » ﬁnﬂs
2k = 3,33 +0.Th - 1.68 + 393 «0.% 0319
5 33 +1.39 + 9.46 .38 - 151 ¢+ 448
ook, Ba.7!

9 1&23 ] ‘9' 9062 _ ~ 30028 Ld 020 k4 3055

9h5-97547 * 3,01 # 0,22 2% + 1,00 # Q.09 4 1.6k
?1“3 . 110 + 2.6% + 0,13 4 Q. + Oo% w 0,06 ¢ 0.78
Rad 1068 had 0966 Lad 2012 - og#gg * 0013 Rl 1v§

551 Rl 0099 - Qo32 Aad 1019 o °d = Ooa? - 06
-« 1536 & 00-2.8 < 1d5‘6 hand OGS‘L % .0.007 * 1_\,2?
253 s 0938 L3 0:,10 + 0«53 had 002 + 0001 + 0051

+ 0,11 +0.33 + 0.28 + leTh = 0,285 = 0.K
12" N = Oohl * 0025 +* 0.059 L4 0032' @ Onxg o OQE.L
= 29.12 % 2092 <« 0019 hed 1925 Ly 2005 * Oclh
63.5 = 0489 L ] 1916 L 0026 g Oeha % 0676 - 0:0"

o . 0,06 =261 %169 =023 =150 +1.
750 = 0,39 =~ 1.2% # 0173 @ 0:,38 = 0,69 <+ 0,41

¢

40
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D

ReGodo  Baso sy  sep Mg My on oy

08587771 ©ldé 0 c059  -030 <02 +0.15

m gg z 253 - 2038 ® 009& ® 3035 - 0&60 - 3032 i ﬁagz

‘ ad 0,&26 Ad snyz ot 099? hd 0.0.2 - 0:18 hd 6&13

750 e 0,37 =126 + 0.30 w 0,08 & 0,27 = 0.08

©1.08 %135 =0.98 <025 +0.50 836

559 - 10_20 < "1922 - 10‘11 - 0u24 * -002.? @ 991?

+ 3.96 + 0.07 -~ 0.8 *8.92 +0.62 =~ 9.4

1“5 % 4«47 L4 0.037 hd 14:59 & 1028 & 0925 - 0.?@

‘ * 20?5 - 0017 ~ 0,68 - (.42 - 6:41 = ﬁo.Z.@

110 + 35,34 0,32 ~1.08 + 0,67 <034 - 0,39

* DgZ? ‘6'0018 L 0.48 < 3.35 + 00“1 had 0.92

124 4 0,60 o~ 0.08 * 0.52 + 2,37 <+ 0,46 - 1.81

27.52 <+ 2.93 =~ 6,19 8.66 <+ 2.52 = 4.09

o 26,69 +1.67 - 554 16,61 +0.42 -1.30
945-97772 51,56 - 0.08 =031  +0.45 =006 -0.10

Sil’mr 110 * 0083 “ 090_3 - 0;15 & 0001 & 0001 L 0»07

Rl .2.,73 . 8005 + 0q7__5 A 1982 - 9613 * 0046

253 1.9 ¢ 0,03 + 0,57 = 1,26 ¢+ 0,05 + 0.36

e On‘n- + 0.10 el 0005 <+ 1042 <+ 0017 = ’0_0 1ﬂ

124 - 1.37 ¢ 6,07 =~ 0,04 ¢ 118 -~ 0,07 =~ 0,11

b 2099 + 29-38 - .207.7 i 1055 * 10‘94 ol 2009

818 = 2,59 4 2,22 - 2.22 - 1,33 + 1.68 - 1.33

62.32 +0.95 =~ 1.%9 29.01 <+ 9.28 - 1,58

N . 5 ) 5?3 » - 6039 L 097 31041 - Oo T e 0056
045974 =136 +0.88 -2.28  ©0.42 +0.72 =006

Blllﬁ 576 - lesz ¢ 0994 hd 6093 b 0937 + 0,38 = 0017

"'-'3-:77 i 1929 + 0045 + 1036 - 0.70 hd ..0.930_

110 $ 5,40 1,98 <~ 0.42 ¢ 1,46 - 0.66 - 1.37

= '9-94 had 01714 < 2:85 bd 0032 @ 9;20 + 1076

253 - 0‘096 .= §.,27 + 2,75 hd 0434 . 0033 o 1047

= 0,83 ¢ 2.18 ¢ 0,55 - 0,20 + 0.69 ¢ 0.42

819 = 1,50 ¢ 292 +1.29 ~ 0,17 + 0.67 ¢ 0,67

= 0626 - 0»22 @ 0@74 * 1470 = 0,70 - ZQS‘

1:24 ” 00.55 b4 Qnsg ¥ 3‘01_3 + 3.:12 - 3,49 b 5.3.53

35072 b 2087 “23961 17064‘ + 2»73 '110.25

- 3059

"229 94
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RcCode Base  alpg  hap  Mbp  aly say by
o45-97718 + 048 =006 =-0,92  +0,05 <~0,12 =048
L, Beige 110 + 0,35 - 0,18 - 0,93 +0,05 - 011 -0.49
=005 - 0.00 057 =007 -0.08 <0612
654 035 0,35 + 2,04 #0,15 =010 +0.77
. o .09.?@ * 1022 - ﬁngs ad 0938 i 0062 - 0058
834 5 138 +1.435 +2.58 <030 ¢ 0.76 +1.68
b 4002 o= 0053 T = 1.63 = 'Zosﬁ ot 0@33 @ .3.»?3
253% +2.08 €032 -0.42 =135 +0,11 - 0.35

- 0,70 +0.25 = 0.12 s 2,64 +0.39 +0.70
128 3,70 ¢0J1 -1.82 ¢ 397 - 055 - 0.13
+ 0,30 <= 0.28 - 1,55 + 0,09 =0.20 - 077
105 s 0.05 - 0.26 =1.51 ©0.31 - 019 -0.77

60,94 ¢ 2,63 ¢9.15 30.78 < 0.78 « 5.51
,CODRDo 63029 & ﬂoZl B 3029 31000 . ‘.'_0(;27 L 4 49’1_9

945-07783 ¢ 0.60 =043 - 0.19  + 0,45 =~ 0.43 - 0,10

ms,e ua * 2029 i 1018 had 1002 - Ooss = 0046 L4 ﬂw41
= 0091 . * 1009 + 0945 o 0076 + 004? < 0925
8‘07 hd 3957 *4007 + 1938 -~ 1042 L4 2916 :9’.' 05.'8_1
‘e 0060 L 0928 * 0;18 hid 0032 e 0059 ..4 _0001
253 2 1,25 = 0.34 2 0,01 =084 -0.19 =~0:11
= 0.63 + .03 +0.12 +1.38 +0.20 «0.01
124 T 3010 = 1,02 - 0,95 % 4957 - 0914 - 000.2
59,13 ¢+ 6.4 <+ 2,51 28.55 + 3.66 + 1,95
, - COORD, 57,56 "'# 4,33 + 3.51 29,04 +1.94 ¢ 2,42
945-97786 ©4.35 <030 +0.34  +1.59 0.3 +0.38
Silver 123 + 1,78 ¢ 0,21 + 0,05 + 0,58 - 0,02 ¢ 0.12
- 1,92 =2,75 =332 «1,26° = 1.48 = 2,32
557 ’ A 2088 s 3060 b 3094 e 1954 e 19'54" il ,2946,
Lo 20_50 + 2057 '? 20&3 A 1046 ‘9".2@92 @ 1¢61
88 & 2,77 +2.50 - 2,27 ~ 1,27 + 1,71 =~ 1.22
21,56 +1.04 ¢ 4,43  <0.22 +0.65 +3.00
834 2,22 ¢ 1.41 6,07 = 0,43 + 0.87 + 3.40
- 005 - 0.05 =008 @ +1,22 -0.2 <022
124 1,26 #0.11 ¢ 0,02 + 1.3 - 0.4 ~0.17
= 2,32 + 0,34 <+ 1.00 ~ 1,58 40,00 <+ 0,78
253 = 2010 4 0908 + 0971 » .1.023 L 00” » 0043
61.61 4 1,46 - 3.79 28.13 +0.95 =274
COORD, 62,33 - 0.85 - 1.57 30,00 - 0,22 - 0.67
S , — = .
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Ded

BxCode  mase MR bep  Mbp M swy sy
345..97788 . = D45 ¢ 0.8 -= 0,76 = 812 ¢ 6,58  « 0.45
Aque 851 . - 1,05 % 0,46 - 1.80 ~ 0,18 ¢ 0.2 - 0,34
' ) * 00?5 hd 1031 kd 1060 L4 0;33 w '.‘}037 <+ aﬂéﬁ
664 + 4,77 ~2,28 @ 8,87 +3,38 -.2.61 <+ 1.56
<063 +1.19 «0,77 . <014 ¢0.91 < 0.27
253 bt 094,6 & 09?6 < Gol& hed 0017 * 0_035 R 0014
+ 3,40 o 2,12 -~ 0,81 056 = 0,30 = 0.47
121 + 1047 T, 096.3 © 3049 & 0041 ” 0»93 hdd 907,3
+ L.58 . = 0.87 = 122 +1.34 =0.39 - 1.21
124 40,16 4030 - 0,97 4173 - 0,785 - 2.98
« 0,20 ¢ 0.42 - 0.74 - 0.06 ¢ 0,32 ~ 0.36
557 ¢ 0,60 + 0,02 - 1.17 0,12 +0.22 - 0.23
. 2L99 s2,20 - 7.41 15.48 + 4,09 - 5.46
o OORD: 30,18 - 8.55 10,77 16,74 - 3.92 + 0.07
945-97789 40,67 -0,05 <+ 0,83 +3.00 -0.28 +1.04
Blu 121 91,22 < 0,01 + 0,64 + 0,55 ~ 0,08 <0.16
e | . ) B
= 1,00 +0.07 «1,93 <102 + 014 + 1.41
253 © 1,07 ¢ 001 +¢1,38 .« 0,43 -+ 0,06 ¢ 0,78
, o 0.36 = 0,17 - 0,45 + %00 <008 -~ 0,9
124 1,23 40,28 ¢145. +231 - 020 -~ 1,12
| © 2,36 o 1.56 = 3.32 © 1,20 ‘= 0.26 1,88
551 3,09 158 -3.83 - 1,05 '~ 0,19 - 1,59
- 2,86 ¢ 3.42 -~ 1,32 e 0,81 + 2,35 - 0.74
818 - 2,54 ¢ 2,66 - 0,98 - 0,72 +1,26 - 0,29
49.39 # 0,57 -11.24 25,71 + 1.2 - 8,01
945-97790 o130 +0.28 2,40 - 0.1 +0,72 = 0,84
Blus 576 «2:08 - 0,72 -~ 2,73 < 0,67 ~ 0.22 ~ 0.97
" 40,27 ¢1.42 + 0,03 = 0,05 ¢ 0.8 = 0,12
819 - 0.65 # 2,10 < 0.47 + 0,001 + 0,80 + 0,27
, 0 0,75 = 0.32 + 2,39 < 0,28 + 0,03 <+ 1.21
253 - 0.85 -020 +1.71 -0.24 -0¢.18 ¢ 0.80
¥ 1,63 + 0,06 < 0,52 € 0,26 0,19 = 0,30
121 + 1,48 - 0.28 =~ 0.53 +0,31 - 0.06 - 0.26
# 0.0 - 0,84 - 0.02 40,02 -0.20 +0.10
750 ~ 0,23 ~ 0.88 ¢+ 0.51 - 006 0,25 +0,11
@+ 0990 < 1048 = 1971 < 1916 - 0927 b ‘1997
124 + 0,41 - 0.28 + 0.93 +252 - 034 -277
oo, ey 23R A4 1605 488 -6 - s
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B~7

ReGodo  Base Ay Aap  Mbp Mg Am A&y
04597795 * 4,34 = 1,72 + 068  DB0 = 0.85 o+ .50
m 110 “ 2‘056 b 1979' * 10% * 1917 - 1n17 + 0‘-46
| 23,02 220 L7 =200 #1797 =0,5
818 <« 1,87 % 1.77 -~ 1.13 ~ 0,76 +1.18 - 8,53

© 2,80 - 0.82 <+ 1,69 « 2,48 -~ G352+ 0.87

253 » 1059 *'0062 * loﬂz & 0990 - 0.52 * 0&69

= 00-88 & ?«22 L 3939 + 1.2@ + 9»31 hd QD%

124 = 1,35 =~ 0,60 < 0,43 + 1,8 + 0,06 - 0.45

54,72 ¢ 4,86 o 5.49 25,65 ¢ 3.78 - 3.63

- o DORD, 57,86 ¢ 5,48 - 5,61 27,38 <+ 375 -2,
945-97797 - 0,68 on "
Samoa Gold 121 + 1.8 »0,8 - 1,54 20,01 - 0.28 - 0.8
» 000 + 010 o 0.65 + 0,10 - 0.17 + 0.17

654 0,08 0,17 +1.44 * 0,15 - 0,08 +0.57

@ 1.50 =~ 0.10 - 1.08 el,dl o~ 0.46 - 1,08

253 - 902 % 0009 had 0944 - 0087 . % .0;05 - 00‘6

* 0§26 .= 3«03 ® 0921 + 1946 - 0023 L 0027

124 “ 1026 = 0004 d 1905 " 2004 * " '0033 + 0609

e .04 + oe € 9;69 Lad 0‘13 R 304? » 0932_

834 s 3,5% ¢ o,;g + 0,87 - 0,15 ¢ 0,48 + 0.73

+10.20 28,95 + 2,01 ¢ 5.23

2.44
» mano A 04. .z_a Dg "'13027 30081 + 0866 & 6066
94597798 +2.21 =0.3% ~-0.11 + 0,66 = 0,06 =+ 0.08
g&bﬂl&m 110 * 3500 - 1015 ol 0986 + 0!4,5 - 0043 = 0029
T o 2,78 = 1.43 - 2,35 = 1.45 - 111 - 1.66
853 - 1940 N 0928 b 3.003 °-Un93 i 0031 = 0093
+0.08 # 0,12 + 0.70 + 0.3 +0.30 +0.4
654 0,01 ¢ 0,72 ¢ 2.1 + 0,60 =~ 0,13 + 0,93
) Fad 9(58 % 0089 ¥ 09% s OQﬂﬁ % 0058 ¥ 9.,39
83@' o 05&8 & 0075 <& OQSS ¢ oe~06 b4 0057 ¢ 09.46
+.0,28 = 0.03 = 0.32 - +1.,27 + 044 + 0,60
iz - 0,77 -« 0.47 -1.03  + 1.8 038 2059
_ - 0.94 +1.28 - 0,23 + 0,07 # 1,29 <« 0.38
362 - 0.27 ¢ 6,05 ¢ 113 © 0,62 ¢ 2:21 + 0.66
45,36 + 5.53 +14.36 28,57 + 3.15 -« 5.26

A7.44 ¢ 6,56 ¢17.33 26,26 ¢ 3.38 ¢ 8.60

DUP030002729




-8

BxCode  Base Mg Ay SE  Mm  bm 8w
945-97800 o Q86 -~ 041+ 2,63 = 8,11 # 0.5 + 0,64
.Bkg' Bm 253 ~ 09.45 oo 6052 % 2020 - 0!!10 = 3;113 L 10«57
= 0.62 + 1948 + 0.80 9 & 99&8 + .44

559 '"3.01& L ln:55 b 4 0:85 Al ‘nolg "&' 0925 L 9«33

54 = ae?ﬁ

= 14.51 « 6,87 g

SNSRI .- )\ |) P— Y -] N?%; - 15.4¢ <+ 0,06 -~ 1‘ 3
045-97861 * 2°zs Tx 0,75 ¢ 2.02 + 1.3 + 0,01 # log%'"

Pale ,Bl;w 121 ¢ 2:22 +1.24 <+ 2.89 + 1,05 + 0,26 #+1,.

L 3;)?2 .. 165? = 4058 bl 103? « Gnaﬁ te, .a 7

551 ® 4961 Towe 1059 bd 5_051 b 2:05 $ 0009 © %o 8

@ F 028 * 2,65 - 1.17 = 0,80 « 2.17 - 0,57

818 = 2622 4 2059 - 0089 - Ougl + lass - 042

@326 + 0,42 <+ 2,71 =1l ¢ 0.5 <+ 2,16

253 « 1,79 * 045 + 2,00 - 0,86 % 0,19 + 1.39

©1.30 -0.06 - 0.38 53,49 :0.84 <175

5,
Y L3 S 1.8 - 2.08 7 0.88 = 1.00

.. % 0.49 =~ 0.13 - 2.47 :. 05 <041 -~ 1.16
oo -0 TEH EE O (OB BB LD
mo chB TRH SRR OB OcLE -ul
630 08 4B 3 23 108 1B vy
s -oee bl cR® TEE RR oM
e thE LB GER O ER %% tuR
oo, % B8 WM WB LW 6B

45 .
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RBeCpde  Base . Mg dap &bg _ _ 8ly  day &by
945-97806 2,82 0.60 -246 029 ¢0,06 - 1.2
Gold 1z + 148 041 - 2,72 +0.20 - 010 « 1,37
D85 21,84 1.5 ~ 0,78 % 0.92 < 0,82

484 » 1,61 1.4 +1.8 . -~0.5 071 »0.87

i '0973 "Q_;3.994 “"'1\»_3-7 . L 0051 had 1039 A ao%

?50 -, 0965 1062 = 09'91 v »oo“ - ._lom @ ﬂom

58,02 = 0,23 +12.99 30.96 - 1.92 + 6.56
e e 5870 - 1.46 #15.52 30,01 -~ 0.97 <815
04597814 - v 2,88 - 0.80 - 2.47 « 0,15 = 0.34 < 1.45
Pale Gold 121 + 1,94 -~0.88 < 3,06 + 0,62 » 0,52 1,30
s 0,29 = 0,06 +2.14, - 0,14 = 0.05 +0.75

674 » © 3035 A4 0021 * 2057 it Ooés R 4 39.24 g 101.2

- 2,14 ©2.83 +3.98 - o 1.68 ¢ 238 <+ 1.51

484 "" 4001 + .2058 % 3094 - 19.19 R4 loSZ & 10“

2 3.5 048 266 o290 0.5 - 2,68

255 4240 <043 L4l - 1,47 (<011 - 123

+0.36 ¢ 0,35 + 0.2  +213 =015 ¢ 0,86
124 o 2,21 = 031 - 1,98 © 2,93 - 0,26 ¢ 0,8

58.57 ¢ 2.03 +12.81 30.88 + 1,13 .+ 7.28

OO, 5887 vOTL 1466 28,67 ¢0.48 ¢ 7.8
045-97316 261 =028 +06.19  -075 +0.66 =010

Charcoal 253 » 2,70 =+ 0,01 - 0.09 ».0.72 =~ 0,02 - 0.09

270 + 0,07 002 ¢ 0.69 + 0.5 ¢ 0.07

121 + 3,38 =002 < 0,03 + 1,00 <003 ¢0,10

40,38 =037 = 0.58 + 1.87 = 0.09 - 0.2

124 ~ 0,19 ¢ 0.04 = 0,05 + 419 -015 «0.15

- <008 <+ 0,70 =~ L2 =016 +0.58 = 0.42

818 bl 1&26 + 1928 hd 1035 LT 0917 & 0961 A 0027

: ° ﬂa@@ ._e: 1&?1 = ‘0039 . 1 ‘0012 _b pp&ﬁ hd 0924

750 < 0.79 - 2,10 - 0.47 . - 0,19 - 0.51 - 0,22

a6 -~
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AFPEDIX B

Intersection of Charscterization Qurves

Assume a mixture of two pigments, a colovant and a reference, then:

m % %}% @ ;M Ko+ ke -
B ""% _

i.-i g, s

1, If the masstoms spectral cnves of the two pignents do not intersect,.
is it possible for the spectral curve of any mixtuye of the two %0
intersect eithsr masstone curve?

At any wavelength we can find the ratio of the two absorptzon and
scattering coefficients:

Let %%%zm and (553

Then at a specific wavelength [K] =K [(1~)/¢ ¢ m]
(Slnix @.

Sy [(1«c)/¢ * n}
At the point of intersection of a mixture with a masstone curve, either:
sy ) or %j} | :
Tnix S: ST
From Equation Z we can see that either of these conditions can occur ondy’

ifn=m

But, if n = m, then %X: = g&, which means the two masstone curves intersect.
T c

Therefore, we have shown that mixture curves will intersect masstone curves
only if the masstone curves themselves intersect.
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2. If the masstone spectral curves of two pigments intersect, do curves of
all mixtures of the two pighents intersect at the same point?

At point of intersection of masstones:
s Ky
I
Therefore K. = 5. = m
A
Xe

& MKT andSc“.msr

(K3 G2 ¢ m Krl(i-c)/c K

: = ¢ r r = . m = .

Blaix g S{W e +"“‘m"%' &
c Sy + mSy

Therefore all mixtures regardless of concentration (c) will have a
K/S = K/S of the reference and hence all mixture spectral curves will
intersect at the point of intersection of the masstone curves.
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AERNDIY

STATISTICAL CORRELATION OF TRISTIMULUS VALUES

Linear Regression: Y == x gX

867 Line data X = “Colorymaster,” Y = Spectrephotometer

845 Line data X = Spectrophotometer, Y = “'Colormasteyr”

DATA = £ 2. N

867 Flat G, R, B 80/20 0.00  1.0299 .97 57
moom o w 5o -0.130  1,1243 974 60
mooww " e AL -0.970 1,178  .976 63
mooww 20/80 0.80  1.1387 .97 60
woow e " e Al 0,05 11726 .97 63
noom g Al -1.51  1.2202  .985 60
moon G 80720 -0.12 1,064 968 19
wom g 80/20 § 50/50  -0.700  1.1541 974 39
" High Angle G,R,B  80/20 3.87  0.5806 .96 57
noomoow o g5p 3.3 05933 970 60
moomoowo o 20/80 4,21 0.5748  .925 60
20/80 + AL 4,08  0.5086  ,926 63

945 Fiat G 2,82 0.6619 912 67
noowoop 2.98  0.6085 941 67
woom g 2,10 0.6889 973 67
T 3,29 0.6779 956 67
" Iigh Angle G -2.37  1.8635 970 67
moomoomop -2, 1.6604 903 67
mowoowop 174 1.833%8  .958 67
W g 2.2 1.8011  .904 67

Note:

r? = (correlation coefficient)?
= Number of samples

N

49
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